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Abstract

Gold nanoparticles (AuNPs) have become the rising stars in the field of nanotechnology and made a revolution in
exploiting the profundity of genomics due to their distinguished properties such as stability, ease in preparation and
conjugation, biocompatibility, and unique optical properties. These characteristics have greatly expanded their appli-
cations such as sensitive and selective quantitation of nucleic acids and as effective carriers for specifically delivering
various important molecules/biomolecules to various targets, which are the cornerstone in treating genetic disorders.
This review comprehensively discusses the most recent progress in utilization of AuNPs in quantitation and delivery of
nucleic acids. The future prospects and challenges of various methods have also been illustrated. It is believed that
researchers will continue to overcome the limitations in previous approaches and AuNPs will still play vital roles in the
development of diagnosis and treatment of gene-related diseases.
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1. Introduction

G old nanoparticles (AuNPs) are unique nano-
materials with controllable physiochemical
properties, which have captured massive attention
from biomedical experts. These properties include
chemical stability, biocompatibility, localized sur-
face plasmon resonance (LSPR) absorption and
flexibility in surface functionalization. The chemical
stability and biocompatibility made them suitable
for numerous biological studies. Their ability to
couple with many functional molecules increase
their biofunctionality in addition to enhanced sta-
bility in complicated environments. Their unique

LSPR properties allow them to outperform in bio-
sensing, labelling and bioimaging [1]. Moreover,
AuNPs can be assembled homogenously or het-
erogeneously, which results in more distinctive
properties that diversify its applications in nano-
technology [2].

Various sizes and morphologies of AuNPs can be
simply prepared by carefully controlling important
factors such as reducing strength/concentration of
reductant, molar ratio of reductant/gold ion, pH,
temperature, and surfactant [3]. Through strong
Au—S or Au—N bonding, various recognition ele-
ments like nucleic acids can be easily conjugated
with AuNPs to prepare functional nanomaterials.
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For example, we are pioneers in conjugation of
AuNPs with nucleic acids to prepare functional
AuNPs for sensitive and selective detection of pro-
teins [4] and for controlling the catalytic activity of
thrombin [5]. Having photodynamic and photo-
thermal activities, AuNPs conjugated with various
recognition elements have been shown potential
drugs for various diseases like cancer [6].
Nowadays, many diseases have been found to be
identifiable with certain genes and their ways of
expression. Some of them have even been validated
to be curable with gene-mediated therapy, such as
cancer, hepatitis, tuberculosis and Alzheimer's dis-
eases [7]. However, traditional methods for nucleic
acid analysis such as high-performance liquid
chromatography-mass spectrometry (HPLC-MS) is
rather unaffordable and time-consuming. Common
gene delivery materials such as liposomes are
encountered with obstacles like enzyme degrada-
tion and opsonization. Hence, precise quantitation
and timely delivery of nucleic acids to sites of le-
sions become fundamental to early diagnosis and
effective management of these diseases [8].
Supported by their favorable characteristics,
exceptional advancements have been made in both
quantitation and delivery of nucleic acids with
AuNPs. For instance, over the past few years, point-
of-care diagnostics of COVID-19 have become suc-
cessful thanks to rapid and sensitive detection ach-
ieved with AuNPs [9]. A plethora of analytical
methods and sensing platforms using AuNPs for
identification of SARS-CoV-2 virus have been
developed. In 2021, a colorimetric method for the
detection of SARS-CoV-2 RNA derived from gold
nanoparticle-core spherical nucleic acids (AuNP-
core SNAs) has been developed, in which RNA was
determined by the color change generated from
inhibition of SNAs assembly caused by the cleavage
of a palindromic linker [10]. Colorimetric detection
of SARS-CoV-2 RNA was also conducted with the
assistance of magnetic pull-down based on the
CRISPR/Cas12a system. The presence of RNAs
could be recognized by naked eye through hybrid-
ization with red DNA-AuNP probe, while the
absence of RNA leaved the supernatant colorless as
free DNA-AuNP probes were magnetically pulled
down to the bottom of the test tube [11]. These novel
discoveries were not only feasible in laboratories
but also instrumental in controlling the spread of
pandemic, which makes significant contribution to
global health. In addition to that, through appro-
priate surface modification and functionalization,
AuNPs can act as biomarkers for breast cancer by
accurately binding to other biomolecules. These
methods lead to meaningful progress in early

discovery, prognosis evaluation and risk prediction
of breast cancer, which offers us new insights into
cancerous diseases [12].

Apart from quantitation of nucleic acids, gene
delivery is also an area where AuNPs have been
extensively used. AuNPs have been considered as
promising carriers of genetic materials and distin-
guished tool in gene therapy. The functionalization
of AuNPs and their bioconjugation with other or-
ganisms are commonly facilitated through strong
Au—S or Au—N bonding [13]. The well-fabricated
nanostructures of AuNPs sufficiently deliver genes
to target sites and promote gene-silencing and
gene-editing as effective treatments for genetic dis-
orders, including Duchene's muscular dystrophy
and autism [14]. It has also been highlighted by
many studies that AuNPs are trustworthy protectors
of nucleic acids and improve their bioavailability
and internalization into tumor cells in the purpose
of tumor suppression [15].

The effects of AuNPs vary with the creative de-
signs of researchers and type of diseases they aim
for. In this review, studies with different surface
modification of AuNPs, conjunctive methods and
therapeutic applications in quantitation and de-
livery of nucleic acids have been introduced. The
graphical abstract of the research of AuNPs is
shown in Fig. 1. Their upcoming challenges and
future perspectives are also summarized as we hope
scientists will be inspired with more futuristic ideas
for use of AuNPs in gene theranostics.

2. Application of AuNPs in quantitation of
nucleic acids

The biosensing techniques developed with AuNPs
mainly depend on their prominent optical proper-
ties. As modified with different substances on their
surfaces, they are enriched with more possibilities in
detecting various kinds of nucleic acids and are
empowered with the capability to achieve a much
lower detection limit. DNAs, RNAs and other dis-
ease-related genes can all be quantitatively detected
with functional AuNPs. To provide high sensitivity
and selectivity for quantitation of nucleic acids,
electrochemical and optical approaches using AuNPs
with/without applying nucleic acid amplification
(NAA) strategies have been demonstrated. For
quantitation of low levels of nucleic acids in the
presence of complicated biological matrices, AuNPs-
NAA strategies are commonly applied. Some inter-
esting AuNPs-NAA strategies for quantitation of
nucleic acids are summarized in Table 1. Target
nucleic acids were first amplified with NAA strate-
gies such as RCA, LAMP and DNA walker.
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Fig. 1. Summaries of the researches of AuNPs applied in quantitation and delivery of nucleic acids.

Afterwards, they were detected on a AuNPs-based
platform functionalized with different materials,
achieving lower detection limit and applications for
clinical diagnostics. The features and mechanisms of
various AuNPs-assisted sensing platforms for
nucleic acids are discussed below.

