Downloaded viaUNIV LIBRE DE BRUXELLES on May 22, 2025 at 15:03:12 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Editors’ Choice

K: Bioconjugate
Chemistry

pubs.acs.org/bc

Review

Gold Nanoparticles Coated with Nucleic Acids: An Overview of the
Different Bioconjugation Pathways

Raphaél Dutour and Gilles Bruylants*
Cite This: https://doi.org/10.1021/acs.bioconjchem.5c00098

I: I Read Online

lihl Metrics & More |

ACCESS |

Article Recommendations

ABSTRACT: Gold-based nanomaterials have marked the last few
decades with the emergence of new medical technologies
presenting unique features. For instance, the conjugation of gold
nanoparticles (AuNPs) and nucleic acids has allowed the creation
of nanocarriers with immense promise for gene therapy
applications. Although the use of lipid particles as RNA delivery
vectors has been broadly explored, this review aims to focus on the
limited models reported for the conjugation of RNA with AuNPs.
This is nonetheless unexpected regarding the manifold strategies
existing to conjugate DNA to gold nanoparticles, which are
exhaustively listed in this paper. Furthermore, new processes such
as fast microwave and freezing methods have been described very
recently, and it therefore seemed necessary to review these recent

CHEMISORPTION

{ Tﬂiol chemistl;y W

Interaction with positively
charged species

.4_/\ ADSORPTION

‘ Poly(A) anchor W

o~

DNA
Driving force :
» lonic strength SH
> pH
> Icing
» Dehydration
» Drying

[ -> Efficient with RNA ?

but promising conjugation pathways and to pick out those applicable to RNA. Indeed, RNA is considerably more attractive than
DNA for therapeutic purposes, but its low stability involves numerous di culties in the construction of e ective nanodevices.
However, from the many approaches developed for DNA, it turns out that just two of them are frequently used for the building of
RNA delivery platforms based on gold: the salt-aging method with thiolated RNA strands and physisorption. However, both
approaches present strong limitations such as the low stability of the Au—S bond and the potential cytotoxicity of polycations. To
conclude, this general assessment highlights that the exploration of innovating approaches implying di erent chemistries is needed

for the creation of more robust and shapeable AuUNPs-RNA conjugates.

1. INTRODUCTION

Bioconjugation refers to the formation of a covalent link
between two molecules, including at least one biomolecule,
and this strategy is widely used to develop various biomaterials.
The unique characteristics of nanomaterials and their
association with biological compounds are particularly
attractive for sensing, diagnostics, and gene therapy.'”®
Among the biomolecules that can be conjugated to these
nanoplatforms, nucleic acids constitute a very promising
therapeutic tool for a large panel of biomedical applications,
including the treatment of genetic diseases and oncotherapy.*>
The main therapeutic approach is the delivery of micro-RNA
(miRNA) and small interfering RNA (SiRNA), but that
requires the use of vehicles to transport nucleic acids inside the
cells without being degraded by nucleases and other environ-
mental agents.”®" Plasmids, lipid-based nanoparticles (lip-
osomes, cationic lipids), and polymeric (polymers and
dendrimers) and inorganic nanoparticles (gold, iron oxide,
silica) are reported as nucleic acid delivery systems.®”® Lipid-
based vectors such as lipofectamine are commercially available
but still have important limitations such as low stability, poor
transfection e ciency, and significant immune response and
toxicity.'*~?
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Gold nanoparticles (AuNPs) have gained considerable
attention in the biomedical field thanks to their numerous
advantageous characteristics. First, monodispersed AuNPs are
easily synthesized with simple laboratory equipment, and they
are particularly stable over time.**'* Moreover, they have
unique optical properties; indeed, the localized surface
plasmon resonance (LSPR) of AuNPs can be useful for
many sensing applications and provides di erent information
about the size, the dispersity, and the ligand coating of
particles.”*>~*" AuNPs form colloids in water and present
optical properties that depend on the aggregation state of the
particles: a suspension of well-dispersed 20 nm AuNPs will
look red, while aggregated particles will look blue or
purple.’®~2° This property is commonly used for the
development of several AuNPs-based colorimetric detection
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Figure 1. General outline of the AuNPs biomedical applications.
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Figure 2. Representation of DNA and RNA composing nucleobases and their respective p , values.
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assays, such as the pregnancy test (Figure 1)."°*** Moreover,
AuNPs are very e cient fluorescence quenchers, especially if
the fluorophore is close to the surface. This feature is widely
used to developed AuNPs-based biosensors.>** Also, their
ability to scatter the light and the high density of their metallic
core make AuNPs powerful tools for bioimaging techniques.?
Photodynamic therapy is also an interesting possibility, whose
principle is based on the near-IR absorption of anisotropic gold
nanoparticles that induces heat under IR irradiation.”®?’
Another major characteristic of AUNPs is their low cytotoxicity
and their high internalization faculty into cells.?®* > Finally, a
multitude of options exists for the design of the ligand layer on
the gold surface.*** Furthermore, functionalization of AuNPs
with two or more types of biomolecules (peptides, nucleic
acids, antibodies...) with a high loading has been reported,
opening the door to advanced therapeutic applications with
targeting capabilities (Figure 1).%*73°

The first examples describing the association between
nucleic acids and AuNPs were introduced in two distinct

papers published by the Mirkin and Alivisatos groups in
1996.3"*® They took advantage of the a nity between sulfur
and gold to promote the attachment of oligonucleotides to
AuNPs. Such nanoparticles covered with a high number of
DNA strands are notably known as spherical nucleic acids
(SNAs).**~** SNAs can also be obtained with RNA and do not
only refer to AuNPs and thus correspond to well-organized
structures of nucleic acids attached to hollow or solid core
nanoparticles. We will, however, only consider SNAs with a
spherical gold core in this article. Note that clinical trials have
already been performed with SNAs in patients with solid
tumors, including glioblastoma.** The second main conjuga-
tion approach consists of the adsorption of nucleic acids to the
particles through electrostatic interactions.**** In this review,
we will pay a particular attention to the reported methods
existing for AuNPs bioconjugation with RNA. Indeed, if
multiple ways have already been reported to develop AuNPs
covered with DNA (AuNPs-DNA), many of them are
ine cient in obtaining nanoparticles densely coated with
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Figure 3. Overview of the di erent conjugation methods allowing the development of AuNPs covered with nucleic acids.

RNA (AuNPs-RNA).***® The objective of this review is thus
to present and classify the known strategies to functionalize
AuNPs with DNA and to identify those that can also be
applied to obtain AUNPs-RNA. It seemed important to us to
emphasize this aspect regarding that AuNPs-RNA are
considerably more attractive for therapeutic applications than
AuNPs-DNA.

2. DNA AND RNA

DNA and especially RNA find a special interest in biomedical
sciences considering that they can be synthesized in large scale
and that their structures can be modified with many chemicals
(thiol, amine, PEG, protein, dye...) on specific sites.*’*® DNA
is a polymer in which each monomer, called nucleotide, is
composed of a phosphate group, a deoxyribose that is a sugar
unit linking phosphate to the di erent nucleic bases: adenine
(A), thymine (T), guanine (G), and cytosine (C) (Figure 2).*°
Each nucleotide is interconnected with the others via a
phosphodiester linkage. In cells, RNA is usually single-
stranded, while DNA is mainly found in its known double-
helix form. The main forces maintaining this structure are the
hydrogen bonds between the nucleotides (2 between A and T
and 3 between G and C) and the -stacking interactions
occurring between the aromatic rings of neighboring nucleic
bases.”® Unlike DNA, RNA has an uracil (U) instead of a
thymine, and the sugars of its backbone are ribose that carry an
alcohol function in position 2’.°°** This chemical change
notably alters the helix structure formed by RNA, which
generally adopts an A-type helix, whereas DNA preferentially
forms a more stable B-type helix. Moreover, this chemical
alteration in RNA sugar composition has a substantial impact

toward RNA stability, making it more sensitive to alkaline
hydrolysis and nuclease degradation.>*® The pairing between
DNA and RNA bases can occur within a single strand, leading
to secondary structures such as hairpins which are related to
the presence of palindromic sequences.* RNA strands are
usually short with sequences ranging from tens to thousands of
nucleotides, while DNA can be made up of millions of
nucleotides. Nucleic acids can also adopt di erent geometries
such as triplexes with three DNA strands, or G-quadruplexes
formed by DNA and RNA strands having G-rich sequences
that are notably found in telomeres.”*>> RNA is, however,
much more attractive for therapeutic applications regarding the
wide variety of RNA types each having a particular function.
We thus find mRNAs, tRNAs, catalytic RNAs, or the large class
of guide RNAs including miRNAs and siRNAs that have a
great potential for gene therapy.>®

