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Promising biomedical applications of hybrid materials composed of gold nanoparticles and
nucleic acids have attracted strong interest from the nanobiotechnological community. The
particular interest is owing to the robust and easy-to-make synthetic approaches, to the versatile
optical and catalytic properties of gold nanoparticles combined with the molecular recognition
and programmable properties of nucleic acids. The signi¯cant progress is made in the develop-
ment of DNA–gold nanostructures and their applications, such as molecular recognition, cell and
tissue bioimaging, targeted delivery of therapeutic agents, etc. This review is focused on the
critical discussion of the recent applications of the gold nanoparticles–nucleic acids hybrids. The
e®ect of particle size, surface, charge and thermal properties on the interactions with functional
nucleic acids is discussed. For each of the above topics, the basic principles, recent advances, and
current challenges are discussed. Emphasis is placed on the systematization of data over the
theranostic systems on the basis of the gold nanoparticles–nucleic acids hybrids. Speci¯cally, we
start our discussion with observation of the recent data on interaction of various gold nano-
particles with nucleic acids. Further we describe existing gene delivery systems, nucleic acids
detection, and bioimaging technologies. Finally, we describe the phenomenon of the polymerase
chain reaction improvement by gold nanoparticle additives and its potential underlying
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mechanisms. Lastly, we provide a short summary of reported data and outline the challenges and
perspectives.

Keywords: Gold nanoparticles; delivery; DNA detection; bioimaging.

1. Introduction

The use of nanoparticles, especially gold nano-
particles (AuNPs) in various biomedical ¯elds1 in-
cluding targeted delivery,2–4 vaccine development,5

and biosensorics,6 was greatly expanded during the
last two decades. Since then several reliable meth-
ods for high-yielding, reproducible, and controllable
synthesis of AuNPs with desired properties have
been developed.7–9 Chemically fabricated AuNPs
o®er several interesting physical and chemical
attributes: (a) variety of sizes, tunable surface
charges and shapes10; (b) chemical and thermal
stability11; (c) high surface-to-volume ratio;
(d) unique optical and electronic features due to the
strong localized surface plasmon resonance (LSPR)
absorption and scattering cross sections; (e) high
biocompatibility and low immunogenicity.12 These
properties determine the use of AuNPs as promising
building blocks for further functionalization with
biomolecules of interest. During the past decades, a
broad list of functional hybrids based on the con-
jugated AuNP with antibodies,13,14 enzymes,15,16

peptides,17 and nucleic acids (NA)18–21 have been
developed for various uses. Speci¯cally, the AuNP–
NA hybrids are one of the most promising, and
present the current interest in this review. Indeed,
more than 1000 experimental and review studies
with AuNP–NA hybrids are published annually
since 1996, when Mirkin and co-workers introduced
the concept of the cross-linking biospeci¯c aggrega-
tion of the AuNPs functionalized with oligoDNA.22

Following this concept, similar approaches were de-
veloped and applied in nano-assembly,23–25 environ-
mental monitoring,26,27 disease diagnosis,28–30 cell
imaging,31–33 and drug delivery34,35 due to their
unique distance-dependent optical properties, e®ec-
tive programmable binding, rapid cell uptake, and
low innate immune responses.36–38

Nevertheless, many tasks concerning the topic
remain unclear. Speci¯cally, there is no universal
approach for programmable functionalization of
di®erent AuNPs with NA with desired parameters.
The current mechanisms for cellular uptake, the
pathways, and intracellular behavior of AuNP–NA

hybrids are still unclear. The problems of analytical
range, the speci¯city, sensitivity, and selectivity in
aggregation-based sensors with AuNP–NA hybrids
are worth further investigations before being
transferred to clinical usage. Thus, we hope that the
present review, being aimed at systematic and
critical observation of the recent studies, will be
helpful in the context of the mentioned challenges.
This mini-review is divided into several sections,
starting with brief outline of the major features of
the AuNPs and NA which are important to their
rational assembly into functional nanohybrids. The
following sections are devoted to the applications of
AuNP–NA hybrids in biosensing, bioimaging, in-
tracellular delivery, and polymerase chain reaction
(PCR) improvement. For each of the above topics,
the basic principles, recent advances, and current
challenges are discussed.

2. The Building Blocks of

NA-Plasmonic Nanohybrid-Based
Technologies

2.1. Functional NA

Chemically, DNA and RNA are heteropolymers,
consisted of repeating units, called nucleotides. All
nucleotides in turn include a pentose sugar, a
phosphate group, and a nitrogenous base. DNA
di®ers from RNA. The structural \backbone" sugar
is deoxyribose for DNA and ribose for RNA.39 The
thymine base is substituted in RNA with the cor-
responding base uracil. Finally, DNA has double-
stranded (ds) helix-shaped second structure, like a
°exible ladder twisted in opposite directions at both
ends, while RNA has single-stranded (ss) helix
structure. While DNA is concerned only with in-
formation storage, di®erent types of RNA, namely
messenger RNA (mRNA), transfer RNA (tRNA),
ribosomal RNA (rRNA), and small interference
RNA (siRNA) assume di®erent functions in the
living cells.40 Thanks to the next-generation se-
quencing (NGS) technologies41 associated with
improvements in bioinformatics techniques and
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software which allow to obtain, analyze, and ma-
nipulate NA sequences in di®erent ways. DNA
reading by NGS when combined with DNA syn-
thesis technologies42 forms the basis for the devel-
opment of modern NA-based engineered systems,43

such as the AuNP-based detection44 and delivery45

systems (Figs. 1(h)–1(m)). The key component of
such strategies is the ability of NA to be incorpo-
rated or attached to the AuNP surface simulta-
neously with vast number of di®erent functional
groups like organic molecules (e.g., °uorescent
dyes), polymers, proteins, and other NPs. Typical
building blocks46 used in the AuNP-based strategies
are bare synthetic mono- and oligonucleotides,47

aptamers,48,49 DNAzymes,50 or modi¯ed with pep-
tides (PNA),51 sugars,52 and lipids.53 As molecular
cargoes, several types of functional NA, such as
cytosine-phosphate-guanine (CpG) sequences, an-
tisense sequences,54,55 siRNA, miRNA, etc., have
been engineered to the DNA nanoarchitectures.56

DNA molecules possess well °exibility and
programmability eager to be used as alternative
templates for NP assembly. The con¯gurations of
DNA-based plasmonic heterostructures can be
controlled by adjusting the structural parameters
related to DNA molecules, involving dimers,

trimers, pyramids, chains, and core-satellites.46 A
prerequisite for building plasmonic metal NP het-
erostructures is the stable modi¯cation of DNA on
NPs for DNA hybridization. Various functional
groups, such as sulfhydryl, amino, carboxyl, and
hydroxyl (Fig. 1(c)), can be attached to the ends of
DNA sequences.42