2.1. Analysis of RNA

The miRNA, is one of the well-known biomarkers
of cancer and other gene-related diseases. Its ab-
normality in gene expression may be the indicator
of potential tumor growth and disease progression.
Thus, sensitive and selective detection of miRNA is
of great importance in comprehension of diseases
and making efficient treatment plans. In 2021, an
ultrasensitive biosensor for detection of let-7 family
of miRNAs based on entropy-driven amplification
(EDA) coupled with nicking enzyme-assisted AuNP
aggregation was introduced [16]. In this study, the
EDA recycling process could be specifically trig-
gered. A dual strand containing nicking endonu-
cleases cleavage region is formed as EDA products
open the hairpin probe. Afterwards, the addition of
nicking endonuclease allowed the product DNA
fragments to induce the aggregation of ssDNA-
modified AuNPs. The liberating complementary
strands continued onto the next cyclic hybridization
to obtain the largest signal output. The colorimetric
method with signal amplification strategy displayed

a limit of detection (LOD) of 3.1 fM, with a wide
linear range from 10 fM to 100 pM. Various con-
centrations have been spiked inl10-fold diluted
human serum to investigate its application in real
samples. The lowest concentration added was 10 fM,
with a recovery rate of 99.2%, which also showed
promising results. The color change induced by10
fM miRNA in biological samples could be observed
by naked eye, showing its potential application in
clinical diagnosis. Nicking endonuclease-driven
amplification with an electrochemical approach was
employed in another study for the detection of
miRNA related to cancerous diseases using 3D DNA
nanostructures in 2023 [17]. The three-way
conjunction structures on the surface of AuNPs
were first assisted by target miRNAs. Single-
stranded DNAs labeled with electrochemical spe-
cies were released after nicking-endonuclease
cleavage. Via triplex assembly, facile immobilization
of ssDNAs could be achieved through pH induced
dissociation of the irregular triangular prism DNA
(iTPDNA) nanostructure. Level of the target miR-
NAs was therefore determined by evaluation of
electrochemical response, with a linear range from
100 aM to 200 fM and LOD of 10~'® M. Different
amount of miRNAs were also spiked in two inde-
pendent serum samples. The SWV responses ob-
tained with high selectivity were quite consistent
with those acquired in PBS solution. Catalytic
hairpin assembly (CHA) has also been reported to



Table 1. Various AuNPs-based gene analysis integrated with nucleic acid amplification (NAA) methods.
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Target nucleic Material for surface Integrated amplification Detection limit Application Ref.
acid modification method
miRNA ssDNA Entropy-driven 3.13 ftM Cancer diagnosis [16]
amplification (EDA)
coupled with nicking
enzyme
Irregular triangular Nicking Endonuclease- 107 M Cancer diagnosis [17]
prism DNA Mediated Amplification
(iTPDNA) (NEMA)
microRNA-150 Streptavidin Catalytic hairpin assembly 58.90 M Diagnosis of incipient [18]
(CHA) diabetic nephropathy
miR-133b and Carbon dot and DNAzyme Walker 10 M Diagnosis of bladder cancer [22]
miR-135b DNAzyme strands
miRNA-21 ZIF-8 DNA walker 29 pM Cancer diagnosis [19]
Graphdiyne DNAzyme walker 0.015 fM Cancer diagnosis [20]
DNA 3D DNA walking 23 pM Cancer diagnosis [21]
RNA Core spherical PCR Positive results SARS-CoV-2 diagnosis [10]
nucleic acids with dilution
factor of 10°
DNA PCR 50 RNA copies SARS-CoV-2 diagnosis [11]
DNA not mentioned Loop-mediated isothermal 42 fg/uLand Testing of COVID-19 and [28]
amplification (LAMP) 103 Enterococcus faecium
CFU mL
Glutathione Loop-mediated isothermal 100 copies/pL Point-of-care diagnosis [29]
amplification (LAMP)
DNA Rolling-Circle 10 fM Diagnosis of tuberculosis [26]
Amplification (RCA)
DNA Rolling-Circle 5.1 fmol/L Diagnosis of HBV [27]
Amplification (RCA)
not mentioned PCR 340 fmol Diagnosis of tuberculosis [25]
Circulating HCR hairpin H1 Hybridization chain 14.0 pM Diagnosis of various diseases [30]

cell-free DNA

reaction (HCR)

benefit AuNPs-based miRNA detection. Since DNA
tetrahedral probe has been found to efficiently
capture AuNPs, a ratiometric biosensor for exoso-
mal miRNA detection was developed by integration
of tetrahedral probe and CHA [18]. Exosomal
miRNA was able to activate the formation of stable
duplexes from two hairpin probes in the CHA sys-
tem. Hybridization of duplexes with barcoded
tetrahedra and binding to streptavidin-modified
AuNPs (SA-AuNPs) led to a red line visually
detected on the test line due to immobilization of
SA-AuNPs. The remaining SA-AuNPs captured by
biotinylated tetrahedron resulted in a relatively
weaker signal compared with that of barcoded
tetrahedra. Thus, a ratiometric result was formed as
shown in Fig. 2. The linear relationship of this study
ranged from 0.1 pM to 10 nM and the LOD was
calculated to be 58.90 M. High sensitivity, selectivity
and rapid detection of microRNA-150—5p provided
by this assay shows its potential in diagnosis of
incipient diabetic nephropathy.

3D DNA walker is also a popular NAA method
and has been coupled with AuNPs in quantitation of
nucleic acids. A label-free electrochemical sensing
platform using 3D DNA walker was designed with

metal-organic frameworks (MOFs)-based nano-
reactors [19]. Construction of the MOF-based
nanoreactors was through encapsulation of GOx in
zeolitic imidazolate framework-8 (ZIF-8). The sur-
face of ZIF-8 was loaded with AuNPs by electrostatic
absorption. AuNPs were used for anchoring the
orbit of 3D DNA walker and promoting electron
transfer on electrode interface, which increase
sensitivity and promote specificity. The presence of
miRNA-21 activated the initiation of 3D DNA
walker. Recycling of targets occurred and consid-
erable amounts of fuel DNAs with G-quadruplex/
hemin complex on the nanoreactors were immobi-
lized. Subsequently, a cascade catalysis was fulfilled
in the limited space of ZIF-8 nanoreactors. Differ-
ential pulse voltammetry (DPV) signal was eventu-
ally obtained from oxidation of ABTS by H,O,,
providing a dynamic working range between 0.1 nM
and 10 uM, with LOD of 29 pM. Serum samples
were also diluted 100-fold for detection. The lowest
concentration added was 1 nM. 92%—108% of re-
coveries were obtained, with RSD values lower than
5.3%, indicating great reproducibility in real sample
analysis. The distinguished outcomes and high
sensitivity of this proposed method demonstrated a
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Fig. 2. (A) Design of the tetrahedral capture probes-based lateral flow test strip. (B) Schematic illustration of the ratiometric strip sensor for detecting
exosomal microRNA-150—5p. (C) Investigation of the sensitivity of biosensor [18].

novel way to determine miRNA-21 for cancer
diagnosis.

A Dbiosensor integrating DNAzyme walker and
AuNPs/graphdiyne biosensing interface was

developed for quantitation of miRNA-21 [20]. The
DNAzyme reaction was first triggered by recogni-
tion of miRNA-21, causing considerable glucose
oxidase (GOD)-H1 probes cleaved from DNAzyme
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walker and hybridized onto the bioanode surface.
The substrate reaction was catalyzed by two bio-
catalysts, glucose oxidase (GOD) and bilirubin oxi-
dase (BOD). The glucose oxidation created a current
that was transferred to the biocathode, causing
reduction of oxygen, which eventually resulted in
open circuit voltage signal. Since AuNPs were
modified with graphdiyne, it served as a conductive
substrate to accelerate the electron transport speed.
As a result, this assay provided a linear range from
0.05 fM to 10 pM, with LOD of 0.015 fM. Spiked
experiments to human serum samples were also
carried out to evaluate its applicability. The lowest
concentration of added miRNA-21 that could be
detected was 0.05 fM, with recoveries between 94.40
and 105.7%, demonstrating potential application in
real samples. By taking advantage of gene amplifi-
cation and membrane penetrability of nano-
materials, AuNP-based 3D DNA walking
nanomachine was demonstrated for quantitation of
miRNA-21, with LOD of 23 pM [21]. The DNA
dendrimer was decorated with a substrate strand
serving as the DNA track and a DNAzyme
restrained by a locking strand as the walker. As
DNA dendrimer was employed as a track for
intracellular imaging, the nanomachine showcased
high directionality and controllability. Precisely
regulated distribution of the substrate strand and
DNAzyme on the DNA dendrimer could be ach-
ieved based on Watson—Crick base pairing, which
exhibits superb specificity and predictability. This
dendrimer-based nanomachine also displayed sta-
bility and anti-interference ability, showing its po-
tential for intracellular cancer cell imaging and
monitoring of cancer development. Combination of
AuNPs and DNAzyme walker has also been
employed for none-invasive and more specific
diagnosis of bladder cancer by accurate detection of
miRNAs [22]. AuNPs modified with carbon dot
(CD)-labeled substrates and DNAzyme strands
comprised this novel biosensor. DNAzyme was
triggered by target miRNAs, cleaving CD-labeled
substrates. The fluorescence intensity recovered as
the DNAzyme walked along the AuNPs. Based on
the unique design of nanostructure and functional-
ization of AuNPs, high sensitivity and selectivity
was demonstrated, with LOD of 10 fM and a linear
range from 50 M to 10 nM. In clinical specimen, the
concentration that could be detected was at pico-
molar level, which was relatively higher compared
with that obtained under experimental conditions.
Nevertheless, this method showed good consistency
in real samples. Most importantly, exosomal miR-
133b and miR-135b in clinical serum samples were
simultaneously determined based on multicolor

CDs, displaying the potential of the assay for diag-
nosis of bladder cancer.