Gene medicine is constantly evolving with the development
of various DNA technologies such as plasmids, a circular DNA
that can act as vector to modulate gene expression.”® The first
antisense oligonucleotide drug, Vitravene, was approved in
1998 for the treatment of cytomegalovirus retinitis in AIDS
patients.">®* An essential technology belonging to gene
therapy is the clustered regularly interspaced palindromic
sequences (CRISPR) developed by Doudna and Charpentier
in 2012.°2° Moreover, the interest in aptamers has
significantly increased over the last years in nanoscience.?*%4%°
These single or double DNA and RNA strands have the
particularity of being able to interact directly with proteins or
other target ligands, and they are commonly preferred over
antibodies in strategies involving protein expression inhibition
due to their higha nity and their low immunogenicity.**®® An
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Figure 4. lllustration of the salt-aging process to conjugate AuNPs with thiolated DNA.®

important branch of gene therapy is the delivery of miRNAs
and siRNAs. Indeed, these small RNA sequences allow one to
modulate gene expression through their specific interaction
with mRNAs leading to their inhibition or degradation.®*"®’
Therefore, genetic expression a ected by cancers or other
genetic diseases can be accurately modulated without a ecting
the genome. This approach however requires nucleic acids
delivery systems such as AuNPs to prevent their degrada-
ti0n.68_7l

3. AuNPs COATED WITH DNA

Two main bioconjugation approaches must be considered: the
covalent attachment, or chemisorption, and the noncovalent
attachment, or physisorption (also known as adsorption),
involving supramolecular assemblies through noncovalent
interactions, mainly ionic in the case of nucleic acids (Figure
3). Among the strategies used to covalently bound nucleic
acids to AUNPs reported to date, the thiol chemistry is by far
the most commonly used thanks to its e ciency and ease of
use.””*#727* However, nucleic acid desorption was observed
upon long-term storage, and other approaches allowing the
formation of more stable systems remain necessary to extend
their applications.”*"

Before reviewing the di erent existing strategies, it should be
considered that nucleotides can strongly adsorb on the gold
surface without any modification through their carbonyl and
imine groups (Figure 2) with an adsorption energy up to 100
kJ/mol per base, which leads to some issues to control the
loading of nucleic acids on AuNPs.°~"® This interaction
occurs between the nonbonding doublets of the nitrogen
atoms of the bases and the positively charged surface of gold.”®
The strength of adsorption of the di erent single bases is
ranked in the following decreasing order: A, C, G, and T.
Based on some studies and on its structure very close to that of
T, the interaction force between U and the gold surface
appears to be weak and similar to that of T.”® Bases containing
imine groups thus adsorb strongly to the gold surface, and even
T has more a nity for gold than a citrate molecule. Some
AuNPs-DNA were developed in this way using poly(A)
anchors taking advantage of the strong adenine adsorption on
the gold surface.?® It should be considered that the phosphate
backbone of nucleic acids is fully negatively charged at neutral
pH, thus leading to a repulsion e ect with the particles, which
are generally covered with a negatively charged layer, as citrate
anions. DNA and RNA base adsorption is thus limited by the
electrostatic repulsion between the citrate layer and the
phosphate backbone but can be altered by critical factors
such as ionic strength, pH, free citrate concentration,
temperature, or the presence of other species.””"

3.1. Chemisorption. 3.1.1. Thiol Chemistry. The nature of
the sulfur—gold bond is mainly electrostatic (65%) and
partially covalent (35%) with a binding energy higher than
200 kJ/mol 22~ Although it is still debated, the nomenclature
covalent bond is commonly accepted by the scientific
community to characterize the Au—S link, and so we will
consider it in this review.
3.1.1.1. The Salt-Aging Method. The first method reported to
conjugate DNA to AuNPs is known as the salt-aging
process.’”®* The detailed procedure has been published, and
some reviews have given a complete overview of this method,
so we will first describe it in broad outlines.*>"*® It is however
di cult to define one universal procedure considering that
some parameters often have to be modified as a function of the
AuNP size and the DNA sequence notably.**">"37® However,
all of them share a common principle that consists of screening
the repulsion between the particles and the nucleic acids by
progressively increasing the ionic strength of the suspension,
thus promoting the replacement of citrate groups by DNA
(Figure 4). Importantly, a high NaCl concentration (1 M)
cannot be directly applied to AuNPs-citrate, and salt must be
added progressively to avoid particle aggregation.®® Therefore,
DNA is first progressively added to the suspension of AUNPs at
low ionic strength, conditions under which a few DNA strands
graft on the particles, slightly increasing their colloidal stability
through electrostatic and steric repulsion. The salt concen-
tration is then gradually increased, which promotes the grafting
of more DNA strands, further increasing the colloidal stability
and allowing for another salt addition. By maintaining this
balance during the successive DNA and salt additions, it is
possible to reach a DNA density of 0.19 strand per nm? of
gold, and these AuNPs-DNA are highly stable in NaCl 1 M.”

Several studies have shown that the interactions occurring
between AuNPs and DNA can be very di erent by using other
salts.®” For example, it was observed that DNA grafting is faster
when Cs* is used, but it also strongly promotes the aggregation
of particles®® Anions also play an important role in the
oligonucleotide attachment to the gold surface, as they can
interact with the surface and limit the nucleic acid loading. For
instance, the interactions with the gold surface increase with
the size of halides.>”®%°° An important factor that can also
a ect AuNPs stability during this Erocess is the presence of
impurities adsorbing on the surface.”* To prevent this, reaction
containers must be very clean and previously washed with aqua
regia. The second source of impurities can come from the
DNA sample, and it is thus generally purified using a desalting
column after treatment with dithiothreitol (DTT) or tris(2-
carboxyethyl)phosphine (TCEP). DTT or TCEP are used to
cleave the disulfides present in commercial thiolated DNA
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(generally a small alkane forms the other extremity of the
disulfide), as the free thiols are not stable. Some procedures
use directly DNA presenting a dithiol, but the reduction step
helps to optimize the DNA loading on AuNPs and to promote
DNA grafting through the Au—S bond instead of base
adsorption, especially when the DNA sequence is rich in
adenines.”® TCEP has a low a nity for gold and does not
require a purification step, but it is important to keep in mind
that the small fragment which is released after reaction
between DNA and TCEP can adsorb quickly to the surface
and thus may a ect the final strand density on the particles.”
Furthermore, the DNA sequence can impact the salt-aging
process and must be designed carefully. Indeed, DNA self-
hybridization can lead to AuNPs aggregation.”® As expected,
the number of DNA strands per nanoparticle increases by 2
orders of magnitude upon increase of their diameter from 15 to
250 nm.”® However, the DNA density is higher for 15 nm
AuNPs as the radius of curvature decreases with the increasing
of the particle size.”* Moreover, this method is less reliable for
larger particles (>40 nm) because they are more prone to
aggregation and are often used at a lower concentration, which
is a critical parameter influencing the DNA loading.”*** The
addition of surfactants during the process was found to
facilitate the DNA loading by increasing the particle stability
toward NaCl with larger particles.”**> Two main candidates
emerged: sodium dodecyl sulfate (SDS) and Tween 80, a
nonionic surfactant. However, they can compete with the DNA
grafting, and the presence of surfactants such as SDS is an issue
for biomedical applications.”® Moreover, it was observed that
sonication promotes DNA conjugation by limiting nonspecific
interactions between the nucleotides and the gold surface.”®"*
The DNA density is thus a ected by numerous parameters
including particle size, final salt concentration, use of
sonication, and spacer composition (Figure 5).”*°" To
understand the role of the spacer, it is particularly important
to clearly distinguish a linker (or anchor) from a spacer. A
linker, such as a thiol, is used to form a chemical bond with the
gold surface, while a spacer is a moiety located between the
linker and the bioactive sequence. The nature of linkers and