2.2. Plasmonic nanoparticles: Tunable

parameters towards
multifunctional modalities

The intense electromagnetic enhancement gives rise
to intense optical responses, which is dependent on
sizes, shapes, and even the orientation of constitu-
ent NPs.57 Plasmonic metallic NPs, especially
AuNPs and AgNPs, possess tunable LSPR over a
broad spectral range from the visible to the NIR
regions and display better plasmonic activities than
copper and aluminum NPs. Wet chemistry-based
bottom-up approaches allow to synthesize plas-
monic NPs with desired geometry (Fig. 1(a)) such
as nanospheres, nanorods (NRs), nanostars, nano-
cubes, nano°owers, nanobipyramids, core–shell
NPs, and nanodumbbells.58 The sizes, aspect ratios,

Fig. 1. Schematic overview of theranostic systems based on the AuNPs complexed with physically adsorbed NA (e) or AuNPs with
covalently bonded NA (f), (g), with varying parameters: core shapes (a), surface capping ligands (d), functional NA probes (b),
Raman or °uorescent reporters (c). Samples of in vitro and in vivo applications for biomolecular sensing (h)–(j), targeted delivery
and bioimaging (k)–(m). Reproduced from Refs. 59 and 60; Repreduced with permissions from Refs. 61 and 62. The used abbre-
viations are BA: bromosalicylic acid, PA: polyacrylic acid, PEG: polyethyleneglycol, PEI: polyethylenimine, CTAB: cetyl-
trimethylammonium bromide, dsDNA: double stranded DNA, ssDNA: single-stranded DNA, RM: Raman molecule and GERT: gap-
enhanced Raman tag.
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and surface roughness can be well controlled by
adjusting the growth parameters (pH, ionic
strength, reaction times, ligands, etc.).

The modi¯ed AuNPs with NA molecules should
possess stability63 for long-term storage and un-
changed properties in complex environment condi-
tions.64 Particularly, the subjection to the in°uence
of external environment changes, such as complex
bio°uids, high ion strength solution, and freeze-
drying processes65 should retain the initial proper-
ties. To improve the stability of DNA–AuNPs
conjugates, several strategies were proposed66–71

that utilize di®erent modi¯cations of the AuNP
surface, oligoDNA chains or by varying the reagents
and conditions of the conjugation procedure. The
commonly used thiolated molecules for AuNP sur-
face modi¯cation, including a nonionic thiolated
PEG, mercaptopropionic acid, glutathione, dihy-
drolipoic acid, cysteine, and cysteamine, exhibited
very little tolerance to pH or ionic strength with the
exception of the thiolated PEG.72 Further investi-
gations by Hinman et al.67 showed that the colloidal
stability of DNA–AuNPs conjugates can be re-
markably improved by utilizing the oligonucleotides
with end linkers of poly-thymine bases. Speci¯cally,
the AuNPs modi¯ed with T20-oligs demonstrated
high salt tolerance up to 6M NaCl, with maintained
stability during freeze-thawing and lyophilization
cycles. The oligoDNA modi¯ed by alkanethiols of
varying chains are also considered as e®ective end
linkers that improve loading capacity73 by reduced
sti®ness of bonded oligoDNA. Another strategy is
based on capping the AuNP surface with surfac-
tants74 (Fig. 1(d)) prior to attaching the thiolated
DNA. Such approach can be helpful, for example,
for modifying the AuNRs which are capped by
CTAB bilayer in as-prepared colloids. It was
reported that the replacement of undesirable CTAB
molecules by bromosalicylic acid75 su±ciently im-
proved the subsequent attachment of thiolated
DNA. The other reported studies for AuNRs con-
jugation with thiolated DNA are based on round-
trip phase transfer,76 vinyl carboxylate-modi¯ed
cationic surfactant in combination with amino-
modi¯ed DNAmolecules,77 direct DNA functionalizing
via salt aging,78 low pH79 or low temperature,80 and
ligand-exchange approach using poly-(vinylpyrroli-
done) as intermediate.81 Liu and co-workers74

developed a bioconjugate strategy based on the
combination of polydopamine (PDA) shell and DNA
linker. The obtained DNA linked DNA–Au@PDA

NPs showed the colloidal stability in high ionic
strength solution and complex systems (such as
human serum and cell culture supernatant). More-
over, the nanoparticles still maintained good
dispersion after multiple freeze-thaw cycles. Through
investigating the e®ect of di®erent modi¯cation
assay based on various polymers and DNA linker
(T20, C20, and A20Þ on the stability of DNA func-
tionalized Au@PDA NPs, it was presumed that the
high stability of DNA–Au@PDA NPs may be
attributed to increasing the electrostatic and steric
repulsions among nanoparticles through PDA
shell and DNA linker. However, the utilization of
surfactants with potential biotoxicity gain limits for
further biomedical applications of DNA–AuNPs
conjugates. In this regard, surfactant-free strategies
can be suggested as a sophisticated alternative for
obtaining stable DNA–AuNPs.71 Small peptides can
be considered as capping agents for AuNPs thus re-
alizing in a two-step loading procedure of thiol-DNA.
Speci¯cally, Carter and LaBean82 proposed a com-
bined approach that utilizes a synthetic gold-binding
peptide, selected from a combinatorial library,
covalently bonded with oligoDNA. It allowed the
self-assembling of DNA structures with de¯ned ¯nal
spatial arrangement. The peptides bonded on the
AuNPs through Au–N bonds formed negative
surface charge at pH7.4, thus generating a uniformly
charged layer to enhance particle stability.

Nevertheless, despite the promising results of
recent studies presented above, the problem of de-
veloping a simple, inexpensive, and universal bio-
conjugation strategy that could improve the
stability of DNA–AuNP hybrids in solutions with
high ionic strength and complex systems is still open
and requires further investigations for better un-
derstanding of the stated circumstances.

2.2.1. AuNP geometry variations and the
dimensional orders of DNA assemblies

Individual DNA strands can serve as linkers to as-
semble AuNPs into well-de¯ned plasmonic nanos-
tructures based on their highly speci¯c base-pairing
ability. Early examples can date back to the year
1996, when Mirkin's22 and Alivisatos'83 group in-
dependently published two papers. The former
synthesized two types of polyvalent DNA–AuNP
conjugates that have complementary DNA
sequences on the surface of AuNPs, which readily
form macroscopic colloidal crystal lattices upon
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hybridization in solution; the latter employed a
DNA duplex to link two separate AuNPs in a pre-
de¯ned distance.84 Later studies reported successful
synthesis of heterodimeric and heterotrimeric
AuNPs with controllable spatial arrangement.85 To
date, only few types of AuNPs with di®erent ge-
ometries have been demonstrated to be modi¯ed
with thiol DNA nanoplates,86,87 nanocubes,88

nanopolyhedra,89 nanorods (AuNRs).90–94 While a
few demonstrations of DNA�AuNRs have been
occasionally reported,95 they often do not provide a
general synthesis strategy for DNA conjugation and
a consistent set of observation of their cooperative
assembly properties.75