Without the assistance of NAA, miRNAs were
detected by wusing luminescent metal organic
framework (LMOF) combined with fluorophore-
labeled aptamers [23]. The LMOF consisted of ZIF-8
encapsulated with gold nanoclusters possessed
unique fluorescence properties. The ligands of the
ZIF-8 enhanced the fluorescence intensity of AuNCs
while the AuNCs on the surface of LMOF contrib-
uted to the fluorescence quenching ability toward
fluorophore-labeled aptamers. In miRNA detection,
the hybridization of target miRNAs with aptamers
caused fluorescence recovery of labeled fluo-
rophores. A linear relationship for miR-21 with a
concentration range from 5 pM to 100 pM was ob-
tained. Serum samples of breast cancer bearing mice
have also been used for analysis. It has been found
that in physical environment, similar linear rela-
tionship can be acquired with fluorescence intensity
slightly lower than that in PBS buffer. Successful
detection of biomarkers of breast cancer (miR-21 and
miR-155) corroborated that this biosensing platform
is efficient for miRNA sensing. A fluorescent method
considering both the advantage of fluorescence im-
aging and mass spectrometry (MS) was proposed for
quantitation of miRNAs [24]. The sensing platform
was designed based on fluorophore/mass dual-
encoded nanoprobes (FMNPs). Fluorescence imag-
ing could first be achieved by target-triggered
hairpin self-assembly and subsequent quantification
of miRNAs by MS was later completed. The FMNPs
were constructed by AuNPs with decoration of
locked hairpin DNA probes (LH1) and correspond-
ing mass tags (MTs) for initial fluorescent detection
and consecutive MS readout. miRNA-21 and
miRNA-141 activated recycled hairpin self-assem-
bly, causing fluorophore-labeled bolt DNAs to be
liberated for production of fluorescent signal. The
fluorescence data of miRNAs was then confirmed by
MS through reading the ion signal of the barcoded
MTs, with linearity between 50 pM and 25 nM and
the LODs of miRNA-21 and miRNA-141 of 72 pM
and 4.8 pM, respectively. This assay so called “sense-
and-validate” strategy served as a model for highly
accurate intracellular miRNA quantification and
may disclose other genetic events involved in
cellular processes of disease development.

2.2. Analysis of DNA

DNA has been validated to be closely related to
genetic disorders and gene-related diseases. A va-
riety of NAA methods, including PCR, rolling circle
amplification (RCA), hybridization chain reaction
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(HCR) and loop-mediated isothermal amplification
(LAMP) have been used in conjunction with AuNPs
to construct sensitive and efficient sensing platforms
for quantitation of low levels of DNA. A sensitive
colorimetric assay for detection of tuberculosis DNA
based on AuNPs was developed, with LOD of
340 fmol [25]. The DNAs were first amplified by PCR
and the plasmonic AuNPs were used as a colori-
metric agent with ethanol enhancing its aggrega-
tion. Fast response with explicitness was achieved
within 3 min after addition of DNA amplicons. The
color of AuNPs changed from red to purple as the
solution contained PCR products from tuberculosis
DNA. Since real clinical samples contain limited
amount of TB DNA, artificial sputum has been
prepared to estimate its applicability. 2 ng/uL spiked
DNA validated that this strategy may also be
feasible in clinical application. Simplicity and
robustness of this sensing platform may bring more
prospects for employment as tuberculosis screening
tool, especially in places short of high-accuracy
sensing equipment. RCA implemented with AuNPs
was demonstrated for tuberculosis DNA detection,
with LOD of 10 fM [26]. Through RCA, a large
number of oligonucleotides were produced from
target DNA, followed by hybridization of amplified
oligonucleotides with the capture DNA of AuNPs
and magnetic beads, in the form of a sandwich
structure. The sandwich structure was then
magnetically separated and AuNPs were dehybri-
dized and released from the magnetic beads. The
AuNPs was applied onto the amine-modified
coverslip, where they could be functionalized with
negative charge and evenly distributed for dark-
field image acquisition. Because the template used
in this method is universal for diverse targets except
for the sequence related to the target, the necessity
of changing capture DNA sequences on magnetic
beads and AuNPs for different targets is not needed.
Furthermore, the possibility of clinical application
was verified by spiking various concentrations of
DNA into real samples. It was found that the re-
coveries of 1 pM and 100 pM target were 100% and
86.2%, respectively, demonstrating ideal feasibility.
RCA-AuNPs was developed for detection of DNA of
hepatitis B virus through single particle inductively
coupled plasma mass spectrometry (spICP-MS) [27].
When the target DNA was present, RCA was trig-
gered and large amount of ssDNAs with repeating
sequence units were generated. Through comple-
mentary base pairing, the DNA-labeled AuNP
probes first hybridized with HBV DNA, assembling
into long chains and eventually aggregated into
large particles. Agglomeration of AuNPs after the
addition of RCA products and spermidine resulted

in marked pulse signals in spICP-MS. Under
optimal conditions, this method exhibited high
sensitivity and selectivity, with a linearity of
10—2000 fmol/L and LOD of 5.1 fmol/L. The devel-
oped method was also applied to serum samples
from healthy human. 0, 40, 100, and 500 fmol/L
target HBV DNA was added to perform the recovery
test. 94.2-108% of recoveries were obtained,
showing great potentiality in actual sample analysis.
The schematic illustration of HBV DNA analysis and
the experimental results are shown in Fig. 3.

In addition to RCA, LAMP is commonly combined
with AuNP in quantitation of nucleic acids. LAMP-
AuNPs was successfully demonstrated for point of
care testing of Coronavirus (COVID-19) and Entero-
coccus faecium (E. faecium spp.) [28]. Target DNAs
were first amplified by LAMP, which interacted with
gold ions dissolved in the samples. Upon UV illu-
mination for less than 10 min, a red color solution of
AuNPs was observed. The LODs of COVID-19
plasmid DNA and E. faecium spp. were as low as
42 fg/uL and 10°> CFU/mL, respectively. The LOD of
E. faecium spp. was obtained in real samples,
revealing that this method can be useful for clinical
diagnosis of infectious disease. Interestingly, it has
been discovered that AuNPs not only be employed
with LAMP but has the ability to enhance LAMP
efficiency directly [29]. The effects of GSH-capped
AuNPs on various reagents in LAMP reaction such
as Mg?", template DNA, dNTPs, primers, and po-
lymerase were investigated. The addition of AuNPs
to primers showed negative influence on LAMP. In
contrast, mixing AuNPs with other reagents stimu-
lated the amplification process. The enhancement on
LAMP was most notable when AuNPs formed a
protein-like surface. Besides, GSH was found to be
the most efficient modifying material compared with
other ligands such as polymers, inorganic ions and
DNAs. Under optimal conditions, the approach
allowed detection of target DNA down to 100 copies/
uL, with linearity from 1.26 x 10’ to 1.26 x 10°
copies/pL.

