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Engineering Plasmonic Gold Nanostructures and
Metamaterials for Biosensing and Nanomedicine

Yongdong Jin*

The fields of biosensing and nanomedicine have recently witnessed an
explosion of interest and progress in the design and study of plasmonic Au
nanostructures (p-AuNSs) or metamaterials geared towards a broad range
of biological and biomedical applications. Due to their tunable and versatile
plasmonic properties, such artificially engineered p-AuNSs and materials
have the potential to push biosensor sensitivity towards the single-molecule
detection limit, enabling new bioimaging modalities and new analytical
techniques and tools capable of single-molecule detection, analysis and
manipulation, and to revolutionize the diagnosis and treatment of many
diseases, including cancers. This report summarizes and highlights recent
major advances in the emerging field of bioapplication-oriented engineering
of p-AuNSs and hybrids, focusing on design considerations and ways to carry
them out. A brief overview of the optical properties of p-AuNSs is introduced,
and then the importance of plasmonic engineering and future promising

research directions and challenges in the field are discussed.

1. Introduction

The ability of noble metal nanostructures to manipulate light at
the nanoscale and to integrate into biological systems has had
great impact in biology and biomedicine.*! Noble metal (plas-
monic) nanostructures are capable of confining resonant photons
in such a manner as to induce coherent surface plasmon oscil-
lation of their conduction band electrons. Such fascinating
plasmon resonance can either radiate light (Mie scattering),l or
be converted to heat effectively via rapid nonradiative transition
(absorption).[! The mechanisms have been intensively exploited
for a variety of innovative bioappications, ranging from bio-
sensing, bioimaging, controlled drug/gene delivery, to photo-
thermal cancer therapy, etc. Compared with non-plasmonic
nanostructures, such as semiconductor quantum dots (Qdot)
and magnetic nanoparticles (NPs), noble metal nanostructures,
especially p-AuNSs have proven to be the most charming plat-
forms suitable for a broad spectrum of bioapplications*-#! due
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to their bioinertness and biocompatibility,
relatively simple and facile synthetic con-
trol and bioconjugation, as well as tunable
plasmonic optical properties.

Although Au colloids have a rich his-
tory in chemistryll and plasmonic effects
have been know for more than a century,?!
the substantial biomedical applications of
AuNPs started in 1971 with the use of an
antibody-AuNP complex for cell surface
antigen localization, i.e., the discovery
of immunogold labeling by Faulk and
Taylor.l'% While intentional plasmonic
effect-based applications began in the
early 1970s, when Fleischmann!!!l and Van
Duynel!? et al. began to study attentively
how light scatters from molecules stuck
to a (roughened) silver surface and finally
revealed a plasmonic effect, i.e., surface-
enhanced Raman spectroscopy (SERS).
Since then, various p-AuNSs have been
extensively studied as SERS-active substrates for sensitive bio-
chemical and materials science studies.'>"! Building on these
foundational and seminal studies, a renaissance of interest
in p-AuNSs has occurred subsequently. Especially in the last
10 years, with tremendous advances in both synthetic/nanofab-
rication methodologies!®18 and theoretical developments(!*-2!]
in nanostructure plasmonics, the field of biosensing and nano-
medicine has witnessed an explosion of interest in the design
and study of p-AuNSs geared towards a rich variety of biological
and biomedical applications.

Figure 1 highlights landmark breakthroughs and most
important developments over the past 10-odd years in the
fields. Mirkin et al. pioneered the use of DNA/oligonucle-
otide as synthons in materials science??l and developed a
number of powerful AuNP-based (ultra)sensitive biodetection
schemes(*3-? and gene regulation tools.[?®! A solid step towards
biomedical applications was taken by Halas et al. in 2003 by
using Au nanoshells, a silica core/Au shell NP they invented
earlier,?”! for innovative photothermal cancer therapy.’% Sub-
sequently, various p-AuNSs, including AuNP,B3! nanorod, 3233l
nanocage,?*®! multifunctional ~core-shell NPs,3%38 and
Au thin-films,?! have been extensively exploited for bioim-
aging, 3132363739 controlled drug/gene delivery,?**38] and
photothermal cancer therapy.?234 The last few years also wit-
nessed rapid development of plasmon rulers (p-rulers) from
1Dl to 3D.[41]

To exploit fully optical properties of p-AuNSs for desired
bioapplications requires the use of both bottom-up and
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top-down approaches!'®18l to generate structures over length
scales ranging from a few nanometers up to a few centim-
eters. With tremendous developments in nanotechnology over
recent decades, scientists have been able to achieve unprec-
edented control over the sizes, dimensions, morphology,
and properties of p-AuNSs. Figure 2 shows representative
p-AuNSs (or metamaterials) and devices synthesized/fabricated
that are, and may widely be used for biosensing and nanom-
edicine. Wet-chemically prepared p-AuNSs, like AuNPs,>646l
nanorods,*’! nanocages,*® and silica/Au nanoshells,*®*% are
the most extensively studied nanostructures in the fields and
have been reviewed elsewhere. Discrete nano-gapped Au nano-
structures,P%! and highly compact multifunctional core-shell
NPg[2037.3843.52-55] have also been attracting interest due to
their enhanced plasmon effects and additional functionali-
ties; While top-down lithographical approaches are a powerful
and complementary means to explore a wide range of nano-
structures and devices with the advantages of excellent con-
trol over size, shape, interparticle spacing, and dimension of
surface-bound p-AuNSs.['*-17:211 This type of control is highly
important for making reproducible substrate/devices with well-
defined complex p-AuNSs,*150-66l ranging from dimer- and
nanopore-arrays®®% to 3D p-rulers.*!]
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Although considerable progress has been made recently, it
remains challenges to rationally design bioapplication-oriented
and powerful p-AuNSs and truly make them clinically relevant.
Rather than provide a complete historical survey, I highlight in

