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Nanoparticles and DNA — a powerful and growing
functional combination in bionanotechnology

Anirban Samanta®® and Igor L. Medintz*?

Functionally integrating DNA and other nucleic acids with nanoparticles in all their different physico-
chemical forms has produced a rich variety of composite nanomaterials which, in many cases, display
unique or augmented properties due to the synergistic activity of both components. These capabilities, in
turn, are attracting greater attention from various research communities in search of new nanoscale tools
for diverse applications that include (bio)sensing, labeling, targeted imaging, cellular delivery, diagnostics,
therapeutics, theranostics, bioelectronics, and biocomputing to name just a few amongst many others.
Here, we review this vibrant and growing research area from the perspective of the materials themselves
and their unique capabilities. Inorganic nanocrystals such as quantum dots or those made from gold or
other (noble) metals along with metal oxides and carbon allotropes are desired as participants in these
hybrid materials since they can provide distinctive optical, physical, magnetic, and electrochemical pro-
perties. Beyond this, synthetic polymer-based and proteinaceous or viral nanoparticulate materials are
also useful in the same role since they can provide a predefined and biocompatible cargo-carrying and tar-
geting capability. The DNA component typically provides sequence-based addressability for probes along
with, more recently, unique architectural properties that directly originate from the burgeoning structural
DNA field. Additionally, DNA aptamers can also provide specific recognition capabilities against many
diverse non-nucleic acid targets across a range of size scales from ions to full protein and cells. In addition
to appending DNA to inorganic or polymeric nanoparticles, purely DNA-based nanoparticles have recently
surfaced as an excellent assembly platform and have started finding application in areas like sensing,
imaging and immunotherapy. We focus on selected and representative nanoparticle—DNA materials and
highlight their myriad applications using examples from the literature. Overall, it is clear that this unique
functional combination of nanomaterials has far more to offer than what we have seen to date and as new
capabilities for each of these materials are developed, so, too, will new applications emerge.

behind these properties are best described by quantum mech-
anics in most cases and arise primarily from nanoscale size

The pace of development across all facets of technology con-
tinues to accelerate at a nearly unabated rate. The greatest
expectations for transformational changes are associated with
many of the newer technologies as these changes are far more
fundamental in nature and not so incremental or application
driven. In terms of transformative technologies, nanotechno-
logy in all its manifestations has perhaps the most to offer as
it seeks to create new materials with new properties and func-
tionalities from the bottom up. The first generation of nano-
technologies resulted in the development of a myriad of new
“nanomaterials” (NMs) displaying unique optical, magnetic,
electronic, mechanical and chemical properties. The physics
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and quantum-confined effects that are not available to the
same materials in bulk form. These include noble metal nano-
particles (NPs) with localized surface plasmon resonances,
semiconductor quantum dots (QDs) with size-tunable photo-
luminescence (PL), and carbon allotropes such as single-wall
carbon nanotubes (SWCNTs) and graphene which can mani-
fest ballistic electron transport properties to name just a few
prominent examples from a growing list that is far too numer-
ous to detail.’™ Many NMs, and especially NPs, are also
characterized by useful physicochemical properties such as a
small size coupled to high surface-to-volume (S/V) ratios and
amenability to facile surface modification chemistry such that
they can be coupled to other (bio)materials. These NMs are
already finding numerous non-biological applications for
energy harvesting in solar cells, improved data storage
capacity, optical displays, and for chemical catalysis and purifi-
cation purposes.®
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In parallel to these developments, and in contrast to the
above mentioned primarily “hard” NMs, there has also been a
tremendous focus on “softer” NMs including those that are
biologically-based such as viral capsids along with those
derived from biopolymers such as nucleic acids.'®™** Of all of
these biomaterials, deoxyribonucleic acid (DNA) in particular
appears to have the most to offer for nanotechnology. Indeed,
DNA and other nucleic-acid based technologies have already
made significant contributions to the diagnostic and genomic
revolutions of the last decades."*° Here, they were exploited
mainly for their sequence recognition and complementarity as
primers to access information in the form of genomic sequen-
cing, for polymerase chain reaction (PCR), probes for hybridi-
zation arrays, and as sensors within molecular beacon (MB)
configurations.?’” Other DNA utility in the form of aptamers
for biorecognition was also developed. These are partially self-
complementary single stranded- (ss) DNA which can fold into
a unique 3D shape that enables it to recognize non-nucleic
acid targets with a high degree of specificity including small
and macro-molecules along with cell surface markers in a
manner similar to antibodies.”®*' Equally importantly, tech-
niques such as SELEX (systematic evolution of ligands by expo-
nential enrichment) were also developed that allowed
aptamers to be both selected for and undergo affinity improve-
ment from large combinatorial libraries of
oligonucleotides.>*® More recently, the advent of structural
DNA technology has brought interest in this material to the
forefront once again. Along with being the carrier of genetic
information, the underlying Watson-Crick base-pairing com-
plementarity, which relies on relatively weak individual hydro-
gen bonds, also allows for in silico designed de novo DNA
structures to be assembled (see also the next section). More-
over, this technology has now matured to the point that almost
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any 1-, 2-, or 3-dimensional DNA-based nanoscale architecture
can be assembled and research is now focused on creating
active constructs that are capable of dynamically reconfiguring
themselves for sensing, drug delivery, molecular logic, mole-
cular electronics and the like.*®™*°

One of the ongoing goals of nanotechnology is to combine
significantly different NMs into new “value-added” hybrids
that are capable of far more than each component material
acting independently. Nowhere is this more apparent or epi-
tomized than in bionanotechnology. Using theranostics as a
prime example, the overarching goal is to develop multifunc-
tional active composite materials capable of targeted delivery
to cells/tissues/organs, combined with sensing of some analyte
or endogenous property or process such as enzyme activity,
enabling non-invasive contrast or imaging along with localized
drug delivery.**® The biological molecule (e.g. peptide,
aptamer, antibody) would provide the recognition, biocompat-
ibility, active sensing and even drug activity while the NM
would host and display the biological on its surface and also
provide contrast and the capacity to be activated by radio or
near-infrared (NIR) light, for example, to be both visualized
and release a drug (e.g small interfering or siRNA) on
demand. Other manifestations would include active NMs for
bioremediation, stealth sensors, nanofactories, biocomputers,
and the like. These are, in essence, the futuristic and quasi-
independent or autonomous nanoscale machines that are so
often the focus of science fiction musings.

Our focus here is to provide an overview of the progress
towards these goals based on combining the unique properties
of NPs with primarily DNA and some other related nucleic
acids. The breadth of applications based on the combination
of a particular type of NP with a DNA functionality is extraordi-
nary and growing daily. These can range, for example, from
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utilizing porous NPs decorated with cell-specific DNA apta-
mers to deliver drugs to an optimized light-harvesting array
based on energy transfer (ET).*”>! See Table 1 for a representa-
tive but certainly not comprehensive overview of NMs and the
potential applications they are being developed for in the
context of synergistic activity with DNA. New and unique
physicochemical benefits are also being identified from utiliz-
ing this combination of materials. For example, NP display of
DNA can present very high avidity for enhanced binding and
recognition while also offering protection to covalently-
attached or adsorbed DNA from nuclease degradation for
reasons that are still not fully understood but seem to include
display density and NP size.’*° This has direct beneficial
implications for gene delivery and gene therapy and is directly
spurring commercial interest and directed research. Beyond
classical “hard” NPs, DNA can also be combined with “soft”
nanoparticulate materials including viral capsids, other pro-
teinaceous macromolecules, polymers and even DNA-based
NPs themselves. Rather than assembling an exhaustive list of
every combination and example, we focus instead on high-
lighting some of the many examples of hybrid NP-DNA
materials and their prospective applications to provide the
reader with an appreciation of the richness and especially the
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potential of this field. The review is divided up by the NP
materials themselves, with each section providing a brief over-
view of some relevant NP properties of interest and then a
description of demonstrated and potential applications based
on incorporation of DNA. Our discussion is richly illustrated
with both examples and images from the literature and, due to
the overwhelming nature and size of this research field, we can
only provide a cursory overview of some materials; we thus
apologize in advance for any and all omissions. Given this, we
also do not directly discuss many associated topics which are
equally important and challenging in their own right including
NP synthesis, NP-DNA bioconjugation chemistry, and NP-
DNA conjugate analysis/purification unless it is directly rele-
vant to our focus as in the case of QDs and bioconjugation.
For the rest of these, the interested reader is referred to some
recent reviews and perspectives as a starting point.>®™>°

2. DNA as a nanomaterial

Since DNA is one of the two common elements of the compo-
site materials highlighted here, we begin with a brief overview
of some of its properties that are relevant to this discussion.

Table 1 Representative examples of nanoparticle-DNA composite materials and their targeted applications

Nanoparticle Constituents DNA Application Remarks Ref.
AuNP Au FAM labeled T-rich DNA  Hg”" detection ssDNA electrostatically adsorbed 136
on citrate capped AuNPs
AuNR Au Leukemia T cell targeting  Photothermal cancer SH-DNA semi-covalently attached 180
SH-DNA therapy to AuNR surface
Au/Ag hybrid Au/Ag Cytosine rich ssDNA Sulfide detection Au/Ag attached to cytosine hairpin loop 195
AgNP Ag SH-DNA DNA sensor Thiolated DNA adsorbed on AgNP 245
AgNC Few Ag atoms G-rich cocaine binding Cocaine detection Ag bound to G-rich aptamer region 259
aptamer
MNP Fe;0, Thrombin binding MRI thrombin detection =~ SH-DNA covalently attached to 280
SH-DNA aptamer MNPs
PtNP Pt SH-DNA DNA sensor SH-DNA non-covalently attached 297
PANP Pd Thiol and amine Electrode fabrication DNA acted as template for the 309
functionalized oligos particle synthesis on ITO surface
QD CdSe/ZnS Dye-labeled photonic Light harvesting Peptide-DNA assembled to QD 351
wire
SWCNT Carbon Ce6 conjugated Controlled singlet ssDNA wrapped onto SWCNT 397
thrombin binding oxygen generation via © stacking interaction
aptamer
GO Carbon Short dsDNA with Hydrogel preparation ssDNA & stacked onto GO surface 437
random sequence
Micelle DNA + PPO ssDNA covalently Chemotherapeutic DNA-b-PPO in micellar structure 468
attached to PPO delivery
Polyacrylamide-NP  Polyacrylamide Dye-quencher labeled Intercellular sensor Embedded inside the matrix 483
ATP aptamer of the NP
Viral NP Bacteriophage Jurkat leukemia T cell Targeted delivery of Covalently linked to unnatural 496
MS2 capsid specific DNA aptamer photodynamic agents amino acid (paF) on NP exterior
surface
Ferritin NPs hFTN-H/eGFP Amine modified PDGF PDGF-BB biosensor SMCC coupling reduced gFFNPs 507
or DsRed) specific aptamer
UCNP Yb** or Tm** Amine-DNA with DNA sensor Covalently chemistry 520
doped NaYF, targeting sequence
Chalcogenide-NP CusS Amine modified DNA sensor EDC-based chemistry 525
targeting DNA
Alkaline earth Ca(H,PO,),, eGFP encoding Cell transfection Adsorbed on the CaP NPs 531
metal NP CaHPO, Ca;(PO,), plasmid DNA
DNANP DNA >100 short oligomers, Nanobarcoding/ Self-assembled structure 558
multiplexing
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DNA, the carrier of our genetic information, is typically seen in
the form of a double helix where two long chains are wound
around a common axis in a helical fashion to yield double
stranded DNA (dsDNA). Each unit of the double helix is basi-
cally a polymer of small repeating units called nucleotides.
A single nucleotide has three components, a sugar molecule, a
phosphodiester group and a nitrogenous base or nucleobase.
For DNA there are four types of nucleobases, Adenine (A),
Guanine (G), Cytosine (C) and Thymine (T) and it is the
sequence of these four bases that encodes the information (a
polymer length of N nucleotides can generate 4Y distinct
sequences). T and C are pyrimidines while A and G are purines
consisting of a pyrimidine fused to an imidazole ring. Bases
on the opposite strand of a double helix are hydrogen bonded
via the ring nitrogens, carbonyl and the exocyclic amine
groups inside the double helix while the sugar and phosphate
groups face the water on the outer side. The most prominent
hydrogen (H) bonding patterns are those where A binds with T
by 2 H bonds and G binds with C via 3 H bonds. Besides this
canonical Watson-Crick base pairing, a pair itself can engage
in additional hydrogen bonding with another nucleotide, for
example, a G-C pair can further interact with another C. These
relatively less common hydrogen bondings between more than
two nucleotides are called Hoogsteen pairing.®® One of the
most notable example of Hoogsteen pairing is a G-quadruplex
where four guanine bases get hydrogen bonded in a circular
fashion to form a tetrad and multiple tetrads can stack over
each other to form the quadruplex (Fig. 1). The G-quadruplex
is found mainly in G-rich sequences, especially at telomeres,
and it is believed that they have a significant role in genomic
stability and replication. Although it is commonly surmised
that H bonding is the force that holds the two complementary
strands together, the reality is that the dominant contribution
comes from the stacking interaction between the adjacent base
pairs. Supporting this, Yakovchuk et al. showed that consider-
ing all the entropic and enthalpic contribution, G-C pairing
has barely any net stabilizing energetic contribution while A-T
pairing can sometimes by destabilizing.®' Besides a stronger H
bond between a G-C pair, as compared to A-T, the stacking
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interaction between G-C/G-C is much stronger than that of
A-T/A-T (—14.59 kcal mol™" vs. —6.57 kecal mol™).°*> This also
explains the sequence dependent strengths and the DNA
melting temperature or Ty, which is the temperature at which
the transition from helical dsDNA to randomly coiled ssDNA
occurs within 50% of a given dsDNA duplex. It is worth
mentioning that ionic strength also has a profound effect on
Tm; increasing ionic strength up to 0.3 M can, in turn, increase
Tm; beyond this level it may remain unchanged or even
decrease.”®

Double helical DNA adopts different three-dimensional
forms and amongst these the right-handed B form has a dia-
meter of 20 A, a helical pitch of 34 A and 10.5 bases per helical
turn. This was the structure originally proposed by Watson
and Crick and is commonly found in most physiologically rele-
vant conditions.”> While the A-form is right handed, slightly
wider and found in water deprived condition, the Z form of
DNA is drastically different primarily due to its left handed
conformation. Z-DNA appears to be more slender than the B
form, and, interestingly, can also be found in physiological
environments in short stretches having a sequence of alternate
pyrimidine and purine bases.®® Besides natural DNA, the great
advancement in synthetic organic chemistry over the last three
decades has provided numerous other opportunities to build
DNA analogues that differ mostly by structural changes to the
backbone and nucleobases. A fairly large library of artificial
DNA bases have been synthesized and incorporated into
natural backbones in pursuit of either encoding additional
information or imparting different properties or roles to the
resulting material. This vast and highly active area of research
has been carefully reviewed elsewhere.®®®® Like nucleobases,
nucleic acid analogues with alternate backbones have also
been generated, and interestingly some of them have even
been commercialized.®*”® Backbone mimics are produced
either by using sugar motifs other than natural ribose or by
using molecules other than sugar or even those lacking the
phosphate group. Examples of the first kind include pyranosyl-
ribonucleic acid or p-RNA,”* threose nucleic acid or TNA,”*
conformationally constrained bicyclo and triyclo sugar consist-
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Fig. 1

(a) Molecular structure and hydrogen bonding pattern of a G-tetrad. (b) (c) & (d) Show the structure of three different kinds of intramolecular

G-quadruplexes. Reprinted with permission from ref. 64. Copyright 2005 American Chemical Society.
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ing DNAs,”*’* and, most importantly, locked nucleic acid or
LNA.”>’® LNA contains a conformationally restricted ribose
ring where the 2’-O and 4’-C are connected via a methylene
bridge (Fig. 2c). The heteroduplex it forms with complimentary
RNA or DNA tends towards greater affinity and specificity
while still assuming an A DNA like conformation. Either alone
or in mixed duplexes, LNA are also quite stable against nucle-
ase degradation which makes them an enticing alternative to
DNA alone for biosensing, antisense therapy and in microarray
techniques.”” Another popular modified DNA is phosphor-
othioate (ps) DNA, where one of the oxygen atoms on the
phosphate group is replaced by a sulfur (Fig. 2b). Examples of
the second phosphate-lacking material kind include glycerol
nucleic acids or GNA, acyclic threoninol nucleic acid or TNA,”®
and peptide nucleic acids or PNA.”>*® PNA lacks any sugar

i
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moiety as well as the phosphate group, which is one reason
why PNA should realistically speaking not be called a true
acid. The PNA backbone is a polymer of modified glycine units
and thus it is achiral as well as uncharged (Fig. 2d). In
addition, PNA is stable over a wide range of pH and highly
resistant towards enzymatic degradation.®! It is also important
to mention that the structural DNA revolution, which origi-
nated from understanding and then exploiting non-canonical
DNA structures such as Holliday junctions and crossovers, has
now provided the ability to assemble virtually any 1-, 2-, or
3-dimensional DNA-based structure based on use of DNA
origami and similar technologies. Some representative struc-
tures are shown in Fig. 2e and f.** This technology has even
progressed to the point of these structures becoming dynami-
cally active and reconfigurable. An excellent primer and over-

Fig. 2 Molecular representation of the backbones of natural and various artificial nucleic materials including: (a) natural phosphodiester, (b) phos-
phorothioate, (c) locked nucleic acid (LNA) and (d) peptide nucleic acid (PNA). B designates the nitrogenous base position. (a—d) Reproduced from
ref. 83 with permission of The Royal Society of Chemistry. (€) Example of a DNA origami. Illustration of the rasterlike pattern of the scaffold strand
folded by staple strands, which are collectively used to generate arbitrary 2D patterns — in this case a smiling face. Scale bar, 20 nm. (f) Extension of
the origami principle to 3D by using staple strands which promote the formation of pleated sheets of duplexes, which ultimately pack into a honey-
comb lattice. Scale bars, 20 nm. (e,f) from ref. 82. Reproduced with permission from AAAS.

This journal is © The Royal Society of Chemistry 2016
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view of some of the possibilities and potential in this area is
provided in ref. 82. As will be shown repeatedly below, combin-
ing such DNA structures with NPs often leads to new “value-
added” materials that demonstrate potent synergistic activity.

3. Gold nanoparticles

Among DNA functionalized NMs, gold nanoparticles (AuNPs)
are perhaps the most mature or well-developed and have been
undergoing continuous exploration over several decades for
various applications including sensing, imaging, catalysis,
therapeutics, diagnostics, and drug delivery, to name but a
paltry few.’*® One of the principle physicochemical pro-
perties behind its widespread use in nanoparticulate form
arises from its surface plasmon resonance (SPR).**°' This is
the collective oscillation of conduction band electrons upon
interaction with a wavelength of light that is much larger than
the dimension of the NP. The oscillation frequency, which lies
in the visible range for gold, strongly depends on the size and
shape of the particle and the dielectric constant of its environ-
ment. For spherical AuNPs, the resonance frequency does not
alter significantly with the change in size, as it does when
shape changes and becomes, for example, anisotropic. Cumu-
latively, this results in the manifestation of several useful pro-
perties such as an enhanced localized electric field around the
NP surface. Ordinary molecules or fluorophores on the surface
of the particles or even in fairly close proximity will generate
stronger Raman signals as well as a quenching or, conversely,
enhancement of fluorescence when interacting with the
unique fields and plasmons.”>® The interaction of a fluoro-
phore with an AuNP is complex and no single model yet can
adequately clarify the accurate picture. The fluorescence
quenching efficiency of AuNPs is stronger and works over rela-
tively larger distances than predicted by traditional Forster
resonance energy transfer (FRET), which is based on weak
electromagnetic interaction between two dipoles. Several
theories have emerged to interpret experimental findings
including the Gerstein-Nitzan model” and the CPS-Kuhn
model amongst others;”**° the latter was extended further to
obtain the final form of a nanometal surface energy transfer or
NSET approach.'® The Gerstein-Nitzan model, which works
better for large AuNPs that have a significant scattering contri-
bution, treats the AuNP as a single dipole of a finite size inter-
acting with an oscillator in its excited state. The CPS-Kuhn
model describes the system as the interaction between a dipole
with a bulk metal or thin film having an array of dipoles. While
FRET has an inverse 7° efficiency dependence over donor accep-
tor separation distance (), NSET is predicted to have an inverse
r* efficiency dependence between donor fluorophores and AuNP
acceptors allowing this interaction to potentially extend over sig-
nificantly longer separations than FRET. Recently, Strouse has
made an attempt at explaining the fluorescence quenching of
two dyes in the proximity of AuNPs of various sizes by incor-
porating size dependent absorption and a dielectric constant
to the existing NSET model.'® If the quite complex underlying
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interactions of NSET processes are ever fully reduced to a pre-
dictive framework that accounts for all the relevant parameters
and is applicable to the wide varieties of AuNPs that arise with
different surface chemistries, sizes and shapes, this could
serve as a long-range molecular optical ruler for studying bio-
molecular events that occur over distances that are now beyond
the reach of classical FRET. Indeed, the Strouse group recently
reported on telomerase quadruplex folding and the global con-
formation of a folded RNA ribozyme employing AuNPs within
the mathematical formulation of NSET."%"'%

Countless researchers have contributed to the development
of AuNPs in the context of DNA functionalization over the last
50 or more years culminating in seminal demonstrations from
both the Mirkin group at Northwestern University and the Ali-
visatos group at U.C. Berkeley.'*'** The key enabling techno-
logy driving attachment of DNA to the AuNPs continues to be
the unusually strong binding affinity of alkyl thiols towards
gold surfaces.'®'°® Today, thiol-modified DNA strands are
routinely synthesized and used for loading DNA onto AuNPs of
various shapes and sizes. Initially, the electrostatic repulsion
originating from the negatively charged groups used in citrate-
based AuNP synthesis along with that of the DNA phosphate
groups made dense packing of DNA onto AuNPs a challenge.
To solve this, the salt concentration of the media was slowly
increased to counterbalance the charge.'® In turn, higher
DNA loading onto the NP surface ensured colloidal stability by
preventing aggregation at high salt concentration, and this is
essential for promoting hybridization reactions. Besides col-
loidal stability, the dense monolayer of highly oriented AuNP-
bound nucleic acids exhibit some useful properties like the
ability to transfect cells without ancillary transfection agents
and cooperative binding to complementary nucleic acid,
narrow melting transition with a Ty, higher than the particle-
free duplex which can lead to better selectivity and sensitivity
in various detection and assay schemes.®” The Mirkin group
coined the term spherical nucleic acid (SNA) to describe their
3-D topology, although Ilater the terminology has been
extended to include cores other than spherical AuNPs, such as
Ag, Fe;0,, silica, CdSe QDs or anisotropic AuNPs.**''° Quite a
large number of DNA can be loaded on AuNPs by choosing
appropriate  DNA sequences (generally thymine rich),
appropriate salt aging, proper sonication during the loading
process and placement of a spacer, such as polyethylene glycol
(PEG) between the thiol moiety and the nucleobases.'® There
are far more nuances and ‘rules of thumb’ to the preparation
of DNA-functionalized AuNPs for many different applications
and the interested reader is referred to ref. 111-114 along with
the Mirkin group’s extensive work in this area.