Circulating cell-free DNAs (cfDNA) have been
generally analyzed for identification of various ail-
ments. They are DNA fragments released in body
fluids, which are considered popular biomarkers for
cancer and a variety of illnesses. However, most of
the analytical methods reported for cfDNA lacks
sensitivity and requires intensive labor. A unique
platform coupling hybridization chain reaction
(HCR) with AuNPs for detection of cfDNA was
developed, with linearity of 25 pM—100 nM and
LOD of 14.0 pM [30]. HCR hairpins (H1 and H2)
were designed with one-base mismatch to enhance
the reaction efficiency, in which H1 molecules were
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bound to the surfaces of AuNPs through poly-
adenine. Two different domains were designed for
target c(fDNA. One has the capability to activate
HCR for generation of dsDNA concatemer carrying
numerous AuNPs; the other was responsible for
hybridization with capture DNA on the surface of Q-
shaped fiber optic (FO) probe. The presence of
cfDNA initiated the HCR and brought dsDNA
concatemer with AuNPs to the probe surface, pro-
ducing dramatically enhanced localized surface
plasmon resonance signal. The performance of the
biosensor in clinical application was also evaluated
by spiking different concentrations of cfDNA in

serum samples. The lowest concentration added
was 0.05 nM and the recoveries obtained were
within the range of 88.54%—112.80%, indicating
good feasibility of detection in actual samples. The
schematic illustration of ¢fDNA analysis and the
experimental results are shown in Fig. 4.

Without the assistance of NAA, efficient DNA
analysis can also be achieved. A colorimetric
method based on DNA-functionalized AuNPs for
diagnosis of Neisseria gonorrhoeae infection with
LOD of 15.0 ng within 30 min was reported [31].
Through complementary annealing, DNA-func-
tionalized AuNPs hybridized with genomic
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gonococcal DNA with its ability to target DNA up-
take sequence. Afterwards, improvement in salt
stability of nanoprobes upon annealing to a reverse
complementary oligonucleotide was observed. On
the contrary, in high salt media DNA-functionalized
AuNPs became unstable, aggregating into larger
molecules with a color change from red to blue.
AuNPs can act as a signal amplifier in electro-
chemical sensing of nucleic acid fragments from
synthesized branched DNAs, with linearity from
0.10 pM to 10 nM and LOD of 0.09 pM [32]. The
DNA probes were synthesized with three different
sticky ends. One was assembled on the gold

electrode via Au—S bond. The other two were
designed to capture target DNA. The sandwich
structure formed by DNA probe, target DNA, and
DNA-modified AuNPs resulted in an electronic
signal since the hybridization process between DNA
probe and target DNA changed the surface struc-
ture of the electrode and affected the electron
transfer rate.

Besides above spherical AuNPs, various shapes of
Au nanomaterials have been used for quantitation
of DNA. A lateral flow biosensor based on Au
nanorods (AuNRs) was developed for detection of
DNAs, with linearity from 0.01 to 10 nM and LOD of
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2 pM [33]. The DNA probe was labeled with a
colored tag designed with AuNRs, while the capture
probe was immobilized on the test region of
biosensor. When the target DNA was present, the
AuNRs tagged detection probe, target DNA and
capture probe formed a sandwich structure based
on Watson-Crick base pairing. AuNRs seized on the
test region accumulated, resulting in a characteristic
colored band. To investigate the applicability of this
AuNRs-based biosensor, a series of DNA concen-
trations were spiked into serum samples. The lowest
concentration found detectable was 50 pM, with
recoveries ranged from 92.0 to 103.1%. An electro-
chemical biosensor using gold nanostars (AuNSs)
was demonstrated for quantitation of 723276, a ge-
netic biomarker of Escherichia coli O157:H7 (E. coli
0157:H7) [34]. The surface of gold coated electrode
was functionalized with AuNSs to increase its sur-
face area and detection sensitivity. Specifically
animated DNA probes, labeled with toluidine blue,
were immobilized onto the electrode and the active
sites were blocked by mercaptoethanol to prevent
non-specific adsorption. In the presence of the
target DNA, the electrochemical response on the
electrode was enhanced, leading to increases in
current, which enabled DNA quantification by
square wave voltammetry technique. The linear
response was in the range of 7.3 to 10~ uM and the
LOD in environmental water samples was as low as
0.01 zM, corroborated its potential application in
food safety and monitoring of the environment.
Surface enhanced Raman spectroscopy (SERS) is
also a popular and versatile method for character-
ization of virus particle that can be enhanced by
novel gold nanomaterials. Gold nanocubes (AuNCs)
with an average size of 50 nm were employed for
signal amplification of SERS in HIV-1 DNA detec-
tion [35]. The HIV-1 DNA strands were coated with
AuNCs to increase the intensity values. Three new
peaks at 421 cm™ ', 1069 cm ' and 1254 cm ' were
detected in HIV-1 DNA compared with the Human
Random Control DNA. A good linear relationship
between peak intensity at 1257 cm ™' and 1570 cm ™"
and HIV-1 DNA concentrations ranging from 1 to
20 nM were obtained. Gold bipyramidal nano-
particles (AuNBs) were also used for quantitation of
DNA through SERS, with LOD of 10°° M [36].
Through self-assembled AuNBs after binding with
DNA, strong Raman signals were detected. Quan-
titative DNA analysis was achieved with a satisfac-
tory linear relationship between the DNA base
intensity and concentration. Moreover, this platform
was applied to identify DNAs in methylated DNA,
serum, and cell metabolites. Although the charac-
teristic peaks of DNA in serum samples were

affected by a variety of complex substances, this
platform still serves as an experimental basis for
diagnosis of genetic diseases.

Among all the optical detection techniques,
colorimetric methods offer fast, simple, affordable
and even portable sensing device to scientists since
many of the existing techniques are usually time-
consuming, complicated and labor-intensive. Be-
sides, it can respond to a wide range of analytes.
Nevertheless, the reactions of analytes are deter-
mined by naked eye, which may be discrepant
from different observers. Colorimetric methods also
have difficulties in determining one particular
component in a complex mixture. Thus, designing
substance-specific sensors with clear color change
may overcome limitations of these techniques.
There are many advantages when AuNPs are used
in conjunction with SERS, including high sensi-
tivity, chemical specificity, non-destructive and
label-free analysis. However, it still faces several
challenges such as reproducibility, biological
recognition and molecular interaction. Reproduc-
ibility can be solved by selecting substrates with
higher chemical stability. Biological recognition
could be improved by modification with various
polymers with higher affinity to the analytes. In the
aspect of molecular interaction, the number of hot
spots and the sites where substrates are conjugated
to the molecules are critical to sensitivity. The
signal can be dramatically enhanced by locating the
analytes at the center of the hot spot instead of
outside of it. Fluorescent assays combined with
AuNPs are known for its swift response, easy
operation and requirement of small sample vol-
ume. The problems often found with fluorescent
detection are short lifespan of fluorophores and
mistaking fluorescent signals of other substances
when the analyte concentration is too low. Proper
solutions may be promoting the efficiency of
nucleic acid amplification to assure that the analy-
tes can be quantitatively determined in limited
time. Optimizing the protocol of nanomaterial
synthesis may also offer more possibilities of
extending the fluorophores’ lifespan.

In these reviewed methods, the LODs were
totally different. However, the sample matrix were
various among these method, and it is difficult to
conclude which detection technique would possess
the wonderful detection sensitivity. Generally, the
LODs achieved by actual samples are usually
poorer than those from cells. This is mainly
because clinical samples are usually complex and
contain diverse interfering factors. During sample
preparation, the purity of extracted samples is a
major concern before analysis. The stability of the
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analytes and amplification reaction may be also
affected by the enzymes, reagents and surfactants
used for cell lysis. Unnecessary substances and
other contaminants may cause serious interference
to the signal. To ensure high purity of extraction
and minimize undesirable outcomes, it is funda-
mental to optimize the conditions of sample prep-
aration, including reagent composition, type of
elution and washing buffer, stationary phases and
elution volume. Adjustment of pH value may
facilitate binding and release of analytes, leading to
higher sensitivity and selectivity. The use of cha-
otropic agents also revealed that lysis efficiency can
be promoted by using more than one lysis agents
simultaneously. Besides, developing more sensitive
detection probe conjugated to the surface of AuNPs
is also an effective approach to determine target
nucleic acids in clinical samples. Storage of nucleic
acid sample is also critical. Since nucleic acid
samples are usually stored between —20 °C and
—-80 °C, it is extremely expensive, energy-
consuming and requires rigorous management to
meet such criteria. In addition, repeated freeze-
thawing should be avoided as it may cause sample
precipitation, decreasing the sensitivity of analysis.
Encapsulating nucleic acids into microcapsules
resistant to environmental denaturation may be an
alternative to conventional measures. It allows
storage at room temperature while preserving its
fidelity, lowering the concentration that can be
reliably detected.