this progress report recent major advances and milestones in
the fields, and focus on ideas and the underlying science rather
than details. I first introduce briefly an overview of optical prop-
erties of p-AuNSs to outline the basic and most critical design
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Figure 1. Historical timeline over the past decade of p-AuNSs for biosensing and nanomedicine. 1, reproduced with permission.?2 Copy-
right 1996, NPG; 2, reproduced with permission.?®l Copyright 2002, AAAS; 3, reproduced with permission.’l Copyright 2002, AAAS;
4, reproduced with permission.*sl Copyright 2004, AAAS; 5, reproduced with permission.3l Copyright 2006, ACS; 6, reproduced with permission.[28l
Copyright 2006, AAAS; 7, reproduced with permission.?¥l Copyright 2007, ACS; 8, reproduced with permission.?”] Copyright 2010, NPG; 9, reproduced
with permission.*®] Copyright 2010, NPG; 10, reproduced with permission.l Copyright 2011, NPG; 11, reproduced with permission.?*) Copyright
1998, Elsevier; 12, reproduced with permission.?'l Copyright 2000, AAAS; 13, reproduced with permission.[*l Copyright 2002, ACS; 14, reproduced with
permission.[?’) Copyright 2003, AAAS; 15, reproduced with permission.% Copyright 2003, NAS; 16, reproduced with permission.3" Copyright 2005,
ACS; 17, reproduced with permission.[*0l Copyright 2005, NPG; 18, reproduced with permission.l32l Copyright 2006, ACS; 19, reproduced with permis-
sion.38l Copyright 2008, NPG; 20, reproduced with permission.B3>l Copyright 2009, NPG; 21, reproduced with permission.B8 Copyright 2009, ACS; 22,
reproduced with permission.[*] Copyright 2010, ACS; 23, reproduced with permission.l*!l Copyright 2011, AAAS.
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1. “bottom-up” synthesized 2. “Top-down” fabricated

13 14 15 16

Figure 2. Representative p-AuNSs and devices synthesized/fabricated that are, and may widely be used for biosensing and nanomedicine. 1- Nano-
sphere. Reproduced with permission.®l Copyright 2011, RSC; 2- Nanorod. Reproduced with permission.[*’]; 3. Nanobone. Reproduced with per-
mission.l”] Copyright 2009, American Chemical Society (ACS); 4- Silica(core)/Au nanoshell. Reproduced with permission.?%l Copyright 2007, ACS;
5-Nanocage. Reproduced with permission.l Copyright 2011, Royal Society of Chemistry (RSC); 6-Nanobridged nanogap particle. Reproduced with
permission.% Copyright 2011, Nature Publishing Group (NPG); 7- Nanorod-in-shell nanostructure. Reproduced with permission.’"l Copyright 2009,
ACS; 8- Silica-coated AuNP. Reproduced with permission.l*] Copyright 2010, NPG; 9- Silica-coated Au triangular nanoprism. Reproduced with permis-
sion.’Z Copyright 2010, ACS; 10- Hematite/Au nanorice. Reproduced with permission.?l Copyright 2007, ACS; 11- Qdot/Au core-shell NP. Reproduced
with permission.®3 Copyright 2009, NPG; 12- Iron Oxide/Au core-shell NP. Reproduced with permission.l”] Copyright 2010, NPG; 13- liposome/Au
nanocontainer. Reproduced with permission.8 Copyright 2009, ACS; 14- liposome/AuNP assembly. Reproduced with permission.’4; 15- Golden
carbon nanotube. Reproduced with permission.’>l Copyright 2009, NPG; 16- Multisegment nanowire. Reproduced with permission.[%8; 17- Dimer
array. Reproduced with permission.®l Copyright 2009, ACS; 18- Triangular nanodisk array. Reproduced with permission.’”) Copyright 2005, ACS;
19- Nanoring. Reproduced with permission.® Copyright 2007, ACS; 20- Oligomer array. Reproduced with permission.?l Copyright 2011, ACS; 21-
Planar metamaterial sensor. Reproduced with permission.l®% Copyright 2010, ACS; 22- Protype of 3D p-ruler nanostructure. Reproduced with permis-
sion.*] Copyright 2011, AAAS; 23- Nanotube array. Reproduced with permission.®] Copyright 2010, ACS; 24- Nanogap electrodes. Reproduced with
permission.l; 25- Nanowire field-effect transistor.l3] Copyright 2008, ACS; 26- Nanorod array. Reproduced with permission.l®4l Copyright 2009, NPG;
27- Au/SiN nanopore. Reproduced with permission.[®]; 28- Nanopore/hole array. Reproduced with permission.®®l Copyright 2011, NAS. Images have
been cropped; see the original papers for scale bars and other information.

principles and considerations, and then illustrate the ways of
p-AuNS engineering and their importance and benefits for bio-
sensing and nanomedicine. Finally, some prospects and future
research directions are proposed.

2. Plasmonic Properties of Au Nanostructures

P-AuNSs have unique ability to confine resonant photons
within their small particle size to induce localized surface
plasmon resonance (LSPR) of the conduction band electrons.
Figure 3a illustrates this phenomenon for a Au nanosphere—the
simplest type of LSPR (dipolar LSPR). This plasmonic confine-
ment results in strong light scattering and absorption, and large
enhancement of the electric near-field close to the particle’s sur-
face (Figure 3b). As a result, all radiative properties or spectro-
scopic signals from the (bio)molecules at the particle surface,
such as light absorption, Rayleigh scattering, fluorescence, and
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Raman scattering are dramatically enhanced by orders of mag-
nitude; While nonradiative absorption can be rapidly converted
to heat (photothermal effect). All these light-particle interactions
can be harnessed for biological and biomedical applications.

2.1. Tunable Radiative Properties

The LSPR responses of p-AuNSs—covering from visible to NIR
optical window-are sensitive and strongly affected by structural
parameters such as size, shape, inter-particle spacing, and the
surrounding dielectric environment,*?'*’] making it the basis
for biological labeling, sensing, and detection. For in vivo studies,
it is desired to work in the NIR region, especially 650-900 nm,
due to the high transmission of tissue blood and water, and
hence deeper light penetration (a few centimeters) in this “bio-
logical window”.[®] Since size-dependent LSPR tunability of
solid Au nanospheres is quite limited (and only in the visible
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Figure 3. Size-/shape-tunable plasmonic optical properties of various p-AuNSs. a) Schematic
illustration of a LSPR of a Au nanosphere showing the collective oscillation of delocalized
electrons in response to an external electric field. b) Important optical processes (radiative
or nonradiative) resulting from the interaction of light with a AuNPs. c-e) Size, shape, and
composition tunability of the LSPR for (c) Au nanorods, (d) Au nanocages, (e) silica core-Au
nanoshells, respectively. The NIR tissue transmission window is depicted as a green box in
panel (d). f) Increase in the plasmon scattering to absorption ratio by increase in particle
volume in Au nanospheres. g) Fano resonances in a variety of lithographically fabricated plas-
monic disk oligomers with different NP separations. Panels (c, e, f) reproduced with permis-
sion.l Copyright 2008, ACS. Panel (d) reproduced with permission.l”! Copyright 2011, RSC.
Panel (g) reproduced with permission.l Copyright 2011, ACS.

region), the effective ways to tune LSPR into the NIR region is
usually by using Au nanorods,*”) nanoshells,?” and nanocages.!
As seen from Figure 3c, the long-axis LSPR peak red-shifts from
the visible to the NIR as the nanorod aspect ratio increased. Au
nanocages (Figure 3d) and nanoshells (Figure 3e) show similar
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visible-NIR tunability of LSPR by facile control
of the wall thickness and void size,’) and of
the shell thickness (or shell thickness-to-core
radius ratio) of the particle,*! respectively.