spacers can be very di erent, but both can also be constituted
of nucleic acids. The composition of the spacer can strongly
a ect the final density of nucleic acids; for instance, the loading
of thiol modified DNA strands containing a PEG spacer was
2.5 times higher, with approximately 0.47 strand per nm2
compared to that of DNA with A;, or Ty spacers.”
Otherwise, it was observed that the use of T, spacers allows
a higher DNA density compared with poly(A), (C), and (G)
spacers, and also enhances the AuNPs stability as the length
increases from 5 to 20 bases.”® A high DNA density is desirable
because it influences the stability of AUNPs-DNA, but also
their cellular uptake.®®*°® The length of the PEG spacer was
also shown to influence the bioavailability of the bioactive
moiety, with a minimum of 12 ethylene glycol monomers to
observe some gene silencing activity of a siRNA strand, and 24
to observe full >90% of silencing e ciency.'*

At this stage, AUNPs covered with single strands of DNA
(AuNPs-ssDNA) can be used directly for biosensing
applications, or a complementary strand can be hybridized to
these particles to develop DNA delivery nanoplatforms (Figure
5). Biosensors based on AuNPs-ssDNA are mainly used for the
detection of their specific complementary DNA se-
quence.®> ™% For example, a study reported the use of
AuNPs-ssDNA for highly sensitive detection of DNA
methylation, methyl transferase activity, and methyl transferase
inhibitor screening on gold electrodes.®* Another possible use
of AuNPs-ssDNA is the release of the thiol modified
oligonucleotides following heat induced by IR irradia-
tion.’%>%% The second main category of AuNPs-DNA
applications is the delivery and thus involves hybridization of
free DNA strands with their complementary strands attached
to the particles to form AuNPs-dsDNA. The formation of the
DNA duplex in solution before attaching it to the particles is
also possible but leads to a decrease in the loading due to steric
and repulsion e ects. Di erent analytical methods have been
developed to quantify the number of strands attached with
thiols to the particles and the number of hybridized
strands.***°"~1%? One of the most common approaches is a
fluorescence-based method in which hybridized strands are
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modified with a dye allowing the estimation of the hybrid-
ization yield by quantifying the number of dehybridized
strands by fluorescence in basic conditions.”® A similar strategy
can be applied following functionalization of AuUNPs with
ssSDNA modified with thiols and with a fluorophore: the
loading can be estimated after treatment of AuNPs-sSDNA
with an excess of a thiolated chemical such as -
mercaptoethanol, which induces the release of initially bound
oligonucleotides. AuUNPs-ssDNA are particularly attractive for
delivery applications because they can be used as universal
carriers for any antisense DNA.°7**? |t is also possible to
design sequences containing some fragments, allowing the
formation of secondary or tertiary DNA structures to induce
drug delivery under specific conditions. In this way, Chen and
co-workers developed AuNPs functionalized with a triplex
DNA-nanoswitch capable of sensitively responding to pH
variations, what represents a very interesting nanodevice for
drug release.**® Finally, another major field of SNAs
applications involving hybridization consists of the simulta-
neous recognition of a target by two types of nanoparticles
leading to AuNPs aggregation. Several colorimetric assays
allowing the detection of specific biomarkers were thus
developed based on these cross-linking interactions induced
by hybridization.'?®*4~116

Kinetics and thermodynamics of DNA hybridization on
AuNPs-ssDNA were largely studied and compared with free
DNA strands in solution. Generally, it appears that the melting
temperature is lower in the gresence of AuNPs, thus decreasing
the duplex stability.>***"**® However, considering the multi-
tude of parameters that can a ect the process, it is di cult to
compare the behavior of a free DNA duplex with that of a
duplex attached to AuNPs. Indeed, the nucleic acid density, the
nature of the anchoring, the surface charge, the curvature of
the surface, the DNA structure, and the length of the strand are
all factors that can influence the hybridization and dissociation
kinetics.**®~2? Another major aspect is the nonspecific nucleic
acid adsorption that seems to occur prior to hybridization and
thus can be critical, notably if the initial loading of sSSDNA on
AuNPs is low. As mentioned before, the loading of ssSDNA can
be largely increased by introducing spacer units between the
gold surface and the DNA sequences, thus allowing the
hybridization of a higher number of hybridized strands (Figure
5). Interestingly, the density of ssSDNA strands was twice as
high on 15 nm AuNPs (0.2 strand per nm2) compared to thin
gold films (0.1 strand per nm?), while the hybridization yield
on AuNPs (0.008 hybrid per nm?) was significantly lower than
for gold films (0.04 hybrid per nm?).°* The presence of other
molecules mixed with the nucleic acids can also strongly a ect
the hybridization. This is notably the case of polyethylene
glycol (PEGs) chains whose molecular weight is as important
as the sSDNA density toward the hybridization kinetics.******
Indeed, it was observed that the conjugation of PEGs (2000
and 6000 Da) to AuNPs promoted the hybridization through
the formation of protruding structures, facilitating the access of
DNA to the anchoring strands grafted on the particles, while
the introduction of larger PEGs led to a decrease of the
hybridization e ciency due to steric hindrance. Interestingly, a
research group was able to selectively detect a single-base
mutation in a breast cancer gene by precisely controlling the
di erent parameters a ecting the hybridization on AuNPs,
highlighting the possibility of designing highly sensitive
nanodevices.***** Finally, the bioconjugation method used
to develop AuNPs-ssDNA can also a ect the hybridization

primarily because the nature of the linker determines the
orientation of the DNA strands. Oligonucleotides that are just
adsorbed on the surface without any linker are largely
inaccessible for hybridization.

3.1.1.2. The Low pH-Assisted Method. As the ionic strength,
pH is also critical to understanding the interfaces between
nucleic acids and AuNPs. Before presenting this method using
a low pH to induce fast DNA loading on AuNPs, we briefly
discuss the behavior of nucleic acid bases and AuNPs at
di erent pH values. Between pH 5 and 8, all the bases have a
neutral overall charge, A and C can be protonated below a pH

3, while G, T, and U are deprotonated above a pH 9
(Figure 2).>°% G can also be positively charged in very acidic
conditions (pH 1—2). On the other hand, the phosphate group
hasap , < 2. Therefore, the DNA duplex starts to unpair in
acidic (pH < 5) or alkaline (pH > 8) environments.**> Some
studies reported that DNA is more resistant to alkaline
hydrolysis than RNA that can occur at pH 7, while the
phosphodiester bond of RNA is more stable at pH 4-5,
making RNA more resistant to acid hydrolysis."?®**" After
protonation of A and C at pH 3, DNA can adopt specific
structures such as i-motifs or DNA triplexes that were used for
therapeutic purposes.”®'*® As far as the interaction with
AuNPs is concerned, it has been shown that applying acidic
conditions promotes DNA grafting on the particles, especially
for A-rich sequences.”®"%® Obviously, pH plays a critical role
toward AuNPs stability. AUNPs-citrate are stable at neutral pH
and alkaline (until pH 9) but quickly aggregate at pH < 5.**°
Thus, the timing and reaction conditions must be managed
closely regarding the strong impact of the pH on the stability
of nucleic acids and AuNPs.