3.1. Nucleic acid detection

Two DNA-functionalized AuNPs can be linked if the DNA dis-
played on each of their surfaces has complementarity to the
other or to another third “bridging” DNA and this relatively
simple concept has been the principle behind numerous DNA
sensors."'>'1® Since each NP usually carries multiple copies of
a DNA sequence, simple mixing alone can lead to uncontrolled

This journal is © The Royal Society of Chemistry 2016
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aggregation, which would be reflected vividly in their surface
plasmon absorption band and can be quantitatively detected
by colorimetric methods. Mirkin and Letsinger first intro-
duced this concept as a highly selective and rapid method of
DNA detection in 1997.""7 Two different copies of DNA, with
specific sequences that are partly complementary to the target
DNA, were immobilized onto two different AuNPs. The target
DNA worked as a crosslinker leading to NP aggregation, which
was accompanied with a color change from red to purple.
Looking into the sharp melting transition of the aggregates,
the technique can differentiate imperfect DNA targets down to
the resolution of a single nucleotide mismatch.'*® The reason
behind the color change in these aggregates is the intense
plasmonic coupling between adjacent particles when the inter-
particle distance is smaller than the diameter of the NPs. Due
to the high extinction coefficient of the materials, the change
in color is perceivable to the naked eye without any instrumen-
tation. This makes it a better method than previous detection
approaches such as those utilizing PCR or other fluorophore-
based assays for situations where supporting instrumentation
is not accessible or cost is a concern.™*® However, the detection
limit of this assay can be quite high, at nearly 10 nM. To cir-
cumvent this potential limitation, larger AuNPs have been
used.'” One of the main issues arising here is that larger
AuNPs are intrinsically difficult to stabilize in buffer solution.
Attempting to address this, Bai et al. demonstrated that small
AuNPs can still be used which will produce micro-aggregates
but the signal can be amplified by subsequent electrodeposi-
tion of gold onto them as shown in Fig. 3. The particles now
grow and come into contact causing a stronger plasmonic
coupling which again results in a detectable blue shift."*
Enhancing the signal by catalytic aggregation, essentially
employing a hybridization chain reaction where the target trig-
gers the aggregation but is regenerated after each hybridization
step, also increases the sensitivity many fold compared to
direct aggregation.'*!

ssDNA and dsDNA adsorb differently onto AuNP surfaces
and this too can help with sensing. Due to electrostatic repul-
sion with the preexisting citrate group on citrate stabilized-
AuNPs (the most commonly synthesized and utilized AuNP
material), dsDNA with its prominently exposed negatively
charged phosphate groups adsorbs less than the ssDNA, which
is flexible enough to uncoil its bases and avoid repulsion.
More DNA on the surface also confers better stability against
aggregation at high salt concentration. Based on this idea of
selective adsorption, Li et al. demonstrated a straightforward
hybridization assay for detecting untagged oligonucleotides
with a detection limit as low as 4.3 nM. The assay was reason-
ably fast, inexpensive, did not require sophisticated apparatus
and was sensitive down to a single base mismatch.'*?

Besides in vitro DNA sensors, densely coated DNA functio-
nalized AuNPs have also been employed as an intracellular
probe for detecting and quantifying over- or under-expressed
mRNA. The Mirkin group also developed these materials
calling them nano-flares, where 13 nm AuNPs were functiona-
lized with a thiolated DNA comprising an 18-base recognition

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) Schematic illustration of a DNA detection assay based on the
color change, from purple to blue, due to target DNA driven aggregation
of AuNPs followed by their seeded growth. (b) Photograph of the assay
solution taken after reduction reaction displaying a stronger blue shift
with increasing target DNA concentration. (c) TEM micrograph shows
aggregated particles after chemical enlargement. Reprinted with per-
mission from ref. 120. Copyright 2010 Elsevier.

domain to a specific mRNA sequence.'*® The AuNP-appended
DNA was partially hybridized to a short DNA sequence modi-
fied with Cy5 dye. In the absence of the target mRNA, the dye
remained largely quenched by NSET due to the proximity of
the Au surface. In the presence of the target, the dye-modified
short oligonucleotide was released via strand displacement
resulting in restoration of fluorescence. Upon incubation with
human breast cancer cells expressing a high level of a specific
target mRNA, a strong fluorescence signal was detected while
in the control sample displaying a non-complimentary
sequence or incubating with negative control mouse endo-
thelial cells, negligible fluorescence was observed. Based on a
similar concept, the same group reported a multiplexed nano-
flare capable of intracellularly detecting two mRNA at once.**

3.2. Colorimetric detection of miscellaneous analytes

Based on the same colorimetric detection principles as above,
other cancer cells have been detected as well.'*> The DNA used
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here was a thiol-functionalized aptamer, with specificity to a
cancer cell. AuNPs carrying multiple copies of the aptamer
bind to the cancer cell surface resulting in an aggregation that
leads to a color change from red to purple. Selectivity and sen-
sitivity of this method has also been confirmed with trans-
mission electron microscope (TEM) and this revealed that the
AuNPs indeed are attached specifically to the cancer cell
surface while leaving the normal cells unperturbed."

There are many other examples of aptamer-functionalized
AuNPs being used for various purposes.’*®?° One prominent
use is the detection of thrombin, an important protease associ-
ated with blood coagulation and the principle is the same as
stated before - aggregation of AuNPs and its colorimetric
detection.’® The assay protocol is usually quite simple, a
thiol-modified thrombin binding aptamer is conjugated to
AuNPs and the sensor assembly exposed to a solution contain-
ing the protein. Thrombin has two binding sites for the
aptamer that work as a cross linker inducing aggregation and
resulting in a color change detectable to the naked eye. The
signal can be further amplified with catalytic enlargement of
the AuNPs. The same principle was applied for sensing throm-
bin on a glass surface modified with thrombin binding
aptamer, as outlined in Fig. 4."*° A similar strategy was also
followed to detect lysozyme, another enzyme linked to diseases
like leukemia and tuberculosis, using lysozyme specific
aptamer-modified AuNPs."*® The methodology is again simple
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Fig. 4 (a) An amplified optical method for detecting thrombin utilizing
a thrombin binding aptamer linked to AuNPs. Thrombin acts as a linker
here in a sandwich fashion to capture the AuNPs on an aptamer bound
glass surface. The plasmonic signal is amplified by enlarging the AuNPs
via a seeded growth process. (b,c) Plots show absorbance increases
consistently with increasing thrombin concentration: a-0, b-2, c-5,
d-19, e-94, and f-167 nM. Reprinted with permission from ref. 126.
Copyright 2004 American Chemical Society.
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and works reliably even within saliva and urine samples. The
powerful capability of aptamer-modified AuNPs also helps
with detecting small molecules. For example, Liu and co-
workers reported on a general method of sensing adenosine or
cocaine.”®" Here, the aptamer is not covalently linked to the
AuNPs, but acts as a crosslinker by hybridizing partly with oli-
gonucleotides displayed from two different AuNPs (Fig. 5). The
aptamer changes its conformation in the presence of target
releasing the connected AuNPs resulting in a change of color
from blue back to red. However, this simply-designed method
requires a relatively high concentration of the analytes to
release the particles which are aggregated by multiple cross-
links.”®" In an original application of this detection scheme
that further relied on using dark field microscopy (DFM) and
DNA-functionalized AuNPs as contrast agent, Li and coworkers
developed a novel combinatorial technique for imaging latent
fingerprints and detecting cocaine on them.'**> Here AuNPs
functionalized with the cocaine specific aptamer aggregate in
the presence of cocaine and this is visible as red dots under
DFM (Fig. 6). Interestingly, we note that the robustness of
these aptamers for recognizing thrombin, lysozyme, cocaine
and ATP (adenosine triphosphate) make them versatile reco-
gnition elements for prototyping purposes in the development
of many other types of sensor as highlighted below."*?

Not being just limited to detection, molecular-DNA inter-
actions have also been examined with the help of DNA-modi-
fied AuNPs. Mirkin’s group studied a group of molecules that
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Fig. 5 (a) Schematic depicting the colorimetric detection of adenosine.
The adenosine binding aptamer, previously bound to a complementary
DNA resulting in an aggregation of AuNPs, preferentially binds to its sub-
strate, adenosine, releasing the AuNPs and concomitantly blue shifting
its absorption maxima (b). (c) The kinetics of the color change, measured
as a ratio of Abs at 522 nm to Abs at 700 nm displays a quick disaggrega-
tion at a range of adenosine concentration from 0.1 mM to 5 mM.
Reproduced with permission from ref. 131. Copyright 2005 Wiley-VCH.
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Fig. 6 (a) Schematic illustration of a nanoplasmonic strategy for
cocaine detection, employing a cocaine binding DNA aptamer attached
to AuNPs. Cocaine binds to the aptamer in the specific style shown in
the illustration which results in an aggregation visible under DFM. (b)
The DFM images show green, orange and red dots representing the
greater extents of aggregation with increasing cocaine concentrations
(in pg in 10 pl). Reproduced with permission from ref. 132. Copyright
2013 Wiley-VCH.

bind to dsDNA they called the ‘binders’ which include anti-
tumor agents like ellipticine, amsacrine and daunorubicin.™?
The driving principle here is that AuNPs carrying complemen-
tary DNA sequences aggregate when mixed together in the
presence of salt. This process is reversible as dsDNA melts at
high temperature and become ssDNA that releases the par-
ticles which is accompanied with a color change from purple
back to red. But this melting process gets perturbed in the
presence of the “binder” molecules; the Ty,’s change
depending on the binding affinity. Molecules with stronger
binding affinity prevent the unwinding process and thus
increase the 7Ty, which was wused as the primary
characterization method for how strongly or weakly these
molecules interacted with DNA."?

Another significant contribution in this sensing area is the
detection of toxic metal ions such as Hg”" and Pb*' using
DNA-conjugated AuNPs."***7 This sensing relies on the
strong binding affinity of Hg®" towards thymine nucleobases.
Poly-T-adsorbed AuNPs are stable at moderately high salt con-
centration but in the presence of Hg>" ions they tend to aggre-
gate. Hg>" ions form a chelate with thymine nucleotides which
changes the overall conformation of the ssDNA from a random
coil to a folded structure. This transition reduces the zeta ()
potential or net charge on the AuNP surface and, in turn, the

This journal is © The Royal Society of Chemistry 2016
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electrostatic repulsion. The selectivity of this technique was
confirmed in the presence of other metal ions."*> Wang et al.
described a slightly different method for the detection of the
same ion.*® Here, a fluorophore-modified thymine rich
ssDNA was adsorbed onto a 13 nm AuNP surface. In the pres-
ence of Hg>" ions and a complementary oligonucleotide, it
formed a dsDNA which released it from the particle surface
and induced two changes. The fluorescence of the dye that
was initially quenched on the AuNP surface was restored and
in the absence of protective DNA on the surface, the AuNPs
aggregated resulting in a typical change in color.”*® In another
sensing configuration, Liu et al. demonstrated a novel strategy
for detecting Pb*" involving DNA-functionalized AuNPs, DNA-
zymes and their substrate.'®” The substrate strand was
designed in such a way that at both ends it had complemen-
tary sequences to the DNA displayed on the AuNPs surface.
Mixing them together caused aggregation again leading to a
change in color from red to blue. In the presence of Pb>" ions,
DNAzyme catalytically cleaves the substrate strands unlocking
the AuNPs which is also reflected in a reverse color change."*”

As mentioned, although AuNPs can effectively quench the
fluorescence of proximal fluorophores, the nature of this ET
process seems to be different from traditional FRET and
appears to work at much larger donor-acceptor separation
lengths.”>?%1*%13% Based on this quenching capability, several
sensing schemes have been developed in the past few years.
Huang et al. fabricated an AuNP-based biosensor for platelet
derived growth factor (PDGF), with a detection limit of about
3.2 nM."*® PDGF-specific aptamer-modified AuNPs were mixed
with the fluorophore N,N-dimethyl-2,7-diazapyrenium dication
(DMDAP) which has affinity towards DNA. When the dye was
intercalated between the nucleobases, its fluorescence was sig-
nificantly quenched due to the proximity of the AuNPs. When
PDGF bound to its specific aptamer, the intercalated dye was
released and its fluorescence was restored."*°

3.3. Gene and drug delivery

AuNPs are also an attractive nanoparticulate candidate for
drug and gene delivery and, indeed, colloidal gold has a long
history of application in medicine."*'**® Advantages for these
purposes include minimal toxicity, high cellular uptake
despite very high negative { potential, facile and well-esta-
blished synthetic methods capable of producing nearly mono-
disperse particles, simple thiol-based chemistry along with
other chemical (bio)functionalization protocols, and, most
importantly, their remarkable stability in serum and intracellu-
lar environments against nuclease degradation.’> These
unique properties most likely stem from the display of a dense
and highly oriented DNA layer as the same citrate capped
AuNPs or ones passivated with bovine serum albumin (BSA)
show significantly lower cellular uptake.'*”"**® SNAs with other
than an AuNP core or even coreless hollow SNAs, prepared by
crosslinking the nucleic acid followed by dissolution of a struc-
tural AuNPs, display similarly high transfection properties.'*’
In addition, significant progress has already been made on
the area of gene delivery via non-covalent conjugation to
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AuNPs. Materials functionalized with cationic groups adsorb
DNA electrostatically and, as mentioned, can even protect
them from enzymatic digestion. For example, Sandhu and co-
workers reported transfection of a f-galactoside encoding
plasmid with mixed monolayer-protected 2 nm Au clusters
into human embryonic kidney (HEK) cells."”® The Au clusters
were modified with octane thiol along with a cationic
ammonium thiol that helped to bind to the negatively charged
DNA. This amphiphilicity also conferred better cellular inter-
nalization of the particles. Thomas et al. approached the next
stage by delivering plasmid DNA electrostatically adsorbed on
AuNPs modified with branched polyethylenimine to
COS-1 monkey kidney cells.">" Han et al. demonstrated coup-
ling of an externally initiated actuation for control of sub-
sequent gene delivery. Here, DNA delivery utilized AuNPs
modified with a photo-labile cationic group.'>® A quaternary
ammonium salt group responsible for the positive charge was
linked to the particle via a photocleavable o-nitrobenzyl ester
group. UV light (>350 nm) cleaved the o-nitrobenzyl ester
linkage, releasing the positively charged group and conse-
quently releasing the DNA (Fig. 7a)."**

Without UV irradiation
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View Article Online

Nanoscale

The Mirkin group reported a novel strategy for intercellular
gene regulation using modified SNAs."*® They used a psDNA
with complementarity to the mRNA sequence that codes for
enhanced green fluorescent protein (eGFP). The strategy
behind this antisense therapy approach is that the oligonu-
cleotides will bind by complementarity to mRNA which will
then down-regulate the expression of eGFP. Free oligonucleo-
tides are, however, normally susceptible to enzymatic degra-
dation inside the cell which can make this approach quite
challenging. It is hypothesized that such enzymatic degra-
dation of free DNA may represent an innate cellular response
or protective mechanism arising through evolution to protect
against foreign DNA invasion from viruses and the like.">**
They observed, however, that densely-packed oligonucleotides
on the AuNP surface have much better stability against DNase
degradation and hybridize more efficiently with complemen-
tary mRNA (Fig. 7b). This could be due to two factors, first, the
ps backbone itself provides higher nuclease resistance com-
pared to natural phosphodiester backbones.'*®'*” Secondly, it
is believed that high local sodium ion concentration around
SNAs is responsible for deactivating proximal enzymes such as

With UV irradiation

A Quencher/Fluorophore
Particles A/Fluorophore
® Pparticles B/Fluorophore

0 1000 2000 3000 4000 5000 6000
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(a) Schematic demonstrating a DNA delivery system to live cells and their release upon UV irradiation employing AuNPs functionalized with a

photolabile cationic molecule that electrostatically adsorbs negatively charged DNA. The fluorescence microscopy images show a significant release
of the FAM-labeled DNA from AuNPs, which were mostly quenched in proximity to the AUNPs before the UV irradiation.''® Reproduced with per-
mission from ref. 152. Copyright 2006 Wiley-VCH. (b) Schematic depicting the higher resistance power of DNA against DNase degradation when
attached to AuNPs. Exposing the bare duplexes, modified with a fluorophore and quencher, to DNase shows a much faster rate of fluorescence
recovery compared to the duplexes attached to AuNPs. After 48 h of incubation of AuNPs, conjugated to Cy3- and Cy5.5-modified dsDNA (Cy3
close to the surface and Cy5.5 about 9 nm away from the surface), with C166-eGFP cells, a strong fluorescence signal from Cy5.5 was observed
under confocal fluorescence microscope upon excitation at 633 nm (upper left) while negligible fluorescence was observed from Cy3 upon exci-
tation at 546 nm (upper right), indicating their stability in the intercellular environment. The lower left and lower right quadrants display the trans-
mission and composite overlay images. From ref. 153. Reproduced with permission from AAAS.
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nucleases conferring enhanced stability of the nucleic acids as
well as preventing unnecessary immune response. Upon
internalization of those particles in C166 mouse endothelial
cells, they observed less fluorescence confirming a lower
degree of eGFP expression. More recently, they improved the
system with target specificity by incorporating antibody-
labeled DNA that bound only to cells that are overexpressing
the particular targeted receptors.'®®

Besides non-covalent gene delivery, oligonucleotide-functio-
nalized AuNPs have also been covalently linked to anti-cancer
drugs and used to deliver them as cargo.*® Lippard’s group
covalently linked a Pt(iv) complex displaying a carboxylic acid
group to AuNP modified with amine functionalized DNA.
Upon internalization of the particles, the cytosol reduced Pt(iv)
to Pt(u) which released it from the complex and after translo-
cating into the nucleus it formed 1,2-d(GpG) intrastrand cross-
links resulting in cytotoxicity. Interestingly it was observed that
such Pt-DNA-AuNPs are far more effective than traditionally
used cisplatin in killing cancer cells.">

3.4. Catalytic activity

Another interesting property of AuNPs that is not widely
appreciated in the bioapplications community is that they can
mimic certain types of enzymatic activity as evidenced by their
glucose oxidase- (GOXx) type activity."®*®* This has been used
for sensing glucose within the context of classic GOx-horse-
radish peroxidase- (HRP) cascaded reactions and catalysis has
been found to directly depend on the amount of available
surface area and DNA functionalization; the former almost
always plays an important role on the catalytic behavior of the
particles in general.'®” In this case, denser packing of ssDNA
on the particle surface leaves less surface area intact which
results in a significantly poorer catalytic activity than that of
dsDNA. For utility in a sensing assay, GOx-mediated oxidation
of glucose can produce H,O, which can be utilized for the
seed-mediated growth of AuNPs in a reducing HAuCl, solution
(Fig. 8). Utilizing the correspondingly dsDNA coated particles
showed an enhanced growth rate as detected by DFM.'®® This
approach has potential for use in assay formats where enzyme
lability can be an issue or where refrigeration is not available.
It will also be interesting to see whether the catalytic activity of
these NPs can be enhanced in a manner similar to that seen
for enzymes attached to NPs.'®*

3.5. Electrochemical properties

Because of their outstanding conductivity, AuNPs have also
been applied for the detection of various analytes by electro-
chemical means. Methods of electrochemically detecting DNA
with AuNPs have been reviewed in detail before."®>'®® In one
of the first iterations, Mirkin’s group reported a three-com-
ponent sandwich assay for detecting DNA.'®” They prepared a
microelectrode array with 20 pm separation that had probe oli-
gomers immobilized in the gaps (Fig. 9). Both the probe DNA
and the DNA on the AuNP surface are partly complementary to
the target. In the presence of target DNA, AuNPs are captured
in the gap. Upon seeded growth of Ag via oxidation of Ag salts,

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 (a) A DNA hybridization detection strategy exploiting the GOx
like catalytic activity of AuNPs. The catalytic efficiency is regulated by
DNA hybridization, which can be read out via a HRP cascaded lumine-
scence reaction or size enhancement of the AuNPs. (b) The dark field
microscopy images show considerably red shifted and intense scattering
from larger AuNPs. (c) The light scattering spectra of individual nano-
particles circled in (b). Reproduced with permission from ref. 163. Copy-
right 2011, Wiley-VCH.

individual electrodes get connected by a string of particles
resulting in a sharp drop of circuit resistance.'®” Willner’s
group demonstrated that relatively low concentration DNA
detection could be achieved and the sensitivity of the colori-
metric aggregation strategy can be significantly improved by
associating a redox-active substance with the NPs and then
interrogating the resulting aggregates with differential pulse
voltammetry.'®® The redox-active dye Methylene blue inter-
calates between the nucleobases of dsDNA and in the presence
of target DNA, aggregated particles can act as a conductive
matrix with the embedded dye to pass the electrochemical
response. Besides just DNA detection, DNA-functionalized
AuNPs have also been used for electrochemically studying the
interaction mechanisms of several DNA binding drugs such as
mythamycin, netropsin, and nogalamycin."®

3.6. Anisotropic gold nanoparticles

The continued progress on AuNP synthetic methods has now
provided access to a library of various anisotropically-shaped
AuNPs.' 77173 Of all of these different architectures, Au nano-
rods (AuNRs) have seen the most successful conjugation to
DNA along with subsequent employment within various appli-
cations."””*'7> Because of their anisotropic shape, AuNRs have
two distinct plasmon absorption bands, one in the visible
range similar to spherical particles which reflects the trans-
verse oscillation of the electrons, while the other is in the NIR
region and represents the longitudinal oscillation of electrons
(Fig. 10).°>""® When irradiated with NIR light at a wavelength
close to their longitudinal plasmonic absorption band, AuNRs
are capable of converting the optical energy into heat resulting
in a localized heating effect that is far more intense than that
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correspond to electron oscillation along the long and short axis respectively. Reprinted with permission from ref. 181. Copyright 2011 Elsevier.

of spherical AuNPs. Since NIR light has a better tissue pene-
tration capability, AuNRs have been undergoing concerted pro-
totyping for photothermal therapy (PTT) to kill cancer
cells."”””'”® In one pertinent demonstration, Huang and co-
workers reported on an aptamer-modified AuNR for targeted
PTT of cancer cells."”® The custom synthesized nanorods uti-
lized were not purely made of Au but of Au-Ag and were pre-
pared by the seeded growth of Au and Ag in solution
containing AuNRs as seed. They observed that the aptamer-
functionalized AuNRs bound very efficiently to cancer cells, in
fact far better than the free aptamers as the conjugated apta-
mers are capable of simultaneous multivalent interactions.
Upon irradiation with 800 nm laser light, an average 93%
death of NR-labeled cells was observed while, in contrast, 87%
of control non-NR labeled cells remained intact.'*’ Wang and
coworkers fabricated similar aptamer-functionalized AuNRs
but utilized them for multimodal therapy (Fig. 11a)."®° The
AuNRs here were functionalized with a thiolated-aptamer that
specifically targets leukemic T cells. Later the aptamer was
hybridized to a short oligomer carrying the photosensitizer
molecule Chlorin e6 (Ce6). Upon binding to the cancer cells,
the aptamer no longer stayed hybridized to the Ce6-modified
short oligomers, but instead formed a MB-type structure that
bound to the targeted receptor proteins located on the cancer
cell surface. The photosensitizer is non-toxic to cells before
light irradiation but when exposed to NIR laser it produced

9048 | Nanoscale, 2016, 8, 9037-9095

reactive oxygen species (ROS), including singlet oxygen, which
are lethal to cells at appropriate dosages. In addition, NIR
laser irradiation produced a local thermal effect from the
AuNRs. As expected, the combined effect of PTT and photosen-
sitizer therapy (PST) had a more pronounced effect in killing
diseased cells.'®°

The heating effect that arises when AuNRs are irradiated
with NIR laser can also induce a unique shape transition in
the nanoparticulates from rod to sphere.’®® This transition
can, in turn, affect the binding of biomolecules onto the
surface. Exploiting this property, Chen and coworkers reported
a way of remote controlling gene expression.'®® For this, eGFP
encoding DNA was attached to the AuNRs and exposed to cells
and upon irradiation with femto-second 800 nm laser pulses,
they measured a release of nearly 70% of control DNA
accompanied with the typical shape transformation (Fig. 11b).
eGFP expression was observed within 1-2 days after laser
irradiation. However, the poor transfection rate of the rod
material (<20%) remains a challenge for this technique to be
applied within therapeutic approaches.'®® Since the SPR band
changes with length, diameter and the aspect ratio of the rod,
they can also be selectively melted by NIR laser of different
wavelengths. Wijaya and coworkers employed this concept to
selectively release different DNAs from a mixture of two
AuNRs.'® Rods with an absorption band at ~800 nm were
conjugated to DNA modified with fluorescein dye while the