Mirkin and coworkers recently synthesized a
range of Au superlattices including NRs, triangular
nanoprisms, rhombic dodecahedra, and octahedral
with the assistance of DNA linkers.89 They also
demonstrated that the superlattice dimensionality,
crystallographic symmetry, and phase behavior of
these crystalline structures, named DNA-origami
(Fig. 1(g)),97 were highly dependent on both the
nanoparticles' shape and the sequence length of
DNA linkers.98 Later, Li et al. observed plasmonic
circular dichroism (CD) responses in a DNA-linked
AuNR system.99 By tuning the thermal response of
DNA linkers, they obtained the reversible plas-
monic CD upon temperature-dependent assembly
and disassembly of AuNRs. Using a similar strate-
gy, they also reported a strong and reversible CD
response by assembling helical DNA and Au nano-
bipyramids. More recently, Xu and coworkers
demonstrated that AuNRs could be assembled via a
PCR process to DNA-bridged chiral systems.100

2.2.2. DNA–AuNP hybrids combined with

°uorophores and/or Raman reporters

The nanoprobes for surface-enhanced Raman scat-
tering (SERS) applications that combine metallic
NPs and speci¯c Raman reporter molecules called
\SERS tags"101 o®er several attractive advantages
over other optical probes such as °uorescent probes.
In particular, these nanoprobes are inherently suit-
able for multiplex analysis because of their Raman
spectral bands with narrow line widths and °uo-
rescence bands with wide line widths.102 Neverthe-
less, research in developing SERS nanoprobes has
fallen behind that of other nanoprobes, such as
quantum dots and dye-doped nanobeads.101 Thus
far, very few SERS nanoprobes have been used for

multiplex analysis of di®erent types of bioactive
molecules (Fig. 2), although there are ever-increasing
demands for developing SERS nanoprobes to
improve multiplex analytical performance for mo-
lecular diagnostics and bioimaging applications
(Fig. 3). One important reason for this decline is
that the direct synthesis of nanotags with strong
and stable SERS signals remains highly challeng-
ing.103 More recent advances have shed new light on
the direct synthesis of uniform core–shell nanos-
tructures with interior nanogaps for stable SERS
enhancement, also called gap enhanced Raman tags
(GERTs).104 Once the Au cores are functionalized
by RMmolecules-tethered oligoDNA, thus obtained
GERTs show strong and quantitative SERS signals
for cell bioimaging, in vivo SERS-mapping of model
cancer tumors, or for chemical detection purposes
(Figs. 3(g)–3(j)). Lim and co-workers introduced
the synthetic strategy based on the anchored DNA
staples on the AuNP cores that form the interior
nanogaps (Fig. 2(a)).105 Di®erent parameters of
the synthetic procedure, such as DNA base, length,
sequence, and grafting density were varied in fur-
ther investigations, to reveal the e®ects of AuNP
surface modi¯cation with thiolated DNA on the
formation of the interior nanogap.106,107 In another
study Lee and coworkers proposed a method for
controlled dealloying growth of bimetallic parti-
cles110 with introduced nanogap or the so-called
\nanosnowman" structures (Fig. 2(b)). In brief,
the core–shell Au/Ag alloy NPs were formed by co-
reduction of AuNP seeds, while the selective deal-
loying reaction through Fe3þ oxidation of Ag to
Agþ caused the accumulation of vacancies near the
Au core surface, thus forming the interior nanogap.
The measured SERS signal of various RM attached
to the nanosnowman revealed about 50 times higher
SERS intensity compared to that of the corre-
sponding shell-less AuNPs or gap-less NPs. These
results clarify the major role of interior nanogap in
the electromagnetic ¯eld enhancement and thereby
SERS intensity of Raman-active molecules. Zhang
et al.108 proposed a similar strategy for GERTs
synthesis using the AuNR core and Ag shell formed
via galvanic replacement. The tuning of gap size
ranging from � 2:5 nm to � 3:3 nm was realized by
adjusting the amount of added AgNO3 during the
shell formation. The authors demonstrated a proof-of-
concept theranostic application of the GERTs doped
with antitumor drug Doxorubicin and functionalized
with speci¯c recognizing aptamer: a quantitative
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SERS detection of as low as 20 MCF-7 cells in a blood
mimicking °uid, and a selective cell killing via con-
trolled heating.108 Another strategy, introduced by
Yang and co-workers,109 was based on plasmonic
Raman tags covered with three-dimensional (3D)
DNA walker. These tags were used for quantitative
SERS sensing of Salmonella typhimurium with LOD
as low as 4 CFU/mL. However, the authors reported
that the proposed method was limited for multiplex
simultaneous detection of several bacterial species.109

Despite di®erent SERS tags were recently de-
veloped and used in proof-of-concept applications,

there is no universal strategy to the date for
obtaining SERS-active nanostructures with desired
and tunable parameters that would match all
requirements. Along with the limitations of SERS
tags, other complicated tasks should be addressed
to the improvement of detection system, speci¯cal-
ly, reducing the operating time, enhancing the
spatial resolution, the problems with detecting
large-scale and moving samples, such as living
organisms. Therefore, the SERS-based techniques
are still remaining challenging and need further
investigations.

Fig. 2. SERS-sensors based on the AuNP–DNA hybrids. (a) Core–shell GERTs with interior gaps formed by oligoDNA anchors.
SERS response is controlled by the nucleobase composition, length, sequence order, loading density, and Au shell thickness.
Reproduced with permissions from Ref. 107. (b) Bimetallic Au–Ag \nanosnowmen" with neck regions controlled by oligoDNA
spacers and NaCl concentrations. SERS response can be adjusted for di®erent Raman dyes and excitation lasers. Reproduced with
permissions from Ref. 110. (c) Au@AgNP–DNA modi¯ed ¯lms and anti-adenosine aptamers for SERS detection of adenosine with
nanomolar sensitivity. Reproduced from Ref. 111. (d) SERS-active DNA origami triangles decorated with AuNPs and embedded
TAMRA dye. Reproduced with permissions from Ref. 112.
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Fig. 3. DNA–AuNP hybrids for °uorescent and Raman bioimaging. (a) \Nano-°ares" — AuNPs with bonded probe DNA
hybridized with Cy5-labeled oligoDNA reporter, which can be displaced by the target. Fluorescence spectra of bare nano-°ares
(green), with added 1 nM complementary target sequences (red) and nontarget sequences (blue). The inset image shows the SKBR3
cells labeling. Reproduced with permissions from Ref. 114. \Molecular beacons" — DNA probes with QDs and AuNP quenchers (c)
for in situ viral RNA detection in the infected cells (d). Reproduced from Ref. 116. Aptamer-based arrays (e) for selective cell
capturing and chemiluminescent detection (f). Reproduced with permissions from Ref. 117. (g)–(j) Raman mapping of cancer cells
using GERTs with oligoDNA spacers. (g) General scheme for GERTs synthesis. (h) Hyaluronic acid-capped GERTs with incor-
porated °uorophores for confocal microscopy and Raman dual imaging of HCT116 cells. Reproduced from Ref. 118. (i) GERTs with
three di®erent RM and recognizing antibodies against mitochondria, cytosol, and nucleus. Raman images overlaid with bright-¯eld
images of single HSC-3 cell. Red, green, and blue colors represent the Raman intensities from 785, 1450 and 1004 cm�1, respectively.
Reproduced with permissions from Ref. 119. (j) In vivo tumor imaging and photothermal therapy (PTT). NIR °uorescence images
of ovarian cancer xenograft mouse after 48 h i.v. administration of DylightTM-780 labeled DNA (left, control), and GERTs (right).
The tumor necrosis with the injected GERTs after PTT. Reproduced from Ref. 120
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Apart from the development of SERS-based
sensors, AuNPs and NA hybrid nanostructures can
be used as °uorescent labels with high-performance
parameters. Due to the special electronic properties,
AuNPs can act as \superquenchers" for °uorescence
via long-range resonance energy transfer.113 The
Mirkin group developed DNA–AuNP complexes
termed as \nano-°ares" (Fig. 3(a)) for sensitive
detection of ATP and mRNA in living cells.114 Wu
and co-workers developed a DNAzyme–AuNP
probe-based assay to detect uranyl ion in living
cells.115 The °uorescence is recovered by addition of
UO2þ