The low pH-assisted method was notably developed in
response to the need for a method to functionalize larger
AuNPs (>40 nm) without the use of surfactants whose
cytotoxicit%/ is problematic for therapeutic applica-
tions.#86191132 "Also, it allows for quantitative DNA
adsorption, while the salt-aging method requires a DNA excess
and does not allow control of the loading. By using the low pH
method, a designated number of DNA strands can be grafted
on the particles, and the entire amount of DNA is indeed
attached to the AuNPs for ratios ranging from 20 up to 80
strands per particle of 13 nm (0.04 to 0.15 strand per nm?).%°
For higher ratios, surface saturation will interfere with the
predicted loading. This approach allows the conjugation of
di erent DNA sequences to the particles at predicted ratios,
which is especially important for di erent applications. In
practice, this method is particularly advantageous considering
that the process can be performed easily in a few minutes,
while the salt-aging method requires 1 to 2 days and a precise
control of several parameters that may greatly a ect AUNPs
functionalization.>**®>% The main reagent allowing for this
fast bioconjugation is a pH 3.0 citrate bu er. In this strategy,
the pH e ect is utilized alongside the salt e ect to modulate
the interactions between DNA and AuNPs.”>*** Indeed, a
synergistic e ect between the pH and salt is suspected to
modulate DNA attachment. While high salt leads to a decrease
of the electrostatic forces, low pH is used to reduce the surface
charge density.”>®® It was observed that DNA attachment is
directly dependent on the pH and that >80% of DNA
adsorption can be achieved in few minutes at pH 3. If the same
reaction is performed at neutral pH, AuNPs turn quickly
purple after salt addition as the adsorption rate decreases by
increasing the pH. No hybridization studies between AuNPs-
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Table 1. General Comparison of the Different Existing Methods for the Conjugation of AuNPs with Nucleic Acids Using Thiol

Chemistry72,73,86,140,142—144
method salt-aging low pH freezing butanol dehydration heating and drying
AuNPs size <40 nm 5-100 nm 5-100 nm 5—45 nm 10—40 nm

SH-DNA loading 0.19 gtrand per 0.15 strand per nm?
nm

0.21 strand per
nm?

0.37 strand per nm? 0.59 strand per nm?

DNA hybridization Allowed To investigate Allowed Allowed Allowed

Influence of NA None Prefers A-rich None None (applicable with G-rich None (e ective with long
sequence sequences DNA) NA)

Driving force NaCl H* Icing Dehydration Drying

Reaction time One day Few minutes Few minutes Few minutes Few minutes

Described with SH-RNA  Yes No No No Yes

Ice crystals

SENNC
© S
© ©
© ©

Alternative driving forces:

» Heating and drying

» Butanol dehydration

— |

Figure 6. General mechanism of the freezing, heating, and drying, and butanol dehydration methods allowing the conjugation of AuNPs with

thiolated DNA.72'14°'142_144

sSDNA obtained by the pH method and a complementary
DNA strand were performed in this work, but we can
hypothesize that this recognition of DNA bases should be
possible unless too many interactions with gold make the DNA
inaccessible.?®*** Baldock et al. have notably quantified the
number of ssSDNA strands grafted on AuNPs obtained from
the low pH method using a convenient and inexpensive
approach consisting of dissolving the AuNPs-ssDNA with a
KCN solution at basic pH and then estimating by UV-visible
spectroscopy the quantity of released DNA.™* As previously
mentioned, the stability of large particles (>40 nm) toward salt
is problematic. Initially, Zhang et al. encountered di culties to
obtain stable large particles coated with DNA with their new
method.®® They highlighted that the rate limiting step came
from the reduction (with DTT or TCEP) and purification of
the thiol modified DNA strands.®® It is worth mentioning that
the low-pH-assisted method allows a reduction of the repulsion
forces between AuNPs and DNA thanks to the protonation of
A and C bases. It is therefore sequence dependent and might
be less e cient for T and G rich sequences.’*** On the other
hand, nonspecific adsorption of DNA bases is sequence
dependent, and sequences too rich in A could thus adsorb
strongly on the gold surface instead of being attached via their

thiol group, making these strands potentially unavailable for
successive hybridization.”® Considering that this process was
especially e cient with A-rich DNA sequences, Huang et al.
thus explored the e ect of low pH on DNA conformation to
extend this conjugation way.**® They highlighted the
formation of parallel poly(A) duplexes by introducing a
poly(A) spacer between the thiol and a heterogeneous DNA
sequence. This structural DNA motif was previously identified
by Chakraborty et al. as a high potential DNA-based molecular
switches device.”*” These A-motifs promote DNA conjugation
to AuNPs by exposinq the thiol functions and by limiting
nonspecific adsorption.**

3.1.1.3. The Freezing Method. Another main factor that can
strongly influence the behavior of DNA and AuNPs is the
temperature. Several studies play notably on this factor to
modulate nucleic acid hybridization and dehybridiza-
tion.”** "% As mentioned before, heating AuNPs is often
used to induce the release of nucleic acids from nano-
particles.”>'%%® Furthermore, the temperature has a strong
impact on colloid behavior in general, whether by heating or
freezing.”®® While AuNPs-citrate aggregate under freezing
conditions, it was observed that the suspensions remain stable
when frozen in the presence of thiolated DNA.** Interest-
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ingly, this bioconjugation can be achieved in a few minutes and
does not require the addition of salt or other chemicals.
Furthermore, the thiolated DNA strands can be used without
prior treatment with DTT or TCEP. With a final loading of
0.21 strand per nm? estimated on 13 nm AuNPs, the freezing
process allows a DNA density that is 20 to 30% higher than in
the case of the salt-aging method (Table 1).**° However, this
method does not enable quantitative DNA adsorption such as
the low pH method and requires a DNA excess for the salt-
aging process. The mechanism was investigated by studying
the e ects of salt, freezing, and thawing. Particle aggregation
observed after freezing is attributed to the growing of ice
crystals that exclude salt and AuNPs leading to high local salt
concentration that decreases electrostatic repulsion by screen-
ing the charges.*** Based on the results of this study, it seems
that DNA attachment occurs mainly during the freezing stage
following ice crystals growth increasing local salt, DNA and
AuNPs concentrations by exclusion (Figure 6).° An excess of
oligonucleotides is thus needed because it contributes to the
separation of AuNPs, avoiding their aggregation.***
Interestingly, the authors showed that the process can be
accelerated and achieved in a few minutes with a similar DNA
loading by using dry ice.**> However, it is necessary that the
sample containing AuNPs and DNA reaches the frozen state,
considering the role of ice crystals in the conjugation
mechanism. An important feature is that this method does
not require the use of extra salts, acids, surfactants, or other
reagents. Contrary to the pH method that is more e cient for
A-rich seq7uences, the freezing method is not sequence
dependent.”>®***° Thiol groups are especially necessary to
obtain well-covered AuNPs using the freezing strategy, but this
strategy has the main advantage to limit nonspecific DNA
adsorption. As the pH method, the freezing process can be
applied to AuNPs ranging from 5 to 100 nm.°***° Recent
studies have shown that particular secondary structures of
oligonucleotides can interfere with AUNPs-DNA functionaliza-
tion through the freezing strategy."**> To solve this, a very
recent study adapted this method to allow the synthesis of
DNA hairpin-conjugated AUNPs by increasing NaCl amount
and by adding SDS during the freezing step.**® Also, the
concentration of NaCl was adjusted to 100 mM during the
thawing phase. Using di erent characterization techniques, the
authors were able to demonstrate the retention of the sensing
abilities of the DNA hairpins that were attached to AuNPs of
di erent diameters. Liu and Liu also investigated the capacity
of AuNPs-ssDNA for posthybridization and observed that few
DNA probes were hybridized. However, it seems that the
freezing method promotes DNA hybridization, thus allowing
the direct synthesis of AUNPs-dsDNA by simply mixing the
two complementary single strands with the particles.**° Such
AuNPs were notably used as “nanoflares”, playing on their
ability to hybridize a fluorescent DNA strand, leading to
fluorescence quenching sensing devices. A complementary
DNA sequence or mRNA can then be added to induce the
release of the fluorescent probes, which induces a fluorescence
increase.
3.1.1.4. The Butanol Dehydration Method. Another
interesting approach using a sudden change in environmental
conditions to promote the conjugation of DNA to AuNPs is
the dehydration in butanol method. Hao et al. recently
reported an e cient, easy, and scalable procedure to develop
SNAs using an organic solvent to dehydrate a suspension of
AuNPs mixed with nucleic acids and promote DNA attach-