This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr08465b

Open Access Article. Published on 15 April 2016. Downloaded on 1/17/2026 6:29:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale
(@ 5 ¢ b o
Q D Target Cell  5° R o 2 »a;i“
OO OG0/ ( ) — «
(W) st? O A~
) ¢ ol W %
S £
BK :102'\5» "}102 Light §
Light 10, t e ¥ E
’ ' N
o s
L)
— o i'k
AuNRs  Target cancer cell Aptamer reporter Ce6
0
(o] L J
NIR Laser

> ¢
S ntorman %:m:
Transformation and
DNA release - °

Irradiated spot

View Article Online

Review

g &

m*—\“ ‘

g o

Cell viability/ %
N

04

Ramos PTT,, PT,

Ramos

(i @)

Fig. 11

(a) Schematic showing the targeted multimodal therapeutic approach using AuNRs conjugated to a leukemic T cell-binding aptamer. The

complementary strand to the aptamer was ligated to a photosensitizer molecule, Ce6. The combined effect of PTT from AuNRs and photodynamic
therapy from Ce6 displayed a stronger capability, compared to the individual effects, in killing the target cells (CEM), leaving the non-target cells
(Ramos) largely intact. Reproduced with permission from ref. 180. Copyright 2013 Wiley-VCH. (b) eGFP expressing gene sequence attached to
AuNRs were delivered, and after NIR laser irradiation, released inside Hela cells. The NIR irradiation induced a shape transformation, as evidenced by
the TEM images before (i) and after (ii) the treatment, which triggered the release of the adsorbed gene. (iii) The confocal microscope image shows
the expressed GFP inside the cells. Reprinted with permission from ref. 183. Copyright 2006 American Chemical Society.

ones with absorption at ~1100 nm were labeled with a rhoda-
mine dye. In a mixture of the two rods, 800 nm laser exposure
melted only one type of rod releasing 70% of fluorescein and
<10% of the rhodamine. The other laser produced a similar
targeting the NR-oligo in the
configuration.'®*

Besides delivery of DNA, AuNR assemblies have been used
for the detection of DNA with surprisingly low limits of detec-

result other converse

tion (LODs) suggesting this could be very useful in medical
diagnostics and especially in forensics analysis."®> The sensing
mechanism here lies in the chiroplasmonic behavior of self-
assembled AuNRs. Two types of thiolated-primers were conju-
gated to AuNRs having sequences partly complementary to the
target DNA. In the presence of target DNA, its PCR replication
led to the assembly of the AuNRs. The side-by-side assembly
produced a strongly defined circular dichroic (CD) signal in
the 500-800 nm region while end-to-end assemblies or simple
DNA-modified rods fail to generate the same; this was attribu-
ted to a slight twist between the rods in the former case. Since
the bi-signate CD signal was linearly dependent on the concen-
tration of the target DNA, this provided for a very sensitive

LOD of a few attomoles.*®®

3.7. Gold nanoclusters

Most gold NMs are notable as fluorescence quenchers but they
can also demonstrate size-dependent PL across the spectrum
when the size of the crystalline particles is significantly

This journal is © The Royal Society of Chemistry 2016
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reduced to the 1-2 nm range (Fig. 12). With typically less
than 100 atoms, these NPs, or more familiarly nanoclusters
(NCs), develop discrete energy levels that are responsible for
the fluorescence.'*”*" This relatively new material has drawn
significant research interest after it was found that DNA can
act as a good stabilizer of these tiny clusters suggesting that

Wavelength nm
400 500 600 700 800900

T T T T
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Intensity (Arbitary Unit)

Y T
3.0 2.5
Energy eV

Fig. 12 Steady state excitation (dashed) and emission (solid) spectra of
different water soluble AuNCs synthesized via slow reduction of HAuCl,
in the presence of poly(amidoamine) dendrimers. Emission maxima
shifts to higher wavelengths as the clusters grow larger. Reprinted with
permission from ref. 198, Copyright (2004) by the American Physical
Society.
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they have strong potential to be become a new type of probe
and be incorporated into biosensors.'®® There are many
examples of DNA-templated synthesis of highly fluorescent
silver nanoclusters (AgNCs) (vide infra) although having the
same type of templating with Au is quite limited. Unlike
AgNCs, the fluorescence emission of AuNCs depends more on
the reducing agent than on the actual sequence of DNA used.
For example, NaBH, fails to produce any fluorescent NCs, but
citrate, being a mild reducing agent, produces blue-emitting
NCs while using dimethylamine borane (DMAB) as a reducing
agent generates red emitting NCs.'”>'** The quantum yield
(QY) of the resulting NCs seems to also depend on the DNA
sequence with cytosine and guanine rich DNA performing
better than those enriched with adenine and thymine.'** DNA-
functionalized Au/Ag hybrid NCs have been used for sulfide
ion detection since the sulfide ions bind strongly to Au/Ag
which triggers a conformational change of the DNA from
hairpin to random coil resulting in a quenching of the NC’s
fluorescence.'® Although there have been several reports
involving AuNCs as a sensor or imaging agent,'*®'®” DNA-
functionalized AuNCs have not found broad application here
yet. However, it is widely speculated that once the chemistry
and photophysics are optimized, AuNCs may help address the
photobleaching and oxidation issues commonly found when
utilizing AgNCs.

3.8. DNA-directed assembly of gold nanoparticles

Another notable and rapidly developing area of research invol-
ving DNA-functionalized AuNPs is that of utilizing DNA to
direct self-assembly into well-defined architectures. The
research so far in this area can be categorized into two primary
foci; first is building crystalline lattices by hybridizing NPs
bearing complementary sequences; the other one is the spatial
organization of the NPs on nanostructures composed entirely
of DNA."*°?°* DNA-based assembly is attractive as it can bring
NPs closer together to within some predefined interacting dis-
tance and can also control relative orientation or stoichiometry
which can lead to new properties and hence can generate new
functional materials.>®>2°” As mentioned, when AuNPs are
aggregated, a change in color from red to purple is observed
due to interaction of their SPR at close distance.°® DNA-driven
assembly potentially allows for control over the degree of plas-
monic interaction by modulating inter-NP distances; this
could also be useful as a molecular level plasmonic
ruler.”**2° This powerful technology may also allow us to
bring two particles nearly within contact distance thus generat-
ing a nanogap that can produce an intensely-enhanced local
electric field. If a fluorophore molecule is placed in that con-
centrated electric field, its rate of photoexcitation is increased
significantly producing a stronger fluorescence signal.>'°
Raman scattering, which is well known for its poor scattering
cross section, can also generate a much stronger signal in
such a nanogap.>®”

DNA structural nanotechnology, which is exploited here to
organize NPs into discrete structures, was pioneered by
Seeman in the mid 80s and this effectively overturned its clas-
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sical role as a genetic information carrier since the DNA now
functions as an excellent building block for nano-construction.
As mentioned earlier, a myriad of DNA structures from simple
2D polymeric assemblies to complex 3D discrete and dynamic
structures have been fabricated over the last few years.*''>*°
Later, it was realized these structures could, in turn, also serve
as scaffolds for organizing NPs. Generally two strategies are
followed to incorporate NPs into DNA nanostructures: (1)
hybridizing the NP bearing one or multiple copies of DNA to
preformed DNA structures with ‘capture strands’ having comp-
lementary sequences protruding from the NP surface; and (2)
during the annealing of structures, replacing a selected strand
of a DNA structure with one that is conjugated to a NP in a
1:1 ratio. Most of the early research performed on arranging
AuNPs in periodic arrays within polymeric DNA was driven
mainly by proof of concept studies.”' In spite of relatively
good progress on DNA tile-based arrays, it failed to rapidly
meet expectations. This was probably due to two related
factors: first, is that the materials were more like a continuous
sheet without a proper boundary; and second, lack of control
over the range of all the inter-NP distances that one requires
for electronic and other photonic uses.

DNA origami, a subset of the DNA structural technology
family, has emerged as an alternative tool for assembling NPs
with nanometer precision and, in many cases, absolute
control over stoichiometry. DNA origami are discrete DNA
nanostructures where a long ssDNA scaffold strand, generally
the M13 bacteriophage genome, is folded by numerous short
staple strands into an array of antiparallel helices that, in turn,
shape themselves up into simple geometric structures like rec-
tangles or triangles or even into complex 3D structure with
impressive curvature (see Fig. 2e).>"*'” Like DNA tile-based
arrays, DNA origami was initially exploited to assemble several
types of NPs of different sizes including AuNPs, AuNRs, silver
nanoparticles (AgNPs) and QDs to primarily show the capa-
bility of controlling distance, angle and relative orientation
with high yield.?°®**>?*? This turned out to be a powerful tech-
nique capable of engineering new materials in a well-con-
trolled manner. What was postulated earlier, that fluorescence
signals can be increased by an impressive amount (>100x) by
carefully integrating two AuNPs on a DNA origami and placing
a fluorophore in the hotspot was also shown (Fig. 13a).>'° Like-
wise, Thacker and Pilo Pias separately demonstrated that
Raman signal from a fluorophore or nonfluorescent molecule
(4-aminobenzenethiol) can be enhanced significantly by
employing a similar strategy of creating and exploiting an
enhancement hot spot (Fig. 13b).>*?*® The Liedl group
reported that origami can also be used to arrange AuNPs in a
helical fashion that subsequently produces a strong CD
signal.>®® They have also shown that by using different sized
AuNPs or by chemically depositing silver on the helical struc-
ture, the CD signal can be tuned. AuNRs can also generate a
CD signal when assembled in a cross sign fashion on two
sides of a 2D origami.”*” More recently, Kuzyk et al. reported a
reconfigurable plasmonic structure by assembling two AuNRs
on two cross-linked DNA origami tubes.?*® The angle between

This journal is © The Royal Society of Chemistry 2016
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assembling two AuNPs at close proximity on a pillar shaped DNA origami attached to glass surface via biotin—neutravidin interaction. More than a
100 times enhancement in the fluorescence intensity of ATTO647 was observed when the fluorophore was placed between two 100 nm AuNPs sep-
arated at a distance of 23 nm. Intensity transient along with fluorescent decay (inset) with (i) no NP and (ii) with a dimer of AuNPs. From ref. 210. Re-
printed with permission from AAAS. (b) SERS signal from rhodamine 6G absorbed into DNA origami decorated with two closely spaced 40 nm
AuNPs (i). Nearly 5 to 7 times enhancement of Raman signal was obtained with two particles separated at 3.3 + 1 nm. (ii) Different color corresponds
to different dimer structure, stronger signal is associated to shorter distance between the two AuNPs. Reprinted with permission from Macmillan

Publishers Ltd: Nature Communications, ref. 224. Copyright 2014.

the tubes can be modulated by addition of external DNA which
ultimately affects the plasmonic interaction between the two
tubes resulting in a unique change in the CD signal (Fig. 14).
These are excellent examples of the usefulness of DNA-based
bottom up approaches to assemble NPs that would otherwise
be quite difficult and expensive to achieve when utilizing stan-
dard techniques such as E-beam lithography. Implementing
these types of constructs as smart sensing systems within the
context of an in situ probe may also prove useful for thera-
peutic applications.

The other approach to DNA directed NP self-assembly is
focused mainly on generating a 3D ordered phase. In 2008, the
Mirkin and Gang groups independently showed that DNA-
functionalized AuNPs can be an excellent synthon for building
novel programmable crystalline materials.”*>**° These two
groups discovered that not only a well-defined crystal could be
generated from the aggregate but the crystal structure can be
controlled, either face centered cubic (FCC) or body centered
cubic (BCC), simply by changing the DNA sequence.’”® In
addition, they also demonstrated that lattice parameters can
be tailored by altering the length of the DNA anchored to the
NPs.”*! More recently, they have established some basic “rules-
of-thumb” for DNA-mediated crystallization defining the intri-
cate relationship among DNA length, particle size, annealing
temperature, etc., that when combined allow us to build NP
crystals with tailorable features such as interparticle distance,

This journal is © The Royal Society of Chemistry 2016
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Fig. 14 (a) Two AuNRs assembled on a reconfigurable DNA template
generated a strong CD signal which was tunable (b) by changing the
angle between the two DNA bundles by external DNA input. Reprinted
with permission from Macmillan Publishers Ltd: Nature Materials, ref.
228. Copyright 2014.
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unit cell lattice parameter, degree of filled space, etc., and
these can also ultimately dictate some of the physical pro-
perties of the crystal.>*>7>**

Within such structures, energy minimization processes
dictate that the maximum possible DNA hybridizes to achieve
a conformation that has a maximum number of NPs around
each other. In a single component system having self-comp-
lementary DNA, the binding affinity to each other is indistin-
guishable and a close packed structure (FCC) is formed where
every particle has 12 neighbors. Whereas in a two component
system the binding affinity is not identical since particle A can
bind only with particle B, not with itself; here DNA hybridi-
zation leads to a non-close packed cubic unit cell (BCC) having
eight surrounding neighboring particles. The annealing tem-
perature which could be either below or above the T, of the
hybridizing zone has a very significant role in determining the
preferred crystal conformation and its quality.**® In addition
to temperature, Gang demonstrated that the flexibility of the
interconnecting DNA is critical to the spontaneous
crystallization ~ process.”** Mirkin later reported that
anisotropic particles like AuNRs or Au prisms can also be
crystalized but not in the cubic phase; AuNRs crystalized into a
2D hexagonal lattice while prisms fall in lamellar 1D
arrangements.”*® More recently, the Gang group reported a
generalized method of producing DNA functionalized-NPs
where QDs, Fe,O; NPs, PtNPs along with AuNPs can all serve
as programmable atom equivalent that can be used to
generate a wide variety of single and multicomponent NP
super lattices.?*® For an example of where QDs are utilized in a
similar type of configuration, see Fig. 27 and its associated
text. Overall, this is an especially interesting research area
since crystallization by self-assembly is a very delicate process
that depends on a fine balance of many noncovalent
interactions such as hydrogen bonding, electrostatic,
hydrophobic, van der Waals interactions and unpredictable
entropic contributions. DNA hybridization can take into
account most possible forces that play a role here in a much
more simplified way. The only requirement now is a careful
control over the annealing temperature gradient to make the
energy landscape smoother and more favorable for long-range
crystalline order.

4. Silver nanoparticles

4.1. Spherical silver nanoparticles

In comparison to the myriad of reports involving DNA-functio-
nalized AuNPs, examples of AgNPs are far rarer despite the
fact that they have higher extinction coefficients than AuNPs of
the same size and are better suited for plasmonic applications
like enhanced Raman scattering.>*”>*° The reasons behind
this include the lower Ag-S bond energy compared to Au-S,
which makes it more difficult to conjugate them to monothiol-
modified DNA, strong susceptibility towards oxidation in NP
form and a tendency towards irreversible aggregation.*” In an
effort to strengthen the attachment chemistry, the number of
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anchoring points on DNA has been increased by incorporating
multithiol moieties. For example, the Mirkin group demon-
strated oligonucleotides with a cyclic dithiol functionality
could produce AgNPs capable of withstanding saline buffers
with salt concentration as high as 1 M.>*° Pal et al., experimen-
ted with psDNA and following the testing of varying number of
ps units reported that 9 ps units per oligo provides the best
stability.”*' Zhang et al. reported that monothiol-modified
DNA can be linked to AgNPs if the pH is reduced to ~3 which
surmounts problems associated with adsorption kinetics at
neutral or slightly basic pH.>** Similar to DNA-conjugated
AuNPs, AgNPs have found application in DNA detection via
sandwich assays and by electrochemical detection.>**>*
Thompson described AgNPs decorated with a thiolated-probe
DNA as a DNA sensor with a detection sensitivity nearly 50
times higher than similar AuNPs. Higher sensitivity was attrib-
uted to the aforementioned AgNP’s larger extinction coeffi-
cient.>*® Similar to an AuNP-based sandwich assay, here, too,
the presence of target oligonucleotides induces aggregation by
crosslinking NPs and this is accompanied by a change in the
ultraviolet-visible (UV-Vis) absorption band and the color of
the solution. Employing this same colorimetric detection prin-
ciple, Xu and coworkers demonstrated that adsorbing label-
free DNA onto AgNP surfaces can be used for the detection of
small molecules such as coralyne, a therapeutically important
drug candidate that binds to poly-A sequences strongly.>*®
Besides spherical AgNPs, Ag nanocubes have also been conju-
gated to thiolated DNA.**” Due to their flat surface and sharp
edges, Ag nanocubes should also be useful for plasmonic
enhancement of fluorescence or Raman signal.

4.2. Silver nanoclusters

Unlike AgNPs, DNA-templated AgNCs have drawn significant
interest and have created an active area of research focused on
both a fundamental scientific understanding of intrinsic pro-
perties that give rise to the PL along with practical appli-
cations. Although only a few years old, this unprecedented
interest is due to their connection with DNA which provides a
great degree of versatility. The Dickson group first demon-
strated that C-rich DNA sequences can stabilize AgNCs.>*®
Later it was revealed that different colors of AgNCs can be pro-
duced by changing the DNA sequence (Fig. 15).>*° Although
the mechanism by which the sequence directs the resulting
emission color is still poorly understood; it has been shown
that DNA not only dictates the emission color, but also affects
the NC’s photostability and long-term colloidal stability.>*°>3

DNA-templated AgNCs have already been implemented in
varied ways as sensors for DNA, small molecules or metal ions.
The primary mechanism behind this sensing approach lies in
the quenching or restoration of the NC’s fluorescence in the
presence of target analyte. Willner’s group integrated DNA-
linked AgNCs with graphene oxide (GO) to serve as a sensor
for the presence of DNA from infectious pathogens such as
HIV, HBV and syphilis.>* It is believed that GO quenches the
AgNC PL by electron transfer or FRET mechanisms.**® ssDNA
binds to GO with a high affinity via n—= interactions but this is

This journal is © The Royal Society of Chemistry 2016
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Fig. 15 Steady state excitation and emission spectra of DNA templated AgNCs with different DNA sequences. Reprinted with permission from ref.
254. Copyright 2008 American Chemical Society. Sequences utilized include: (a) 5'-CCCTTTAACCCC-3’; (b) 5'-CCCTCTTAACCC-3’; and (c)

5'-CCCTTAATCCCC-3..

not true for dsDNA. When DNA-appended AgNCs adsorb to
GO, its fluorescence is quenched, but in the presence of its
target DNA having a complementary sequence, a duplex forms
followed by desorption that restores the PL. Combing two
different AgNCs emitting visible and NIR light linked to two
different recognition probe strands provided for a multiplex
sensor. This light-up sensor also works with aptamers in the
place of probe strands to detect thrombin and ATP. Here, the
aptamer changes its random coil conformation to bind to the
specific analyte which triggers desorption from GO and
restores PL (Fig. 16). The method can distinguish ATP from
other nucleotides such as guanosine 5’ triphosphate (GTP),
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Fig. 16 (a) Schematic illustrating an ATP sensor employing a hybrid
system consisting of GO and AgNCs bound to an ATP binding DNA
aptamer. Desorption of the ATP-aptamer complex from the graphene
surface resulted in an increase in the AQNC PL. (b) Selectivity of detect-
ing ATP over other nucleotides, UTP, GMP and GTP, was demonstrated
as negligible PL enhancement was observed at 1 mM concentration of
the other nucleotides. Reprinted with permission from ref. 255. Copy-
right 2013 American Chemical Society.
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guanosine 5" monophosphate (GMP), and uridine 5’ triphos-
phate (UTP) as the aptamer mostly remained adsorbed onto
the GO surface and thus insignificant fluorescence enhance-
ment was observed in the presence of the latter.”>”

As mentioned, the DNA templating sequence itself is extre-
mely important when preparing fluorescent AgNCs.>***%”
From the seminal work of Dickson, it is now known that a
C-rich DNA sequence is critical for producing these NCs.>*® In
addition, some special secondary structure(s) in the sequence
appear to play a significant role that can be utilized for the
detection of analytes. In one example, Deng et al. exploited
specialized motifs for the detection of the toxic metal ion
Hg”*.*>*® They designed two partly-complementary DNA
sequences that can potentially produce a C-rich loop when
formed into a duplex while leaving several adjacent T-T mis-
matches. Hg”" strongly chelates between the two T residues
which influences the microenvironment around the loop near
the attached AgNC. In the presence of Hg”*, due to the
increased stability of the duplex, a much stronger PL was
observed providing a detection limit of nearly 10 nM.>*® Like-
wise, Zhou and coworkers incorporated an aptamer for the
“turn-on” detection of cocaine as depicted in Fig. 17a.>*° The
same principle has also been implemented for the detection
of single point mutations in DNA, microRNA and PDGF.>*°

Because of their small size, favorable optical properties and
potential biocompatibility, emissive AgNCs may provide an
alternative to the use of QDs for imaging cells and tissues and
to study dynamic processes inside cells. As stated earlier, DNA
is crucial for the stability of these NCs at high salt concen-
tration but its high charge density, in turn, potentially limits
intracellular delivery. Choi and coworkers demonstrated that
chemically conjugating a cell penetrating peptide (CPP) to the
protective DNA improve their cytosolic delivery
efficiency.”®" They conjugated the well-known CPP penetratin
to DNA, which had almost no detrimental effects on the spec-
tral properties of the NCs, and then used it to deliver the NCs
to NIH 3T3 cells and bovine pulmonary artery derived endo-
thelial cells (Fig. 17b). The peptide-DNA appended NCs
entered the cell without causing any significant damage to the
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Fig. 17 (a) A cocaine detection scheme using DNA-bound AgNCs. Cocaine bound aptamer fragments brought the G rich sequences in close proxi-

mity, enhancing the PL intensity of the NCs. Reprinted with permission from ref. 259. Copyright 2011 Elsevier. (b) AgNCs of various colors syn-
thesized in the presence of DNA of varying sequences. The confocal microscope images show better photostability of AQNCs, (green) localized in
the nucleus, compared to HCS red (red), localized mainly in the cytoplasm. Reproduced from ref. 261 with permission of The Royal Society of

Chemistry.

cell membrane. The NCs displayed excellent photostability as
only 10% fluorescent intensity quenching was observed after
2 hours of continuous exposure while the control HCS red
intensity decayed to 60%.>°" Yu and coworkers further showed
that DNA-encapsulated AgNCs can be easily linked to proteins
like avidin and used for labeling cell surfaces.”®® They also
conjugated DNA to heparin sulfate receptor antibodies which
helped them to bind to cells displaying this receptor and
which internalized the NCs via the endocytic pathway.