2 that causes the cleavage of °uorophore-la-
beled substrate strands by DNAzyme, releasing the
shorter strand from AuNPs. Moreover, it was
demonstrated that this approach can be potentially
used in vivo as a metal ion sensor.

3. AuNP-Based Gene Delivery Systems

3.1. Gene therapy: General remarks,

challenges, and future perspectives

The in°uence of cell barriers on the free adminis-
tration of NA imposes serious restrictions to the
developing gene delivery systems and their transfer
from model issues to the real clinical practice. In
addition to the extracellular barriers, mainly apart
from the speci¯c macrophage immune reactions
and digestive enzyme systems, the known intra-
cellular barriers such as the cell membrane, the
systems of lysosomal degradation, and endosomal
escape, su±ciently hinder the expression of the
internalized genes. The penetration of large mole-
cules in the living eukaryotic cells is realized by
endocytosis, subdivided into phago- and pinocy-
tosis. The ability to phagocytose has several types
of cells, such as macrophages, neutrophils, and
dendritic cells.121 On the contrary, the pinocytosis
pathway is presented in almost all animal cells,
subdivided into clathrin- and caveolin-mediated
or non-clathrin endocytosis,122,123 macro- and
micropinocytosis.124

Despite the vast list of research studies on the
gene delivery was carried out, the exact mechanisms
and key factors involved in the administration of
extracellular NA, as well as characteristic responses
from the cell, have not yet been determined.125–127

In this regard, it makes sense to further investigate
NA delivery methods, their underlying mechanisms,
advantages, challenges, and future perspectives.

Figure 4 shows schematically the most well-known
delivery systems and their principles of operation; a
more detailed description is presented in the fol-
lowing subsections.

3.2. AuNP-based nanocarriers

The gene carriers based on the metallic NPs mainly
AuNPs130 are considered to be one of the most
promising due to the unique properties of AuNP,
such as simplicity and scalability of the synthesis,
tunable plasmonic properties, low immunogenicity,
bioinertness,131 and the ability to e®ectively com-
plexing the cargo NA molecules. Due to these
promising features, a broad number of AuNP-based
nanocarriers was developed for e±cient in vitro and
also in vivo gene delivery.132 In the recent reviews,
the summarized data on the AuNP-based delivery
techniques is given along with the designation of the
challenges and perspectives.49,127,133,134 The dis-
cussed issues are the rational design of AuNPs with
encapsulated or adsorbed cargo molecules, the
e®ects of size, charge, and surface ligands to better
undergo the cell barriers. Among all known to the
date strategies, the major interest is concerned to
the delivery of the clustered system of regularly
interspaced short palindromic repeats (CRISPR)-
CRISPR-associated nuclease 9 (CRISPR-Cas9),135

obtained from the acquired immune system in
bacteria and archaea.136 This system provided a
new tool for the precise manipulation with genome
with regard to the therapeutic outcome. The ad-
vantage of CRISPR, which has made it an easy and
°exible tool for various genome editing purposes
(Fig. 5), is that it is a single protein complex (Cas9)
with two short RNA sequences functions as a site-
speci¯c endonuclease.137 The CRISPR-Cas9 system
demonstrates a new era in gene defect correction for
the treatment of numerous human diseases with
gene therapy,138 but a number of technical problems
related to the accuracy and e±ciency still need to be
solved, along with various Cas9-mediated o®-target
events (uncontrolled repair and reorganization or
genome modeling),139,140 with the development of
the methods for cell cycle synchronization, ways to
control the bypassing time of Cas9 protein complexes
and targeting a nontarget DNA strand.141,142 In the
short list given in Table 1, we refer to a few recent
studies on the AuNP-based nanocarriers, that con-
sidered to be the most promising with regard to
further clinical implementation.
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Fig. 4. Schematic overview of the AuNP-based carriers for gene therapy. Basic concepts for direct in vivo implementation (a),
or indirect, with additional in vitro modi¯cation of target cells (b). The samples of therapeutic applications with reprogrammable
gene-edited cells (c). Reproduced with permissions from Refs. 128 and 129.

(a) (b)

(c) (d)

Fig. 5. AuNP-based nanocomposites for CRISPR-Cas9 delivery. (a) Scheme for the assembling of the AuNP-lipid@Cas9-Tat-
peptide-plasmid composites (LAuCP). (b) Confocal images of the internalization the Cas9 protein/sgPlk1 plasmid formulations by
A375 cells. Blue: nucleus, Green: FITC-Cas9 protein, Red: Cy3-sgPlk1 plasmid. Reproduced from Ref. 143. (c) Arginine@AuNP
assembled polycomposites for Cas9En delivery via membrane fusion. (d). Cholesterol-dependent membrane fusion-like delivery of
Cas9En-ribonucleoproteins. Reproduced with permissions from Ref. 144.
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3.3. Plasmonic assisted laser

transfection (optoporation)

systems

The delivery of external cargoes due to the in-
creased permeability of the cell membrane induced
by the light exposure is called optoporation,
optoinjection, or laser infection. There are three
main types of optical delivery systems. The ¯rst of
them, direct photoporation,153 is performed by
narrowly focused laser irradiation. The second type
is optoporation mediated by photosensitizing
NPs,154 which e±ciently absorb the energy of laser
radiation and cause local damage to the lipid bilayer
due to photothermal e®ects. The third approach is
based on the photothermal e®ects of photosensitive
substrates155,156 for the cultivation of cells that are
activated by laser irradiation.