Inter-particle plasmonic coupling occurs
when NPs are brought in close proximity to
one another. Generally, it does not occur until
the edge-to-edge inter-particle separation is
less than 2.5 times the particle diameter.*% El-
Sayed et al. proposed a universal relationship
between the exponential decay of the spec-
tral shift with respect to inter-particle separa-
tion.l”% This relationship is described by the
following empirical equation (1):

Aﬁ—/l =0.18 exp(_(gs'g)J

0

where AL/A, is fractional plasmon shift and
s/D is the separation-to-diameter ratio. This
universal scaling law allows for a predictable
coupling response from a wide variety of
p-AuNSs, including nanospheres, nanodiske,
nanoshells, and nanorods, etc.

Note that Mie theory only applies to non-
interacting p-AuNSs well separated or present
at low concentration in solution. Recent tech-
nique advances, however, have allowed the
synthesis and fabrication of ordered arrays
of (strongly) coupled plasmonic systems!!72!]
where the classical electromagnetic descrip-
tion of coupled plasmons is no longer ade-
quate and a quantum mechanical description
is necessary to understand their behavior.
Halas et al. developed a hybridization model
for the plasmon response of complex nano-
structures.'”) The theory-an electromagnetic
analog of molecular orbital theory, treating
p-AuNSs as artificial molecules,?>’! ena-
bles scientists to correctly predict the optical
response of complex p-AuNSs of arbitrary
shape. Figure 3g shows an example of Fano
resonance in a variety of lithographically
fabricated plasmonic disk oligomers with
different inter-particle separations,”? clearly
illustrating the effect of inter-particle cou-
pling strength on Fano interference. Applying
this model as a design principle for p-AuNS
fabrication provides a powerful platform for
the implementation of optimized plasmonic
properties into structures and devices of mes-
oscale dimensions for desired ultrasensitive
biosensing and biomedicine.

2.2. Nonradiative Photothermal Effect

AuNPs absorb and scatter light strongly as a result of the
LSPR. The two processes are competing, depending on the
particle size and shape.l While scattering from a 10 nm AuNP
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is negligible, the relative contribution of scattering increases
rapidly with increase in the particle volume (Figure 3f). Ultra-
fast laser spectroscopic studies!*”? have established that the
absorbed light is converted to heat efficiently at the rate of
~1 ps by rapid electron-phonon and phonon-phonon processes.
At very fast rates of energy deposition relative to lattice cooling,
the photothermal heating can result in the ablation of the NP
or desorption of surface-capping, or it may melt or reshape the
NP (~30 ps).l At slower rates, the lattice cools via phonon-
phonon process (~100 ps) leading to heating of the local envi-
ronment (surrounding medium). The highly efficient and
localized light-to-heat conversion by p-AuNSs makes them very
useful for gene/drug delivery333>38 and photothermal therapy
of cancers and other diseases.?%3234 Due to high adsorption
cross sections (e.g., 10-50 nm AuNPs offer 5 or more orders of
magnitude larger absorption coefficients compared with con-
ventional dyes), it requires only minimal irradiation energy to
achieve cell destruction, making therapy minimally invasive.!*l
The laser power density threshold for selective destruction
of cancer cells for Au nanoshells, nanorods, and nanocages,
are ~35, 10, and 1.5 W/cm?, respectively.?*! In vivo studiesi*”!
under magnetic resonance guidance revealed that exposure
to low doses of NIR light (820 nm, 4 W/cm?) in solid tumors
treated with Au nanoshells reached average maximum tem-
peratures capable of inducing irreversible tissue damage (AT =
37.4 £ 6.6 °C) within 4-6 min (versus AT < 10 °C in controls
treated without Au nanoshells).

Another paradigm of photothermal bioapplication would be
the use of p-AuNSs for photoacoustic (PA) imaging (or called
PA tomography, PAT)."*7% PA imaging is based on the PA
effect, where absorption of pulsed laser radiation results in tran-
sient heat. The resulting thermo-elastic expansion generates
an acoustic signal, which can be directly measured. So far, Au
nanoshell,” nanocage,”® and golden carbon nanotubes,?>>77]
have been successfully used as contrast-enhancing agent for
in vivo PAT of Rat brain (cerebral cortex),’>”¢ and for in vivo
multiplex PA detection of circulating tumor cells.””!

2.3. Plasmon Near-Field and Optical Force

Conventional far-field optical tweezers, formed at the dif-
fraction-limited focus of a laser beam, have become a pow-
erful tool for manipulating micrometer-sized objects, but
failed for trapping nanometer-sized objects. P-AuNSs, due
to strong near-field enhancement and the
ability to control light at the subwavelength
scale, are gaining attention for the plas-
monic trapping of small NPs and biological
nano-objects.® Volpe et al. used photonic
force microscopy to probe the SPP force
field and measured a 40-fold enhance-
ment to the force magnitude.’”) Martin et
al. have recently managed to trap 10 nm
AuNPs using plasmonic dipole antennas
and recorded optically single NP trapping
events in real time.*] The capability of
trapping, ultra-accurate positioning and

. [80]

manipulation of single nano-objects, nanomedicine.
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along with easy system integration, make the plasmonic trap-
ping technique promising for single-particle/-biomolecule
sensing, studies and manipulations.

3. Why Plasmonic Engineering?

Plasmonic engineering (P-engineering) we referred to herein is
any means of fine-manufacturing nanostructures with flexible
and precise control over size, shape and inter-particle spacing
down to (a few) nanometer scale and with desired plasmonic
properties. As the field of plasmonics grows, new synthesis,
fabrication and characterization methods for p-AuNSs have
advanced to a point that deliberate engineering of their surface,
size, shape, and pattern is possible, thereby allowing exquisite
control of their properties and system integration, and boosting
innovative researches in biomedical applications.