5. Magnetic nanoparticles

Magnetic nanoparticles (MNPs), comprised of mostly magne-
tite (Fe;0,) and maghemite (y-Fe;0,4) have found application
in diverse areas including catalysis, sensing, labeling,
magnetic resonance imaging (MRI), and even for electronic
data storage.’®*?°® In an ideal form, they can behave like
discrete magnetic domains and high quality materials
consistently show high magnetic moments in an applied
magnetic field coupled to insignificant residual magnetism
after removal of the field. A number of synthetic routes now
exist to produce small MNPs especially in the 10-20 nm range
which are more suitable for biological applications.*®?7>"3
Similar to most other NPs, they can present large S/V ratios

9054 | Nanoscale, 2016, 8, 9037-9095

and following synthesis they are highly reactive as well as
prone to agglomeration which occurs to reduce the surface
energy. Hence, an appropriate protective coating is necessary,
especially if they are going to be used in a biochemical
environment. The coating material could be a polymer like
dextran, a PEG surfactant, or even silica which besides
protecting them also offers an opportunity to link
biomolecules by means of chemical conjugation.>® However, a
thick coating can have a degrading effect on their magnetic
performance.”®”*”* A wide variety of biomolecules ranging
from small molecules like dopamine to macromolecules like
DNA or proteins, have already been ligated to MNPs for many
different applications.”® DNA has been attached via chemical
conjugation, which can form a covalent bond with the reactive
surface functional groups as well as by simple electrostatic
adsorption to a positively charged overcoating material, for
example polyethyleneimine (PEI). Scherer et al. reported that
PEI encapsulated MNPs can be an excellent gene delivery
agent to cells and tissues simply by adsorbing the DNA onto
them.>”> They successfully delivered some DNA vectors to
multiple cell lines including lung epithelial cells and blood
vessel endothelial cells and observed that the MNPs are quite
effective in reducing the dose and time of transfection. DNA
has also been ligated to MNPs mostly by making a covalent
bond following standard chemistry utilizing 1-ethyl-3-(3-

This journal is © The Royal Society of Chemistry 2016
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dimethylaminopropyl)carbodiimide (EDC) or 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (SMCC) coupling or even
click chemistry.”® A representative example of the latter was
developed by Culter et al. where they produced Fe;O, NPs with
a dense layer of DNA via the copper(i) catalyzed azide-alkyne
cycloaddition (CuAAC) click reaction.>’® A high DNA surface
density offers some interesting new properties in the
composite material such as cooperative melting, resistance
towards enzymatic degradation of the DNA and very high
cellular uptake. Here, the click reaction took place between
azide groups on the capping ligand (prepared by reacting
succinimidyl 4-azidobutyrate with the amine functionalized
particles) and a DNA displaying a terminal alkyne functionality
(Fig. 18a). The conjugation was confirmed by rapid formation
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of aggregates when particles functionalized with
complementary DNA were incubated together. The aggregation
showed a sharp melting temperature transition which is
considered a definitive characteristic feature of NPs with a
dense DNA monolayer.”’® High cellular uptake of these
particles was observed when incubated with HeLa cells
without any transfection agent present which was analogous to
the results shown for AuNPs having a high DNA surface
coverage.”””

It is well known that MNPs can reduce the spin-spin relax-
ation time of surrounding water protons, and when they form
microaggregates the inhomogeneity of the external magnetic
field around the clusters is intensified and becomes even more
effective in dephasing the spins of nearby water protons

1 = cOOH SPIONs
W Click DNA SPIONs

Nanoparticles (x10%) per Cell

Concentration of Incubated Nanoparticles

thrombin BSA streptavidin

thrombinp

50 100 150 200 250
Diameter (nm)

65
B 2100 - S
45 MMP-Fe-complex g 6'0
g 807 T(°C) s |
2 601 2
£ 47 -
Background ] 40 5 4.2 .
"
2 - / \
S 201
= / \
04{ = ¥ . L] . L] -
10 15 20 25 30 0 50 100 150 200 250
t/ min t/ min

Fig. 18 (a) Superparamagnetic iron oxide nanoparticles (SPIONs) functionalized with a dense layer of DNA by applying ‘click’ chemistry. The particles
can be delivered into Hela cells without any transfection agent as shown in the confocal image (red channel). Inductively-coupled plasma (ICP) spec-
troscopy analysis shows much higher presence of the densely DNA packed SPIONs in cells compared to simple carboxylic acid functionalized ones.
Reprinted with permission from ref. 276. Copyright 2010 American Chemical Society. (b) Schematic showing aptamer-functionalized SPIONs
employed for detecting thrombin. The aggregation, caused by thrombin upon binding to multiple aptamer-ligated SPIONs, as reflected in higher
hydrodynamic diameter, reduced the T, relaxation time of adjacent water molecules as evidenced by the T, weighted MR image. The specificity to
thrombin is demonstrated as a negligible alteration in the MR image in the presence of BSA or streptavidin at various concentrations. Reprinted with
permission from ref. 280. Copyright 2008 American Chemical Society. (c) Schematic showing an on-demand stimuli responsive delivery system
employing porous silica NPs and DNA functionalized SPIONs. The heat generated under the influence of the alternating magnetic field dehybridized
the dsDNA leaving the pores open and allowing the trapped dye molecules to diffuse out. The plot describes the reversibility of the system as
fluorescein dye was released over multiple cycles. Reprinted with permission from ref. 282. Copyright 2011 American Chemical Society.
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leading to an decrease in the T, relaxation rate.”’® Using this
mechanism as a sensing basis, Perez and coworkers developed
a novel way of detecting DNA along with real-time monitoring
of DNA methylation and cleavage.”’”® They produced 300 to
400 nm micro-aggregates by hybridizing two different MNPs
functionalized with complementary DNA that displayed a
much reduced T, relaxation time compared to individual free
MNPs in buffer solution. In the presence of an appropriate
DNA restriction enzyme, the particles were released from the
aggregates which increased the T, relaxation time to its higher
values. They further demonstrated that methylation followed
by DNA cleavage can also be monitored via MRI and suggested
that the method can be automated for high throughput
applications. This magnetic relaxation switching property of
MNP aggregates was also employed to detect thrombin with
MRI.*” Yigit and coworkers ligated a thiol-modified thrombin-
specific aptamer to amine functionalized MNPs via SMCC
coupling.”®® The aptamer reconfigured into a cruciform
conformation to bind thrombin and, since thrombin has more
than one binding site, a random crosslinking ended up in an
aggregation that affected a larger number of water molecules
by reducing their 7, relaxation time. In the presence of
thrombin, a clear decrease in the brightness of the T,
weighted MRI was observed (Fig. 18b). This method works in
biological fluids like serum and can thus potentially be used
for detecting other biological targets with minimal sample
clean up and processing requirements.*®® Nie et al. employed
DNA-functionalized MNPs along with DNA-modified AuNPs
for the amplified detection of DNA. This was based on a
sandwich hybridization assay technique involving multiple
steps including magnetic separation and amplified
fluorescence detection.”®’ Two mismatched DNA were
conjugated to the AuNPs at a ratio of 100:1; a portion of the
DNA that was present in far lower number was specifically
made partly-complementary to the target DNA. DNA on the
MNPs was also partly complementary to the target. In the first
stage of the assay, the target DNA acted as a linker between the
MNPs and AuNPs resulting in a micro-aggregation which was
subsequently separated magnetically. The other DNA (called
the barcode DNA) which was present on the AuNPs in higher
ratios and was previously unhybridized, were now hybridized
with a complementary dye-labeled DNA in the second stage
and the full construct was again magnetically separated to
remove excess dyes. In the final step, denaturation of this
entire construct produced free ss-dye-modified DNA, which
was detected allowing quantification of the target DNA.>®"
MNPs can also generate local heating under the influence
of an alternating magnetic field since with every pulse the
magnetic dipoles try to realign themselves.*®? The heating can
be strong enough to denture any dsDNA present on the
immediate particle surface and hence release drugs or any
other molecules intercalated between the base pairs or
attached to the complementary DNA. Derfus and coworkers
demonstrated that this could be an ideal system for releasing a
surface functionality triggered by remote external stimuli.”®*
They covalently conjugated a 30 base DNA to dextran-stabilized
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Fe;0, NPs and subsequently hybridized it to a complementary
fluorophore-modified strand. The resulting particles were
trapped inside a matrigel plug (an in vitro model of tumor
tissue) and they observed that under an electromagnetic pulse
(EMP, 400 kHz, 1.25 kW), the dye-modified DNA was largely
released from the trapped particles to the surrounding buffer.
The MNPs containing a matrigel plug were also implanted
inside living mice and under a similar EMP, the same degree
of dye release was observed in the surrounding tissue. The
penetration capability of the field was quite high approaching
greater than 99% in 15 cm thick tissue, which is much higher
than light or heat.”®® In other utility, Ruiz-Hernandez et al.
developed an on-demand, stimuli-responsive therapeutic
system with Fe;O, embedded mesoporous silica NPs and
Fe;O, NPs (Fig. 18c).”®* Thiol-modified DNA was ligated via
SMCC reaction to the mesoporous silica NPs and the MNPs,
both of which displayed surface amine functional groups.
When the particles were assembled together by hybridizing
the attached complementary DNA, the pore entrances on the
silica NPs were largely blocked as assessed from the
significantly-reduced nitrogen adsorption profile. To simulate
a drug they embedded fluorescein inside the porous silica NPs
prior to this self-assembly. When the particles were exposed to
an alternating magnetic field, the heat that was generated
melted the dsDNA - opening the pore entrance and allowing
the trapped dye to diffuse out of the mesoporous silica NPs.>$?

Besides DNA, Fe;0, superparamagnetic NPs functionalized
with RNA aptamers have been used for targeted negative
contrast imaging of prostate cancer cells. Hwang and
coworkers developed a multimodal imaging technique with
silica-coated cobalt ferrite NPs by attaching fluorescent and
radioactive moieties to the particles.”®® The silica layer had
embedded rhodamine dye present and was chemically ligated
to a radioactive ®’Ga-citrate chelate complex. They conjugated
a DNA aptamer that specifically binds to nucleolin, a protein
expressed in significant quantity on the cell surface of some
cancer cells. The resulting biofunctionalized particles
displayed high specificity in binding nucleolin-expressing C6
cells, as evidenced by the signal obtained from three different
sources: MRI, fluorescence, and ®’Ga scintigraphic images.
The NPs also showed promising result in targeting rat glial
tumor C6 cells implanted inside living animal models while the
control sample without the right aptamer rapidly cleared out
from the body.*® Conversely, Hu et al. employed silica-coated
paramagnetic Mn;O, NPs for T; weighted MRI via positive
contrast.”®® As a T; contrast agent, these NPs performed better
than Gd complexes in terms of toxicity and circulation time.
The silica-coated MNPs were first functionalized with PEG and
then a cancer cell-specific aptamer was covalently ligated to the
PEG. The particles showed higher specificity in binding HeLa
cells as compared to control normal human hepatic L02 cells
while also displaying insignificant toxicity. The efficacy of
targeted in vivo imaging was also demonstrated when HeLa
cells inoculated inside living mice were detected upon binding
these particles with T;-weighted MRI without any noticeable
pathogenic change.*®°
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6. Platinum and palladium
nanoparticles

Impressive progress has been made over the last decades on
the synthesis of platinum nanoparticles (PtNPs) of various
shapes and sizes.>® >* The most prominent feature of these
NPs is their electrochemical activity which has been success-
fully used for building low temperature fuel cells and in
various other electro-oxidation or reduction reactions.”**>%?
Catalytic efficiency in these applications depends on many
factors including the NP shape, surface ligand and
solvent.>*"**® There is also a strong interest in improving the
catalytic turnover by making binary alloyed nanostructures or
integrating them with nanoporous carbon.?***°® Compared to
the research attention paid to their electrocatalytic behavior,
linking them to biomolecules is relatively scarce. However, it is
worth noting that this catalytic property can be employed as a
replacement for enzymes meant to provide similar catalytic
activity. PtNPs have been functionalized with DNA in the same
manner as AuNPs by exchanging labile surface ligands with
thiol-modified DNA. The Willner group demonstrated that
DNA-modified PtNPs can be used for the amplified electro-
chemical detection of DNA and thrombin.?*” To detect DNA,
they immobilized two different oligos that are partly comp-
lementary to the target DNA on the PtNPs and the Au elec-
trode, respectively (Fig. 19). In the presence of target DNA,
PtNPs are captured onto the Au surface and catalyzed the
reduction reaction of H,0, to H,O which is reflected in the
appearance of a noticeable peak using cyclic voltammetry
(CV). Detection of thrombin was similar except the protein
worked as a connector to the target DNA-PtNP and a thrombin-
specific aptamer was immobilized in the place of an ordinary
non-specific oligonucleotide. They proposed this method can
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be generalized for other proteins provided the specific aptamer
is attached to the Au electrode surface.>®” The same group
reported a different DNA readout strategy that generates light
due to oxidation of luminol by peroxide using PtNP-catalyzed
reduction of H,0,.>°® More recently, Kown et al. implemented
an identical strategy of DNA detection but with enhanced
sensitivity by incorporating an ultramicroelectrode (UME)
which is capable of amplifying the current several fold.**’
With the use of an UME, they demonstrated a DNA LOD as low
as a few zeptomolar which is a relevant target concentration
range for some specialized diagnostic and forensic studies.
PtNPs are also a potential cancer treatment agent because of
their ability to damage DNA. Porcel and coworkers studied the
lethal damage that is caused when DNA-bound PtNPs are
irradiated with a carbon ion beam.**° They postulated that the
damage was caused by the high number of Auger electrons
produced by the NPs due to their large surface area. In
addition to the self-generated electrons, they also induce
radical formation and ionization among surrounding water
molecules which can also contribute to DNA damage.**
Interestingly, beyond just a research tool, carbon ion beams
actually have clinical use in cancer radiotherapy. Due to
relatively low toxicity compared to photons and finite range
penetration in tissues, they display better cure rates as a
treatment for locally advanced malignant tumors.**"

Palladium nanoparticles (PANPs) are mostly synthesized in
organic media with a hydrophobic capping ligand.>***% Due
to their unique properties, they are currently quite popular for
application as catalysts in organic reactions such as hydrogen-
ation, oxidation, carbon-carbon bond formation, etc.>**3%°
However, there are only a few reports of synthesizing them
directly in aqueous media mediated by hydrophilic small
molecules or DNA and RNA.**"% Fang et al. reported a DNA-
templated synthesis of PANPs on an indium tin oxide- (ITO)

2°EEDDH

Control

1x10'** 1x10*° 1x10° 1x10°®

DNA Concentration.(M)

Fig. 19

(a) An electrochemical DNA detection scheme using DNA conjugated PtNPs. Target DNA captured the PtNPs onto the electrode substrate.

The captured PtNPs acted as an electrocatalyst for the reduction of H,O, to H,O. (b) Amperometric response corresponding to different target DNA
concentration. (c) SEM micrograph shows the captured PtNPs as tiny white spots on the Au electrode surface. Reprinted with permission from ref.

297. Copyright 2006 American Chemical Society.

This journal is © The Royal Society of Chemistry 2016

Nanoscale, 2016, 8, 9037-9095 | 9057


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr08465b

Open Access Article. Published on 15 April 2016. Downloaded on 1/17/2026 6:29:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Review Nanoscale
(a) r o -
Pd NPs -DNA e, e
jugat :
é é (é conjugate é é g The electroless deposition e e @&
IR i‘« o 0o of Cobalt 0 0o
e |———— e
hybridization Staining
8 g) o o 0 o090
b c
( ) ( )200 1
e e .
0120 |
- :
% -
: a .‘. ¢ 80 4
40 -
o H
Complementary one base two base  Noncomplementary
mismatch mismatch
The number of mismatch base
Fig. 20 (a) Schematic depicting a DNA detection assay by capturing DNA functionalized PdNPs onto DNA microarrays of fully, partially or non-

complementary DNA sequences as capture probes: complementary (first row), one base mismatch (second row), two base mismatch (third row) and
a noncomplementary sequence (fourth row). (b) Picture shows different amounts of cobalt staining after electroless deposition of cobalt and (c) the
colorimetric analysis shows the capability of this process to distinguish a single base mismatch. Reproduced from ref. 310 with permission of The

Royal Society of Chemistry.

coated glass surface.’® The resulting NPs exhibited excellent

catalytic activity in reducing H,O, and oxidizing ascorbic acid.
Interestingly, it was also observed that the catalytic activity of
the NPs is better when dsDNA acted as a template instead of
ssDNA. The same type of catalytic activity can be utilized as a
way to amplify the sensitivity of biodetection techniques.
However, sequence-specific DNA functionalization of PANPs is
more complex because a simple ligand exchange protocol is
inadequate in their case. Wang and coworkers covalently
conjugated amine-modified DNA to PdNPs synthesized in
aqueous media with a hydrophilic 11-mercaptoundecanoic
acid capping ligand having an exposed carboxylic acid
group.’™® The resulting NPs exhibited good stability in saline
buffer, were separable by agarose gel electrophoresis, and were
further employed for DNA detection in chip-based microarrays
(Fig. 20). In the presence of target DNA, complementary DNA-
bearing PANPs were captured, and in the subsequent step they
acted as a catalyst for electroless deposition of Co
accompanied by a quantifiable change in color.*'°

7. Quantum dots

Quantum dots (QDs) are luminescent semiconductor nano-
crystals composed of a few hundred to a few thousand atoms
that display intriguing quantum confinement effects. They are

9058 | Nanoscale, 2016, 8, 9037-9095

considered a fundamentally new class of fluorophore that offer
certain unique and useful properties such as broad absorption
coupled to composition and size-dependent, narrow and
nearly symmetric PL emission (Fig. 21), high extinction coeffi-
cients and QYs along with some of the largest known two
photon action cross-sections.>'''* Another remarkable prop-
erty, and probably the most advantageous one compared to
most of the conventional fluorophores, is their strong resist-
ance towards photo-bleaching which can allow imaging for
prolonged periods of time. Fluorescence blinking and un-
resolved questions about toxicity are the two major issues cur-
rently associated with QD application in biology. Interestingly,
blinking may actually be particularly advantageous for super
resolution microscopy. Synthesis of colloidal QDs started
maturing in the late 1980s to early 1990s using hydrophobic
organic solvents at high temperatures. In contrast to aqueous
synthesis, organic synthesis methods are still preferred to
produce high-quality, relatively monodisperse materials.>'>'”
As synthesized or native QDs have already found important
application in various electronic devices like light-emitting
diodes, transistors and solar cells, however, these organic
ligand-capped QDs are insoluble in aqueous solution and
inappropriate for direct biological application without
additional treatment. Several methods are currently used to
make them hydrophilic including ligand exchange, amphiphi-
lic polymer encapsulation or synthesis directly in aqueous

This journal is © The Royal Society of Chemistry 2016
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Fig. 21 Absorption spectrum of 510 nm emitting QDs and emission
spectra of six different QDs with emission maxima at different wave-
length. Reprinted with permission from Macmillan Publishers Ltd:
Nature Materials, ref. 326. Copyright 2005.

media using hydrophilic ligands.?*®*?° A vast number of syn-
thetic protocols exist in the literature to produce water soluble
QDs and these are reviewed in detail elsewhere.?*!732*

A variety of biomolecules including proteins, small pep-
tides, nucleic acids, and antibodies have already been conju-
gated to QDs allowing them to be exploited in a diverse range
of bioanalytical experimental formats and some of these
materials have even been commercialized.**>**® As an alterna-
tive to traditional organic fluorophores or fluorescent proteins,
bioconjugated QDs have served a significant role in sensing,
labeling cellular components and tracking biomolecular
events in cells, tissues and even in living organisms despite
toxicity concerns; the latter is possibly the most promising and
under exploited future application of these NPs.>””**” Here,
our discussion will be limited to DNA-functionalized QDs and
the reported methods to obtain such conjugates can be cate-
gorized primarily into three sections: (i) ligand exchange with
thiol- or peptide-modified DNA; (ii) chemical conjugation; and
(iii) incorporation of thiolated DNA during QD synthesis in
aqueous media. As the chemistry of how DNA is attached to
the QDs profoundly affects the subsequent utility and appli-
cation of the QD-DNA conjugates, we arrange our discussion
here by labeling chemistry type and then describe selected
examples of how these conjugates were applied.

7.1. Ligand exchange and direct surface attachment

The first work on DNA attachment to QDs in the form of
ligand exchange was reported by Mitchel et al.*>*® Here, a thio-
lated DNA was attached to the QD surface by simple mixing
and leaving the DNA and mercaptopropionic acid-capped
CdSe/ZnS core/shell QDs to react overnight. Attachment was
confirmed by incubating together two different QDs functiona-
lized with complementary sequences which resulted in micro-
aggregation and a concurrent red shift in the ensemble PL
emission.>*® However, two major shortcomings related to the
stability of the early generation of QD conjugates prepared in
this manner were oxidation of the monothiolated ligand to a
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sulfide in oxygen rich aqueous media and a reverse ligand
exchange, which may cause the DNA to decouple from the QD
surface.**** polyhistidine- (His,) appended DNA may be a
better alternative to thiolated DNA for QD attachment since it
obviates the need for direct ligand exchange. His, sequences
have a strong metal driven coordination affinity towards the
Zn** on ZnS-overcoated QDs which encouraged researchers to
recombinantly insert His, tags into proteins and assembled
them onto QDs with an available Zn-rich surface.****” Our
group has worked extensively on creating Hiss-modified DNA
and have focused on developing this as a robust and reliable
chemistry. The nature of the linkage between the peptide and
nucleic acid moieties also has a vital role on the overall
stability of the constructs. A disulfide linkage was initially
used as a chemical bridge between the His-tag and the
DNA.>*® However, in reductive cytoplasmic environments the
disulfide may dissociate into monothiols or be replaced with
the myriad other thiols present in the cytosol at higher
concentration (e.g. glutathione) and that prompted a switch
over to two other Hisg-oligomer chemical linkers that are
devoid of any such problem. Berti et al. synthesized a Hise-
peptide with a terminal iodoacetyl group and reacted that to
thiolated DNA**° while Boeneman et al. placed a hydrazone
linker between the two moieties.>*° Hiss-DNA constructs
assembled with the hydrazine chemistry were used to study
sequential ET from the QD to DNA photonic wires decorated
with fluorophore dyes at specific distances.**® Although multi-
step ET over a distance of greater than 150 A was observed, the
actual end-to-end transfer efficiency was poor (<1%). More
recently Spillmann et al improved the exciton transfer
efficiency to the terminal dye by two orders of magnitude with
a careful choice of dyes along with optimizing the separation
distances between the dyes and the stoichiometry of the
photonic wires onto the QDs (Fig. 22).>*' Due to the shorter
linkage distance compared to the previously used hydrazone
approach, disulfide chemistry was pursued here. Building
from Spillmann’s findings an even more sophisticated hybrid
ET system was recently prototyped.*> Here, QDs were utilized
as both a central nanoscaffold and energy harvesting mediator
to photophysically connect the DNA photonic wires extending
from its surface to the bioluminescent enzyme luciferase (Luc)
while still relying on directed self-assembly for the
bioconjugation chemistry (Fig. 23). Luc oxidation of
Coelenterazine substrate (Coel) provided initial excited state
energy which was harvested by the QDs in a bioluminescent
RET (BRET) process and then propagated down the DNA
photonic wire in a sequential 4-step FRET cascade. The ratio
of wires displayed around the QD along with altering substrate
concentration provided control over energy flow and its
magnitude to the terminal output dye-acceptor. This assembly
demonstrated that complex hybrid systems containing
biological (enzymes, DNA and peptides), inorganic (QDs), and
organic components (dyes, substrate) can all be jointly self-
assembled in a predefined manner and function
synergistically to generate their own light and then control its
directionality.***
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Fig. 22 (a) Hise-modified DNA-photonic wires on CdSe/zns core/sheit  \PI€ Point from the QD in order to promote maximum possible
QDs. Initiated by the excitation of QDs with UV light, a unidirectional ~PL quenching. In the presence of PDGF, the strong binding
energy flow was observed through the spectrally overlapped fluorescent  affinity towards the aptamer triggered its dehybridization from
dyes via a sequential multi-step FRET mechanism. (b) The PL spectra  the quencher-bearing strand to reconfigure it into a special
shows a representative stepwise FRET progression in the QD-DNA-  gocondary structure suitable for the protein pocket. The displa-
photonic wire hybrid construct at a QD/DNA ratio of 1:8 as each . ..
cement of the quencher-bearing strand from QD proximity
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acting as a unity FRET relay within the construct. Reprinted with resulted in a restoration of QD PL and served as the sensor
1.3°* He et al. developed a novel strategy of conju-

permission from ref. 351. Copyright 2013 American Chemical Society. output signa
gating a long DNA strand, as opposed to the short oligomers
that are most often used with QDs, via chemical ligation and
subsequent enzymatic extension which they named QD-based
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Fig. 23 (a) Schematic of the self-assembled enzyme—-QD-DNA ET system. Luc appended with terminal Hisg ratiometrically coordinates, i.e., with
control over display valency or ratio, to the QD. Dye-labeled DNA wires are formed by prehybridization and include a terminal Hiss-peptido-DNA
sequence to facilitate similar QD assembly. Functionally, Coel substrate is enzymatically oxidized by Luc giving rise to excitonic energy that
sensitizes the proximal QD by BRET. The QD then redirects this energy and sensitizes the proximal dye on the DNA photonic wire giving rise to a
sequential FRET cascade. Assembly number of Luc and photonic wires per QD can be controlled during assembly which, along with Coel
concentration, provides control over ET efficiency. (b) The PL spectra show a representative stepwise FRET progression in the QD—-DNA-photonic
wire hybrid construct at a QD/DNA ratio of 1: 8. These consist of the normalized spectra of Lucg-QD—-DNAg constructs as the displayed acceptor
dyes are extended along the DNA from Cy3 up to Cy5.5 (- = BRET/FRET step). Approximate emission maxima for each component indicated by the
placement of their name. Reproduced with permission from ref. 352. Copyright 2015 American Chemical Society.