3.3.1. AuNP suspensions as local laser-

induced heat transducers for increased
cell membrane permeability

It should be noted that fast and ultrashort lasers are
very expensive and require careful optical align-
ment. In this regard, the further development of
optoporation methods is associated with the use
of sensitizing NPs or micro- and nanostructured
substrates.157 In general, the procedure is as
follows: cells are incubated with sensitizing NPs, for

example, AuNPs. Then the cells monolayer is ex-
posed to the laser irradiation, thus resulting in
photothermal e®ects of NPs, leading to a local in-
crease in the membrane permeability. The most
common photothermal e®ects are heating to a
critical temperature or the formation of cavitation
nano- and microbubbles due to the rapid evapora-
tion of water surrounding NPs. The photo-
sensibilized laser pulse by NP subsequently begins a
rapid (10–1000 ns) expansion and collapse of cavi-
tation bubbles, thus generating a localized me-
chanical force that partially destroys the cell
membrane.158 In recent few years, these e®ects have
attracted particular attention of researchers, since
the bubble generation is possible using less expen-
sive pulsed ns lasers.158,159 Lukianova-Hleb et al.
used Au nanospheres and nanoshells as sensitizing
NPs under the action of pulsed laser light (70 ps) to
deliver FITC-dextran to CD3-positive Jurkat
cells.160 Xiong et al. demonstrated e±cient (over
90%) delivery of labeled dextrans of di®erent mo-
lecular weights to several cell lines using 70 nm NS
and 7 ns laser.161 Then the same group used this
system to deliver labels to individual neurons, which
allowed detailed study of their morphology.162

Cell optoporation systems using plasmon NPs
that serve as sensibilizators of laser irradiation,
called plasmon-induced optoporation, are demon-
strating high e±cacy in a wide range of cargo
molecules sizes, maintained good cell viability, high

Table 1. Intracellular gene delivery systems based on AuNP nanocarriers.

Shape Size (nm) Capping ligand Cargo In vitro Cell line In vivo model aE±cacy bViability Year, Ref.

Sphere 10 PEI pDNA B16F10, HeLa,
CHO

BALB/C
nude mice

14 n.d. 2016, 145

Star 80 lauryl sulfo-betaine
or TritonX-100

siRNA MCF-7 — 50 80 2017, 146

Sphere 20 n.d. pDNA MTH53A — 50 35 2011, 147
Sphere 12 Folic acid pDNA MCF-7, A549 nude mice 85 n.d. 2017, 148
Composite 218 BSA IR780 dye MGC-803, nude mice 80 96 2019, 149
Sphere 15 oligoDNA Cas9 pDNA HEK293, Human

embryonic
stem cells,

C57BL mice n.d. 83 2017, 150

Composite 475 Arginine Cas9, labeled
dextrane

HeLa — 90 n.d. 2017, 144

Cluster 2.3 PAMAM,
mPEG-COOH

CpG BMDC C57/BL6 mice 75 75 2020, 151

Sphere 40 Chitosan siRNA H1299-eGFP — 34 80 2021, 152

aThe data is given in the percent of transfected cells counted by °uorescent images processing or by °ow cytometry.
bThe data is given in the percent and represents the results of live-dead staining and °uorescent bioimaging or cell respiratory
assays.
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throughput (up to �100,000 cells/s), and compati-
bility with adherent and suspension cell cultures. It
is notable that the possibility of integrating the
laser sources systems with light (direct or confocal)
microscopy opens up new opportunities for research
in the ¯eld of intracellular biospeci¯c labeling and
targeting. However, the number of limitations
restricts the transfer of current technologies to the
clinical applications, one of which is associated with
the cargo molecules size cuto®: a su±cient decrease
in the delivery e±ciency was shown for larger than
500 kDa molecules,163 which is presumably related
to a slower di®usion through the newly formed
membrane disruptions. Another problem is the
fragmentation of AuNPs due to the photo-
modi¯cation under the laser exposure.164 The frag-
mentation phenomenon raises some concerns when
applied to cell systems in vivo, since very small
AuNPs can interact with DNA in cells, thereby in-
creasing the likelihood of genotoxicity.165,166 It was
shown that particle fragmentation can be mini-
mized by using o®-resonant NPs with a fs pulsed
laser167,168 or by replacing the AuNP with more
photostable materials, for example, graphene-based
materials. Unfortunately, the fs lasers are extremely
expensive, and graphene QDs169 are signi¯cantly
inferior to AuNPs in terms of photosensitizing
characteristics and biocompatibility. Figure 6
depicts few recently developed AuNP-mediated
optoporation systems, which in our opinion possess
advantageous features and have potential upcoming
perspectives.

3.3.2. 2D assembled plasmonic nanoplatforms

for cell optoporation

An alternative approach to eliminate the negative
e®ects on cells in plasmon-induced optoporation
systems is to replace the suspension of NPs with
special nanosubstrates with similar NPs photo-
thermal properties (Fig. 6(a)), which are simulta-
neously substrates for cell cultivation.176 The
implementation of such systems is as follows: laser
irradiation causes local damage to the membranes
of cells in the immediate vicinity by photothermal
elements, ensuring the passage of nonpenetrating
agents into the intracellular space.173 One of the
striking examples of such technologies is a biopho-
tonic laser-assisted surgery tool (BLAST), which
consists of a SiO2 microparticles array coated with
thin Ti ¯lms with the crescent shape.177 One of the

putative mechanisms for the formation of mem-
brane holes (referred as \pores" in some issues) is
the rupture of microcavitation bubbles, which fa-
cilitate e±cient delivery (up to 78% of calcein-pos-
itive cells) while maintaining high viability (up to
87%).178 Another example is the optoporation sys-
tem using a continuous-wave (CW) laser with a
wavelength of 808 nm and AuNPs layers (Fig. 6(c)),
or magnetic iron oxide NPs.179 When cells grown on
pyramidal nanostructures (Fig. 6(e)) with a gold
coating were exposed to a pulsed ns laser, a high
delivery e±ciency of a wide range of labeled dex-
trans was observed.172 In combination with micro-
°uidics, platforms with an array of gold nanotubes
were fabricated for spatial-temporal and quantita-
tive control of intracellular delivery.180 Holes in cell
membranes are formed by hot electrons after laser
irradiation (1064 nm, 8 ps) with subsequent injec-
tion of PI into the micro°uidic channel. Table 2
summarizes the recent data on the plasmonic
assisted-optoporation systems.

Thus, platforms based on assembled NPs have
signi¯cant advantages over systems based on sus-
pension NPs, since their use completely excludes the
internalization of NPs in the cells and all related
questions. This aspect is especially attractive for
potential in vivo applications. Another advantage is
the possibility to use the CW lasers, as they are
rather cheap than the pulsed laser suppliers. On the
other hand, specialized substrates should be man-
ufactured using special template micro-
technologies,177 which have poor scale-up ability,
and noncompatible with suspended cells. Up until
now, the in vivo investigations on NP-mediated
intracellular delivery are rather scarce. The main
reason is due to the limited tissue penetration of
light, which limits the applicability, although NIR
responsive photothermal NPs o®er promising
opportunities in this regard. Thus, it will be needed
to directly address the photothermal NPs speci¯-
cally to the host cells, apart from the e®ector
molecules that should reach the same target site as
well. Targeting of NPs and molecular drugs is ex-
tensively studied in the ¯eld of nanomedicine-me-
diated drug delivery and ¯ndings from that area
may prove to be useful for translating NP-mediated
transfection to in vivo applications as well. The
most feasible application areas seem to be the skin
and dedicated parts in the eye, especially since laser
technologies are already approved for clinical surgery
in ophthalmology, stomatology, and dermatology.