3.1. Design Considerations and Strategies

Applying p-AuNSs for bioapplications requires the under-
standing of various nano/nano-interface and nano/
bio-interface involved,®!) and the use of well-established exper-
imental structure-property relationships and theoretical simu-
lations for nanostructure preparations. The ideal p-AuNSs are
envisioned with desired plasmonic properties and function-
ality, capable of surmounting biological barriers encountered,
and having the potential to revolutionize the diagnosis and
treatment of many diseases. Strategies so far in the direction
(Figure 4) include: (1) size-/shape-controlled wet-chemical
synthesis—fine-tuning size-/shape-dependent optical and
photothermal properties for desired in vitro/in vivo bioappli-
cations; (2) “top-down” nanolithographic fabrication—creating
more advanced and versatile p-AuNSs and devices unavail-
able by “bottom-up” methods that are powerful for ultrasen-
sitive biosensing/detections, etc.; (3) inter-particle distance/
gap design and molecular-/nano-engineering—manipulating
plamonic near-field coupling and Fano resonance of tailor-
made complex nanostructures on the nanoscale for gentle and
ultrasensitive biosensing/bioassy down to molecular level;
(4) integrated P-engineering of multifunctional nanostruc-
tures—creating uniform and highly impact “all-in-one” hybrid
p-AuNSs with integrated multifunctionality for multimodal
imaging and especially for cancer theranostics.

Size-/shape-controlled | Fine-tuning of size-/ shape-dependent plasmonic optical and photo-
wet-chemical synthesis

thermal properties for various desired in vitro/in vivo bioapplications.

Creating more advanced and versatile plasmonic platforms and
[ nhanodevices that are unavailable by wet-chemical methods and are
powerful for ultrasensitive biosensing & detections, etc.

Manipulating plamonic coupling and Fano resonance of tailor-made
- complex nanostructures on the nanometer scale for gentle and
ultrasensitive biosensing/bioassy down to molecular level.

Creating uniform and highly impact “all-in-one” plasmonic hybrid
T nanostructures with integrated functionalities for multimodal imaging
& cancer theranostics.

Figure 4. Ways and benefits of P-engineering Au nanostructures for biosensing &
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Figure 5. Size and shape of p-AuNSs matter. a) Schematic illustration how size and receptor
density of antibody-AuNP conjugates affect EGFR-mediated uptake of Herceptin-labeled AuNPs
into SK-BR-3 breast cancer cells. 2 nm AuNPs were not efficiently internalized because multiple
receptors could not be simultaneously bound. 70 nm particles exhibited multivalent binding,
however they were too large for efficient membrane wrapping (i.e. endocytosis). Reproduced
with permission .l Copyright 2008, NPG. b) Schematic overview of selective release of multiple
DNA oligonucleotides from Au nanorods. Laser irradiation of DNA-conjugated nanocapsules
(dark ovals) and nanobones (gray bones) are exposed to Agqq irradiation (left), which melts the
nanocapsules and selectively releases the conjugated DNA (labeled by FAM (gray triangles)).
Exposure to Aq1qq irradiation (right) melts the nanobones, selectively releasing the conjugated
DNA (labeled by TMR (gray stars)). Reproduced with permission.l”] Copyright 2009, ACS.
c) Selected examples of shape-dependent photothermal stability and related bioapplications of
p-AuNSs. Au nanorods with relatively poor photostability are preferred as platforms for light-
controlled drug/gene delivery, whereas Au nanocages with medium stability are suitable for
both cargo delivery and in vivo optical imaging. The silica/Au nanoshells with thicker Au layers
are more tolerable for in vivo imaging and photothermal cancer therapy. Schemes and Figures
(C1-C6) reproduced with permission.®30333776] Copyright 2010, NPG (C1); 2006, ACS (C2);
2011, RSC (C3); 2007, ACS (C4); 2010, NPG (C5); 2003, NAS (C6).
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are preferred for scattering-based biosensing
and dark-field imaging. While particles with
medium diameter of ~40-80 nm were suit-
able for photothermal drug/gene delivery and
cancer therapy due to a compromise between
their optical properties and size effects. The
ideal sizes of therapeutic NPs should be in the
range of 10-100 nm, as larger particles have
limited diffusion in the extracellular spacel®?
while particles less than 5 nm are rapidly
cleared from the circulation through extrava-
sation or renal clearance.®’]

The size effects of p-AuNSs on cellular
behavior and cytotoxicity have been studied
recently with nanosphere as an example
mostly. Chan et al. have investigated the
intracellular uptake of different sized AuNPs,
revealing that kinetics and saturation concen-
trations are highly size-dependent (e.g., uptake
half-life of 14, 50, and 74 nm NPs is 2.10, 1.90,
and 2.24 h, respectively).B4 They investigated
also the cellular response to herceptin-coated
2-100 nm AuNPs and found that 40 and
50 nm particles have the greatest effect on cell
signaling functions (Figure 5a).% Simon et al.
examined 0.8-15 nm AuNPs stabilized by triphe-
nylphosphine derivatives. In their case, 1.4-nm
particles were highly toxic, whereas 15-nm-
diameter particles were nontoxic, even at up
to 100-fold higher concentrations.® The size
effect of Au nanorods with different aspect ratio
have also be exploited for controlled multiple-
drug delivery,®”) in which two different DNA
oligonucleotides were loaded on two different
Au nanorods and selective DNA releases were
induced by selective melting of Au nanorods
via ultrafast laser irradiation at the nanorods’
longitudinal SPR peaks (Figure 5b).