9060 | Nanoscale, 2016, 8, 9037-9095 This journal is © The Royal Society of Chemistry 2016


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr08465b

Open Access Article. Published on 15 April 2016. Downloaded on 1/17/2026 6:29:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

COOH
COOH
COOH
COOH
COOH
COOH
COOH

%

HOO0)
HOO0D
HOO0)
HOO0D
HOO0)
HOO0D

oo

Fig. 24

View Article Online

Review

R
-

(a) Schematic depicting the strategy for producing QDs conjugated to a single long DNA, by first chemically ligating a short primer

sequence to a carboxylic acid group displayed on the QDs followed by its extension via PCR. (b) AFM image shows individual QDs being successfully
ligated to single long DNA. (c) FISH signal showing specific binding of the DNA ligated QD to maize metaphase chromosome. (d) Gel electrophoresis
shows the retarded mobility of the QDs labeled with the long DNA. Reprinted with permission from ref. 354. Copyright 2011 Elsevier.

PCR as outlined in Fig. 24.>** They first ligated the forward
primer specific for a 480 bp sequence fragment of the fatty
aldehyde dehydrogenase 1 gene from maize to CdSe/ZnS QDs
with an EDC coupling reaction. The PCR product of the
primer-conjugated QDs and the cloned plasmid produced QDs
that are linked to a single long DNA as evidenced by atomic
force microscopy (AFM). It was speculated that an enhanced
local steric hindrance stemming from the long strand might
have prevented further enzyme attachment during PCR. The
product displayed promising results in detecting single copies
of the gene in prometaphase maize chromosomes as evi-
denced in a fluorescence in situ hybridization (FISH) assay.***
Despite being used quite regularly, issues of nonspecific
adsorption of DNA to the QD surface remains a matter of
concern when using chemical ligation methods especially if
the DNA and QD surface have opposite charges.’>>?>® To cir-
cumvent that, Zhou et al. introduced a special custom syn-
thesized capping ligand with a non-fouling ethylene glycol
spacer between the surface-binding thiol group and solution
facing carboxylic acid group.®>*” Amine-modified DNA was then
ligated via EDC coupling and the resultant QD-DNA conju-
gates were employed for the detection of label-free DNA via
FRET. The QD here acted as the donor while the acceptor

This journal is © The Royal Society of Chemistry 2016

fluorophore in this case was ethidium bromide, intercalated
between the nucleobases of the dsDNA formed by hybridi-
zation with the target.>®” Pathak and coworkers addressed the
same issue of preventing nonspecific adsorption in a slightly
different way by incorporating capping ligands with a hydroxyl
group.®®® A series of chemical reactions were implemented
allowing an amine-modified DNA to be linked to an activated
imidazole carbamate functional group. The linked DNA had
sequence complementary to the human Y chromosome and
when incubated with human sperm cells, a FISH experiment
yielded nearly 41% of cells labeled with the QDs as compared
to the theoretical total of 50%. A control experiment with a
random DNA sequence labeled less than 5% of cells, which
validated this approach to reduce nonspecific adsorption.**®

7.3. Streptavidin-biotin chemistry

Streptavidin-biotin chemistry is another facile alternative for
QD-DNA functionalization and perhaps the most utilized bio-
conjugation chemistry in current application for this materials
combination. Biotinylated DNA can be easily coupled to com-
mercially available streptavidin-coated QDs by simply incubat-
ing the two together for a brief period of time. There are
several reports in the literature related to their application as
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FRET-based probes for detecting protein, DNA and other small
molecules like ATP.?>3393%0 Zhang employed this chemistry to
construct a sandwich assay for detecting DNA present in very
low concentrations, especially in clinical samples from
patients with ovarian serous borderline tumors.*** They used
two probe strands that are partially complementary to the
target DNA; one of them was modified with a biotin tag while
the other one was carrying a Cy5 dye. In the presence of the
target, the capture and reporter probe strands were connected
via the target strands in a sandwich fashion as shown in
Fig. 25. Exposing this hybridized unit to the streptavidin-
coated QDs, the biotinylated probe was then readily captured,
which brought the Cy5 acceptor into close proximity with the
QD allowing for efficient FRET. Owing to the high local probe
concentration on the QD scaffold (i.e. high avidity), the sensor
was much more responsive than classical MB-based probes
with a demonstrated capability of detecting a single copy
mutation in clinical samples at the single particle level.**!
Levy et al. similarly employed biotinylated-QDs for the detec-
tion of thrombin where the sensor also relied on a FRET signal
from the QD to a quencher.’®* In order to build a turn-on
sensor, the quencher was chemically linked to a short oligo-
mer having a complementary sequence to the QD-bound bioti-
nylated DNA. Upon hybridization, the quencher came close to
the QD and, because multiple quenchers are assembled
around a single QD, this resulted in a dramatic drop in QD PL.
The biotinylated DNA used here was a thrombin-specific
aptamer, which, in the presence of thrombin, switched to an
energetically favorable quadruplex conformation to bind
thrombin, concurrently releasing the quencher-carrying strand
and restoring QD PL.>**

Aside from designing sensors, QD-DNA building blocks
have also been employed to construct novel hybrid NMs gov-
erned by DNA hybridization. For example, Fu et al. have shown
that complementary DNA-functionalized AuNPs can be hybri-
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(a) Schematic depicting fabrication of a single-QD-based DNA sensor. FRET sensitized emission from Cy5 indicates the presence of target
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dized to QDs and discrete hybrid nanostructures generated
with different numbers of AuNPs decorated around a QD.*®
Bui et al. assembled streptavidin-coated QDs onto a pre-engin-
eered DNA origami tube with biotinylated capture strands pro-
truding out at specific locations.>** A linear array of QDs was
constructed with high yield and good control over their inter-
particle distance. Nevertheless, in general, the bulkiness of the
product resulting from this chemistry remains a matter of
concern, especially in cases where precise control over the dis-
tance has significant impact on the quantitative outcome. We
investigated the effect of a chemoselective ligation strategy
versus that of biotin assembly on ET efficiencies from the QD
donor to dyes located at specific distances on a dsDNA.>®® For
this, one set of structures was ligated by DNA-Hiss metal
affinity coordination and the other via biotin/streptavidin
interactions. The data from the His,—~DNA hybrids assembled
on QDs matched initial predictions showing that the DNA
should extend linearly out from the QD. In contrast, the
heterogeneity of streptavidin attachment to the QDs in
conjunction with its multiple binding sites meant that the
DNA was always randomly oriented with respect to the QD.*®
Clearly, if a carefully controlled structure with precise spacing
is desired, the former approach may be more useful.

7.4. Conjugation during synthesis

The third approach for conjugating DNA to QDs is during their
synthesis in polar solvent. There have been some attempts to
synthesize hydrophilic QDs in the presence of nucleotides or
genomic DNA,****%” but the discussion here is confined to
short oligomers of known sequence. Ma first reported a one-
pot synthetic strategy to conjugate DNA during the synthesis of
CdTe QDs in water with glutathione as the primary capping
ligand.**® The DNA they used had two domains; one called the
binding domain having the typical P-O bond of the phosphate
group replaced by the phosphorothioate P-S group, and the

) 2 2 @
A\ .
v T S~ @ ~fie

%

- s b7
& 3 *
& & 2771

Sandwic.hed hybrid

Overlay

DNA. (b) The overlaid fluorescence image demonstrates co-localization of QD and Cy5. Reprinted with permission from Macmillan Publishers Ltd:

Nature Materials, ref. 362. Copyright 2005.
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Fig. 26 Schematic representing DNA functionalization during shell synthesis around a core QD in aqueous solution. The AFM image shows the
DNA conjugated QDs are organized via DNA hybridization on triangle shaped DNA nanostructures. Reprinted with permission from ref. 223. Copy-

right 2012 American Chemical Society.

other called the recognition domain displaying the natural
phosphodiester bonds. The DNA appeared to be stable in the
synthesis conditions at a pH of nearly 9 and at 100 °C. The
QDs were able to detect thrombin, when conjugated to an oli-
gomer having a thrombin-specific aptamer sequence in the
recognition domain. Moreover, to demonstrate their applica-
bility in a complex system, cancer cell-specific aptamer-functio-
nalized CdTe particles exhibited high fidelity in binding acute
leukemic CCRF-CEM cells over that of Ramos cells derived
from Burkitt’s lymphoma.?®® In 2013, the same group further
developed this strategy with the additional capability of con-
trolling the DNA display valency.’®® The ps region consisted
entirely of guanine bases as it has the highest binding affinity
to the QD among the other bases. By altering the length of the
binding region, the valency could be varied. For instance, a 20
base long domain ended up having only one DNA bound to
the QD surface while a 5 base long domain produced QDs dis-
playing approximately 4 DNA. DNA-directed assembly of these
NPs produced unique molecular-like architectures where the
individual QD acted as an atom equivalent. Spectroscopically,
these structures behaved liked a photonic antennae funneling
energy from surrounding green and yellow QDs to the central
red QD.**°

However, CdTe QDs lacking an outer shell do not have a
high QY and are prone to degradation by various chemical and
photochemical means. Placing a shell of higher bandgap semi-
conducting material around the QD core particle not only
offers higher PL efficiency and long-term stability, but also
alters the electronic property of the resulting material. Depend-
ing on the bandgap and their relative positioning, the core/
shell particles can be either a type I or type II (these have
different spatial separation of charge carriers). Apart from
enhanced QY in both types, type II QDs are also accompanied
with a red shift in their emission spectra with increasing shell
thickness while the emission profile remains the same for type
I. Wang et al. first introduced the concept of DNA functionali-
zation during shell synthesis by encapsulating oleylamine
capped CdSe QDs with ZnS in the presence of thiolated-
DNA.>”° Deng and colleagues followed the same principle to
synthesize a library of DNA-appended type II QDs with emis-

This journal is © The Royal Society of Chemistry 2016

sion maxima ranging from UV to the near IR.*** Instead of
thiolated-DNA, the DNA they used was modified with a 5’ ps
unit, which was believed to be embedded inside the shell. The
QDs were stable at high salt concentration and were site
specifically organized onto pre-engineered DNA origami with
high yield (Fig. 26).>** The same group also conjugated DNA to
IR emitting QDs and similarly demonstrated their directed
assembly on DNA origami.?”" Interestingly, before these devel-
opments, the Qbead system - a functional analog where QD
encoded DNA-labeled polystyrene beads were meant to be uti-
lized in multicolor hybridization assays, briefly saw some
initial commercial testing.*”>

7.5. Nontraditional methods

Besides the QD-conjugation strategies discussed so far, some
nontraditional methods also exist in the literature. One such
strategy reported by Kwon had the capability of controlling the
stoichiometry of the resulting QD-DNA conjugates.’”* It con-
sisted of multiple steps; in the first step, a Hiss-peptidyl
moiety was ligated to polymer-coated QDs via EDC coupling
and this was reacted, in the second step, with a Ni*"-chelated
nitrilotriacetate- (NTA) modified ssDNA. This is, in essence,
the converse of the previous Hiss-based binding to the ZnS
surface of QDs. Due to the nearly stoichiometric yield of metal
affinity coordination reactions, the added ratio of DNA to QD
was speculated to be the number of DNA bound to each QD.?*”?
In another nonconventional approach, the Mirkin Group used
click chemistry to attach a large number of DNA to the QDs
and then used them as “programmable atom equivalents” to
build higher order crystalline structures.’”* A dense layer of
DNA on a NP is the prerequisite DNA-directed
crystallization of NPs as it enhances the probability of
polyvalent interaction. QDs that are approximately 5 nm or less
in diameter fail to fulfill this need due to spatial restrictions.
For initial cap exchange, they exploited an azide-functionalized
amphiphilic polymer to stabilize the hydrophobic QDs in
aqueous solution which also substantially increased the size of
the particles and provided additional sites for DNA ligation
(Fig. 27). DNA bearing a strained alkyne ring was then used for
the click reaction with the azide functionality on the polymer-

for
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(a) A general scheme for ligating a large number of oligonucleotides to various kinds of hydrophobic NPs. The hydrophobic particles are
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first made hydrophilic by encapsulating with amphiphilic copolymers. DNA was then covalently linked by applying click chemistry. N3-NP = azide
functionalized NP, PAE = programmable atom equivalent. (b) SAXS (small angle X-ray scattering) pattern of binary superlattices produced via sticky-
end association of DNA conjugated NPs in different crystalline arrangements. (i) QD (3 nm) — QD (7 nm), CsCl lattice; (i) QD (7 nm) — Au (4.5 nm),
CsCl lattice; (i) QD (7 nm) — FesO4 (20 nm), CsgCep lattice. Experimental data are shown in black and predicted scattering pattern in red. Reprinted
with permission from Macmillan Publishers Ltd: Nature Materials, ref. 374. Copyright 2013.

coated QDs and an estimated 55 DNA was expected to be
displayed on the surface of the QDs. DNA-directed assembly of
the particles produced a BCC and FCC lattice with a variety of
combinations using, for example, different sized QDs, QDs
with AuNPs and also with magnetic Fe;0, NPs.*”*

8. Carbon nanomaterials

8.1. Carbon nanotubes

Amongst all carbon allotropes developed to date, single walled
carbon nanotubes (SWCNTs) are one of the most promising
NMs with a strong potential for beneficial impact on material
science and engineering.*”>”” These typically consist of
carbon cylinders with a diameter of ~0.5 nm to 2 nm, lengths
ranging from 10 nm up to a few centimeters, and most impor-
tantly a thickness of one atom. In contrast, multiwall carbon
nanotubes (MWCNTS) are concentric assemblies of nanotubes
with diameters ranging from 2 to 25 nm, and with an inter-
layer spacing slightly larger than single crystal graphite
(0.34 nm and 0.335 nm, respectively). SWCNTs with their
seamless nanotubes displaying a honeycomb lattice possess
exceptional thermal and electrical conductivity, along with out-
standing tensile strength and tenacity (even better than steel!)

9064 | Nanoscale, 2016, 8, 9037-9095

which makes them highly attractive for engineering appli-
cations.?”® Additionally, they demonstrate some fundamentally
interesting physical properties. For example, they can be either
metallic or semiconducting depending on the orientation of
the honeycomb lattice, they can have a diameter-dependent
band gap and can interact with polarized light in a manner
dictated by their chiral handedness.’”***° Being a direct band
gap semiconductor, they have been employed both as a detec-
tor and light source, although their fluorescence quantum
efficiency is usually quite low (<10%) and they have extremely
short fluorescence lifetimes of ~10-100 ps.*®'~?%3
Solubilization of individual SWCNTs from bundles was an
important first step towards understanding their photo-
physical properties. A variety of chemical compounds have
been used to bring them into aqueous solution including sur-
factants, biomolecules, synthetic polymers, or sometimes
simple aromatic polycyclic compounds; these have been
reviewed extensively elsewhere.*®**%” Here, our interest is in
the use of nucleic acids for these purposes. In 2003, Zheng
et al. first demonstrated that in the presence of ssDNA,
bundles of carbon nanotubes (CNTs) could be brought into
aqueous solution as a SWCNT by simple sonication.?®® Theore-
tical modeling suggests that the DNA helically wraps around
the CNT surface via n-n interactions between the aromatic

This journal is © The Royal Society of Chemistry 2016
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bases and the CNT surface.*?”*93% gince then, substantial
attention has been paid to such noncovalent interactions to
functionalize SWCNTs as they minimally affect the material’s ©
electronic network, unlike covalent conjugation. DNA
functionalization has also solved some longstanding problems
including separation of semiconducting and metallic CNTs
along with separating nanotubes of different chirality. DNA-
wrapped semiconducting and metallic nanotubes can be sep-
arated on a strong anion exchange column based on the differ-
ence of surface charge arising from the DNA phosphate
backbone; metallic nanotubes have less surface charge due to
the creation of an opposite image charge.?®® In addition, sep-
aration of CNTs of different chirality was achieved by Tu and
coworkers who investigated a large number of short DNA
sequences and found nearly 20 with a special affinity towards
particular chiral conformations allowing separation in ion
exchange media.>** Although the underlying science behind
this purification still remains unclear, they observed a pattern
of periodic purine-pyrimidine bases on those sequences and
speculated they might have formed well-ordered 2D-sheets
which subsequently folded into a barrel shape structure
around the nanotube that altered the van der Waals and hydro-
phobic interaction of the nanotubes with the ion exchange
resin.***

8.1.1. Biomedical applications. The electronic properties
of SWCNTs can also be affected by DNA adsorption. Jeng and
coworkers observed a shift in its NIR fluorescence when
cholate molecules wrapped around the SWCNT surface were
replaced by ssDNA, while in contrast, hybridizing the oligos to
their complementary strands induced a backshift in the fluo-
rescence. The authors employed this property to outline a pro-
tocol for detecting DNA that does not require any label.>** The
reason behind the blue shift is increased surface coverage of
dsDNA which raises the exciton binding energy. Heller et al.
discovered that adsorbed dsDNA also undergoes a transition
from the native right-handed B to left-handed Z conformation
in the presence of divalent metal cations (Fig. 28a).*>* Such
transitions alter the dielectric environment around the CNT
while concurrently changing its IR fluorescence emission. The
conformational rearrangement was confirmed by CD spec-
troscopy which showed a dramatic change in the DNA’s ellipti-
city. Based on this property a scheme for Hg*" detection was
demonstrated since this ion had the greatest impact in indu-
cing such changes.**® Similar to other carbonaceous allo-
tropes, SWCNTSs can also be a strong quencher of fluorescence
as well. When a dye-labeled DNA binds to the sidewall of
SWCNTs, the close vicinity putatively results in ET from the
dye to the SWCNT with a concomitant quenching of dye fluo-
rescence.””® If the DNA is subsequently detached from the
nanotube surface, the fluorescence can be restored.’** Yang
exploited this and built a thrombin sensor where they immobi-
lized a thrombin-specific aptamer labeled with fluorescein
(FAM) on the SWCNTs leading to its complete quenching. In
the presence of thrombin, the aptamer preferentially bound to
its target leaving the nanotube surface and restoring FAM
fluorescence.?*®

This journal is © The Royal Society of Chemistry 2016
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Besides quenching fluorescent dyes, SWCNTs are also quite
efficient in quenching singlet oxygen generation (SOG), pre-
sumably due to a similar mechanism. Photosensitizers that
produce singlet oxygen are important therapeutic agents for
photodynamic cancer therapy, however, unwanted toxicity due
to the high reactivity of singlet oxygen has remained a persist-
ent concern.’®® Zhu and coworkers demonstrated that
SWCNTs can be useful for controlled generation of singlet
oxygen.>”” They conjugated the well-known Ce6 photosensiti-
zer to a thrombin-specific aptamer and allowed the conjugate
to adsorb on the SWCNTs (Fig. 28b). In the absence of throm-
bin, the aptamer remained adsorbed onto the SWCNT’s
surface and due to close proximity to the nanotube surface,
98% quenching of SOG was observed. In the presence of
thrombin, the aptamer changed its configuration and sub-
sequently desorbed from the surface to bind its target and this
was reflected in a 20-fold increase in SOG. The authors envi-
sioned using a cancer cell-specific aptamer which would pre-
ferentially generate singlet oxygen only when bound to cancer
cells and thereby reduce nonspecific killing of healthy cells.*”

Despite being inherently quite hydrophobic, SWCNTs can
actually be transported inside living cells and have even been
used as a shuttle for delivering various cargos.>***°! Kam and
coworkers observed internalization of Cy3-labelled DNA-
wrapped SWCNTs into HeLa cells where they were mostly
located in the cytoplasm and presumably in endosomes."**
Interestingly, when the cells were subjected to a NIR laser
pulse for a brief period of time, accumulation of Cy3-DNA was
observed inside the nucleus as well. They hypothesized that
NIR light-driven endosomal rupture released the DNA into the
cytoplasm where it eventually diffused across the nuclear
membrane into the nucleus. NIR light induces electronic exci-
tation of the SWCNTs and this subsequently cascades down to
the surrounding molecules putatively causing significant local
heating that triggers the initial endosomal rupture.*

SWCNTSs can also protect DNA from enzymatic degradation
or intrusion of other nucleic acid-binding proteins which
makes them an enticing potential NM for gene delivery. Wu
and coworkers studied their protective capability in great
detail and postulated several reasons behind such behavior
including: physical inaccessibility of the probe to nuclease
binding due to formation of small bundles where the probe
remains embedded; formation of secondary structure that is
unrecognizable to the binding pockets of the proteins; or
simply an inhibitory effect from the exposed hydrophobic
surface of the SWCNTSs.*** Pantarotto et al. showed that posi-
tively-charged =~ ammonium-functionalized ~SWCNTs and
MWCNTs can electrostatically adsorb plasmid DNA as
observed by TEM.*”> The assembled NM, in spite of being
positively charged, can easily penetrate into mammalian cells
and, as compared to DNA alone as control, this resulted in a
nearly 5-10 times higher expression level of an encoded beta-
galactosidase marker gene. Ahmed et al. produced cationic
SWCNTs by chemically ligating a glycopolymer to the surface
which also turned out to yield a good transfection agent.*®?
They transfected HeLa cells with a green fluorescent protein

Nanoscale, 2016, 8, 9037-9095 | 9065


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5nr08465b

Open Access Article. Published on 15 April 2016. Downloaded on 1/17/2026 6:29:42 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

Nanoscale

124
Energy (V)
T T

200

225

photosensitizer

aptamer %

Q target
—

1) P(APMA-b-LAEMA),

} o pHY, rt
N\ —_————>
\;., i 2) pH 6 Complex with

> Y DNA

= )

o Syt
SWNT-NHS ’;‘vrvf:;f":;m“m surface functionalized
with polymer SWNT with polymer and
DNA

& P(APMA-b-LAEMA) (‘ DNA A sugargroups 4 amino groups

Fig. 28

250
Wavelength (nm)

1 1000 1000000
Concentration (uM)

275

6.6x10°

6.3x10°

SOSG Fluorescence

6.0x10°

5.7x10°

(ii

Buffer AP-SWNT +TMB

(a) (i) Graphic illustration showing conformational change of DNA, wrapped around SWCNTs, from B to Z in the presence of divalent metal

jons. (i) CD spectra show a dramatic change of ellipticity due to the conformational rearrangement in the presence of Hg?" ion at various concen-
trations. (iii) Quantification of peak energy of SWCNTSs affected by the conformational change of DNA, with respect to various divalent metal ion
concentrations. From ref. 393. Reprinted with permission from AAAS. (b) (i) Schematic representing controlled singlet oxygen generation from an
aptamer-photosensitizer-SWCNT complex. (i) Exposing the complex to thrombin significantly increased the fluorescence from singlet oxygen
sensor green (SOSG) indicating CNT quenching had largely been reduced. Reprinted with permission from ref. 397. Copyright 2008 American
Chemical Society. (c) (i) Schematic showing surface functionalization of SWCNTs with cationic glycopolymers that electrostatically adsorbed nega-
tively charged DNA. (ii) Confocal microscopy image shows an effective uptake of the FITC-DNA labeled nanotubes by Hela cells after 48 h of incu-

bation. Reprinted with permission from ref. 403. Copyright 2009 American Chemical Society.

(GFP)-encoded plasmid by loading it onto SWCNTs and
observed high expression of GFP with relatively low concomi-
tant cytotoxicity (Fig. 28c).