Plasmonic Nanoparticles and NA Hybrids for Targeted Gene Delivery, Bioimaging, and Molecular Recognition
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4. AuNP-Based Approaches for NA
Detection

Speci¯c and sensitive recognition of DNA in the

biological samples is one of the major tasks of

modern molecular diagnostics. The commercially

available detection systems and reagents, on the

basis of PCR, blotting, or similar techniques, are

widely used for clinical trials,189 in agriculture190

environmental and food monitoring,191 and other
urgent goals. Nevertheless, conventional PCR-
based tests are mostly unavailable in resource-lim-
ited settings, where sophisticated infrastructures,
reliable electricity supplies, and trained operators
are lacking. Point-of-care testing (POCT), on
the other hand, permits rapid instrumentation-free

Fig. 6. Laser transfection systems based on photoactive plasmonic substrates (a)–(e) or with suspended AuNPs (f)–(j). Schematic
representation of in vitro gene delivery to the cells adhered on the Au nanoarrays upon laser irradiation (a). Cell optoporation on
culture plastic coated with Au nanostars layers. The °uorescent images show the optoporated HeLa cells with delivered PI molecules
upon 1064-nm ns laser irradiation in 2D scanning mode (b). Reproduced with permissions from Ref. 170. Optoporation of the HeLa
cells harvested on the AuNP surfaces for TRITC-dextran delivery via pores formation upon CW laser exposure (c). SEM images of
AuNP surfaces prepared by chemical plating. Reproduced with permissions from Ref. Polymer-coated AuNPs deposited on a solid
substrate (d): SEM image of the substrate, and °uorescence images of optoporated mouse ¯broblast cells expressing GFP.
Reproduced with permissions from Ref. 171. Lithography-assembled nanopyramids (e). Pulsed ns laser irradiation induce plasmonic
nanoheating at the apex of each pyramid, cavitation bubbles formation that induce membrane poration. The SEM image shows the
¯xed HeLa cells on the substrate. Confocal images show Calcein red-orange delivered to the cells. Reproduced with permissions from
Ref. 172. Principle of cell optoporation with AuNP suspension added to the cell medium (f). AuNP-labeled cells optoporation upon
pulsed fs-laser irradiation in a scanning mode with focused beam (g) The representative °uorescence image of optoporated ZMTH3
cells merged from 24 single images. Reproduced from Ref. 173. Direct intravitreal injection of AuNPs, FITC, or siRNA into rat eye
(h). FITC-dextran and Cy3-siRNA in vivo delivery to rat retinal cells by 800-nm fs laser irradiation in the presence of KV1.1-
AuNPs. Reproduced with permissions from Ref. 174. The in vivo pDNA delivery to mouse retina cells upon CW NIR irradiation
enhanced by functionalized Au NRs (i). The confocal images (j) of treated mice retina mCherry expression of (red) overlaid on
nuclear stain DAPI (in blue). Reproduced from Ref. 175.
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analysis.192 Two main criteria of POCT are the
portability and versatility. To ensure the portabil-
ity, the entire process, from sample preparation to
signal ampli¯cation to readouts, should be without
any additional instruments and/or alternating
current power supplies. Many recent e®orts have
been dedicated to improve the portability of the
signal ampli¯cation step.193,194 Versatility is an-
other great challenge. The ideal DNA POCT sys-
tem should be compatible not only with diverse
types of samples (such as saliva, urine, and blood)
but also work with multiplex targets including
pathogen-speci¯c DNA sequences, gene mutations,
single-nucleotide polymorphisms (SNPs), and allele
genes.195,196 Thus, AuNP-based technologies197,198

can be considered as a promising alternative to the
standard DNA-detection systems if they match
mostly of the given criteria. As far as thousands of
research studies and a broad list of reviews were
recently published on current issue, in this section
we provide a brief outline of the principal concepts
for NA recognition by NP-based hybrid nanos-
tructures. Speci¯cally, the AuNP-based strategies
can be divided into two groups: label and label-free
(Fig. 7). The ¯rst one is related to the AuNP with
covalently bonded sensing DNA, serving as probe.
In a very simple explanation, the hybridization be-
tween the AuNP-labeled probe and complementary
target DNA, in appropriate bu®er conditions, in-
duce the AuNP aggregation resulting in color
change, modi¯cation of extinction and scattering
spectra, and increased DLS average sizes (Figs. 7(a)–
7(d)). These changes can be registered with
rather good sensitivity using standard optical ana-
lyzers. Based on this strategy, implemented by
Mirkin et al.,22 plenty of assays were developed and
investigated. The e®ects of salt, pH, proteins, and
DNA base composition were discussed for control-
ling the conformation, density, and stability of
DNA.199 But still, there are several unsolved
drawbacks. The synthetic procedure of DNA–
AuNP covalent bonding is rather complicated, and
practically nonsu±cient with other types of AuNPs,
this gain limits to multiplex analysis. This approach
is rather expensive due to the usage of synthetic
thiol-modi¯ed oligoDNA. In some cases, the assay
has the pre-ampli¯cation step, which restricts an
opportunity for equipment-free POCT format. Fi-
nally, the label concept \one probe for one target" is
nonconvenient for search studies, with simultaneous
big amount of di®erent targets.

The other strategy relies on label-free assay for-
mat (Figs. 7(f)–7(i)), where AuNPs and all other
components are interacting electrostatically due to
the charges repulse, thus the system is quasi-static
equilibrated. The electrostatic imbalance can be
initiated by the probe–target hybridization, which
in turn induces strong and irreversible AuNP ag-
gregation in a target concentration-dependent
manner, thus giving opportunity to sensitive and
quantitative analysis. This simple concept was used
in several studies,196,202 including our recent ap-
proach203 with CTAB-coated positively charged
AuNPs (Fig. 7(h)). The bene¯cial features of such
approaches are all related to label-free concept, so
that you can easily change the target to be analyzed
without any manipulations with AuNPs. This fea-
ture takes in advance to further commercialization
as very simple, rapid, and cheap technology. But
still it needs further investigations in order to op-
timize the reagents concentrations, AuNP para-
meters, and procedure conditions.

The two above described concepts for AuNP-
based DNA detection were used in more compli-
cated and smart approaches that compete for ex-
tremely high sensitivity and/or miniaturization204

of the entire process. We just mention several
examples of recently developed approaches205–207

with heterogeneous-phase assay format (Fig. 8), in
contrary to the described above homogeneous col-
orimetric tests, provided with AuNP colloid and
other components in the liquid phase. Speci¯cally,
one of the assay components is chemically ¯xed on
the special substrate (glass, paper, or other) thus
forming the array of regularly deposited recognizing
units. In combination with additional signal-en-
hancement step, for example Ag staining, the ex-
tremely LOD can be reached (up to zeptamolar
concentration of target DNA,206 Fig. 8(g)). It
should be mentioned that further development of
such array-based strategies is very promising and
may give a good opportunity towards approved
clinical usage.