3. Delivery of nucleic acids

In order to manipulate effective gene therapy,
efficient delivery of nucleic acids is a fundamental
issue that has been popularly discussed by re-
searchers worldwide. Various nanomaterials such
as AuNPs, carbon nanomaterials and liposomes
have been considered in the development of gene
delivery system. However, utilization of them face
different degrees of difficulties in delivery efficiency,
cytotoxicity, biocompatibility and cell permeability.
Having advantages of ease in preparation and
conjugation, brilliant biocompatibility, stability,
great cellular uptake and transfection efficiencies,
AuNPs have become one of the most important
carriers for delivery of nucleic acids. Unique tech-
niques innovated with AuNPs for delivery of nucleic
acids are summarized in Table 2. To offer effective
treatments for various diseases, AuNPs-based
nanovectors are functionalized with a diversity of
organic and inorganic molecules, targeting different
genes. Their characteristics and process of gene
delivery are explained as follows.

3.1. Delivery of RNA

3.1.1. miRNA

miRNAs are not only widely-used biomarkers of
cancer but also contribute significantly to either
proliferation or suppression of tumor cells. Thus,
regulating miRNA expression emerges new possi-
bilities for management of cancerous diseases. To
deliver miRNA-206 to tumors of Luminal A type
breast cancer, PEGylated AuNPs were prepared
[37]. The AuNPs carrying miRNA-206 arrest cells in
the G0-G1 phase, causing cell deaths in MCEF-7.
Moreover, cell apoptosis was triggered after down-
regulation of NOTCH 3. Great efficiency shows the
potential of PEGylated AuNPs to deliver miRNA for
cancer treatment.

AuNPs were used for successful delivery of miR-
21-3p for melanoma treatment, with evidence of
increased ferroptosis sensitivity [38]. IFN-y-medi-
ated ferroptosis was facilitated since miR-21-3p
targeted thioredoxin reductase 1 (TXNRD1) directly,
leading to enhancement of lipid reactive oxygen
species (ROS) generation. Besides, transcription of
miR-21-3p in IFN-y-mediated ferroptosis could be
promoted by ATF3 that is a transcription factor
playing a pivotal role in oncogenesis. In addition,
anti-PD-1 antibody was synergized with miR-21-3p
overexpression to further control tumor cells. In the
systemic delivery experiment of the mice model,
10 mg/kg of miR-21-3p administered intraperitone-
ally to each mouse. This high delivery efficacy
without apparent side effects shows the immuno-
therapy potential of this approach for cancer pa-
tients. Delivery of miRNA is not only limited to one
single gene or agent. Co-delivery of dexamethasone
and a microRNA-155 inhibitor (miR-155i) was re-
ported with a nanoplatform constructed with gen-
eration 5 (G5) poly(amidoamine) dendrimer
entrapped AuNPs (Au DENPs) [39]. The Au DENPs
were designed to provide a combination therapy
consisting of steroids and gene for effective treat-
ment of acute lung injury (ALI). With ideal cyto-
compatibility, the Au DENPs allowed efficient
delivery of dexamethasone and miR-155i. In the
animal experiment, 0.25 mg/kg of miR-155i was
injected intraperitoneally. As miR-155i reached
lipopolysaccharide (LPS)-activated alveolar macro-
phages, the suppressor of cytokine signaling 1 and
IL-10 expression were both upregulated simulta-
neously, while proinflammatory cytokines,
including TNF-ao, IL-1B, and IL-6, were down-
regulated. Meanwhile, cyclooxygenase-2 expression
in the LPS-activated alveolar macrophages was
downregulated by dexamethasone, leading to inhi-
bition of pro-inflammatory cytokine secretion. The
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Table 2. Various methods for gene delivery by using AuNPs.

263

Type of gold Material for surface Type of nucleic Delivery target Application Ref.
nanoparticles modification acid delivered
AuNPs G5 poly(amidoamine) microRNA-155 Lipopolysaccharide Therapy for acute lung [39]
dendrimer inhibitor (LPS)-activated injury
alveolar macrophages
PEG moiety microRNA-206 MCF-7 cell Breast cancer [37]
treatment
not mentioned miR-21-3p Thioredoxin Melanoma treatment [38]
reductase 1
(TXNRD1)
Dendrimer (PAMAM mRNA Folate receptor Gene therapy [41]
G5D)
11-amino-1-undecanethiol =~ mRNA HEK293 cell Gene therapy [42]
acid (AUT),
polyethyleneimine
(PEI) molecules
PEG, cell-penetrating Oligonucleotide Telomerase RNA Cancer treatment [59]
peptide template subunit
Polyethylenimine Oligonucleotides mecA gene MRSA treatment [58]
PF127 gel siRNA Prostaglandin Diabetic wound [54]
transporter (PGT) healing
gene
Diblock copolymer siRNA C9orf72 Treatment for amyo- [52]
trophic lateral sclerosis
Tat-related cell- siRNA Secreted embryonic Retinal pigment [53]
penetrating peptide alkaline phosphatase epithelial cell drug
(SEAP) delivery
Collagen siRNA EGEFR receptor Lung cancer treatment [45]
Dendrigraft Poly-L- siRNA PC-3 PSMA cell Prostate cancer [47]
Lysine (d-PLL) treatment
Chitosan siRNA H1299-Egfp Lung cancer treatment [46]
Polyethyleneglycol (PEG) siRNA APOE4 Treatment for [51]
Alzheimer's disease
Y-shaped DNA bricks siRNA Plk1 mRNA and Cancer treatment [43]
PLK1 protein
Carbosilane dendrons siRNA HL-60 and CEM-SS cell Cancer treatment [44]
Gold nanocages Lactoferrin, DNA TNFo Prostate cancer [57]
diaminobutyric treatment
polypropylenimine
dendrimer
Gold nanorods Dendrimer (PAMAM, gene FAM172A HCT-8 cell Colon cancer [60]
G3) treatment
Polyethyleneimine, RGD MicroRNA-320a-3p Spl Lung cancer treatment [40]
(arginine-glycine-aspartic
acid).
Peptides siRNA Notch1l Management of breast [49]
cancer metastasis
Cell-penetrating siRNA Transcription factor Osteosarcoma [50]
peptides EB treatment
Gold nanostar Chitosan DNA S protein Immunization of [56]
COVID-19
Cationic tumor- siRNA Panc02 Anticancer therapy [48]
targeting peptide,
PEG
not mentioned siRNA, mRNA ARPE-19 cell Retinal pigment [55]

epithelial cell drug
delivery

expected regulation of target genes helped repair
the damage lung tissues and may be hopefully

applied in other anti-inflammatory therapies. The

schematic illustration of dexamethasone and miR-

155i co-delivery and the experimental results are
shown in Fig. 5.

Successful delivery of miR-320a was reported with

polyethyleneimine and arginine-glycine-aspartic

=
el
9
[
=
~
<
2
=
>
=
&




264 JOURNAL OF FOOD AND DRUG ANALYSIS 2024;32:252—273

A

SN ANTS
NY V2
S\ Yf:,ﬁ

= <

NN
miR-155i

NS
DA Ay
/44)} /\lk )

=~
&
s
5
=
>
~
=
@)
=
3

N

alveolar

capillaries

% G5 PAMAM ~~nn Dex-PEG-COOH Au NPs ioy Macrophage

35 35 35
s = . v = “ow PP
% 30 30+ ’ = = 30+ H%\
§ 25 25 = . 25 ) .

_ T : T i
g u‘?_ 20 G_ll-ZO ‘ I 320 x [
EE 15 =15 ! : =15 .