8.1.2. Device fabrication. Besides being a biomedically-
important NM, there are abundant examples where CNTs have
been used in fabricating electronic devices which is perhaps
the overall primary focus of development for this
material.>”>*°® Interestingly, nucleic acids can contribute here
to device development as well. One of the more prominent
devices relevant to our discussion is the field effect transistor
(FET) where the electrical diameter and thus the conductivity
of a semiconductor channel placed between a source and
drain can be varied by gate voltage. A small change in gate
voltage can result in a large variation in source-drain current
and thus it is used for weak signal amplification. Maehashi
et al. exploited this in a novel manner for protein detection.*”

9066 | Nanoscale, 2016, 8, 9037-9095

The author’s utilized lithography to build a FET with a nearly
3 um separation between the source-drain electrodes and this
was later filled up with CNTs by chemical vapor deposition
(Fig. 29). An immunoglobin E- (IgE) specific aptamer was then
immobilized onto the nanotube channel and a change in
source-drain current was observed upon binding of the protein
to the aptamer. Upon binding with target IgE, a sharp drop in
source-drain current was observed due to two factors: (1)
effective screening of the aptamer’s negative charge; and (2) an
increase in Schottky barrier height between metal electrodes.
Overall this method proved to be rapid and sensitive with a
reported 250 pM LOD.*%”

In contrast to uncontrolled chemical growth issues, DNA-
based assembly allows for the controlled assembly of SWCNTSs
into preengineered patterns. DNA-functionalized SWCNTSs
have been organized onto DNA nanostructures as well, with

This journal is © The Royal Society of Chemistry 2016
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Fig. 29 (a) Schematic illustration of aptamer-functionalized CNTs
being applied as a protein biosensor based on CNT-FETs. (b) Time
dependent source-drain current following addition of different concen-
tration of IgE. Reprinted with permission from ref. 407. Copyright 2007
American Chemical Society.

the motivation of creating sophisticated nanoscale architecture
from individual SWCNTs. This can be primarily accomplished
in two ways: (1) by hybridizing complementary strands on to
DNA templates and SWCNTs; and (2) via biotin-streptavidin
interactions. The former was first reported by Maune and co-
workers where they fabricated a cross shape structure of two
nucleic acid labeled SWCNTs on a 2D rectangular DNA
origami (Fig. 30)."°® The SWCNTs used were a mixture of met-
allic and semiconducting materials, leading to the possibility
that in some structures one of the nanotubes is semiconduct-
ing and the other one metallic. In the presence of a separating
DNA layer, which basically functions as an insulator, the met-
allic nanotube may induce a FET-type gating on the semi-
conducting nanotube. Immobilization of these cross-junction
structures on electron beam-fabricated electrodes indeed led
to observation of FET-like behavior in nearly half of the
devices they built.*°® In an example of the later assembly type,
Eskelinen and coworkers reported that biotinylated-DNA-
wrapped SWCNTs can be readily assembled onto pre-engi-
neered DNA origami allowing the protruding streptavidin pro-
teins on the surface to assume some defined pattern.*®

8.2. Graphene oxide

Graphene is a one-atom thick, 2-D, honeycomb lattice of sp*
hybridized carbon atoms. It is the basic building block of
other carbon allotropes such as 0-D fullerenes, 1-D CNTs or 3-
D graphite. Graphene oxide (GO) is the oxidized form of gra-
phene having oxygen-linked functional groups such as
hydroxyls and epoxys at the basal plane and carboxylic acid
groups on the edges. The reduced form of graphene oxide

This journal is © The Royal Society of Chemistry 2016
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Fig. 30 (a) Schematic depiction of DNA-directed assembly of SWCNTs
in a cross junction fashion onto a rectangular DNA origami. (b) AFM
image of the DNA origami with two SWCNTSs placed at right angle on its
two surfaces. (c) AFM image shows a SWCNT cross junction structure
being placed between electron beam-patterned palladium—gold elec-
trodes. (d) FET like behavior showing the variation of source-drain
current with respect to gate voltage. Reprinted with permission from
Macmillan Publishers Ltd: Nature Nanotechnology, ref. 408. Copyright
2010.

(rGO) resembles graphene except with some imperfections
such as missing carbon atoms or residual oxygen which can
make it an electrically poor performer compared to native gra-
phene.*'® The sp” electronic network of GO is severely dis-
rupted due to its more abundant pool of sp® atoms, hence GO
does not display the unique electrical and condensed matter
effects as graphene does.*™" However, GO is highly exciting to
chemists as it is an electronically hybrid material having con-
ducting sp® domains in a non-conducting sp® matrix which
leads to quantum confinement of n electrons. As a conse-
quence it behaves like a semiconductor and also has interest-
ing PL properties. The chemically reactive groups exposed on
its plane and edges can interact with small and macro-mole-
cules in a covalent, non-covalent or ionic manner offering
potentially versatile routes for biofunctionalization.>®** GO
can also be easily functionalized with biomolecules simply by
adsorption because of its ample aromatic surface area.*'>*'?
Lastly, it can be prepared in solution by oxidizing graphite in
the presence of strong acids followed by sonication. The intrin-
sic thickness of GO should be 0.6 nm, however, experimentally
it is observed at ~1 nm which is attributed to the presence of
water molecules adsorbed on its oxygen rich surfaces.***™*'°
The lateral size also varies from a few nanometers to several

micrometers.
The PL of GO has been exploited for various analytical
detection  schemes along  with  cellular imaging

applications.*’”™*'° GO can fluoresce in the NIR, visible or
ultraviolet region of the spectrum and this can be tuned by
controlling the size of the conductive sp®> domain.**® It is
believed that a sp® cluster size of less than 1 nm gives rise to
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ultraviolet and visible emission while greater than a 2 nm
domain with its smaller band gap produces NIR light.*** The
electron-hole recombination process is also influenced by
several parameters which are still not well understood. For
instance, the lateral size of the GO sheet does not influence its
emission behavior as significantly as the reduction time
does.*** It is also perturbed by the dielectric properties of the
environment, as well as the pH of the solution.*** Besides
having its own PL properties, it can also act as a fluorescence
quencher of QD or dye emission. The mechanism of quench-
ing does not appear to be traditional FRET, rather it is much
stronger and possibly involves some other dipole-dipole coup-
ling leading to non-radiative ET, although this too has not
been fully elucidated.>>®423:424

ssDNA and peptides are readily interfaced onto a graphene
surface by stacking interactions and hydrogen
bonding.**>*?¢ Interestingly, dsSDNA or aptamer complexes do
not bind strongly to graphene due to unfavorable thermo-
dynamics. The n stacked nucleobases and hydrogen bonding
in dsDNA combine to offer more thermodynamic stability
than = stacking of the constituent ssDNA on graphene could
provide. Dehybridization appears to be an energetic barrier to
n-stacking of the constituent ssDNA strands on the carbon
materials and with shielding by the phosphate being only a
small contribution. Relying on this phenomenon, GO was
employed for DNA detection by Lu and colleagues using a two-
step scheme.**” First, the complementary DNA of the target, in
their case HIV1 with a FAM fluorophore modification, was
adsorbed onto GO resulting in 97% quenching of the FAM
fluorescence. In the presence of the target DNA, a duplex
forms which subsequently displaces the DNA from the GO
surface and fluorescence is restored.*”” The method has also
been applied for the detection of multiple DNA sequences
simultaneously along with microRNA.**® The same principle
was also applied for thrombin detection by adsorbing the
specific aptamer with a dye modification.”*® However, due to
extensive loading of the probe strands, specificity could be
compromised in this process meaning partially complemen-
tary or even a non-complementary strand can displace the
adsorbed DNA from the GO surface generating a false signal.
Miyahata and coworkers demonstrated that this can be over-
come by a toehold-mediated mechanism.**® A toehold is a
ssDNA of a few nucleotides dangling from a dsDNA region.
Here, the probe strand is partially hybridized to a second DNA
strand, called the anchoring strand, which is absorbed onto
the GO surface. Target DNA binds to the toehold region and,
due to favorable thermodynamics, strand displacement takes
place leaving the anchoring strands unhybridized and
adsorbed onto GO surface (Fig. 31).**°

It has now also become quite well established that GO can
be useful for the detection of small molecules and proteins of
special interest with high sensitivity.*'° For example, most
cocaine-recognizing aptamer sensors suffer from low sensi-
tivity issues stemming from the weak binding affinity of the
aptamer. Qiu et al. reported a way to improve the detection
limit by integrating graphene and a signal amplification pro-
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Fig. 31 (a) A DNA sensing approach via toehold-mediated strand dis-
placement with better sensitivity than the directly displaced FAM labeled
probe DNA from the GO surface. (b) The former method shows nearly
62 times PL enhancement upon target binding while only 9 times
enhancement was observed using the latter method (fm — FAM, nc -
negative control). Reproduced from ref. 430 with permission of The
Royal Society of Chemistry.

cedure called isothermal circular strand displacement amplifi-
cation (ICSDA).**' The method requires that the cocaine-
specific aptamer be linked to a short piece of DNA, a tool kit
for a PCR reaction, SYBR green dye and GO. In the presence of
cocaine, the ssDNA transforms into a special conformation to
bind cocaine, leaving an unhybridized sequence for the primer
to bind. This process triggers a series of reactions which ulti-
mately ends up releasing cocaine from the aptamer complex
and forming dsDNA which is detected by the intercalated
SYBR green dye fluorescence. In the absence of cocaine, the
aptamer-containing oligonucleotide would simply be adsorbed
onto GO present in the solution showing no fluorescence from
SYBR green.**"

Insulin was detected in the same way by restoring fluo-
rescence upon binding and consequent detachment of fluoro-
phore-modified insulin binding aptamer from a GO surface.**>
With an added step, sensitivity could be increased by a
DNAase digestion that released the insulin to propagate the
cycle again. GO has also been used as an intercellular probe.
Lu et al. reported that DNA adsorbed onto a graphene surface
is capable of withstanding enzymatic degradation.’*®> They
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observed that a MB adsorbed on a nanometer-sized GO sheet
had virtually no degradation while in the absence of GO, diges-
tion started after 3 min of incubation and was completed
within 15 minutes. Transfecting HeLa cells with MB-absorbed
nanometer-sized GO allowed detection of mRNA. The
delivery of GO was very efficient and fluorescence
restoration confirmed the presence of the targeted mRNA.**
Wang et al. utilized a similar approach by immobilizing an
ATP binding aptamer and delivered the resulting product into
cells where it acted as an intracellular probe for ATP detection
(Fig. 32a)."**

With the help of DNA, researchers have produced hybrid
NMs associating GO with other NPs like QDs or AuNPs. Dong
and coworkers reported on a QD-graphene complex connected
by several MBs.**> When the MB-conjugated QDs were mixed
with GO, a ssDNA loop region bound to the GO surface. Due to
ET from the QD to GO, strong PL quenching was observed. In
the presence of target DNA, the loops open up and form
dsDNA which releases the QD from the GO surface restoring
its PL.**> Besides biochemical assays, such hybrid NMs can
have beneficial impact on catalysis or energy storage devices.
Apart from chemical nucleation, DNA-directed self-assembly
has opened up a new avenue to achieve such nanostructures.
Liu and colleagues reported a method of decorating GO with
AuNPs on the basal plane.**® This was done in two steps; first
thiolated-DNA was adsorbed onto GO and in the second step

Fig. 32
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the resulting DNA-adsorbed GO was incubated with AuNPs.
The hybrid nanostructure was separated from free AuNPs by
agarose gel electrophoresis and the purified product appeared
to be quite stable in saline buffer.**® DNA directed higher
order self-assembly of GO into hydrogels was also reported by
Xu et al**’ Here, DNA acted as a cross-linker by partially
adsorbing onto multiple GO sheets (Fig. 32b). Synthesis of
these hydrogels is fairly simple and accomplished by mixing
equal volumes of GO and dsDNA at a specified concentration
and heating the mixture at 90 °C. At high temperatures,
dsDNA unwinds and forms ssDNA which gets adsorbed onto
the GO. However, instead of mixing prior to heating, when GO
was added directly into a hot solution of ssDNA, a poor quality
hydrogel was obtained which was attributed to the fast
binding of ssDNA onto individual GO surfaces instead of
crosslinking. Due to the cooperative contribution of GO’s
strong mechanical strength, the resulting hydrogels appeared
to have excellent mechanical properties, in spite of the fact
that 99% of the gel was actually water. The gel was also a good
absorber of a dye and highly stable to harsh chemical con-
ditions like extreme acidic or basic solutions or very high salt
concentrations. Another interesting property of the gel was
their apparent self-healing capability. When the gel was cut
into pieces, simple heating for brief periods of time was
sufficient for the blocks to adhere to each other
(Fig. 32b-iii).”®” These kind of DNA-directed 3D assembled

(a) (i) Schematic design of an in situ ATP monitoring probe developed by integrating a FAM-labeled ATP aptamer and GO. Differential inter-

ference contrast (DIC) (ii & iv) and wide field fluorescence images (iii & v) show the effectiveness of GO as a molecular transporter. In the absence of
GO, very few FAM labeled ATP-DNA aptamer gets internalized into cells (ii) while a significant fluorescence signal was obtained from FAM-DNA/GO
complex (iv) displaying the ATP distribution inside mouse epithelial cells. Reprinted with permission from ref. 434. Copyright 2010 American Chemi-
cal Society. (b) (i) A DNA directed self-assembly method for producing a mechanically strong GO-DNA hydrogel. (ii) SEM image showing the interior
microstructure of GO—-DNA hydrogel. (iii) Photographs displaying the self-healing capability of the hydrogel simply by heating for a brief period of
time. Reprinted with permission from ref. 437. Copyright 2010 American Chemical Society.
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materials could potentially be very useful for tissue engineer-
ing or removing organic pollutants.

9. Miscellaneous soft nanoparticles

9.1. Synthetic polymer based nanoparticles

Synthetic polymer-based NPs are of particular relevance to the
areas of drug and gene delivery.*****° Their desirable pro-
perties include aqueous solubility or the ability to be solubi-
lized by minor chemical modifications, satisfactory long-term
stability in biological environments, capability for controlled
release, biodegradability, and more access to the enhanced
permeability and retention effect found in many tumors than
many other types of traditional hard NPs. This is a fairly large
area encompassing a wide variety of hydrophilic, hydrophobic,
and hybrid amphiphilic copolymers that are usually produced
by precipitation of polymers via emulsion/solvent evaporation,
poly-condensation of monomers in aqueous emulsion or by
simple self-assembly of copolymers.***™*** To produce hydro-
phobic polymeric NPs, the most commonly used precursors
are poly-lactic acid (PLA),**® poly-lactic-co-glycolic acid
(PGLA),**® or polystyrene (PS),**” while for hydrophilic NPs the
most favored materials are PEG,**® poly-ethyleneimine
(PEID),*** poly-lysine,*® and sometimes poly-methyl metha-
crylate (PMMA) when appropriately modified.*>" Each of them
have their respective advantages and disadvantages. For
instance, hydrophobic particles are ideal to encapsulate hydro-
phobic drugs and fluorophores while hydrophilic NPs are
more compatible with bodily fluids and can be more easily
functionalized with biorecognition or targeting molecules. To
facilitate their use, hydrophobic NPs are often attached to a
surfactant or some other hydrophilic molecule during the syn-
thesis or via post-synthetic modification to render them col-
loidally stable or soluble in aqueous solution.*>* In terms of
biofunctionalization, the majority of the reports involving poly-
meric NPs describe their conjugation to antibodies,****** pro-
teins,**> and peptides*>® for in vivo applications; but there are
a few reports where DNA has been attached by covalent conju-
gation or simple electrostatic adsorption. In the latter case, the
NPs generally display appropriate amine moieties so as to be
positively charged at physiological pH and are therefore suit-
able for attracting negatively charged DNA. For example, Green
reported a series of cationic and hydrolytically degradable
poly-B-amino ester-based NPs that adsorbed plasmid DNA and
provided for impressive delivery efficacy.”>” Interestingly, by
slightly varying the end group of the custom synthesized poly-
mers, some structural features and the ¢ potential of the result-
ing self-assembled particles could be tuned and this, in turn,
provided for remarkably different transfection efficiencies with
model GFP-encoded plasmids in human embryonic stem cells.
Huang and colleagues employed the same poly-f-amino ester-
derived NPs for the delivery of a suicide gene in the form of a
plasmid, encoding a diphtheria toxin protein (DT-A) to ovarian
tumor bearing mice.**® Direct administration of the particles
to the tumor site significantly reduced the tumor mass, dis-
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playing a far more potent effect than the commonly used
chemotherapeutic agents cis-platin or paclitaxel (PTX) when
used at similar doses. While electrostatically adsorbing DNA to
polymeric NPs offers a potential alternative to viral delivery
systems, short oligomers have also been covalently ligated to
these particles and then applied for targeted delivery of a
chemotherapeutic drug. In one example, PTX was encapsu-
lated inside PEG-PGLA NPs during synthesis via an emulsion/
solvent evaporation method.**® The PTX-loaded particles were
then chemically conjugated to a DNA aptamer that specifically
targets nucleolin, a plasma membrane protein overexpressed
in many cancer cells. The aptamer-functionalized PTX-loaded
particles displayed a substantially higher cytotoxicity in malig-
nant brain glioma cells with an ICs, value 4.5 times lower than
that of free PTX.**°

The other class of synthetic polymer-derived NPs are
micelles and closely related liposomes or vesicles. These are
formed via the self-assembly of amphiphilic copolymers and
are currently considered the most promising “nanocontainers”
or nanodelivery vehicle for drug delivery. A wide variety of
materials have been exploited to produce micelles of different
sizes and shapes and among them some spherical micelles are
currently undergoing clinical trials for cancer treatment.*®°~*62
PEG is widely used with aliphatic polyesters to produce
diblock copolymers that readily self-assemble into micellar
structures at optimal concentration; given this, significant
interest has recently emerged on constructing micelles from
amphiphilic polymers that contain DNA as their hydrophilic
component.*®**% Spherical micelles fabricated from such
units will have a hydrophilic corona of DNA around their
hydrophobic core in aqueous solution. Additionally, a reactive
functional group either on the DNA or another component can
allow attachment of other biomolecules. In particular, mole-
cular recognition moieties such as antibodies offer the possi-
bility of targeted delivery. In a pioneering study, Jeong and
colleagues chemically-ligated short oligonucleotide sequences
to a biodegradable organic polymer.*®® The resulting hybrid
amphiphilic polymer formed relatively monodisperse micelles
in aqueous solution with a hydrophobic core and a corona of
ssDNA that was ~65 nm in diameter. These micelles were
readily taken up by mouse fibroblast cells, and as speculated
by the authors, possibly by a fluid phase pinocytosis process
instead of an absorptive or receptor-mediated endocytic mech-
anism due to charge-to-charge repulsion between micelles and
the cells. A slow release of the oligonucleotide was observed in
the cytoplasm, presumably due to the hydrolytic scission of
the polymer backbone and, considering some of their presence
inside the nucleus, the authors envisioned them as a tool for
delivering antisense oligonucleotides to control the expression
of a target gene.’*® The same group later demonstrated an
antisense oligonucleotide delivery system by following a
slightly different strategy.’”” An antisense c-Raf oligo-
nucleotide linked to a PEG chain was synthesized, which in
the presence of the cationic polymer PEI, formed a polyelectro-
lyte complex micelle that was nearly 70 nm in diameter. This
had an oligo-PEI-complex as the inner core surrounded by PEG
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chains on the surface. The cellular uptake of these micelles
was substantially higher than the oligonucleotide alone and
displayed a better inhibitory effect against the proliferation of
ovarian cancer cells, both in vivo and in vitro.*®”

Using a different chemical strategy Alemdaroglu et al. pre-
pared a propylene oxide-(PPO) appended oligonucleotide
during its solid phase synthesis and in aqueous solution this
produced micelles of ~11 nm in diameter (Fig. 33a).*°® The
micelles were subsequently employed for targeted delivery of
doxorubicin (Dox) to human colon adenocarcinoma cells
(Caco) as a conceptual application. To promote cellular target-
ing, folic acid- (FA) conjugated DNA was hybridized to the
coronal ssDNA as these target cells display high levels of folate
receptor.”®® The resulting particles displayed a high degree of
specificity with uptake efficiency being proportional to the
number of FA moieties on the micelle rim and on the spatial
location of the FA units on the micelles (Fig. 33b). When the
micelles displayed 28 targeting units, the uptake efficiency was
enhanced nearly 10 times compared to the unmodified
micelles. However, when FA was conjugated to the other end of
the oligo, and therefore pointing inwards towards the micelle
core, the construct largely failed to recognize the target cells.
The drug-loaded micelles displayed a high level of cytotoxicity,
with a cell viability of ~24%, in contrast to the micelles lacking
drug as control which only showed mild toxicity (75% cell via-
bility).**® The same group employed these PPO-DNA-based
micelles for an entirely different purpose, namely to do
organic reactions. DNA templated organic reactions have been
executed before,"”’°*’?> however, the unique aspect of this
report was the use of a 3D platform which offered a higher
local concentration and both hydrophobic and hydrophilic
interfaces.””® Three reactions were performed here: a bimole-
cular EDC coupling to form an amide bond; a Michael reac-
tion; and a complex trimolecular coupling reaction to produce
a fluorescent isoindole from o-phthalaldehyde. The necessary
reactive functional groups including a thiol, amine and malei-
mide were attached to the ssDNA prior to their hybridization
to the complementary micellar DNA. The products were
characterized via gel electrophoresis which showed that the
reaction yield for the first two reactions were above 70%, while

Fig. 33
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the trimolecular coupling yield was 41% which, given the
number of participants and rarity of these types of reactions, is
quite good. When the necessary functional groups for the
third reaction were linked to the 3’ end of the complementary
DNA, the reaction took place at the interface of the hydro-
phobic core and hydrophilic corona, instead of on the rim,
and this improved the yield of the last reaction from 41% to
59%. Improved efficiency was attributed to the higher accumu-
lation of hydrophobic o-phthalaldehyde in the hydrophobic
core of the micelle increasing its local concentration and facili-
tating the reaction.*”

Unlike chemically ligating a biorecognition molecule for tar-
geted delivery such as FA, Kang and coworkers adopted an
alternative strategy for targeting by directly incorporating a
DNA aptamer as an integral part of their liposome.*”* A PEG
spacer placed between the hydrophobic domain and the DNA
aptamer prevented interparticle fusion as well as improving
resistance against enzymatic degradation of DNA in the serum
environment. An average of nearly 250 aptamers specific to leu-
kemic CEM-CCREF cancer cells were tethered to each of the lipo-
somes and the resulting multivalent interactions facilitated the
translocation of the liposomes across the cell membrane. The
aptamer-equipped liposomes loaded with FAM-dextran as a
model drug showed high specificity towards binding the target
CEM cells compared to non-target NB4 cells (acute promyelocy-
tic leukemia) as evidenced by flow cytometry.?’* Structural fea-
tures of a DNA-block copolymer micelle can also be altered via
molecular recognition and this can notably influence their cel-
lular uptake efficiency. Ding and coworkers demonstrated that
exposing micelles to a long DNA that has repeated units of
complementary sequence to the micellar DNA created a struc-
tural transition from a sphere to a rod consisting of two paral-
lel dsDNA held together by the organic polymer.””> The
transformation was confirmed by scanning force microscopy
where uniform rod-like flat DNA structures with significantly
reduced height were observed. The transition was also
accompanied with a substantially changed diffusion coefficient
as measured via fluorescence correlation spectroscopy. The
same group investigated the cellular uptake efficiencies of
these rod shaped NPs, and interestingly, found they are inter-
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(a) A DNA block copolymer based micellar drug delivery system. The red dots at the periphery are FA targeting units and the green dots

concentrated around the hydrophobic core are the anticancer drug Dox. (b) Cell viability test shows the FA equipped Dox loaded micelles have the
best cell killing capability (column A in the plot). Column B, C and D represent Dox loaded micelles with but not covalently linked FA, Dox loaded
micelles and only FA conjugated micelles, respectively. Reproduced with permission from ref. 468. Copyright 2008, Wiley-VCH.
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nalized nearly 12 times more efficiently than their spherical
counterparts.”’® The author’s suggested the difference could
be due to separate uptake mechanisms; the rod-like particles
having an exposed hydrophobic polymer could have been inter-
nalized by adsorptive endocytosis whereas the spherical par-
ticles with the hydrophobic part shielded by the negatively-
charged oligos might have been taken up via a fluid phase
pinocytosis mechanism.