The shape of p-AuNSs (like nanorods/cages)
could also influence cellular uptake.[*#’] Since
nanoprobe’s photo-stability is directly linked
with particles’ imaging capability and thera-
peutic effects, the most fascinating aspect
would be the shape-dependent photostability
of p-AuNSs and their selectively optimal bio-
applications accordingly, as illustrated in
Figure 5c. Compared with Au nanorods and
nanocages, Fe;O,/Au core-shell NPs exhib-
ited remarkable stability under identical laser
irradiation.’”] The laser fluence threshold

6  wileyonlinelibrary.com

The size of AuNP dictates not only particle’s optical properties
but also the effectiveness/fate of its bioapplications. Since the
absorption dominates the extinction (absorption + scattering)
spectrum for smaller AuNPs while the relative contribution
of scattering increases rapidly with increase in the NP size (cf.
Figure 3f), AuNPs with diameter smaller than ~40 nm are typ-
ical used for absorption-based bioassays, whereas bigger NPs

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for nanoprobe degradation for Au nanorods, nanocages, and
Fe;04/Au core-shell NPs are ~2, 6, and 15 m] cm™2, respectively,
indicating superb PA imaging capability of the latter.’”] Above
these fluences, significant SPR peak shifts were observed indi-
cating nanoprobe degradation. Therefore, Au nanorods with
relatively poor photostability are preferred as platforms for light-
controlled drug/gene delivery,?*%’l whereas Au nanocages with
medium stability are suitable for both cargo delivery® and in
vivo optical imaging.”® The silica/Au nanoshells with thicker

Adv. Mater. 2012,
DOI: 10.1002/adma.201200622



ADVANCED
MATERIALS

'A\
M“h\‘liié

www.MaterialsViews.com

www.advmat.de

Au layers, due to better photostability, will be more tolerable for  the NP-(bio)molecular interactions and conjugations play a cen-
in vivo imaging and photothermal cancer therapy.’"! tral role.>#% A recent report® highlighted the role of surface

The inter-particle spacing/distance as aforementioned, is another  ligand structure and order in cell-membrane penetration by parti-
crucial parameter for plasmonicly coupled nanostructures?%2140411  cles (Figure 6a). In the study, AuNPs (~6 nm) were modified with

and has provided a strong basis of p-AuNSs for
applications in ultrasensitive biosensing!!7-234041]
and sophisticated SERS studies.>*38]

3.3. Multifunctionality

One of the ultimate goals of P-engineering
is aimed at integrated synthesis of compact
“all-in-one” nanostructures, by combining
multiple discrete functional components
(plasmonic and non-plasmonic) into a single
nanostructure, with combined/desired func-
tions.’733 As for imaging nanoprobes, the
complementary ability of different imaging
modalities could be harnessed to great effect
by using them in tandem® since each type
of individual nanoprobe displays distinct
advantages and limitations.’”] For example,
magnetic NPs have become an important
contrast agent in T2-weighted magnetic reso-
nance imaging (MRI) because MRI offers
high resolution and excellent tissue penetra-
tion depth. However, MRI is not as sensi-
tive as optical imaging or positron emission
tomography, and is difficult to visualize in
microscopic tissue examination.” Multi-
modal MRI-optical imaging contrast agents,
therefore, show promising for clinic uses
by combining the high spatial and temporal
resolution of MRI with the sensitivity of the
optical imaging probes.

Highly-integrated multifunctional  “all-
in-one” p-AuNSs with combined targeting,
diagnostic and therapeutic functions™*! will
enable the capabilities to perform multiple
parallel tasks, and provide a platform onto
which image-guided therapeutic technologies
can be developed for the targeted imaging
and theranostic of cancers.” A major chal-
lenge in the field is how to engineer nano-
probes with integrated or even created func-
tionalities!*”] while still maintaining compact
sizes.’2

4. Recent Advances and Highlights
in Plasmonic Engineering

4.1. Surface Molecular Engineering

Surface engineering of AuNPs with ligands and
biomolecules (DNA, protein, etc.) is important
for a broad range of bioapplications, in which
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Figure 6. Ways and benefits of p-AuNS engineering for biosensing and nanomedicine. a) AuNPs
with ordered arrangements of hydrophilic and hydrophobic surface functional groups exhibit
altered patterns of subcellular localization in cells. Schematic diagrams (top panels) of the
ligand shell structure of the NPs and representative STM images (scale bars 5 nm). BODIPY
fluorescence (middle panels) and bright-field/fluorescence overlay (lower panels) images of
dendritic cells incubated with 0.2 mg mL™" of MUS, 66-34 br-OT or 66-34 OT NPs (from left
to right) for 3 h in serum-free medium at 37 °C. See the original paper for details. Images
reproduced with permission.®l Copyright 2008, NPG. b) Three examples of gap/distance nano-
engineering towards highly sensitive and reproducible SERS-active nanostructures for single-
molecule detection. Images reproduced with permission.[**5988 Images 1,2,3 copyright 2010,
2011, 2070 respectively, NPG. c) Lithography advance make the development of plasmon ruler
from 1D to 3D possible. Image reproduced with permission.**4!l Images 1,2 copyright 2005
NPG, 2011 AAAS, respectively. d) Two examples of materials/methodology integration that ena-
bles new bioimaging methods/modalities unavailable from individual component and method.
Images reproduced with permission: 137) Copyright 2010, NPG; 2B%%4 Copyright 2010 AAAS,
2011 NPG, respectively.
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a shell of alternating hydrophobic and hydrophilic ligands. The
well-organized striped particles were able to penetrate cell mem-
branes at 37 and 4 °C without notable evidence of membrane dis-
ruption, whereas the other coated with the same moieties but in a
random distribution were mostly trapped in endosomes.

Surface charge controll®! and supramolecular chemistry®®
were recently proved as two powerful tools to regulate biolog-
ical processes for drug delivery and therapeutic applications.
Forbes et al.”! showed that AuNPs carrying either fluorescein
or doxorubicin molecules move and localize differently in an in
vitro 3D model of tumor tissue, depending on whether the NPs
are positively or negatively charged. The experimental/theoret-
ical results indicate that positive particles may be more effective
for drug delivery because they are taken up to a greater extent
by proliferating cells; While negative particles, diffusing more
quickly, may perform better when delivering drugs deep into
tissues. Rotello et al.’®! demonstrated that engineering of host-
guest systems to function inside the cell provides a potential
powerful supramolecular strategy for the regulation of thera-
peutics. They presented a host-guest system featuring diamino-
hexane-terminated AuNPs (AuNP-NH(2)) and complementary
cucurbit[7Juril (CB[7]) that form a non-toxic assembly that is
readily taken up by the cells. Intracellular triggering of the ther-
apeutic effect of AuNP-NH(2) was then achieved through the
administration of 1-adamantylamine (ADA), removing CB[7]
from the NP surface, causing the endosomal release and con-
comitant in situ cytotoxicity of AuNP-NH(2).