) 10 2 10 2 10
: e g |
& 5 & H & -
0 0 - . . ) |
S S s+ & S s & &
S & & FE o @‘p-q-" ol &7 QPA'\‘&Q-" O of
RN <« o
35
= P = 35
‘3 30t — : ‘ ‘g 30t |
5 25 £ 25 o !
B X —
% ;\-(' 20 03 o 20} ..
o |
Q15 z % § 154 I
@ l =k
_% 10 2 10_ 8
@ 5 -3 <
o [] 5t
m L
o]
: 5 o
<& P M T SR = 3 &5 s+ : S
T 5T TS o &5 S ST F P P

o o8 @@Q-

Fig. 5. (A) Preparation of nanocomplex for combined anti-inflammatory chemo-gene therapy of ALL (B) RT-PCR assay of the mRNA expression of
different inflammation-related factors [39].

acid (RGD)-modified AuNRs for lung cancer ther- of miR-320a was chosen as the transfection con-
apy [40]. With the ability to bind to integrin avp3  centration. As miR-320a reached the cancer cells,
specifically, RGD ligands enabled miR-320a to be  direct binding to the 3'UTR of Sp1 suppressed its
carried to lung cancer cells, targeting Sp1. 10 pg/mL  expression, which led to final enhancement for
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expression of phosphatase and tensin homolog and
downregulation of matrix metallopeptidase 9, aug-
menting apoptosis and DNA damage. Under laser
irradiation, the release of miR-320a increased and
the inhibition of the proliferation and metastasis of
cancer cells by miR-320a enhanced. No obvious
toxicity to A549 cells and high efficiency allowed the
delivery system to be implemented in a wide variety
of gene delivery.

3.1.2. mRNA

mRNAs, responsible for carrying instructions
from DNA and creating proteins in cells have also
inspired scientists” interests in therapeutic appli-
cations. Efficient delivery of luciferase reporter
gene (FLuc-mRNA) was evaluated with formulation
of folic-acid-(FA)-modified, poly-amidoamine-gen-
eration-5 (PAMAM G5D)-grafted AuNPs [41].
Nanocomplexes contained 0.05 pg mRNA with
varying amounts of nanoparticles were prepared
for evaluation of delivering efficiency. The
compaction of the targeted nanocomplexes
contributed to weak binding of mRNA, which helps
with dissociation of mRNA from nanocomplex and
avoidance of degradation by the lysosomal
compartment. As expected, the nanocarrier pro-
vides advantages of against nucleases digestion of
mRNA from RNAase A and significantly higher
(p < 0.0001) transgene expression in folate receptors
of MCF-7 and KB cells. The folate-receptor-medi-
ated delivery was further proved to be the major
route for the nanocarrier to enter receptor-positive
cells, with a support of much lower transfection
levels in the FA receptor negative cell lines than
that of the positive ones. Improvement in mRNA
delivery with respects to efficiency of cytoplasmic
delivery and transfection capacity was demon-
strated using AuNPs functionalized with two
different cationic molecules, 11-amino-1-undeca-
nethiol acid (AUT), polyethyleneimine (PEI) [42].
Through the statistical analysis of the GFP expres-
sion quantification, significant increase in fluores-
cence signal was achieved using the PEI-AulNPs.
The highest ratio of mRNA to AuNPs reached 5000,
indicating high loading capacity. Efficient cyto-
plasmic release of mRNA was achieved by “proton
sponge” effect. The risk of nucleic acid degradation
was reduced and the surface saturation was
ensured by performing the incubation at 4 °C for
24 h. Even though the transfection efficiency of
50 nm PEI-AuNPs was not great, the GFP expres-
sion was able to sustain for seven days with limited
cellular damage. Besides, promotion of protein
expression was obtained when the transfection was
operated with chloroquine.

3.1.3. siRNA

Small interfering RNAs (siRNAs) are regulators of
the expression of multiple mRNAs. They bind to
complementary sequences of mRNA in the purpose
of short-term switching off of particular genes. The
delivery of siRNA has been concerned for effective
gene-mediated therapy for numerous illnesses.
AuNPs tiled with anti-degradation Y-shaped back-
bone-rigidified triangular DNA bricks with sticky
ends (sticky-YTDBs) were employed for efficient
and stable siRNA delivery [43]. A multi-functional
three-dimensional (3D) DNA shell was formed after
tiling DNA bricks on the surface of each AuNP and
a biocompatible nanovector was constructed after
arrangement of aptamers on its exterior surface. An
equal amount (10 pL, 10 pM) of sense strand and
antisense strand were mixed for the preparation of
siRNA loading. SiRNAs encapsulated in the interior
3D DNA shell were protected by the YTDB on the
outer layer against enzymatic digestion from
endogenous nucleases. The release of siRNAs was
realized as ADCs (anchoring DNA complementary
to miRNA) preferentially hybridized with endoge-
nous miRNA-21. As siRNAs reached their targets,
the expression of Pkl mRNA and PLK1 protein was
silenced, inducing apoptosis. With advantages of
against enzymatic degradation and nonspecific cell
permeation, the nanovector possessed longer blood
circulation lifetime which provided siRNA with
adequate time to reach tumor tissues and escape
from the endosome into cytoplasm, resulting in
enhanced gene silencing capability of siRNA.

AuNPs modified with cationic carbosilane den-
drons of 1-3 generations (AuNP13, AuNP14,
AuNP15) could bind siRNA effectively [44]. AuNP14
and AuNP15, with higher molecular weight and
number of molecules, were shown to be more toxic,
but with lower concentration required for delivery
and higher cellular uptake, likely because of their
greater flexibility to adjust their shape and tightly
bound to siRNAs. The concentration used for siRNA
delivery was 100 nM. Cellular uptake with AuNP15
reached 50—60% for HL-60 and CEM-SS cells after
3 h before decreases due to degradation of the
complexes in lysosomes. The release of siRNA took
about a day as some biophysical conditions may be
interfering. Cell death was analyzed after 48 h by
inhibiting proteins of the bcl2 family, showing that
the dendronized AuNPs activated cell deaths inde-
pendently. AuNPs modified with biocompatible
materials such as proteins and liposaccharides have
been shown promised for siRNA delivery. AuNPs
conjugated with collagen for delivery of EGFR
siRNA were demonstrated for treating lung cancer
[45]. The siRNA s were loaded by interaction of
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AuNPs with EGFR siRNA at 3:2 volume ratio.
Higher efficiency in carrying siRNA to silence EGFR
gene expression of A549 cells was achieved in
comparison with lipofetamine. Release of siRNA
was realized by disassociation with positively
charged amine groups of collagen. Nuclease
degradation of siRNA was successfully prevented by
AuNPs. The cell entry was mediated by endocytosis
and the AuNPs were later metabolized by lyso-
somes. In xenograft mice model, effective tumor
growth suppression was observed with 70% reduc-
tion in tumor weight, whilst only a 30% decrease
was carried out with lipofetamine. Chitosan (CS)-
coated AuNPs prepared according to a layer by
layer (LBL) self-assembly method were employed to
enhance siRNA delivery [46]. Positively charged CS-
AuNPs were first modified with a layer of siRNA
cargo molecules, followed by another layer of chi-
tosan to protect siRNAs from fast release and to
provide positive charges for strong interaction with
cells. SiRNA loading capacity was evaluated by
mixing siRNA and CS-AuNPs at different mass ra-
tios, ranging from 1:0.5 to 1:12.5. The results showed
that 1:7.5 reached full loading. The layer-by-layer
design offered advantages of colloidal stability and
controlled siRNA release. Downregulation of
enhanced Green Fluorescent Protein (eGFP) in
H1299-eGFP lung epithelial cells provided sup-
portive evidence for protection of siRNA against
enzymatic degradation in the LBL-CS-AuNPs.
Improved cellular uptake by endocytosis and
endosomal escape of siRNA were also manifested.
The schematic illustration of siRNA delivery and the
experimental results are shown in Fig. 6. AuNPs
coated with Dendrigraft Poly-L-Lysine (d-PLL) were
fabricated to deliver siRNA targeting folate re-
ceptors efficiently [47]. Tetrachloroauric acid were
reduced by ascorbic acid after the addition of d-PLL,
forming a positively charged nanocomplex with
high stability in aqueous solution. The loading ca-
pacity was found when the mass ratio of AuNPs
over siRNA was 30. The AuNPs-d-PLL was further
modified with folate-targeted Poly(ethylene glycol)
in order to bind to the folate receptor of PC3-PSMA
cells more specifically while shielding naked siR-
NAs from enzymatic degradation. The release of
siRNA was achieved by ruptures of vesicles caused
by osmotic swelling. Cellular uptake of the nano-
complexes by prostate cancer cells were evaluated
by flow cytometry and Laser Scanning Microscopy
imaging.