Polyacrylamide NPs are another popular synthetic polymer
based NPs that have demonstrated strong potential as a drug
carrier,””” photosensitizer delivery agent,*’® and, more impor-
tantly, as an in vitro as well as in vivo sensor-displaying plat-
form for various analytes and metabolites.?’®***> Nielsen and
coworkers employed such NPs to embed an adenine nucleo-
tide responsive aptamer and employed them as an in vivo
sensor.*®® This aptamer lacks the capability to distinguish
between ATP, ADP (adenosine diphosphate) or AMP (adeno-
sine monophosphate) as the phosphate group stays out of the
binding pocket, but it can differentiate a GTP (guanosine tri-
phosphate) from an adenine nucleotide. The probe was
equipped with a fluorophore and a quencher molecule on the
two ends of an oligomer which folds into a hairpin structure
bringing the two in close proximity resulting in fluorescence
quenching (Fig. 34). The probe was embedded inside
30-35 nm polyacrylamide NPs during their synthesis by an
inverse microemulsion process. Prior to incubation of the
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Fig. 34 (a) An aptamer embedded polyacrylamide NP being employed
for mapping intracellular distribution of ATP. Cellular ATP binds to the
aptamer resulting in a structural rearrangement that separates the
fluorophore from the quencher leading to an increase in Texas Red fluo-
rescence as shown in the confocal fluorescence image (b). Reprinted
with permission from ref. 483. Copyright 2010 American Chemical
Society.
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probe-loaded particles with target yeast cells, they were treated
with DNase to remove any aptamer sticking out of the surface.
The porous matrix protected the probes trapped inside the par-
ticle from DNase degradation while still allowing for diffusion
of small molecules like ATP. In the presence of ATP or other
adenine nucleotides, the aptamer reconfigured itself to prefer-
entially bind its substrate causing an enhancement in fluo-
rescence.’®® The total concentration of adenine nucleotide
sensed in the target cells was estimated to be 2.9 mM, which
was in the same range as that previously reported based on
using yeast cells extract.*®*

9.2. Viral nanoparticles

Recombinantly and synthetically-engineered viral capsids or
virus NPs are an emerging class of NMs that have found appli-
cation in a variety of areas including biosensing, fluorescence
and MR imaging, targeted drug and gene delivery, vaccine
generation, light harvesting and even for digital data
storage.”®*#7*% These proteinaceous self-assembled and
hollow nanostructures can be almost perfectly monodisperse
in shape and size and amenable for modification due to the
display of a diverse range of chemical functionalities (via
amino acid side chains) that can later be exploited to attach
drugs, probes, contrast agents, biomolecules or to load
cargo.’®*?! various kinds of viral NPs with different shapes
and sizes can be artificially generated in a relatively easy
manner by supramolecular self-assembly of identical protein
subunits while remaining free of genomic material. The
protein shell, whose primary role is to protect the genomic
material tends to be very robust and therefore prevents pre-
mature degradation before arriving at the target site during
delivery applications. Despite this, viral NPs are still inherently
biodegradable and this rules out the possibility of overt bio-
accumulation thus lending itself to be an enticing material for
cellular delivery purposes.’> Moreover, crystallographic
studies provide fairly accurate information about the number
of subunits the NPs are comprised of, the spatial positioning
of individual amino acid residues and other details such as
position of pores through which the interior of the particles
are sometimes accessed. For example, the protein shell of the
MS2 bacteriophage is composed of 180 identical protein
monomers that can be expressed in E. coli and these spon-
taneously self-assemble into a hollow sphere of 27 nm in dia-
meter with 32 pores on the surface allowing access to the
core.**** Tong and coworkers demonstrated the potential of
these MS2 capsids as targeted drug delivery vesicles by attach-
ing DNA aptamers to the exterior surface.’®> To affix the
aptamer, an aniline group was introduced on to the outer
surface proteins by incorporating the unnatural residue
p-aminophenylalanine (paF) using an amber stop codon sup-
pression system. The custom synthesized DNA aptamer was
equipped with a phenyldiamine moiety that reacted with the
aniline group of paF in a chemoselective fashion leading to
attachment of more than 50 aptamers per NP. In addition, a
cysteine mutation was engineered onto the interior surface for
conjugating AlexaFluor 488 dye as a model cargo. The aptamer
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targeted protein tyrosine kinase 7, a trans-membrane receptor
ubiquitous among different leukemic cells and believed to be
responsible for uncontrolled cell proliferation. These double
mutant fluorophore and aptamer-decorated viral NPs exhibited
high specificity in targeting Jurkat T leukemia cells while
random DNA modified particles displayed negligible binding
affinity. Moreover, a costaining experiment suggested these
particles traffic to the lysosome, which suggests them as cargo
carriers for the release of acid-labile prodrugs inside cells.*®
In a follow up study, the same group chemically ligated a male-
imide-bearing porphyrin molecule to the sulfhydryl groups on
the viral NPs interior surface (Fig. 35).*>° The goal here was to
develop a photodynamic therapeutic NM by exploiting singlet
oxygen generated from photoexcited porphyrin. The same
Jurkat cell specific aptamer was affixed on the exterior surface
of these porphyrin carrying viral NPs for targeted cell killing.
76% of the MS2 exposed Jurkat cells died after irradiation with
a 415 nm LED lamp for 30 minutes, while only 3-6% of
control cells died under identical illumination conditions.**®
The shallow penetration depth of the blue light along with the
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long irradiation time, however, may remain a challenge for
porphyrin mediated photodynamic therapy application in
denser tissues.

Besides chemically ligating the cargo to constituent protein
units, an alternative loading possibility was reported by Kwak
and colleagues.*”” They loaded the molecule of interest to a
DNA-amphiphile micelle which, besides acting as the carrier,
also served as a template for the surrounding capsid for-
mation. As a model system, they selected cowpea chlorotic
mottle virus (CCMV) which can be artificially produced by the
self-assembly of 180 identical protein subunits into an icosa-
hedral particle of 18 nm. As a representative example, the
authors were successful in trapping a hydrophobic and a
hydrophilic fluorophore molecule inside the micelle-encapsu-
lated capsids. A slightly different strategy was followed in these
two cases; while hydrophobic pyrene dye was accumulated
within the hydrophobic core of the micelles by simple adsorp-
tion, the hydrophilic fluorescent dye ROX was introduced by
covalently ligating them to an oligo complementary to the
micellar DNA.*”

' Jurkatieell

-

/'( .
erythroeyte

Fig. 35 Dual surface modified virus capsids for targeted photodynamic therapy. (a) Sites for exterior and interior modification to the shell protein.
The unnatural amino acid p-aminophenyl alanine (paF) residues (red) were exploited to ligate the aptamer on the capsid surface while the cysteine
residues (yellow) were used for attaching the porphyrins in the interior surface. (b) Fully modified virus nanoparticles bearing nearly 20 aptamers
(red) for targeting Jurkat leukemia T cells. The violet color represents nearly 180 porphyrins installed on the inside surface of the capsids. (c) Tar-
geted killing of Jurkat T cells in the presence of normal erythrocytes. In a live mixture, the Jurkat cells can be distinguished from their size and mor-
phology. (d) Majority of the Jurkat cells are dead (stained by trypan blue) after irradiation at 415 nm, while the erythrocytes are alive and thus
unstained. Reprinted with permission from ref. 496. Copyright 2010 American Chemical Society.
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9.3. Ferritin nanoparticles

There are numerous other examples of peptide and protein-
based NPs in the literature that can be further conjugated to or
modified with biomolecules and these have also made impor-
tant contributions in the areas of targeted cellular delivery and
in vitro bioassays.**®*>°° Ferritin NPs are one such nanoparticu-
late material. They are a naturally occurring protein that plays
a significant role in the homeostasis of ferrous ion levels in
many species including humans.’®*° The outer and inner
diameters of this cage-shaped protein are 12 and 7 nm,
respectively. The hollow interior of apoferritin (ferritin without
ferrihydrite, a product of Fe(m) and OH™ that fills up the core)
has been exploited not only for biological purposes like drug
delivery®®* or fluorescence and MRI imaging,’®> but also for
the templated synthesis of inorganic NPs including Fe, Co and
Cr oxides.’*® Kim and colleagues reported a fluorescent ferritin
NP attached to a DNA aptamer which was utilized in a sand-
wich assay for the detection of platelet derived growth factor

DNA aptamer-
conjugated gFFNP

Ry, DNA aptamer

biotin

streptavidin

(b)

e

:

g

Net Fluorescence (NF) (RFU)

Log [Concentration of PDGF-BB (Cppgr.gg) (MOI/L)]

Fig. 36 (a) Schematic illustration of a DNA aptamer conjugated fluor-
escent ferritin NPs being employed as a reporter probe for protein bio-
sensing. The cancer biomarker PDGF-BB captures the aptamer-
conjugated ferritin NPs on an appropriately modified glass surface.
Green fluorescence retained after washing reflects the amount of
PDGF-BB present. (b) The plot shows enhanced sensitivity of the
aptamer appended green fluorescent ferritin NPs, compared to the
same aptamer ligated to eGFP or Cy3. Reprinted with permission from
ref. 507. Copyright 2011 American Chemical Society.

9074 | Nanoscale, 2016, 8, 9037-9095

View Article Online

Nanoscale

B-chain homodimer (PDGF-BB), a cancer biomarker
(Fig. 36).>”” These novel NPs were produced via bacterial
expression of a hybrid gene consisting of human ferritin heavy
chain (hFTN-H) and an eGFP or red fluorescent protein
(DsRed). The self-assembly of the peptidyl units produced the
protein cage along with 24 eGFP (or DsRed) decorated on its
surface. A PDGF-BB-specific DNA aptamer was ligated via
SMCC coupling to a mutagenically inserted cysteine residue
on the eGFP. Interestingly, after the DNA conjugation a slight
increase in the fluorescence intensity of the fluorescent
protein was noted which was attributed to electrostatic repul-
sion from the negatively charged DNA which served to keep
the proteins away from each other. In a typical sandwich assay,
the PDGF-BB protein acted as a linker between the aptamer-
modified fluorescent proteins and immobilized-biotinylated
aptamer on a streptavidin-coated glass surface. The assay
showed an amplified sensitivity nearly three orders of magni-
tude better compared to those using aptamer-modified eGFP
or Cy3 alone.’””

10. Miscellaneous hard nanoparticles

10.1. Lanthanide-based upconversion nanoparticles

Upconversion NPs (UCNPs) are an emerging class of lumino-
phore material that display anti-Stokes emission upon
irradiation with infrared light, ie., blue-shifted emission
(higher energy) from a red-shifted excitation (lower energy).
They are especially interesting for bioimaging as they do not
have certain drawbacks such as the photobleaching seen with
traditional organic dyes or the fluorescence intermittency of
QDs. Additionally, the infrared light required to excite them
has a higher tissue penetration capability with fewer damaging
side effects.’”®*>'° These NPs are produced by doping lantha-
nide ions like Er**, Tm** or Ho’" as the emitter along with a
sensitizer ion, mostly Yb**, into an inorganic host matrix. They
have a ladder like electronic configuration stemming from the
4f" electrons that sequentially absorb photons resulting in a
sharp absorption band. Due to sequential photon absorption,
they don’t require coherent, high power, femtosecond pulsed
laser like some other anti-Stokes processes, such as second
harmonic generation. In fact, Yb>", with its large absorption
cross section, can be conveniently excited with a low power
980 nm CW laser which can transfer its energy to the activator
ions mentioned above. Their emission profile is sharp as well,
while the luminescence lifetime is relatively long due to the
Laporte and (sometimes) spin-forbidden intra 4f" transition.
Unlike QDs, their emission color does not depend on the size
of the NPs, rather they are tuned by careful choice of host,
dopant and the dopant ratio.”*''® Since most biological
molecules poorly absorb NIR light that is used to excite these
NPs, the auto-fluorescence contribution to the background
signal is dramatically reduced when UCNPs are used, which is
another advantage over traditional fluorophore dyes. However,
poor QY (~1-3%) remains a drawback of using this class of
luminophore; needless to say, their QY always has to be less
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(a) Schematic design of a LRET based DNA sensor using UCNPs (1max. em 537 nm). (b) Plot demonstrates photostability of the UCNPs,

irradiated with 975 nm diode laser light at ~500 mW for a prolonged period of time. (c) The plot describes the sensitivity of the sensor to single
nucleotide mismatch. The f value is defined as f = (Is75//537)/(Is75,0/I537,0) — 1, Where Is75/537 is the normalized TAMRA (Amax, em 575 NM) emission at a
given target DNA concentration and /575 0//s37,0 is the corresponding value for the blank solution. Reprinted with permission from ref. 519. Copyright

2009 Elsevier.

than 50% since at least two photons are necessary for the
emission of one photon. Various biomolecules have already
been coupled to these particles and demonstrated for a variety
of in vitro and in vivo assays.>'*>"”

In terms of DNA conjugation, Zhang and coworkers con-
structed a sandwich assay involving Yb** and Er** doped
NaYF, UCNPs for DNA detection by covalently ligating a short
amine-modified DNA, partly complementary to the target
strand, to silica-coated UCNPs.>'® In the presence of target
oligonucleotide, another reporter strand carrying a
carboxytetramethylrhodamine (TAMRA) label was captured
onto the UCNPs triggering LRET (Luminescence Resonance
Energy Transfer) from the UCNP donor to the TAMRA
acceptor. Due to the minimal background signal contribution,
the process was highly sensitive with a detection limit of
1.3 nM. Enhanced sensitivity and signal was also attainable
when using higher laser power due to the power dependency
of the UCNP excitation-emission process. Moreover, from the
melting transition of the dsDNA as monitored by FRET, the
capability of this method to distinguish a single point
mutation in the p-globin gene responsible for sickle cell
anemia was also demonstrated (Fig. 37).>'° Later the same
group reported a simplified DNA detection scheme that did
not require the dye-labeled reporter strand.>*® EDC coupling
chemistry was used to attach DNA to water soluble UCNPs and
then SYBR green dye was used as the FRET reporter. This
intercalating dye is characterized by an enhanced fluorescence
QY upon binding to dsDNA. The detection limit in this
modified format was 0.1 nM, almost 10 times lower than the
initial demonstration.

10.2. Metal chalcogenides

In addition to the previously mentioned QDs, some transition
and post-transition metal chalcogenide NPs also display inter-
esting optical, magnetic and electrochemical properties, but
due to the potential for severe toxicity, their in vivo application
is still strictly limited. However, there are several reports where

This journal is © The Royal Society of Chemistry 2016

CuS or PbS NPs have been exploited for in vitro electro-
chemical sensing, both with and without direct bioconjuga-
tion, and also alone or in association with other NMs.*** 24
For example, Ding and coworkers covalently ligated amine-
functionalized DNA to mercaptoacetic acid-stabilized CuS
nanoparticles via EDC chemistry and employed the resulting
particles as a DNA sensor by integrating them within a flow-
injection chemiluminescence system.”>* In the presence of the
target DNA, the CuS NPs were captured onto a DNA-anchored
glass electrode surface in a sandwich fashion. Following
washing, the CuS NPs were dissolved in a mildly acidic solu-
tion and the concentration of Cu®" was monitored by the
chemiluminescence generated from a luminol-H,0,-Cu®*
system. Sensitivity of the biosensor was improved using an
electrochemical preconcentration process performed with
anodic stripping voltammetry, which encompasses depositing
the initially dissolved Cu®" ions from the captured CuS NPs on
a Pt electrode surface followed by resuspending them into a
smaller volume. Here, the chemiluminescence intensity was
directly proportional to the cupric ions, which in return, was
again proportional to the amount of target DNA.’** The
sensitivity of this method was further improved by modifying
the reporter strand to carry AuNPs decorated with multiple
CuS NPs connected via a ssDNA as depicted in Fig. 38.>*°
Since a single 20 nm AuNP could accommodate more than 70
CuS NPs around it, the sensitivity of the method was greatly
amplified with a detection limit approaching a few attomolar.
In the same way, a AuNP-PbS NP hybrid system was
constructed and demonstrated as a sensitive DNA biosensor
where the concentration of Pb>* was quantified by anodic
stripping voltammetry with a reported detection limit of a few
picomolar.>*?

10.3. Alkaline earth metal nanoparticles

While transition metal chalcogenide NPs are inappropriate for
in vivo application, alkaline earth metal-based NPs tend to be
quite suitable for biological use due to their significantly
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Fig. 38

(a) An single nucleotide polymorphism (SNP) detection scheme employing AuNPs and CuS NPs. The CuS-AuNPs hybrid NP probes are

coupled to the mutated site in the presence of DNA polymerase. The SNP was quantified by the chemoluminescence intensity from luminol — CN™-
Cu?* ions (the cupric ions were dissolved from the hybrid). (b) Calibration curve for measuring mutated DNA concentration with respect to chemi-
luminescent (CL) intensity. Reprinted with permission from ref. 526. Copyright 2010 Elsevier.

reduced toxicity. Calcium phosphate NPs (CaPNPs) are
especially interesting among others of this class as they can be
prepared and bioconjugated in a facile and inexpensive
manner. They have already been exploited as a fluorescence
contrast agent, drug delivery vesicle and, most importantly, as
a non-viral vector for gene delivery.>””>*" Under the general-
ized term of CaPNPs, they consist of either Ca(H,PO,),,
CaHPO, or Cas(PO,), and are predominantly prepared by
precipitation of inorganic salts containing PO,*>~ and Ca*'-
counter ions, such as calcium nitrate (Ca(NOj;),) and
diammonium hydrogen phosphate ((NH,),HPO,). Unlike other
NPs that wusually require an appended recognizable
biomolecule like an aptamer or antibody to introduce target
specificity, the pH dependent solubility of CaPNPs itself has
instead been directly exploited for targeting type activity. These
NPs are stable at physiological pH but dissolve in acidic
environments and since such an environment is found around
many solid tumors, CaPNPs are useful for targeted delivery of
drugs or genes to these cancer cells. However, one major
problem associated with CaPNPs is their poor long-term
colloidal stability as they grow in size when stored after
synthesis. Several reports have described methods to inhibit
the continual growth process and these include addition of
Mg>" ions, encapsulation with block copolymers, use of PEG
or simply by adsorbing DNA.>**7>** Plasmid DNA or simple
oligonucleotides get readily adsorbed onto the CaPNPs surface
during a standard coprecipitation process which, besides
functioning as a solubilizing ligand for colloidal stability, can
also enhance the intrinsically poor transfection efficiency of
these particles.>**>*® The problem of rapid NP growth during
coprecipitation was addressed by Kakizawa et al by
introducing a PEG-poly-aspartic acid (PEG-PAA) block
copolymer which adsorbed to the NP surface forming a core-
shell structure with a hybrid core of CaP and plasmid DNA

9076 | Nanoscale, 2016, 8, 9037-9095

surrounded by a PEG shell.’** Besides providing colloidal
stability, the presence of a PEG corona substantially increased
intrinsic resistance towards nuclease degradation. This was
shown with in vitro analysis after incubating luciferase-
encoding plasmid-carrying NPs with DNase I. A significantly
higher expression of luciferase gene in HEK293 and HeLa cells
was noted compared to unmodified particles.>®> To prevent
similar nuclease degradation, Sokolova and colleagues
described a novel strategy of creating triple-layered CaP-DNA
NPs using a three-step synthesis.*' In the first step, the
plasmid DNA-coated NP was initially formed via
coprecipitation of (NH,),HPO, and Ca(NOs), in the presence
of the plasmid DNA. In the second step, the resulting NPs
were subjected to another coprecipitation round with the same
reagents to build a layer of CaP. Finally, the NPs were mixed
with nonspecific DNA to provide the required colloidal
stability. This yielded final NPs that were 10-20 nm in
diameter while displaying an enhanced transfection efficiency
(from 3.5% to 10% compared to standard CaP) for an eGFP-

encoded plasmid in multiple cell lines.>*"

11.