ment.*** In the presence of a butanol phase, the aqueous phase
generates a “solid solution” by dehydration, allowing very
dense DNA grafting in a few seconds. This phenomenon can
be explained because DNA, salt, and AuNPs are sequestered in
a very small volume of this “solid solution” in which steric and
electrostatic repulsion forces are attenuated (Figure 6)./%'4*
After adding enough butanol to reach this dehydrated state, the
solvent is removed, and water is then added to rehydrate the
sample and obtain AUNPs-DNA in seconds. This dehydration/
rehydration process was used in a previous work to develop
silver nanoparticles and could successfully be extended to gold
particles.**” The butanol dehydration requires a low NaCl
concentration (15 mM), and the use of TCEP is necessary to
avoid aggregation issues. While salt promotes DNA grafting by
screening the charges, TCEP seems to form a capping layer on
the gold surface activating DNA disulfide groups and thus
promoting Au—S bond formation.**® Therefore, TCEP is not
removed in this case because it allows the enhancement of
DNA attachment, while it is generally removed by exclusion
chromatography for the other strategies. Importantly, the
instant dehydration in butanol allows an extremely high DNA
density with a DNA loading, two to three times higher
compared to other existing methods. For 15 nm AuNPs, a
DNA loading of 0.37 strand per nm? was measured, which
corresponds to a 74% increase compared to the freezing
method (Table 1).*** Moreover, the DNA density was
maximized by the introduction of a poly(T) spacer in the
DNA sequences. A significant improvement (50—170%) of the
strand density was observed compared to AuNPs-DNA
obtained with the salt-aging and freezing methods using
similar strands.”*"®*“° This method was successfully applied to
AuNPs from 5 to 45 nm, and posthybridization can be
performed, allowing the development of nanoflare by adding a
complementary strand modified with a fluorophore.*** SNAs
obtained through this process were also used for DNA-directed
assembly to form core—satellite assemblies, taking advantage of
their high hybridization capacity.

3.1.1.5. The Heating and Drying Method. This approach
involves a mechanism similar to those of the two previous
methods (Figure 6). Indeed, the evaporative drying of AUNPS
in suspension with SH-DNA leads to their compression in a
small physical space, thus promoting nucleic acid conjuga-
tion.*** This process was investigated to avoid the use of
organic solvents that may induce stability issues of AuNPs-
DNA. Interestingly, evaporative drying can be applied to
AuNPs with di erent constitutions, shapes, and surface coating
ligands.”**** Importantly, this method allows one to control
the number of the strands on the gold surface with a density
that can range from zero to the highest DNA loading reported
for strand chemisorption (0.59 strand per nm? on 15 nm
AuNPs).**? Di erent temperatures can be used depending on
the volumes, and the reaction time may be shortened with
elevated temperatures. In this way, Huang et al. reported a fast
microwave (MW) heating-based one-step synthesis allowing
the development of AuNPs-DNA.*** Considering that MW
radiation can be completely reflected by the metal surface, the
aqueous solution can thus be quickly heated and dried under
MW radiation without a ecting the metal core.*****° The
mechanism envisaged here is that DNA loading is promoted by
the stretching of the nucleic acids and the concentration of the
reaction volume induced by heat.****>! An interesting aspect
using this approach is that complex secondary structures of
oligonucleotides should not a ect the process because of this
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stretching of the strands.*** By simply mixing SH-DNA with
AuNPs, SNAs can be obtained after a few minutes of MW
heating and drying, while AuNPs aggregate irreversibly without
DNA or with thiol-free DNA. Furthermore, this method was
successfully applied to larger AuNPs and gold nanorods. The
DNA density measured on 30 nm AuNPs using MW radiation
is 0.1 strand per nm%'** The obtained AuNPs-DNA
suspensions show high stability in 1 M NaCl and good
thermal stability that tends to indicate a very low rate of
nonspecific adsorption. Moreover, they are stable at di erent
pH, and they can be stored in solution for 2 months without
significant DNA release.**® Finally, lateral flow assays have
been conducted to confirm that the DNA structure was not
a ected by the temperature, and results indicate that these
AuNPs-ssDNA are able to recognize a complementary strand.
The di erent advantages and disadvantages of the five main
methods reported so far involving thiol anchoring are
compared in Table 1.
3.1.1.6. Other Strategies Using Thiol and Its Derivatives.
The di erent approaches reported so far thus take advantage of
the a nity between sulfur and gold to develop SNAs but have
in common the fact that only one thiol anchorage is involved
per DNA strand, and the low stability of this bond remains
problematic. Therefore, other studies envisaged attaching
DNA to AuNPs with at least two Au—S bonds per
oligonucleotide. Indeed, multiple thiol-anchors were used in
several works to form a more robust link and thus enhance
SNAs stability.*>>~*** For instance, tri- and tetrathiol-modified
oligonucleotides were designed to achieve this goal. However,
multiple thiol-anchors can also lead to a decrease of the DNA
density or of the binding a nity constant for the
complementary strand.**>**® This is the case for oligonucleo-
tides modified with a cyclic tetra-thiol linker for which a
maximum loading of 0.09 strand per nm? using AuNPs of 13
nm was measured, in comparison to 0.23 DNA strand per nm?
for the monothiol version.">> On the contrary to the other
reported results, the DNA density measured on 16 nm AuNPs
was higher for nucleic acids modified with a trithiol anchor
(0.16 strand per nm?) than for monothiol DNAs (0.1 strand
per nm?). Compared with conventional AUNPs-DNA, AuNPs
with trithiol DNAs were considerably more stable at high NaCl
concentration, but also in the presence of DTT, which is
commonly used to induce the detachment of thiol modified
nucleic acids from the particles for quantification.**> The DNA
loading and the stability of these AUNPs were even higher than
those of AuNPs functionalized with cyclic disulfide-capped
oligonucleotides. This trithiol anchor was also successfully
used to stabilize AuNPs larger than 30 nm with DNA.**?
Among the di erent chemical groups containing sulfur,
heterocycles with 5 or 6 atoms containing two adjacent sulfur
atoms are often used for the conjugation of DNA to AuNPs. In
1999, Mirkin and co-workers used a steroid derivative with a
1,2-dithiane cycle as DNA linker to AuNPs.*® The conjugates
obtained exhibited a better stability in the presence of DTT
than the conventional monothiol anchor. Li et al. also
investigated the thermal stability of AUNPs-DNA with di erent
thiol linkers including cyclic disulfide groups, monothiol and
acyclic disulfide moieties.”>* They observed that cyclic
disulfide was thermally less stable than monothiol and acyclic
disulfide, but more stable when mixed with other chemicals
containing thiols such as DTT. The dithiol anchor was also
used to develop more robust AUNPs-dsDNA by functionaliz-
ing the particles with DNA duplexes in which each strand is

attached to the gold surface with a thiol.****" As already
mentioned, spacers can influence not only the DNA loading
but also the stability of the AuNPs-DNA. A study using
thioctic acids as linkers with di erent spacers showed that alkyl
and oligoethylene type spacers were the most e cient to
increase the DNA loading and stability at the surface against
thiolated chemicals.”® In 2011, Seela et al. reported a new
conjugation method for the covalent attachment of DNA to
AuNPs using base-modified nucleosides containing thiooxo
groups that act as anchors.™® This procedure allows an
increase in the DNA binding stability to the particles, and the
conjugates obtained showed very good ability for hybridization
by formation of AUNPs-DNA network. It is worth mentioning
that it is possible to play on the nature of the surface anchoring
to modulate the delivery of DNA strands. Carnevale and
Strouse notably compared the intracellular DNA release in
human melanoma cells of three AuNPs-dsDNA systems.'®
They found that the rate of DNA release was the fastest for
AuNPs with a conventional monothiol linker, followed by a
mixed bidendate thiol plus amine and finally a bidendate dual
thiol attachment, which is consistent with the strength of the
chemical bonds considered.