4.2. Gap/Distance Nanoengineering

Lithographic methods are by far widely used for the produc-
tion of surface-bound p-AuNSs with unparalleled control over
the size, shape, inter-particle spacing, and alignment.l'”! Var-
ious p-AuNSs with well-defined inter-particle gap/distance (see
Figure 2), such as dimer array,®® triangular nanodisk array,’!
oligomer array,””! planar metamaterial sensor,®% 3D p-ruler,*!
nanogapped electrode,®?l and nanopore/hole array,®® etc. have
been lithographically fabricated. The major drawback, how-
ever, is that p-AuNSs with dimensions less than 10 nm are not
readily obtainable.*”]

Bottom-up solution-phase synthesis therefore is an alter-
native to fine control p-AuNSs on a few-nm scale.'”*) Gao
et al.’”>3 exploited layer-by-layer self-assembly technique
to create a few-nm-thick dielectric layers (gap) sandwiched
between two inorganic materials, and succeeded in the produc-
tion of multifunctional, polymer-gaped Qdot/Au,”* and Fe;0,/
Au core-shell NPs.’”) Aiming to prepare reproducible, high-
performance SERS-active p-AuNSs, three intriguing strategies
(Figure 6b) based on gap/distance nanoengineering have been
explored recently.*°%%] Nam, Suh et al. reported® a high-
yield synthetic strategy to obtain gap-tailorable Au/Ag core-
shell nanodumbbells (GSNDs) via controlled Ag shell growth
on the surface of the single-target-DNA hybridized AuNP het-
erodimers. The authorsP? also used DNA-modified AuNPs as
seeds to synthesize in high yield a new class of nanostructures
(termed Au nanobridged nanogap particles, Au-NNPs) with
a well-defined, hollow, 1 nm interior gap between a Au core
and a Au shell. Wang and Tian et al.*3l engineered nanoscale
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separations between AuNP and SERS active sites by control-
lable coating AuNPs with an ultrathin silica or alumina shell.
The ultrathin coating keeps the NPs from agglomerating, sep-
arates them from direct contact with the probed material and
allows the NPs to conform to different contours of substrates,
making the NPs promising for practical applications of SERS.

4.3. Multifunctional Hybrid Core-Shell p-AuNSs

Integrated synthesis of “all-in-one” p-AuNSs, in particular compact
core-shell structures,373849535591] ig 3 current pursuit. Retaining
unique properties, especially optical and electrical properties, of
each component after nanoscale integration is, however, a long-
standing problem. It is particularly difficult when combining
fluorescent semiconductor Qdot with p-AuNSs in the core-shell
format, because Au can quench the fluorescence and conven-
tional Au nanoshell formation methods failed in producing very
thin and smooth Au layers.?>%7] Gao et al.’¥! developed a biomi-
metic tactics for controlled deposition of very thin (~2—4 nm) and
smooth Au layers by using surface-assembled poly-L-histidine
monolayer as templates, and addressed quenching problem by
creating a polymer (dielectric) gap between the Qdot core and Au
shell with nanometer precision through layer-by-layer assembly.
The approach provides a general route for the deposition of
ultrathin Au layers onto virtually any discrete core nanostructure.
And in doing so, it is easy to tune LSPR response of the resulting
compact hybrid NPs into NIR region,’”l which is desirable for
potential in vivo applications. The authors extended the approach
to prepare Fe;0,/Aul’”) and liposome/Aul*® core-shell NPs, and
succeeded in their use as multimodal imaging contrast agents!*’]
and NIR light-controllable drug delivery vehicles.[*®! More impor-
tantly, the magnetic plasmonic Fe;O4/Au core-shell NPs enable
a new biological imaging mode, magnetomotive photoacoustic
(mmPA) imaging.l*’)

5. Developments and Benefits for Bioapplications
5.1. (Ultra)sensitive Biosensing

The LSPR frequency (wavelength), either by absorption or
scattering, depends on the inter-particle spacing and the die-
lectric constant (i.e., refractive index, RI) of the medium sur-
rounding the particle, and provides basis for biosensing.[*+%l
Typical biosensing schemes using AuNPs are based on dis-
tance-dependent particle-particle coupling,?)l and Rayleigh
scattering.?#2>%7 The sensitivity, defined as the plasmon shift
per RI unit (RIU) change (dAgspr/dn,,), depends on the shape
of the NPs.**I Therefore, NP geometry can be readily tuned
to enhance plasmonic sensitivity: typically anisotropic NPs (like
nanorods, nanoshells, and nanoprisms) give higher sensitivity
than nanospheres.**’l Au nanospheres of 30-nm-diameter offer
a modest sensitivity of ~70 nm/RIU,¥ whereas Au nanoshells
or nanocages offer enhanced sensitivity. With decreasing shell
thickness (relative to silica core size), there is near-exponential
increase in the plasmon sensitivity, for example, from 129
to 363 nm/RIU with variation in shell thickness from 40 to
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4 nm."™ The silica-encapsulated Au nanoprisms have sensi-
tivities as high as 737 nm/RIU.P? Lithographically fabricated
p-AuNSs or metamaterials, such as dimmers,® nanotubes,®!
nanorods, [ nanoholes,®! disks,” and nanoringsP® arrays,
and more complex metamaterialsi®” due to the tunability of
higher dielectric sensitivity, show promising for ultrasensitive
biosensing.>6:58:60.61.6466.99] For example, extremely sharp Fano
resonances in high-quality nanohole sensors enable seeing
single biomolecular monolayers with naked eye;®! Benefiting
from a substantial overlap between the probing field and the
active biological substance incorporated between the arrayed
nanorods and a strong plasmon-mediated energy confinement
inside the layer, the Au nanorod metamaterial provides very
high sensitivity of more than 30 000 nm/RIU and a large probe
depth (500 nm).% Kill et al.'% utilized a combination of LSPR
sensing and enzymelinked immunosorbent assay to develop a
simple colorimetric biosensing methodology with single mol-
ecule sensitivity, in which the surface-localized horseradish
peroxidase (HRP) enzymatic reaction dramatically amplifies the
shift of the LSPR scattering maximum.