5. NanoPCR — Polymerase Chain

Reaction Enhanced with AuNPs

This section is devoted to the error-prone PCR and its
improvement by AuNPs. The problem of poor speci-
¯city resulting in the appearance of smear bands
along with speci¯c band on the electrophoregram
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(EF) can be referred to inappropriate thermocycling
conditions, nonoptimized ratio, and poor quality of
the reagents used in the ampli¯cation mix and for NA
extraction. Traditionally, the step-by-step optimiza-
tion of the ampli¯cation mix, the thermocycler

parameters, may help to improve the PCR e±cacy
and the yield of ampli¯ed product, but in several cases
it remains unsolved. Latest generation of PCR
machines can perform rapid heating-cooling cycles.
The thermoelectric heating used in the PCR must be

Fig. 7. AuNP-based strategies for homogeneous DNA detection. (a) Aggregation of AuNPs is induced by cross linking between
two types of probeDNA–modi¯ed AuNPs hybridized with complementary target. The colorimetric response (b) and dark-¯eld
microscopy images (d) of nonaggregated (without target DNA, red) AuNP and aggregated (with target DNA, blue) colloid AuNPs.
(c) Schematic illustration of the °ash-lamp dark-¯eld microscopy. Reproduced from Ref. 200. (d) Noncrosslinking aggregation-based
strategy, visual (e) or semi-quantitative thin-liquid chromatography (TLC) detection of target DNA with single-nucleotide poly-
morphisms (f). The wild-type (X ¼ G) and the mutants (others) can be discriminated by colors of the tubes (20mL) or the spots on
the TLC plate (2mL). Reproduced from Ref. 201. (g) Colorimetric assay using electrostatically adsorbed DNA probes on AuNP
surface. (h) Identi¯cation of PCR-ampli¯ed DNA sequences. The mixture of PCR product and probes is denatured and annealed
below the melting temperature followed by addition of AuNP colloid. The long blue and green lines represent the ampli¯ed
fragments (target), the pink and light blue medium bars represent the excess PCR primers. The short blue and green bars are
complementary probes that bind, resulting in AuNP aggregation (purple color). The short purple and orange bars are noncom-
plementary probes that do not bind and adsorb to the AuNP, thus preventing aggregation (red color). Reproduced with permissions
from Ref. 202. (h) CTAB-coated AuNPs for label-free oligoDNA discrimination with visual (i), UV-vis, and DLS detection.
Reproduced with permissions from Ref. 203.
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limited by the Peltier e®ect due to the powerful
thermal °ux and the relatively slow ratio of heating
and cooling. To avoid this limitation, machines with
an increased surface-to-volume ratio and a reduced
volume of the reaction mixture have been developed,
among them capillary PCR and PCR on microchips.
The surface-to-volume ratio of the PCR chamber in-
creased from 1.5 to 20 with the transition from

conventional equipment to capillary PCR machines
and to PCR equipment based on microarrays. This
transition, however, made it possible to increase the
PCR e±ciency only 5–10 times.208

It is known that metal NPs with a decrease in
their size have a higher thermal e±ciency.209 Spe-
ci¯cally, the thermal conductivity can be increased
by more than 20% when NPs are resuspended in

Fig. 8. AuNP-based heterogeneous sensors. (a) Cross-linking aggregation-based DNA assay with semi-quantitative TLC detector.
(b) The linearity for the detection of target DNA was between 1 nM and 1�M. Reproduced with permissions from Ref. 205.
(c) Point-of-care kit for the entire DNA detection (POCKET). (d) Triple ampli¯cation combined on the isothermal recombinase
polymerase ampli¯cation with a further Au biotin-streptavidin labeling and Ag enhancement. (e) Colorimetric readout with a
smartphone. Reproduced from Ref. 204. (f) The aptamer-based sensor for the ochratoxin A (OTA) voltammetric detection.
Reproduced with permissions from Ref. 206. (g) Sandwich-format scanometric assay with Ag enhancement for the detection of the
ampli¯ed and genomic DNA. The arrayed capture oligoDNA is hybridized with the target DNA, then with the signal probe DNA
conjugated with AuNPs followed by Ag staining. The LOD of scanometric detection of ampli¯ed DNA is about 100 zM. Reproduced
with permissions from Ref. 207.
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water.210 In an aqueous solution, NPs can conduct
heat and induce ultrafast thermal equilibration211 in
the microenvironment in 10–200 ps.212 It is assumed
that such an increase in thermal conductivity is due
to a high surface-to-volume ratio,213 the e®ect of
particle clustering and electron pairing.

5.1. The e®ect of AuNPs on
conventional PCR with gel-EF

detection

Recently, it was shown that the addition of certain
amount of NP in the ampli¯cation mixture can
improve PCR performance.214–220 Among them,
AuNPs have attracted the greatest interest of
researchers,214–217 since the pioneer study, demon-
strating the enhanced speci¯city of error-prone two-
round PCR added to ampli¯cation mixture of
nAuNPs.214 Further, Li et al.215 showed the similar
e®ect of citrate AuNP on the e±ciency of PCR.
Then, Pan and co-workers216 demonstrated the
enhanced PCR selectivity assisted by AuNPs even
for 7-cycle ampli¯cation. In addition, the certain
amount of AuNP signi¯cantly enhanced the PCR
e±ciency when using common Taq-DNA polymer-
ase217 in complicated system. Several hypothetic
mechanisms of AuNP-assisted PCR were proposed:
(1) the single-stranded binding (SSB) protein-like
mechanism215 realized by electrostatic interactions
between AuNPs and PCR components221; (2) the
high surface-to-volume ratio of AuNPs and non-
speci¯c adsorption of PCR components218 on NPs
surface; and (3) the thermal conductivity properties
of AuNPs.215,222 However, it is still unclear and
debatable which of the suggested mechanisms is
crucial for PCR outcome at typical ampli¯cation
conditions. In this section, we provide a brief sum-
mary of the published data, including our recent
mechanistic study.223

One of the questions is the role of AuNPs (the
e®ect of material and surrounding media) on PCR
outcome. No PCR improvement was observed when
SiO2 NPs were used instead of AuNPs223 or when
the dispersion medium from AuNP centrifugation
was used instead of AuNP colloid,214 thus clarifying
the current role of AuNPs. The next question is the
particle number concentration e®ect on PCR out-
come. Li and co-workers214 demonstrated that
nonspeci¯c smear bands gradually decreased within
increased AuNP concentration from 0.2 nM to
0.8 nM. However, in the presence of an excess of

AuNP amount (1 nM), the PCR was inhibited,
which was registered in a reduced PCR yield. We
have demonstrated the similar results on two vari-
ous PCR model systems.223 Thus, it was clari¯ed
that AuNPs act in a concentration-dependent
manner.