Finally, a large number of compounds (surfactants,
polymers, chelating agents, and biomolecules...) are likely to
interact with nucleic acids and gold and thus can interfere with
AuNPs-DNA bioconjugation in various ways. For example, a
study reported a conjugation method using AuNPs first
covered with a layer of mononucleotides (deoxyadenosine
triphosphate) by adsorption to enhance the stability of the
AuNPs-citrate classically used before salt addition. AuNPs
covered with mononucleotides stay stable under high ionic
strength conditions and AuNPs-ssDNA can be obtained in just
4 h through the salt-aging approach.®® Zu and Gao also
reported a method to obtain AUNPs-DNA using a nonionic
fluorosurfactant that stabilizes the particles during the reaction
with DNA and NaCl.'®* Deka et al. used an approach
combining the surface passivation e ect of (1-mercaptoundec-
11-yDhexa(ethylene glycol) and a low pH environment to
easily obtain highly stable AuNPs-ssDNA with a tunable DNA
density.*®” One last interesting example that used this surface
passivation approach is the conjugation of biotin moieties to
AuNPs before the functionalization of the particles with SH-
DNA through the salt-aging and low pH methods.'®® The
SNAs such as those obtained remain very stable under a wide
range of bu ers and ionic strengths while retaining their
biological activity.

3.1.2. Other Covalent Strategies. Considering the
simplicity of use, the flexibility of thiol chemistry, and the
large amount of knowledge acquired about AuNPs-DNA
functionalized with thiols, very few other chemisorption
approaches were explored. Most of the objectives have already
been reached with the development of universal, fast, simple,
and reagent free methods. Also, maximum DNA loading can be
reached, and these AuNPs-DNA conjugates present remark-
able characteristics for hybridization, sensing, and delivery
applications.*****'®> The main limitation is the stability of
these systems, but the use of linkers containing several thiol
functional groups and some modification such as the type of
spacer allowed the development of more stable systems.
Therefore, other covalent strategies to attach DNA on gold are
extremely rare, and we will consider just one interesting
example involving click chemistry.
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In 2014, Kendziora et al. reported the use of a multifunc-
tional linker for orthogonal bioconjugation to AuNPs.*®® This
anchor, that constitutes the AuNPs first layer, is a lipoic acid
bearing two chemical groups allowing postfunctionalization.
The first one is an amine group allowing the attachment of a
functional heme protein by an amide bond, and the second one
is an alkyne allowing a copper catalyzed Huigsen cycloaddition
with an azide modified DNA.*®” Heme was chosen for two
di erent reasons; heme is an essential cofactor for a wide range
of enzymes such as P450 proteins and peroxydases, and it can
be used as a catalyst for several reactions. The presence of
DNA was confirmed by electrophoretic studies on agarose gel,
but no data concerning the number of strands per particle were
communicated. This orthogonal conjugation is however
particularly attractive for therapeutic applications requirin%
nanodevices with targeting and delivery properties.*®
Surprisingly, no conjugation of DNA to AuNPs based on
peptide type chemistry is reported to our knowledge, while this
reaction is widely used to functionalize AuNPs with other
biomolecules such as proteins and antibodies.***~*"° Examples
of amide bond formation with DNA are however found with
other nanomaterials such as quantum dots.*"*

3.2. Adsorption. Nucleic acid adsorption can be divided
into two main categories: poly(A)-type anchors and adsorption
onto NPs coated with cationic ligands.

3.2.1. The Poly(A) Anchor. Considering that A has strong
a nity for gold, and can even compete with thiol at low pH,
di erent studies used poly(A) anchors to promote DNA
attachment.”>8%172=17* Because anchoring containing a too
high number of nucleic bases could decrease the AuNP loading
capacity, the optimal anchor length was investigated to obtain
the right balance between a high DNA density and su cient
adsorption force. In a similar way, it was observed that the use
of a too long oligonucleotide spacer led to a significant
decrease of the density in the case of DNA containing a thiol
linker, due to steric e ects.”” On the other hand, it has been
shown that increasing the length of the spacer or of the linker
of AuNPs-ssDNA significantly improved the hybridization
yield when adding a complementary strand.”"> In 2012, Pei
et al. reported a thiol-free method to design AuNPs-DNA
using a polg/(A) linker with conditions similar to the salt-aging
procedure.”” They highlighted that oligonucleotides adopt a
specific conformation around AuNPSs conjugates that promotes
DNA hybridization compared to SNAs obtained with the thiol
chemistry.®° Moreover, it was observed that the hybridization
capacity of these AuNPs-ssDNA increased with the length of
the linker and that the maximal density was measured for the
poly(As,) anchor. The surface area occupied by this linker
seems to isolate the DNA strands and thus facilitates the access
of a complementary strand for hybridization. The strength of
the bond between the poly(A) linker and the AuNP surface
seems particularly high as the particles remain stable upon
addition of poly(T).* Finally, this method limits nonspecific
DNA adsorption and allows the synthesis of AUNPs-ssSDNA
with a high tunable hybridization ability, which were used as
rapid and highly specific plasmonic sensors. Another research
group used a poly(A;5) anchor to design AuNPs-DNA
nanoprobes for developing an aptamer-based lateral flow
assay allowing the detection of small molecules such as
adenosine triphosphate (ATP).*” A study also investigated the
stability of these AUNPs-DNA conjugates in di erent environ-
mental conditions by measuring the desorption of the
strands."’> DNA desorption seems to be mainly dependent

on the ionic strength, temperature, pH, and storage time.
Di erent anchoring lengths were also tested in this work, and
poly(Ay) and (Agy) linkers appear to enhance the general
stability of AuNPs conjugates compared to shorter lengths.*"*

Surprisingly, while T has the weakest a nity for AUNPs, the
introduction of poly(T) tags in nucleic acid sequences
enhances the DNA loading capacity through the fast
microwave method, while the use of sequences containing
poly(A) units was not e ective with this approach.*** The
di erent nucleic acids used in this study contain three distinct
parts: a poly(T) tag, the sequence of interest, and a terminal
sequence that constitutes the anchor group to the gold surface.
The poly(T) units form standing-up conformations oriented
toward the outer layer of particles driving the fast adsorption of
the opposite extremity of the sequence on the gold surface.***
Thus, the low a nity of T for gold led to DNA adsorption
through the other extremity of the strand that can be a
poly(A)-C tag or a random DNA sequence. Comparing
poly(A) with the other polynucleotide-based anchors, they
found that the i-motifs adopted by poly(C) DNAs were
unfavorable for AUNPs conjugation. Otherwise, poly(G) is less
attractive because it is more sensitive to depurination reactions
and is thus less stable at low pH than poly(A).*"® Beyond the
screening charge e ect of low pH on nucleic bases, DNA may
form some tertiary structures under certain environmental
conditions that can also strongly alter AUNPs functionalization.
The freezing approach was also applied to the bioconjugation
of AuNPs with thiol-free DNA strands using a poly(A)
linker.**> The key to obtaining well-covered AuNPs is the
number of exposed A bases in the DNA sequence. It appears
that at least 10 A bases are required at one end and that the
secondary structures of DNA must be taken into account, as
they can influence this exposure."*> In general, linkers with
sizes ranging from 10 to 30 nucleotides allow one to obtain the
right balance between loading, stability, and hybridization
capacity.?® A recent study however highlighted that a poly(A)
block with onl¥ 2 adenine bases was su cient to obtain stable
AuNPs-DNA.*"" These conjugates were obtained through a
thermal drying method and maintained stability after two
months of storage in 0.3 M NaCl.