DNA nanoparticles (DNANPs) are fundamentally different
from the other conventional inorganic, polymer or protein-
derived NPs discussed previously. DNANPs can be designed
and simulated in silico by applying the basic principles of
Watson-Crick base pairing and the helical geometry of dsDNA.
They are then produced by annealing the computer-suggested
ssDNA sequence at a specific stoichiometric ratio in saline
buffer and characterized directly via gel-electrophoresis and
AFM/TEM. This simple method has produced nanostructures
with various well-defined configurations and conformations,

DNA nanoparticles
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some with the capability of reconfiguring themselves based on
the influence of external stimuli like DNA, mRNA, proteins, or
pPH and even some that are  enzymatically
replicable.*!"?12219:5397343  Originally envisioned by Prof.
Seeman nearly three decades ago, the primary goal of DNA
nanotechnology was to build 3D networks from branched
immobile DNA motifs to organize target molecules, such as
proteins for crystal studies. Although the ultimate goal of crys-
talizing a protein in a DNA scaffold is yet to be realized, well-
defined DNA-assembled 2D and 3D crystalline frameworks
have already been produced with a considerable degree of
success.”"***> To date, a fairly large collection of discrete
DNANPs with varying degrees of complexity can be found in
the literature with some produced to display a specific property
or to execute a certain task and some driven by the sheer inter-
est of generating novel nanoscale patterns or geometric shapes
with an increasing degree of sophistication.’? This structural
library can be categorized into three distinctive subsections: (1)
small DNA tiles formed by the self-assembly of a few ssSDNA
molecules, which if designed wisely with self-complementary
unhybridized strands (commonly known as sticky ends), can
grow into finite or seemingly infinite periodic 2D arrays or a 3D
network via sticky end association; (2) discrete 3D polyhedra,
from a simple tetrahedron to something as structurally rich as
a buckyball; and (3) scaffolded-DNA origami produced by
folding a long ssDNA (most commonly the M13mp18 bacterio-
phage genome of ~7000 nucleotides length) with numerous
predesigned short oligonucleotides, called staple strands, into
a desired, discrete 2D or 3D architectures. All of these are
powerful templates for organizing multiple nanoscale entities
with nanometer precision which, along with unique addressa-
bility, are the primary reasons behind the growing popularity of
these exquisite nanostructures. Thanks to both modern
organic chemistry and molecular biology, a rich variety of bio-
conjugation methods have been developed over the years to
modify DNA with biorecognition molecules and other
NPs.’®*® ssDNA-functionalized NPs or biomolecules can be
easily incorporated into DNA nanostructures by complementary
base pairing interactions targeted to protruding sticky ends,
and the resulting hybrid nanoassemblies have found appli-
cation in a wide variety of areas including biosensing, cellular
delivery and even for preliminary theranostic purposes.’*”**® It
has also opened up a new paradigm for fundamental studies,
such as understanding the interaction mechanisms between
discretely placed photonic elements."®*2%1°

11.1. Biosensing and molecular logic devices

Biocompatible DNA nanostructures are obviously ideal for
exploitation as both biosensing platforms and biosensors
themselves and the most convenient approach to achieve this
is by incorporating a target-specific aptamer as a probe; this is
easily accomplished by simply extending a constituent strand
with an aptamer sequence. Pei and coworkers reported a DNA
self-assembled tetrahedron shaped nanostructure functioning
as a central DNANP which could serve as an electrochemical
sensor for the detection of target DNA (Fig. 39a).°*° The rigid

This journal is © The Royal Society of Chemistry 2016
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pyramidal DNA nanostructure was synthesized by the self-
assembly of four self-complementary ssDNA in less than two
minutes with a remarkable yield of nearly 85%. Among the
four constituent strands, three were conjugated to thiol moie-
ties while the fourth strand was carrying the extended probe
sequence. The thiol groups were conjugated to DNA strands in
such a fashion that in the self-assembled structure they occu-
pied the vertex positions and therefore acted as anchors to
firmly and rapidly adsorb the tetrahedron onto an Au electrode
surface, leaving the probe available and displayed at the top. A
standard sandwich assay was then performed where the target
strand acted as a linker between the probe and a biotin-modi-
fied reporter strand which was bound to avidin-HRP. Presence
of the target DNA was transduced into electrochemical signal
by the catalyzed electroreduction of H,O, by HRP in the
presence of the redox active cosubstrate TMB (3,3',5,5-
tetramethylbenzidine). The same principle was applied for
detecting the often targeted thrombin by conjugating a
thrombin-specific aptamer as the probe to the fourth strand,
leaving the rest of the design intact. The assay could
potentially be applied in biological fluids as the DNA
tetrahedron-coated Au electrode surface displayed minimal
nonspecific adsorption to other proteins present in serum.
The detection limit for target DNA and thrombin was 1 pM
and 100 pM respectively, the latter being significantly lower
than typical ssDNA aptamer-based sensors.”*® Later, the same
group extended the tetrahedron DNA nanostructures for the
detection of cocaine by incorporation of a biotinylated
cocaine-targeting aptamer as the reporter strand.’>°

Besides static structures, intricate design capabilities have
produced a rich library of DNA nanostructures that are physi-
cally reconfigurable by external stimuli and some of these have
even been employed as logic-based sensing devices, both in
vitro and in vivo. For example, Pei and coworkers synthesized a
library of DNA tetrahedrons to construct AND, OR, XOR, and
INH logic gates. Based on their programmable configuration,
the structures displayed a remarkable response to several
targets like protons (H'), mercury ions, ATP and, of course,
complementary DNA strands.’® The presence of the target
triggered a conformational change from a relaxed to a taut
state, which was read out via a change in FRET signal between
dyes attached to the DNA. These scaffolded logic gates also dis-
played promising activity inside a cellular environment
mapping the spatial distribution of ATP in the cytoplasm of
HeLa cells. External stimuli-driven conformational changes of
DNA nanostructures have been further exploited by Modi and
coworkers to map the spatial and temporal pH dynamics inside
living cells (Fig. 39b).>>' The simple DNA nanostructure that
they developed was equipped with cytosine rich sticky ends that
formed an i-motif complex under acidic condition, bringing a
FRET pair closer to each other. The nanodevice was readily
internalized in Drosophila haemocytes, presumably by anionic
ligand binding receptor pathways, and changes from an initially
strong to a weak FRET signal was associated with the rapid
acidification rate of the early endosomes followed by a later, far
slower rate during their maturation into liposomes.>**
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Fig. 39 (a) (i) Schematic representation of an electrochemical DNA sensor employing a 3D DNA nanostructure immobilized on a gold electrode
surface. (ii) Amperometric measurement displays stronger electrochemical signal with increasing target DNA concentration. (iii) The sensor’s capa-

bility of discriminating a single base mismatch is demonstrated. The fully complementary strand gives rise to much stronger current than three other
single base mismatches (T: T, C: T and G: T). Reproduced with permission from ref. 549. Copyright 2010, Wiley-VCH. (b) (i) A DNA nanodevice uti-
lized for mapping spatial and temporal changes of pH inside living cell. Schematic shows the working mechanism involving an I-switch that, depend-
ing on the pH, tunes the extent of FRET between two fluorescent dyes AF488 and AF647. (ii) Time dependent pseudo color confocal images of
donor (AF488)/acceptor (AF647) intensity in haemocytes, scaled with respect to pH. Reprinted with permission from Macmillan Publishers Ltd:

Nature Nanotechnology, ref. 551. Copyright 2009.

Along with sensing, such dynamic DNA nanostructures and
especially those displaying a central cavity to safeguard a cargo
could be advantageous for targeted delivery. Andersen et al.
reported a DNA origami box with a hollow core, and a control-
lable lid that could be opened and locked by ssDNA inputs via
a simple toehold-mediated strand displacement. The hollow
core was large enough to contain a ribosome or a polio virus
and could easily be loaded with drugs or antibody for use as a
delivery vehicle.’**> Douglas et al. reported a more advanced
hollow barrel shaped DNA origami with the unique capability
of sensing a specific cell surface and structurally reconfiguring
itself on that basis (Fig. 40).”>® This origami was loaded with a
fluorescently-labeled antibody against human leukocyte
antigen on the inner surface, while the outer surface was deco-
rated with aptamer encoded logic gates that dictated the open
and closed states of the barrel. In buffer solution, the origami
remained in a locked state where the two identical units of the
barrel were connected by DNA aptamer-based locks. Encoun-
tering the right combination of proteins expressed in target
cell lines, the aptamer preferentially bound to its target
protein displacing the partially-hybridized complementary
strand and this resulted in a drastic structural reconfiguration
which unlocked the barrel and exposed the antibody payloads;
this, in turn, led to the origami itself finally attaching to the

9078 | Nanoscale, 2016, 8, 9037-9095

cell surface.>®

More recently, Amir et al. applied this same
principle to construct a complex logic gate system employing a
batch of similar DNA origami nanostructure as above
equipped with carefully manipulated ‘keys’ and ‘locks’.>**
Besides an external DNA input, the opening, closing and reco-
gnition of the robot-like origami were controlled by the
specific stoichiometric presence of other origami referred to
colloquially as the positive regulator, negative regulator,
effector robot, etc. The gates performed impressively in the
haemolymph of a living adult Blaberus dicoidalis (tropical cock-
roach) which is known to have low systemic or endogenous
nuclease activity and was thus compatible with prototyping
such DNA nanostructures. Comparing the Reynolds number in
the human circulatory system (1 in arteriols, ~4000 in aorta
and vena, 1-5 in insect’s haemocoel), the authors were opti-
mistic about the application of these DNA robots in human if
the quantity of the robot was scaled up and they were made
more nuclease resistant.>>*

11.2. Multiplexed detection

The unique programmability of DNA nanostructures also
offers opportunities to build sophisticated multifunctional
detection platforms by integrating multiple non-interacting
DNA or RNAs aptamers onto a single DNA nanostructure. For

This journal is © The Royal Society of Chemistry 2016
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(a) Schematic drawing of an aptamer-gated DNA nanorobot capable of transporting molecular payloads to specific targets. (i) The front

orthographic view shows the protein loaded nanorobot in locked configuration. (ii) Perspective view of the DNA nanorobot in unlocked configur-
ation with exposed antibody payloads. (b) Activation scheme of the nanorobot loaded with antibody fragments to human leukocyte antigen
HLA-A/B/C. Specific protein keys are necessary for opening the aptamer gated locks which then allow the nanorobots to bind to cells expressing

HLA-A/B/C antigens. From ref. 553. Reprinted with permission from AAAS.

example Ke et al. used a DNA origami to construct a nano-
scopic DNA chip that was capable of simultaneously detecting
multiple label-free RNA and which they envisioned could be
an alternative to assays based on DNA microarrays or real-time
PCR (RT-PCR).”*® They employed a rectangular DNA origami
with three different capture strands organized repeatedly in a
specific geometrical pattern. Upon binding to the RNA target,
the local stiffening was clearly imaged via AFM. The method,
besides showing exceptionally high specificity, displayed high
sensitivity, with a potential LOD down to a few thousand mole-
cules.>® For multiplex detection, fluorophore-modified DNA
nanostructures can have an especially useful impact. The wide
commercial availability of fluorescent dye-labeled DNA has
made the task of modifying a DNA nanostructure with fluoro-
phores routine and quite straightforward.>*®>*® Multiple fluo-
rescent dyes can be easily incorporated into DNA
nanostructures at a specific stoichiometric ratio or in a certain
geometrical pattern, which can serve as a distinct code. For
example, Li and coworkers reported a DNA dendrimer-like
nanostructure that worked as a functional probe with the capa-
bility of simultaneously detecting multiple pathogenic DNA
present in a complex clinical sample.”®” The Y-shaped dendri-
mer was fabricated by the self-assembly of three other smaller
but similarly-shaped dendrimers with unhybridized sticky
ends and varying ratios of a green and red fluorescent dye
affixed at the periphery. Unlike DNA microarrays, which work
on the principle of positional encoding, the Y-shaped dendri-
mer acted as a fluorescent intensity encoded nanobarcode. In
order to amplify the output of fluorescent signal intensity, the
dendrimers were concentrated by capturing on an avidin-func-
tionalized polystyrene microbead using a sandwich assay
where the target DNA acted as a linker between the pre-

This journal is © The Royal Society of Chemistry 2016

assembled biotinylated DNA on the microbead and the repor-
ter barcode. Based on the ratio of the dyes on the reporter
dendrimer, the microbeads displayed different colors which
was vividly differentiated under a fluorescence microscope and
later processed by computer. The method was rapid and
highly sensitive with a detection limit approaching a few
hundred attomoles.®” A geometric encoding approach was
also adopted by Lin and colleagues to construct a fluorescent
barcode with an enhanced multiplexing capability (Fig. 41).>°®
In order to unambiguously detect the geometrical pattern of
the fluorescent spots, maintaining the robustness of the
underlying scaffold is extremely important and this was
achieved by using a 800 nm long tubular DNA origami. The
excellent addressability of the DNA origami was exploited to
organize three different fluorescent dyes at three well-separ-
ated and distinguishable locations in multiple numbers. Using
permutations and combinations of the three dyes, 27 distinct
(3*) barcodes were initially composed. Later admixing of two
different fluorophores at one zone allowed three extra pseudo
colors to be generated, which increased the size of the barcode
library from 27 to 216 (6°). The color identity and the relative
spatial position could be clearly resolved by TIRF microscopy
(total internal reflection fluorescence microscopy). By increas-
ing the number of fluorescent zones, the size of the barcode
library could also be further increased, however, due to the
reduced spacing between the fluorophores upon increasing
the zone numbers, super-resolution microscopy was required
to distinctively identify the pattern. The DNA-PAINT (point
accumulation for imaging in nanoscale topography) super-
resolution technique was employed and resolved two fluo-
rescent spots separated by a distance of 42 nm.>*® The capa-
bility of this barcode to be used as an in situ imaging probe
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(a) Detailed 3D illustration of a zone of a DNA self-assembled rod like nanostructure decorated with fluorescent dyes at specific locations

that can act as fluorescent barcode. (b) A representative superimposed TIRF microscopy image of an equimolar mixture of 27 distinct barcode struc-
tures. (c) TIRF images of yeast cells tagged with DNA nanobarcodes (green-red-green). Reprinted with permission from Macmillan Publishers Ltd:

Nature Chemistry, ref. 558. Copyright 2012.

was also demonstrated by tagging surface proteins in yeast
cells (Fig. 41¢).>’

11.3.
others

Vaccine display, gene delivery, green regulation and

Another promising research frontier emerging in recent years
involves appending immunogenic molecules to DNA nano-
structures to stimulate a strong and long-term immune
response.’®>®> DNA nanostructures are inherently biocompa-
tible, have low auto-immunogenicity, satisfactory cell per-
meability and, most importantly, their extraordinary
programmability can allow antigen and adjuvant to be brought
closer together on one platform which can augment an anti-
body response. The pioneering report in this area came from
Li et al. where a DNA tetrahedron conjugated to a cytosine-
phosphate-guanine (CpG) motif (known for their strong
immune-stimulatory activity) was delivered to macrophage like
RAW274.7 cells without the aid of any transfection agent. A

Primary
immunization

Secondary
immunization

Antigen
challenge

Antibody response/ug mi!

high level of secretion of pro-inflammatory cytokines including
tumor necrosis factor, TNF-a, was subsequently observed.>®°
While the CpG-free tetrahedron displayed negligible stimu-
lation, the CpG-modified tetrahedron showed a ~9-18 times
higher level of TNF-a expression compared to ssDNA-CpG.
Similarly, Schiiller and colleagues delivered a hollow 30 helix
origami tube decorated with 62 CpG units to spleen cells and
observed a much higher cytokine production than just CpG-
conjugated oligonucleotides when using Lipofectamine as a
carrier and delivery system.’®' Liu and coworkers approached
the next level by fabricating a vaccine complex where CpG
units were appended as adjuvant at the vertices of a DNA tetra-
hedron and streptavidin (STV) used as a model antigen affixed
in the inner core (Fig. 42).>°> The vaccine complex was injected
into a BALB/c mouse model and over a period of seventy days
the serum of the immunized mouse developed a significantly
higher level of anti-STV IgG antibodies compared to free STV
and CpG control complexes. The authors envisioned that such

(c) :
—_
1000 = L
-=- Free CpG+STV ] A
- Tetrahedron-CpG-STV ‘% 80
= L]
3 60 N
®
100 o A
m 40
>
g o g
3 a g
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Days post antigen challenge

Fig. 42 Self-assembled DNA nanostructure being used as a scaffold for constructing a synthetic vaccine complex. (a) The red color streptavidin
proteins are captured inside the green tetrahedron shaped DNA nanostructure decorated with CpG units (purple color) at the vertices. (b) Immuni-
zation of the BALB/c mice (scheme a) with the DNA scaffolded vaccine complex has stronger antibody response (higher Anti-STV IgG level) com-
pared to free components. (c) Specific memory B cell response was also higher when the DNA-assembled vaccine was used. Reprinted with
permission from ref. 562. Copyright 2012 American Chemical Society.
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programmable DNA nanostructures could be a promising plat-
form for developing far more complex vaccines by constructing
multivalent and multi-specific antigen-adjuvant complexes or
by incorporating various other immunogenic epitomes.>**

The ability of designer DNA nanostructures to also be a
good nucleic acid delivery agent was demonstrated by Lee and
coworkers.>” Unlike most NPs, which are generally somewhat
heterogeneous in size (except viral capsids), the high degree of
homogeneity in size and shape is another unique feature of
DNA nanostructures and this can also enhance permeability
and retention time and thus overall delivery performance. In
addition to a uniform population, its programmable nature
offers a capability to append cargo or targeting ligands with
unmatched control over stoichiometry and spatial orientation.
Lee produced a DNA tetrahedron structure by the self-assembly
of six ssSDNAs to deliver siRNA meant to silence target genes in
tumor cells. Each edge of the 10 nm length DNA tetrahedron
had an ss overhang which was exploited to bind to short oligo-
mers-conjugated with anti-luciferase siRNA. In order to
achieve the best targeted delivery of the siRNA, they screened
various cancer cell-targeting ligands, including FA and nearly
30 different peptides, by conjugating them to the tetrahedron
with different stoichiometries or relative orientations. It was
observed that the FA-conjugated tetrahedron was best in
showing the maximum inhibitory effect of luciferase
expression in model HeLa cells. Interestingly, the orientation
and location of the targeting ligand, especially when they are
closely spaced, had a profound effect on the gene silencing
efficacy although the cellular uptake efficiencies were the
same. It was also noted that a minimum of three FA tags were
necessary for proper targeting and, when they were arranged
on one face of the tetrahedron, the gene-silencing efficacy was
increased. This suggests that the local density of the FA moie-
ties and how they interact with the FA receptor on cell surfaces
might, in turn, have an impact on intracellular trafficking
pathways and therefore on the gene silencing.’*’

Besides just DNA tetrahedra, numerous other wireframe
DNA polyhedra nanostructures, even some with reconfigurable
sizes, have been reported by several groups.>'>1%:>637368 Thege
biocompatible and fully addressable nanostructures, some-
times even with accessible pores, can be extremely useful for
encapsulating and delivering drugs, proteins or other thera-
peutic materials to target sites or to build novel nanomaterials.
Historically, the Seeman group first reported a cube and trun-
cated octahedron like structures synthesized from DNA via a
series of ligation and purification steps.>*®°®® The Sleiman
group later came up with a less cumbersome approach for pro-
ducing sophisticated DNA polyhedra by first creating polygons,
with ssDNA as arms and particular organic molecule as ver-
tices, and later connecting them as top and bottom faces via
specific linking strands.’®® The ss edges of these cage-like
structures were available for integrating biomolecules of inter-
est. Edwardson attached dendrimeric alkyl chains by first
chemically conjugating them to a DNA and then hybridizing
the hybrid conjugate to the ss edges of a cube like nano-
structure.”®® Depending on the number and spatial orien-
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tation, the engagement behavior of the hydrophobic side
chains, whether inter- or intra-molecularly, could be con-
trolled. For example, four amphiphiles on the same face of the
cube associated inter-molecularly leading to formation of a
cage-dimer while eight of them, one at each vertex, interacted
intra-molecularly forming a micellar environment within the
cage. Those scaffolded micelles could be exploited for loading
small hydrophobic molecules, such as Nile Red in this case, as
cargo and releasing them in response to external DNA
stimuli.>®® To further demonstrate the potential usability of
the wireframe cages, they recently employed a 3D DNA prism,
synthesized in the same fashion, to integrate discrete number
of antisense oligonucleotide to induce gene silencing.””® The
prismatic nanostructures with 4 and 6 antisense units dis-
played significantly higher stability against nuclease degra-
dation in serum and superior firefly luciferase gene knockdown
efficiency compared to ss-antisense oligonucleotides alone. The
Sleiman group also showed that the polygons can further be
connected longitudinally to produce nanotubes with tunable
geometry, size and stiffness, which they envisioned can be used
for selectively loading and releasing NP cargos.””! Lo and col-
leagues actually encapsulated AuNPs in such a nanotube with
alternating large and small capsules that resulted in a ‘pea-pod’
like structure.’’? The tubes could be opened in the presence of
external DNA via strand displacement leading to release of the
captured AuNPs. Hamblin et al. reported that somewhat ana-
logous DNA nanotubes, prepared in a slightly different way,
could be easily transported inside HeLa cells and display
significantly higher resistance against enzymatic degradation
than the component oligonucleotides alone.””?

12. Conclusions and perspective

Looking cumulatively over what has been covered above,
although not comprehensive by any means, still provides an
appreciation of the breadth of application space where both
NPs and DNA have worked together synergistically. It is also
readily apparent that this material partnership is steadily
growing both more sophisticated and capable with time. By
this we mean that newer applications seek to exploit more of
the unique capabilities that each material can provide while
also utilizing them to accomplish de novo tasks and to create
new types of functional materials in concert with other build-
ing blocks. For example, using the recent example described
by Dwyer et al.,*** in Fig. 23, we note the use of the QD as
both: a (i) central nanoplatform or host for displaying multiple
different types of biologicals - luciferase and DNA - with
control over ratio or valency; and (ii) an energy harvesting
acceptor for the luciferase-generated sensitization along with a
relay for ET to the photonic wires. Here the DNA provides a
chemical linkage to the QDs in the form of an appended
peptide while also providing programmable and site-specific
placement of the acceptor dye cascade. This combined func-
tionality, where the assembly is capable of generating and then
directing excitonic energy in a somewhat controlled manner, is
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clearly far more sophisticated in comparison to the first
reports of DNA-modified QDs being utilized as hybridization
probes. Other examples of a similar vein include the ability to
generate DNA functionalized-NPs that are then incorporated
into single and multicomponent NP super lattices or use of
DNA nanostructures for epitope and even adjuvant display in
vaccine development.”*® The intersection of multiple active
materials together such as DNA and catalysts or enzymes also
has very strong potential.>”*>’® We are also seeing the inter-
section of theory and experiment giving rise to fascinating new
materials such as DNA-based switchable chiral plasmonic
structures and catenated DNA machines that can control spec-
troscopic properties such as plasmon coupling.>%724226:228,577
Composite materials that bring together multiple NP materials
to work in concert can also be expected in the near term.

A critical point about progress to be appreciated is the con-
tinuity and connectivity of research in this field. For example,
considering the work in Fig. 23 described above,*** this did not
occur de novo, rather, many of the initial concepts that gave rise
to this construct originated with the work of the Maye group
who, in turn, were inspired by the seminal work of Rao.>”®°%
The above examples also, in essence, provide a roadmap as to
what we can expect in the future from this working materials
combination. Clearly, there will be continuous and significant
improvements to all their current roles in diagnostics and the
like. More importantly though, their applications will grow in
terms of both sophistication and complexity while also demon-
strating ever new capabilities. Moreover, these will be in concert
with other types of NMs and biologicals along with application
to in vivo environments such as cells, tissues and model organ-
isms.>®" The latter will also bring with it a host of other impor-
tant issues that need to be addressed that sometimes arise from
the constituent materials in the NPs. For example, use of semi-
conductor QDs in live organisms is always tempered by con-
cerns of toxicity. Fortunately, concerted research continues to
address this issue.”®* % In a similar vein, we can expect that
many other related issues, such as improving NP-DNA bio-
conjugation and better targeted cellular and tissue delivery may
also be addressed by continuing research avenues.’*** Wwe
can also start to expect what some would consider former
science fiction predictions to become reality in the form of
nanomachines and nanodevices capable of quasi-autonomous
exploits. Along with the NPs themselves, here too the DNA will
also provide multiple roles in terms of recognizing other DNA
or materials, site-specifically displaying fluorophores or other
active molecules even to include far larger enzymes,®*>"®
joining NPs and other materials into complex 3-D structures
and perhaps even encoding and storing important information
- the utility DNA was originally selected for by evolution.

Abbreviations

ADP
AFM

Adenosine diphosphate
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Silver nanocluster

Silver nanoparticle

Adenosine monophosphate
Adenosine triphosphate

Gold nanoparticle

Gold nanorod

Body centered cubic

Bovine serum albumin

Colon adenocarcinoma

Calcium phosphate nanoparticle
Cowpea chlorotic mottle virus
Circular dichroism

Carbon nanotube
Cytosine-phosphate-guanine

Cell penetrating peptide

Cyclic voltammetry

Surface to volume ratio

Chlorin e6

Dark field microscopy
Dimethylamine borane
Deoxyribonucleic acid
Doxorubicin

Double stranded

Energy transfer
1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
Enhanced green fluorescent protein
Electromagnetic pulse

Folic acid

Face centered cubic

Fluorescence in situ hybridization
Forster resonance energy transfer
Field effect transistor

Green fluorescent protein
Guanosine triphosphate
Graphene oxide

Glucose oxidase

Human embryonic kidney cells
Human ferritin heavy chain
Horseradish peroxidase
Isothermal circular strand displacement amplification
Immunoglobin E

Indium tin oxide

Light emitting diode

Locked nucleic acid

Limit of detection

Luminescence resonance energy transfer
Molecular beacon

Magnetic nanoparticles
Magnetic resonance imaging
Multiwall carbon nanotube
Nanocluster
N-Hydroxysuccinimide

Near infrared

Nanomaterial

Nanoparticle
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PAINT Point accumulation for imaging in nanoscale

topography

paF p-Aminophenylalanine

PCR Polymerase chain reaction

PDGF Platelet derived growth factor

PDGF-BB Platelet derived growth factor B-chain homodimer
PANP Palladium nanoparticles

PEG Polyethylene glycol

PEI Polyethyleneimine

PL Photoluminescence

PNA Peptide nucleic acid

PPO Propylene oxide

PTX Paclitaxel

ps Phosphorothioate

psDNA Phosphorothioate DNA

QD Quantum dot

QY Quantum yield

RET Resonance energy transfer

rGO Reduced graphene oxide

ROS Reactive oxygen species

RT PCR-real time polymerase chain reaction
siRNA Small interfering RNA

SNA Spherical nucleic acid

SOG Singlet oxygen generation

SPR Surface plasmon resonance

SMCC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
SWCNT  Single wall carbon nanotube

Ss Single stranded

TAMRA  Carboxytetramethylrhodamine

TEM Transmission electron microscopy
TIRF Total internal reflection fluorescence
TMB 3,3',5,5"-Tetramethylbenzidine

TNF Tumor necrosis factor

UCNP Upconversion nanoparticle

UME Ultramicroelectrode

UV-Vis Ultraviolet-visible

4 Zeta (for zeta potential)
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