Alternatively, high-surface gold nanostars
(AuNS—P) decorated with cationic tumor-targeting
peptide functioned as a nanocarrier of siRNA were
employed to deal with cancer [48]. Large amounts of

siRNA (0.1 pg) were loaded on the nanoplatform
thanks to the positively charged amino acid
sequence and large surface area. Moreover, with the
help of amino acids and RGD sequence, AuNS—P
was able to identify integrin receptors on the
tumor cell membrane and get internalized through
its phospholipid bilayer. The siRNAs were released
by the platform and acted on the target mRNA
thanks to the proton sponge effect of the arginine-
rich peptide in the acidic lysosomal environment.
Additionally, prolonged circulation time and func-
tionalization of targeting peptide was demonstrated
by modification of PEG AuNS—P's surface, which
led to noticeable tumor accumulation.

Multivalent peptide-functionalized AuNRs with
high stability against protease and specific targeting
c¢MET receptor were found to efficiently carry siR-
NAs for treatment of breast cancer [49]. In this
study, the peptide/siRNA molar ratio was main-
tained at 50:1 and the siRNA concentration was
taken as 25 nM. Successful endosomal release of
siRNA was validated by estimation of nanocomplex-
mediated rupture using giant unilamellar vesicles.
Phagocytosis and degradation by the macrophages
were effectively prevented. The functional AuNRs
with low cytotoxicity allowed efficient silencing of
Notchl gene that plays a pivotal role in cell prolif-
eration and inhibition of metastasis in triple-nega-
tive breast cancer cells (MDA-MB-231). Anti-
metastasis in cells with silenced Notchl gene was
witnessed with restraining the progression of
epithelial-mesenchymal transition (EMT). To avoid
relapse of osteosarcoma generated by cytotoxicity,
failed targeting and resistance to photothermal-
induced autophagy, AuNRs functionalized with cell
penetrating peptides (CPP) were synthesized for
siRNA delivery [50]. The siRNAs bound almost
completely to AuNRs when the mass ratio of AuNRs
to siRNA was 16:1. The pH-sensitive CPPs increased
the uptake efficiency of the CPPs functional AuNRs
by osteosarcoma cells and precision of tumor tar-
geting. Besides, the CPP-conjugated AuNRs mini-
mized unwanted degradation and released siRNA at
a steady rate by inhibiting formation of autolyso-
somes and eliminating resistance of autophagy to
photothermal therapy. Under NIR irradiation, can-
cer cell ablation and anti-metastasis induced by the
CPP-conjugated AuNRs were further enhanced.

In addition to cancer, significant progress has
been made in AuNPs-assisted siRNA delivery for
treatments of other diseases. The studies were
conducted with 1 uM of siRNA. Two different forms
of pegylated AuNPs (PEG-AuNPl4a and PEG-
AuNP14b) were capable of crossing blood brain
barriers and carrying siRNAs targeting APOE4 for
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A GFP Gene Silencing Condition

The GFP Gene can be silenced by siRNA molecules (si-eGFP) that
cause the endonucleatic cleavage of the GFP-mRNA.
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Fig. 6. (A) Schematic representation of LBL-CS-AuNPs for siRNA delivery. (B) Evaluation of the knockdown efficacy of LBL-CS-AuNPs [46].

prediction of Alzheimer's disease [51]. Human brain
endothelial cells (HBEC-5i) were used to show their
biological safety on healthy cells, giving biomedical
experts confidence in utilizing AuNPs for neurode-
generative disease control.

Spherical nucleic acids (SNAs), consisting of an
AuNP core and a layer of aggregated oligonucleo-
tides to ensure the efficiency of nucleic acid carriage,
were used for effective treatment of amyotrophic
lateral sclerosis [52]. SiRNAs at a 10% molar ratio to
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polymer molecules were utilized to study the
delivering efficiency. The nanocarrier provided ad-
vantages of sequence-specific loading, nuclease
resistance and controllable manipulation of recep-
tor-mediated endocytosis. Nevertheless, major hin-
drances lied in accumulation in endosomal pathway
and vulnerability to lysosomal degradation. In order
to overcome these challenges, SNA were further
designed to conjugate with a diblock copolymer
PMPC,5—PDPA7,. The copolymer benefited siRNA
delivery with its intrinsic ability to escape from
endosomal pathway, warranting safe carriage to
cytosol. When compared to lipofectamine, the
copolymer modified SNA nanocarrier with doses
three orders of magnitude lower provides compa-
rable knockdown effect of C90rf72. AuNPs modified
with positively charged Tat-related cell-penetrating
peptide were used as a satisfactory vector for siRNA
delivery to retinal pigment epithelial cells [53]. The
optimal ratio found between siRNA and AuNPs was
1:40. The nanocarrier successfully deliver the siRNA
to ARPE-19 cells without loss of biological activity,
leading to an efficient knockdown effect on cell
production activated by secreted embryonic alkaline
phosphatase. To tackle the difficulties in vasculari-
zation and wound healing induced by prostaglandin
transporter (PGT) gene overexpression in patients
with hyperglycemia, dicer substrate siRNA
(DsiRNA) and AuNPs were co-loaded into PF127 gel
[54]. Approximately 1 mL of DsiRNA against the
prostaglandin transporter gene (0.015 mg/mL) was
added to produce DsiRNA-loaded AuNPs. In the rat
treated with the functional gel, more rapid wound
closure was revealed. In addition, it provided higher
levels of prostaglandin E2 and vascular endothelial
growth factor (VEGF), revealing its capability to
promote PGE2 production and angiogenesis.
Epithelial cell adhesion molecule antibody conju-
gated AuNSs were shown to be valuable in site-
specific intracellular delivery of fluorescent BLOCK-
iT siRNA and GFP-encoding mRNA to specific
ocular cells [55]. The cells were incubated with a
fresh medium containing 0.5 x 107® M of VEGF-
siRNA. Under photo irradiation, efficient thermal
accumulation was generated around the functional
AuNSs for boosting siRNA internalization. With
optimal pulse fluence and scanning velocity, selec-
tive internalization of siRNA into ARE-19 cells was
achieved.

3.2. Delivery of DNAs
Due to the COVID-19 pandemic caused by SARS-

CoV-2, effective vaccines capable of inducing long-
lasting immunity against SARS-CoV-2 variants have

been the cornerstone of disease control. DNA vac-
cines encoding the S protein of SARS-CoV-2 were
explored for their potential of immunization through
intranasal administration [56]. AuNSs modified with
chitosan, with the ability to potentiate vaccine
immunogenicity and effectiveness, were designed as
a nanocarrier for transporting DNA vaccines. 2 pg of
DNA was encapsulated to estimate loading capacity
of AuNSs. The immune response to intranasal de-
livery was remarkable based on continuous eleva-
tion of antibody level and neutralization of
pseudoviruses expressing S proteins. AuNSs-chito-
san was found to be a novel nanoformulation
delivering DNAs and stabilizing nucleic acids. The
entry of SARS-CoV-2 and its variants was effectively
prohibited by high levels of anti-SC2 IgA acquired in
lung mucosa and tissue-resident memory T cells,
with immunity lasting for several weeks.