3.2.2. The Phosphorothioate Group. Another interesting
strategy consists of modifying an element in the DNA structure
to enhance itsa nity for the gold surface. The main example is
the replacement of phosphate groups bg/ Phosphorothioates
(PS) in the DNA backbone (Figure 3).*"*~*% This strategy is
preferable to other DNA or RNA chemical modifications that
could alter their stability or biological activity. Considering that
DNA adsorption occurs via a gold—sulfur bond, we could have
included this approach in the thiol chemistry section, but we
will classify it in the adsorption strategies because it requires
chemical modifications to the DNA and involves the use of
large anchors such as the poly(A) tag. Moreover, the a nity of
a phosphorothioate for gold was estimated to be higher than
that of an adenine but lower than that of a thiol.*®* Based on a
previous work reporting the use of phosphorothioates for
AuUNPs self-assembly, Zhou et al. used these modified
backbones as direct anchor groups allowing the synthesis of
AuNPs-DNA via a new conjugation route.”®*%° This approach
has the advantage of being less sequence dependent
considering that adsorption occurs mainly between the
modified DNA backbone and the gold surface. They also
compared these AUNPs-DNA with those conjugated with thiol
and poly(A) as linkers. Usually, the phosphorothioate groups
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are included in a poly(A) block linked to the DNA sequence of
interest, thus strengthening the adsorption of the poly(A) type
anchors. This was confirmed by highlighting a better colloidal
stability of these AUNPs conjugates compared with those
containing unmodified poly(A) anchors.*®® Moreover, the use
of phosphorothioates is less expensive than thiols, and it allows
a DNA density tuning by modifying the length of the modified
poly(A) blocks as explained in the previous section.***"> This
strategy was mainly applied to design DNA probes for sensing
applications such as the detection of miRNAs.*%*®* The
second main application using this type of conjugation is the
control of the AUNPs assembly. For instance, it was observed
by TEM that the hybridization between complementary
strands attached to the gold surface with phosphorothioates
induced the formation of linear connections between
AuNPs.*"

3.2.3. Phosphate Backbones Interacting with Positively
Charged AuNPs. This category represents by far the second
most used approach to develop AuNPs-DNA after thiol
chemistry. In this case, rather than directly attaching nucleic
acids to the gold surface, AuNPs are first covered with
positively charged ligands, allowing the subsequent conjugation
of the negatively charged oligonucleotides through ionic
interactions (Figure 3). Based on the broad knowledge
acquired on the use of polycationic particles as carriers for
DNA and RNA delivery, similar strategies using AuUNPs
covered with cationic species were developed.'*%%% This
approach however presents some limitations for
applications such as the di culty to release the adsorbed
strands, the potential toxicity of the highly charged polymer
coated nanoparticles, and the lack of control over the nucleic
acid loading on the particles.***®*~*%" Thus, several studies
have been conducted to identify polycations that are
degradable and promote cellular uptake. There is a multitude
of possibilities such as the use of polyphosphoramidate,
poly( -aminoester), poly(L-lysine), polyethylenimine (PEI),
polyamidoamine, and cyclodextrin-based polycations that have
also shown interesting properties."®>*%%° Among these
species, PEI has several advantages and is the most used
pol}/cation to develop nucleic acid delivery nanomateri-
als."*%** PEI contains ramified aliphatic carbon chains with
several amino groups that are protonated at physiological pH,
allowing strong nucleic acid adsorption. Importantly, it was
reported that the use of PEI as an outer layer favored the
endosomal escape of the particles through the “proton sponge”
e ect.'91% Other studies however showed that it is possibly
not the dominant mechanism and that the increase in osmotic
pressure could be at the origin of the endosomal rupture.***
Nevertheless, PEI can induce severe toxic e ects due to its high
positive charge density, but these e ects can be attenuated by
using low molecular weight polymers.*® Finally, it is important
to point out that the cationic species are not necessarily
polymeric and short positively charged Ii%ands can also be used
to promote oligonucleotide adsorption.**®
3.2.3.1. Layer-by-Layer Assembly. This first type of construct
consists of successively adding to the particles several layers of
ligands of opposite charges (see section 4.2.2.1). Chou and co-
workers showed that replacing the elemental counterions of
AuNPs by polyamines improved the structural rigidity and the
plasmonic properties of DNA-assembled AuNPs through their
ability of condensing DNA.®" In 2012, Elbakry et al.
investigated the size-dependence delivery of DNA into cells
of layer-by-layer coated AuNPs.*** They found that the

optimal AuNPs hydrodynamic diameter to obtain the highest
cellular uptake and also the highest number of therapeutic
DNA per cell was 32 nm at the end of the assembly process.
This construction is composed of a DNA layer between two
PEI layers on 20 nm core AuNPs. The optimal size of PEI was
also investigated, and it was shown that 10 kDa PEI allowed a
good cellular uptake while reducing the cytotoxicity of the
AuNPs conjugates.””* In 2011, Tencomnao et al. designed
gene delivery sca olds based on DNA flasmid condensation
with cationic polymers coated AuNPs.** These nanosca olds
showed a transfection e ciency approximately 10 times higher
than polymeric-based gene vectors. Another study reported
AuUNPs covered with layer-by-layer degradable coatings
allowing the codelivery of DNA and siRNA through the
fabrication of an alternating arrangement of 6 polyelectrolyte
layers including two nucleic acid layers.**® This delivery system
also showed knockdown activity superior to that of lipofect-
amine as the transfection reagent. Generally, the hybridization
process is not necessary in these types of delivery nanodevices,
considering that the bioactive strands are spontaneously
released from the particles following the degradation of the
polymeric layers. More recently, Lee et al. developed CRISPR-
gold nanomaterials composed of AUNPs-DNA complexed with
donor DNA, Cas9 ribonucleoprotein and the endosomal
disruptive Poly( -( -(2-aminoethyl)2-aminoethyl)-
aspartamide).”® This CRISPR-gold carrier was used in a
wide variety of cell lines and showed the expected correction of
the DNA mutation associated with Duchenne muscular
dystrophy. Moreover, electrokinetic studies were performed
on AuNPs functionalized with cationic polymers and DNA
plasmids.”®® Results showed that AuNPs coated with PEI and
poly-L-lysine that are bound to linear DNA configurations had
a higher electrophoretic mobility irrespective of the pH,
compared to the supercoiled and circular configurations.?*’
This highlights the importance of the interactions between
cationic polymers and DNA for the biocompatibility of
AuNPs-DNA conjugates.

3.2.3.2. Mixed-Monolayer AuNPs. Unlike the layer-by-layer
construct involving several ligand layers, this approach consists
simply of mixing the particles with positively charged ligands
and DNA to ultimately form a mixed monolayer. As for the
layer-by-layer assemblies, a common application to these
AuNPs-DNA is the plasmid delivery because these constructs
allow the adsorption of complex nucleic acid structures without
generating synthesis or stability issues. Furthermore, plasmids
can be easily released, considering that they are bound to the
particles by electrostatic interactions. The first example
reported in this category was introduced by Sandhu et al. in
2002 In this work, AuNPs covered with quaternary
ammonium groups were used as vectors for the plasmid
DNA delivery. The formation of certain DNA motifs
protecting AuNPs-DNA conjugates from degradation was
highlighted. In parallel, another research group developed a
similar approach with the same purpose using PEI chains of 2
kDa instead of aliphatic carbon chains with terminal
ammonium groups.’®> The e ciency of these conjugates as
plasmid DNA delivery vehicles was considerably higher than
those without PEI. Lin and co-workers also developed a
method to modulate the surface potential of self-assembled
monolayer modified-AuNPs containing di erent functional
groups.“® This strategy allowed the synthesis of AuNPs
covered with ammonium groups, carboxylic groups but also a
mixture of these two functional groups of opposite charge.”®
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The combination of these positive and negative charges is
especially interesting to conjugate two types of biomolecules
having di erent charges such as DNA and cationic peptides.