Another group of questions are related to the
e®ects of AuNPs on PCR components, such as
template DNA, oligonucleotide primers, dNTPs,
and polymerase; and the thermocycling pro¯le. It is
well-known that the annealing temperature of the
oligoDNA primers a®ects greatly the PCR perfor-
mance. The common way to improve the amplicon
yield is to lower annealing temperature, while the
speci¯city requires a higher annealing temperature.
Thus, ¯nding the optimal solution becomes rather
di±cult task, for example while using the \nested"
PCR.224 It was demonstrated224 that in the pres-
ence of 0.4 nM AuNP, a single band corresponding
to the speci¯c amplicon can be obtained at a non-
optimal annealing temperature of 40�C. The spe-
ci¯c and high-yield ampli¯cation was achieved even
at the annealing temperature of 25�C by using
0.6 nM AuNP. Thus, it was revealed that addition
of AuNPs can contribute to the annealing temper-
ature decrease, but there is no current explanation
of this phenomenon to the date. The high temper-
ature about 95�C used for DNA denaturation does
provoke aggregation of citrate AuNPs or change
their chemical properties, since citrate cannot react
until the boiling point is reached. Thus, the rapid
heat of the reaction mixture containing single
AuNPs works as local PCR reactors by transferring
the heat to PCR components thus enhancing the
reaction kinetics. The melting point (TmÞ is the
temperature at which 50% of the dsDNA molecules
can break down into individual ssDNA molecules.
When Tm is reached, fast dissociation of duplexes
occurs. The authors225 revealed the lower limit of
the melting temperature of DNA in PCR by adding
AuNP. The melting temperature and the lowest
temperature of DNA denaturation sample with
presence of AuNP decreased by 1.5�C and 1�C,
respectively, compared to real-time PCR without
the addition of AuNP.

The next point is the e®ect of the DNA poly-
merase on PCR performance. It is known that the
1,6-Dithiothreitol (DTT) is commonly added to the
PCR mixtures to preserve long-term activity of
commercial Taq polymerase. The side e®ect of DTT
is its negative e®ect on PCR speci¯city. It was
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shown that AuNPs being added to the PCR mix-
ture containing DTT were partially cross-linked by
thiol groups of DTT via Au–S bonding, thus
slightly decreased the positive e®ect of AuNPs on
PCR outcome.217 In another work, the possibility of
suppressing the ampli¯cation of longer products
and an increase in the yield of shorter amplicons was
described.226 The positive e®ect of AuNP coated
with a monolayer of hexadecanethiol on PCR was
observed when Taq and T° polymerases were used,
but not Vent polymerase. It can be noted that the
e®ects of NPs could be reversed with an increase in
the concentration of polymerase or with the addi-
tion of BSA. Therefore, it was suggested that
nanoparticles nonspeci¯cally adsorb polymerase,
thus e®ectively reducing its e®ective concentration.226

Another point that should be discussed is the
AuNP size and surface ligand e®ects. Recently, it
was demonstrated that depending on the size of the
AuNP, inhibition of PCR occurs to a di®erent de-
gree.227 This e®ect is based on the interaction of
AuNP and iTaq polymerase. AuNPs have no direct
e®ect on PCR e±ciency at low particle concentra-
tion, while they inhibit PCR at concentrations
above the threshold value. At the same concentra-
tion of particles, smaller AuNPs have a lower in-
hibitory e®ect on PCR than larger particles.
According to the recent study,227 the inhibitory ef-
fect is caused by the binding of iTaq polymerase and
AuNP. BSA can also interact with AuNP and pre-
vent the formation of polymerase binding sites on
the particle surface. The inhibitory e®ect caused by
AuNP can be partially removed by adding addi-
tional iTaq polymerase or BSA to the reaction
mixture. In our recent work,223 we explored the
e®ects of variously charged AuNP capped with
surface ligands, and estimated that the positively
charged AuNPs have extremely high e®ect on PCR
even at picomolar amounts, that is three-order
lower than the working concentration of negatively
charged citrate-capped AuNPs.

5.2. The e®ect of AuNPs on real-time

PCR

The positive e®ect of AuNPs on the DNA degrada-
tion and SYBR Green °uorescence quenching upon
their addition to a real-time PCR system was re-
cently established.228 The DNA degradation occurs
due to the possible depurinization caused by elevated
temperature. The change in the °uorescence signal

caused by the addition of 2.09 nM AuNP was so
small that it can be neglected when compared with
the °uorescence signal of the ampli¯ed product. It
was also shown that AuNPs form a complex only
with native Taq polymerase and do not interact with
recombinant rTaq polymerase. The improved real-
time PCR with 13-nm AuNP229 was applied for the
detection of Japanese encephalitis virus DNA, iso-
lated from clinical samples or from the culture. Based
on the e®ect of increasing the thermal conductivity
of the system with the addition of AuNPs, an origi-
nal approach for real-time PCR using AuNRs230

have been developed. The essence of the method
consists in heating of the particles with an 808-nm IR
laser, thus, improving the quality of DNA isolation
from, after which real-time PCR is performed with-
out removing the AuNRs from the system. It was
shown that the PCR e±ciency depends on the axial
ratio (AR) of NRs, and reaches a maximum value at
AR ¼ 3 (compared to rods with AR ¼ 15 and spher-
ical particles).

To ¯nalize the above discussion, it should be
mentioned that rather simple modi¯cation in PCR
system by adding the AuNPs can greatly improve
its performance. We believe that nanoPCR can be
implemented in the real clinical and laboratory
practice, and will be helpful at the initial steps of
newly developed PCR-based systems, as a one-step
alternative to standard approaches optimizing the
reagents and pro¯le conditions. However, the cur-
rent entire mechanisms underlying the described
phenomenon still remain unclear due to the di±-
culty of providing model experiments and simula-
tions for such multi-parameter system and need
further investigations.

6. Concluding Remarks

We have brie°y summarized the recent trends in
engineering functional DNA-based plasmonic sys-
tems for multiple biomedical applications. With the
rapid development of nanoparticles with desired
optical, magnetic, and electronic properties, a va-
riety of DNA–nanoparticle hybrids have been ex-
plored and designed for point-of-care diagnostics
and targeted gene delivery. In laboratory settings,
Au nanoparticle-based carriers have demonstrated
good capability and e±cacy as nonviral vectors for
gene therapy. However, many circumstances remain
to be explored before using good performance in
cells or animal models for clinical use in patients.
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More research is needed to better understand the
determinants of in vivo performance. In particular, it
remains unclear how the geometry of nanoparticles
and surface modi¯cations a®ect the pharmacokinetic
bioavailability. The current mechanisms of interac-
tions between cell surfaces, nanoparticles, and cargo
molecules upon the laser irradiation, underlying the
plasmonic-induced optoporation are needed to be
further investigated. The challenges of nanoparticle-
based detection systems are related to better optimi-
zation of the assay components for better performance,
applicability, and versatility in order to develop
universal platform for multiplex detection with simple,
rapid, and cheap readout. We believe that further
investigations are strongly needed to overcome these
bottlenecks with regard to translate the plasmonic
nanoparticles-mediated systems in the next generation
biomedicine.
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