Special p-AuNSs like artificial nanopores (or nanoholes,
including nanotubes) have also attracted increasing attention
recently as the sensing elements in biosensors.[#265101-104] By
monitoring ion currents and forces as (single) molecules pass
through a solid-state nanopore, it is possible to investigate a
wide range of single-molecule phenomena involving DNA,
RNA and proteins.[12193 Plasmonic Au nanopore sensors, due
to additional plasmonic functions, could one day revolutionize
biosensing, but further technological challenges including
methodology/device integration remain before this promise
is realized. Another attractive special p-AuNSs-based ultrasen-
sitive biosensing platform is the nanowire- or nanogap-based
label-free nanoelectronic detections. The first nanoelectrical
protein detection was reported by Lieber group!'®! using single
p-type silicon nanowire devices in 2001. Electrical detection of
DNA array using AuNP probes in an electrode gap was reported
in 2002 by Mirkin et al.?®! The method can detect target DNA
at concentrations as low as 500 femtomolar. Nanogapped Au
electrodes('%1%7] and multisegment nanowire-based field-effect
transistors®’ were also exploited for glucose sensing,'%! DNA
detection,®¥ and conductance measurement of single DNA
molecules.'””] Due to the small size of the nanojunction, the
enzyme is regenerated naturally without the need of redox medi-
ators, which consumes minimal amount of oxygen and gives
very fast response (<200 ms). These features make it potentially
useful for in vivo glucose detection.'%l Recently, Taniguchi
et al.l'%l developed a self-alignment technique, by combination
of nanopore analytics and electrical detection, to form a nano-
pore-nanoelectrode device consisting of a sub-nanometer elec-
trode gap in a 15 nm-sized SiO, pore. They performed electrical
identification of nucleobases in a DNA oligomer, thereby sug-
gesting the potential use of this integrated device for label-free
electrical DNA sequencing.

5.2. Plasmon Ruler Evolved from 1D to 3D

P-rulers can be used to determine nanoscale distances within
chemical or biological species. The first generation (1D)
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p-rulers consisting of a single pairs of Au- and Ag-NPs,*% are
based on the spectral shift of the scattering spectrum when
two NPs approach one another (Figure 6¢). The equation 17%
is useful in the determination of intersite distances in bio-
logical systems using p-rulers. As compared to the Forster
(fluorescence) resonance energy transfer (FRET)-based dis-
tance probes, the p-rulers do not blink or bleach and therefore,
measurements can be made continuously over long periods of
time. While the FRET ruler has a maximum range of 10-nm
due to the steep 1/R® dependence between two molecular spe-
cies, the p-ruler range is much larger, e.g. 70-nm for a dimer of
40-nm AuNPs, and can be increased directly by increasing the
particle dimension.*"! NP pair p-rulers linked by ss-DNAM or
ds-DNAI%] have shown to be able to study the kinetics of single
DNA hybridization events*¥ and used for real-time measuring
nuclease activity and DNA footprinting.l'% An average wave-
length shift of approximately 1.24-nm was observed per DNA
base pair.[1%8]

The 1D p-rulers, however, hampers the comprehensive
understanding of many intriguing 3D processes in biological
and soft matter. Liu et al.l*!l] demonstrated a 3D p-ruler based
on coupled plasmonic oligomers in combination with high-
resolution plasmon spectroscopy. They used a stack of five Au
nanorods (in an ‘H’ arrangement) that can report not just a
single distance but the precise position of one central rod with
respect to the others (Figure 6¢). Therefore, the 3D ruler offers
measurements additional degrees of freedom, such as rotating,
twisting, tilting and any conformational changes. Such rulers
will be useful for investigating dynamic process of single or
complex macromolecular in physiological environments, and
could one day be used to improve understanding of protein
folding and interactions and help defeating protein-based dis-
eases like Alzheimer’s and Parkinson's disease.

5.3. SERS Goes Reproducible and Fine-Tunable

Since its discovery,!!l SERS has been extensively used and
reviewed from fundamental mechanisms to biomedical appli-
cations.[121315109110] Tts commercialization, however, has been
hampered in many areas by difficulties in achieving highly
accurate control over the surface nanostructures and the repro-
ducibility. An ideal SERS nanostructure should induce a high
signal enhancement, generate a reproducible and uniform
response, and should be easy to synthesize and use. Recent
attempts toward this end made SERS-active p-AuNSs reproduc-
ible and practically useful**3%88] (Figure 6b). As reported, the
individual gold-silver core-shell nanodumbbells (GSNDs)®8!
have single-DNA sensitivity with high structural reproducibility;
the enhancement factors of Au-NNPs (Au nanobridged nanogap
particles) were narrowly distributed between 1.0 X 108 and 5.0 x
10° with SERS signals down to 10 fM concentrations,”” which
is sufficient for single-molecule detection; While the effective-
ness and simplicity of the shell-isolated NP-enhanced Raman
spectroscopy (SHINERS)M! expand significantly the flexibility
of SERS for practical applications. Recently, Nie group®®! devel-
oped a new class of robust SERS tags of pegylated NIR-emission
dye molecules adsorbed onto AuNPs, and applied them for
SERs detection of tumors in mice. This study advanced the

wileyonlinelibrary.com 9

.-
-
o
@
-
m
"
w
.
m
v
(*]
3




&
o
A
|
[
(]
(2]
|
[
o
)
(-5
(-

10  wileyonlinelibrary.com

ADVANCED

MATERIALS

www.advmat.de

development of SERS from bench to in vivo applications and
offered the possibility for future SERs-based clinical cancer
diagnosis.

5.4. Multifunctional p-AuNSs for Cancer Nanotechnology
and Theranostics

Multifunctional p-AuNSs or hybrids, due to their functional ver-
satility and properties unique from both their parent molecules
and their particle scaffolds, can exhibit high biocompatibility,
increased binding affinity/targeting selectivity, low immunogenic
responses and long circulatory half life, rapid transport kinetics,
and size-dependent/-enhanced tumor uptake. These properties
combined with their tunable NIR optical properties make them
promising as imaging contrast agents and next-generation anti-
cancer agents.”] The p-AuNSs and hybrids to date, including
AuNPB19%] and AuNP assemblies,''!) nanoshell 2%112 (hybrid)
nanorod,?233%113  nanocage,?**! multifunctional core-shell
NP,*® and golden carbon nanotubel® etc., have been exten-
sively exploited for cancer-targeting imaging,[31*235] controlled
intracellular drug/gene delivery,333>9596112-115] photothermal
cancer therapy,3%323+51 and early diagnosisl’’! and inexpensive
and non-invasive diagnosis of cancer.''!] Recent studies focus
on the combination of diagnostic detection, targeting imaging,
with therapeutic functions within an integrated “all-in-one”
single nanocomplex.*”l Such theranostic nanoprobes can simul-
taneously deliver diagnostic and therapeutic functions, enabling
concomitant detection and localized treatment of cancer (and
other diseases) in a single procedure. For example, multifunc-
tional (Au) nanoshells,®! constructed by coating a Au nanoshell
with a silica epilayer doped with Fe;O, and the fluorophore
ICG, were recently examined as a multimodal theranostic nano-
probe for enhanced NIR fluorescence and MRI imaging and for
targeted photothermal ablation of cancer cells, showing theran-
ostic potential for imaging subcutaneous breast cancer tumors
in animal models and the distribution of tumors in various
tissues. Such theranostic agents should ultimately allow us to
simultaneously visualize and deliver therapeutics to metastatic
cancer sites!''% and early detection of circulating tumor cells.””]
Advances in the field will enable theranostics to transition from
the laboratory to clinical settings.!'”)