Delivery of DNA with porous shaped AuNPs
(gold nanocages) conjugated with lactoferrin and
diaminobutyric polypropylenimine dendrimer was
demonstrated for treating prostate cancer [57]. The
weight ratios of DAB-Lf: DNA ranged from 0.5:1 to
40:1, with DNA concentration maintained at 1 nug/
mL. The modified nanocage further complexed
with a plasmid DNA to form a DNA nanocarrier
showed its potential to enhance gene expression
and suppress cell proliferation in PC-3 prostate
cancer cells. The complexed DNA could disasso-
ciate from gold conjugates more easily following
internalization by the cell. In addition, TNFa
encoded by the nanocarrier presented anti-
proliferative activity 9-fold higher than that enco-
ded by DAB dendriplex, showing its potential in
future prostate cancer therapy.

Since multidrug-resistant (MDR) bacterial in-
fections have aroused great interest among clinical
caregivers and become a major issue in medical
field, effective treatment against methicillin-resis-
tant Staphylococcus aureus (MRSA) seems to be the
building blocks of MRSA infection management.
Antisense oligonucleotides (ASOs) carried by a
multilayer coated AuNPs functionalized with PEI
showed specificity to target mecA gene [58]. The
initial loading concentration of ASOs was 100 uM.
The nanovector was successfully internalized into
MRSA and caused a 74% silencing of the mecA gene
expression with high selectivity. Efficient internali-
zation of other Gram-positive bacteria such as
Staphylococcus epidermidis and Bacillus subtilis was
also witnessed, with enhanced resistance to
nuclease degradation. Suppression of MRSA bac-
teria growth (~71%) was achieved using oxacillin
with the help of the nanovector, indicating restora-
tion of bacterial sensitivity.
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Telomerase is a ribonucleoprotein polymerase
that is often found in cancer tissues but absent in
normal ones. Thus, developing oligonucleotide in-
hibitors of telomerase may be an effective approach
to control cancerous diseases. However, a major
challenge for this approach lies in poor cellular
uptake. AuNPs decorated with two oligonucleotides
(one is complementary to the telomerase RNA
template subunit and the other one conjugated to
diethylenetriamine pentaacetate for radiolabeling
with InCl;), PEG, and cell-penetrating peptide Tat
were used in the investigation of synchronizing
telomerase inhibition [59]. The concentration of ol-
igonucleotides used for the investigation was
1.5 uM. Cellular uptake of radiolabeled oligonucle-
otides was promoted without loss of its potential for
telomerase inhibition. Resistance to endonuclease
degradation was also significantly improved,
promising safe delivery of oligonucleotides. Clono-
genic survival of telomerase-positive cells experi-
enced a dose-dependent reduction, which was not
observed with telomerase-negative cells. Sensitizing
cancer cells emitting radiation was achieved after
successful delivery of radiolabeled oligonucleotides
into cancer cells, which may boost further progress
in AuNPs-based radiopharmaceuticals.

AuNRs conjugated with poly(amidoamine) den-
drimers (PAMAM, G3) and GX1 peptide that is
specific for tumor targeting were synthesized to
deliver FAM172A under laser irradiation to colon
cancer cells HCT-8 [60]. The carrier delivered
FAM172A to cancer cells with high specificity and
transfection efficiency. To form the most stable
complex and achieve the most efficient delivery, the
weight ratios of the Au NR@PAMAM-GX1/
FAM172A ranged between 10:1 and 50:1. The
viability of the HCT-8 cells treated with the
FAM172A loaded delivery platform was signifi-
cantly lower than that of the ones treated with sin-
gle-mode phototherapy or gene therapy. Positively
charged nanocomplex reduced the resistance to the
FAM172A by negatively charged cell membrane and
protected FAM172A from intracellular endonu-
clease degradation. Low cytotoxicity and ideal
biocompatibility allowed it to be considered for an
integrative treatment plan. The schematic illustra-
tion of FAM172A delivery and the experimental
results are shown in Fig. 7.

4. Perspectives

The thriving evolution of incorporating AuNPs in
quantitation and delivery of nucleic acids has
drastically changed our viewpoints toward nano-
technology and marked a giant move in research of

genomics. A plethora of strategies based on
different structures of AuNPs have been corrobo-
rated to play crucial roles in quantitation and
transport of nucleic acids in biological systems.
Surface modification with multifarious materials
and integration with diversified amplification
techniques portray the infinity of advancement in
AuNPs-mediated diagnosis and therapy for gene-
related diseases. By taking advantages of ease in
bioconjugation, biocompatibility, and stability,
various functional AuNPs have been demonstrated
with high sensitivity and specificity for quantitation
of low levels of nucleic acids in complicated bio-
logical samples such as cells. AuNPs-NAA with
high amplification efficiency are powerful for
detection of nucleic acids in a single-cell level.
Successful examples have shown that many func-
tional AuNPs are efficient carriers for delivery of
nucleic acids to specific targets such as cancer cells,
viruses, wounded area, and tumors, showing their
great future in gene therapy.

Nevertheless, there are still challenges ahead on
the avenue to the matureness of AuNPs-based
strategies. In the aspect of quantitation of nucleic
acids, the precision and accuracy of detection may
be time-dependent since the impacts of certain
biomolecules conjugated to AuNPs are to be
explored, which raised a question of feasibility in
complex samples. Other factors such as binding
strength between nucleic acids and AuNPs, pH
value of the environment, immobilization density of
nucleic acid probes on AuNPs surface also need to
be thoroughly discussed since they may be influ-
ential on aggregation and conformation of AuNPs.
Some methods demand more complicated fabrica-
tion process in order to achieve lower detection
limit. For example, several factors such as amplifi-
cation time/cycle, pH, temperature, and solution
composition must be optimized to achieve high
sensitivity when applying functional AuNPs-NAA.
Although the cytotoxicity of AuNPs is low, their
accumulation in animal body is another concern
when conducting in-vivo studies. With respect to
delivery of nucleic acids, synthesis of nanovector
with reproducible protocols, assurance of surface
properties of AuNPs, sustainable nucleic acid
release from the surface of AuNPs, and intactness of
delivered materials after reaching the target are all
major concerns awaiting appropriate solutions.
More challenging issues such as elicitation of im-
munity, loading capacity for effective treatment, and
degradation after internalization hamper further
progress. Although successful examples have
shown their potential for delivery of nucleic acids in
cells and animals, they are not ready for commercial
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Fig. 7. (A) Schematic illustration of the GX1-targeting nanoparticles for combinational therapy for colon cancers treatment. (B) The gene transfection
efficiency of the nanoplatform with different N/P ratios determined by flow cytometry [60].

use. Many issues such as tolerability, acceptable
bioavailability, desired efficacy for targeted in-
dications and understanding of the risk-benefit
relationship in human bodies, are required to be

carried out before functional AuNPs can be used
safely for diseases treatment.

With regard to clinical translatability, potential
limitations are also waiting to be overcome. Recent
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clinical trials have shown significant progress in
application of treatment for prevalent diseases like
cancer, type I diabetes and neurodegenerative dis-
order and SARS-CoV2 immunization. Most clinical
trials have completed their phase 0 and phase I
studies, with the safety of AuNPs well-evaluated.
Phase II and phase III studies, which are conducted
for assessment of therapeutic efficacy, are usually
before initiation or ongoing. Without results sup-
porting further development, the scalability of clin-
ical trials remains to be defined. The data may not
be highly reproducible as certain conditions in
materials synthesis are not fully controllable. Since
the synthesis of AuNPs sensing and delivery plat-
form is relatively inexpensive, performing the
earlier phases of clinical trials generate much ben-
efits for the research. However, as no clear evidence
of efficacy, retention and clearance in human body
has been observed, the cost-effectiveness in later
phases is hard to calculate. The unspecified bio-
distribution and metabolism also set barriers for
regulatory approvals and increase unpredictability
in occurrence of adverse events.

In conclusion, although some of the AuNPs-
assisted strategies are too miscellaneous and most of
them are still far from clinical practice, they have
already expanded the horizons of nanotechnology
and redefined what's possible for quantitation and
delivery of nucleic acids. It is believed that the
current disadvantages will be addressed and AuNPs
will continue to be meritorious nanomaterials with
innovative discoveries that shine in the research of
gene-related diseases.
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