5.5. Integration Enables New Bioimaging Modality

Engineering compact multimodal imaging nanoprobes will
have profound impact on molecular diagnostics, imaging and
therapeutics, and it is highly desirable to enable new imaging
modes not available from each individual component for
enhanced contrast specificity. One successful example is the
use of multifunctional Fe;0,/Au core-shell NPs (<40 nm) for
multimodal imaging.l’”) Due to the combination of NIR optical
absorption and magnetic response, the imaging nanoprobes
can be used for PA imaging and can erase the background
noise by using a pulsing magnetic field to shake the NPs and
used image processing techniques to remove everything except
the vibrating pixels. It, therefore, enables a new bioimaging
mode, magnetomotive photoacoustic (mmPA) imaging, with
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remarkable contrast enhancement compared with PA images
using conventional NP contrast agents (Figure 6d(1)). The inex-
pensive, non-invasive, and high spatial resolution and deep
tissue penetration nature of the PA imaging modality, together
with the background eliminating capability, make the new
imaging technique very sensitive and promising for clinical
uses and envisioned could one day ‘see’ single cancer cells in
vivo. And potentially, it can be easily combined with photo-
thermal cancer therapy, because both techniques share similar
mechanisms.

Another successful example is the new developments in SPR
imaging technique. Optical SPR imaging is powerful for in situ
real-time characterization of Au/dielectric interfaces and has
been widely used for biomolecule interaction studies. In prac-
tice, a ~50 nm-thick Au thin-film deposited on a glass substrate
by either vacuum deposition/sputtering or a wet-chemical
way, 118l is used for the excitation of SP modes in the common
Kretschmann configuration. Tao et al.?>%Y advanced recently
new SPR imaging techniques by methodology integration. They
demonstrated an electrochemical microscopy technique based
on the detection of variations in local electrochemical current
from optical signals arising from SPR.°Y Since the imaging
technique is noninvasive, scanning-free, fast, and the signal
varies with current density rather than current, it enables local
electrochemical measurements (e.g. voltammetry and amperom-
etry) with high spatial resolution and sensitivity (Figure 6d(2),
left panel). The authors combined technically also electro-
chemical impedance spectroscopy (EIS) with SPR imaging
and extended for single cell imaging and studies.’) The new
technique uses SPR to detect impedance optically. It, therefore,
resolves local impedance with submicrometer spatial resolu-
tion, and was used to monitor the dynamics of cellular proc-
esses (apoptosis and electroporation of individual cells) with
millisecond time resolution. In addition to the electrochemical
impedance microscopy (EIM) image, the new technique pro-
duces simultaneous optical and SPR imagery, providing useful
complementary information (Figure 6d(2), right panel). The
technique would be capable of resolving many subcellular
structures and processes (such as ion channel activities and
drug-cell interactions) without labels, and with excellent detec-
tion sensitivity, offering fresh insights into previously elusive
cellular features and events.

6. Conclusion and Outlook

Due to their biocompatibility and tunable surface chemistry,
morphology, and unique optical properties of p-AuNSs, the
fields of biosensing and nanomedicine have recently witnessed
an explosion of interest in the use of a variety of accurately engi-
neered p-AuNSs for various bioapplications ranging from ultra-
sensitive biosensing, imaging, controlled drug/gene delivery, to
photothermal cancer therapy. As a result, we now have a better
understanding on how we can accurately design and optimize
plasmonic (and multifunctional) properties of (hybrid) p-AuNSs
for a specific bioapplications. It must, however, be acknowledged
that the biomedical promise of p-AuNSs has so far mainly been
based on proof-of-concept demonstrations. It therefore remains
a significant challenge to rationally design more powerful and
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applicable p-AuNSs that can fulfill the requirements for bioap-
plications, and find practical ways to use and integrate them
with real-life clinic settings and applications.

The impact of p-AuNSs in biology and biomedicine is, how-
ever, determined not only by their biomedical merits, but also
by the new functions and means that be created capable of
probing fundamentally previously unknown biological world
and events down to single cell or molecule level. In this regard,
multifunctional “all-in-one” p-AuNSs show continued growing
interest in cancer nanotechnology and theranostics; While a
couple of special p-AuNSs enable powerful new techniques, but
currently there will be hurdles for practical applications. For
instance, 3D p-rulers,/*!l though promising to measure 3D posi-
tion of nano-objects, it is challenging to find facile fabrication
methods and realize such function in real biological and soft-
matter systems. Although lithography method is superior for
preparing complex objects such as 3D p-rulers, bottom-up syn-
thesis of complex p-AuNSs as 3D p-rulers (and their incorpo-
rating into biochemical systems) would be the next competition
in the field. Solid-state nanoporel!®21%3] and nanogapped elec-
trodes(®? are emerging as the other two versatile and powerful
platforms/tools for single (bio)molecule studies. P-engineering
of single solid-state nanopore with Au decoration would render
nanopores additional plasmonic properties and functions for
potential useful bioapplications. Further technological chal-
lenges include the integration of nanopore or nanogapped elec-
trodes into nanofludics for label-free single-molecule sensing
and sequencing,'® the incorporation of plasmon nano-
optical tweezers’® with (3D) p-rulers*** for manipulating
and sensing of single biomolecules, and the creation of new
bioimaging modality®3%) and integrating them with real-life
clinic settings and applications, etc. Future advances require
continued innovations by chemists in close collaboration with
experts in biological and medical fields, and will lead to a new
‘Golden Age’ of biomedical nanotechnology.''”) Numerous
cancer or other disease-related deaths could be averted in the
near future, and our lives will be finally shaped by the advances
and developments in the fields.
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