Importantly, it should be emphasized that mixed-monolayer
AuNPs may also refer to nanoparticles covered with two or
more di erent ligands and do not necessarily involve direct
ionic interactions between DNA and polycations. Therefore,
AuNPs covered with PEG chains and DNA could also be
concerned here considering that electrostatic interactions can
occur via the introduction of cations entrapped in the PEG
layer. Di erent modifications of the environmental conditions
can also strongly influence these interactions.***?%*?% Indeed,
PEGs compete directly with DNA adsorption onto AuNPs-
citrate and can have a very distinct e ect on DNA
hybridization depending on several factors such as their size,
the ionic strength, or the introduction of chemicals. For
instance, it was observed that the addition of PEGs 20,000 in a
suspension of AuNPs-DNA allows an acceleration of the
hybridization process with its complementary DNA strand,
although it is not the case in the absence of particles.?®* It is,
however, di cult to classify and give an exhaustive list of the
systems for this part because each case is very specific and can
combine several of the approaches reported so far for the
development of AUNPs-DNA.

In the final part of this section, we focus on di erent
examples involving amino acids to promote DNA adsorption.
Cationic amino acids appear to be the most potential nucleic
acid binders to conjugate DNA to AuNPs. Thus, di erent
studies have been carried out to develop AuNPs coated with
lysine or arginine to attach, recognize, or deliver DNA.?%*%’
In 2007, Ghosh et al. investigated the binding a nity for DNA
of a series of amino acid functionalized AuNPs, includin
lysine, leucine, tryptophan, phenylalanine, and arginine.”°
Lysine-coated AuNPs showed the strongest attraction for
DNA, and the attraction was three times higher than the
weakest one, measured for AUNPs covered with phenylalanine.
This research was then extended by using amino acid polymers
such as poly lysine to increase DNA loading and AuNPs
stability. Ghosh et al. generated AuNPs coated with lysine
dendrons that showed an activity approximately 28-fold
superior to poly lysine as e cient gene delivery vectors.?%’
Recently, Chatterjee and co-workers published a review that
fully covers the surface functionalization of AUNPS with amino
acids and their derivatives.”® These AuNPs are mainly used for
the colorimetric and fluorescent sensing of metal ions and
biomolecules. In summary, this mixed-monolayer approach is
less attractive than the layer-by-layer assembly because the
cationic species used are generally smaller and potentially do
not entirely cover the gold surface, which may cause
nonspecific adsorption issues. Also, the strands are usually
not well protected from nuclease degradation because they are
directly exposed to the external environment in this case, and
the addition of an outer layer such as PEI is thus generally
necessary to avoid this.'**

4. AuNPs COATED WITH RNA

Usually, the development of AuNPs-RNA involves the same
strategies as those presented for AuNPs-DNA. Considering
that some processes presented before such as the fast
microwave and the freezing methods were reported only
recently, most of the reported AuNPs-RNA were obtained
using the salt-aging approach. We will however take a
particular attention to the reported methods allowing the

obtention of stable AUNPs-RNA (Figure 3/Table 1) because
certain methods appear to be ine cient with RNA for di erent
reasons. As previously mentioned, DNA and RNA present
di erent physicochemical and biological properties, and one of
the main reason that could explain the lower versatility of
AuNPs conjugation with RNA is the very short lifetime of
RNA in the presence of RNases.**** It is therefore necessary to
take precautions while working with RNA to avoid the
presence of RNases during the preparation of the samples but
also to protect the RNA strands after their attachment to the
particles. Passivating molecules are often added to these
nanodevices to increase the stability and promote cellular
uptake. Moreover, important di erences exist between DNA
and RNA in terms of charges and structural organization and
thus could a ect the bioconjugation process. Sequence-specific
electronic properties of the internucleotidic phosphates
between DNA and RNA have been reported to alter the
chemical reactivity of RNA phosphodiester bonds.**° In
addition to influence stability, the di erent p , values of
DNA and RNA nucleobases (Figure 2) and the 2"OH group of
RNA, whose ionization is nucleobase dependent, can strongly
modulate the interactions between gold and nucleic
acids.”"~?** This may explain why no study has described
the development of AuNPs-RNA via the pH method in the
continuity with the work carried out with DNA. Moreover, the
2'OH group may interact with the phosphodiester backbone
making RNA more reactive and sensitive to hydrolysis,
especially in an alkaline environment.*** By using histone-
mimetic nanoparticles, a study also evidenced that highly
positively charged nanoparticles were able to bend DNA but
not RNA.*® These behaviors could also be related to di erent
interactions with AuUNPs coated with positively charged
ligands. However, it is di cult to define a general mechanism
that could explain why the conjugation of AuNPs with RNA is
more challenging than DNA considering the number of
variable factors in each method. Indeed, there is currently a
lack of studies that explore the di erences between the
interactions of DNA and RNA with gold nanoparticles and
compare the loading and the stability of these two nano-
conjugates using the di erent methods reported.

4.1. Chemisorption. 4.1.1. Thiol Chemistry. 4.1.1.1. Salt-
Aging Method. The procedure allowing the obtention of
AuNPs-RNA is very similar to that described with DNA,
except that it requires stricter conditions such as the use of
RNase-free media and AuNP suspensions.”'® Indeed, the
presence of RNases in the medium may rapidly induce RNA
degradation and, thus, disrupt the functionalization of AuNPs.
In their study, Giljohann et al. first hybridized the free RNA
duplex in solution before adding it to the particles, which is an
approach also e cient with DNA.?*® Then, the AuNPs-dsRNA
obtained were functionalized with SH-PEG to enhance their
stability in biological media. These particles also demonstrated
high cellular uptake and high gene knockdown capability in
cells. Using this bioconjugation method, the authors estimated
aloading of  0.07 duplex per nm? on 13 nm AuNPs, and these
AuNPs-dsRNA were able to mimic native miRNAs with a
halving of target gene expression.”’” No direct comparison
with the loading of DNA duplexes was performed in this work,
but we can estimate a density of at least 0.1 DNA duplex per
nm? if we consider that a loading of 0.2 single-stranded DNA
per nm? is usually measured on 13 nm core AuNPs and if we
hypothesize a hybridization yield of 50%. Most studies
reported in the literature use particles obtained using this
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functionalization strategy to conjugate siRNAs or miRNAS in
addition to PEG groups.”*®~?* However, to our knowledge,
no paper reports the optimization of this method as it was
done for DNA.”® Using the salt-aging strategy, Braun et al.
synthesized 40 nm AuNPs conjugated with siRNAs allowing
gene silencing through the near-infrared laser-induced release
of the siRNA strand that causes the detachment of the thiols
from the gold surface.?”® In 2014, Barnaby et al. investigated
the stability of AuNPs-RNA developed as described by
Giljohann et al. and highlighted a protecting e ect in serum
of AuNPs toward endonuclease hydrolysis in comparison to
free RNA duplexes.”*®*** They also showed a 10-fold increase
in the siRNA lifetime using RNA methylation. Another study
highlighted that the siRNA duplex end conformation is
determinant for nuclease resistance and intracellular activity
of these AuUNPs conjugates.*

Interestingly, some studies also explored the functionaliza-
tion of AuNPs with DNA/RNA heteroduplexes, but this
design does not involve new conjugation approaches.?2%2?’
Most applications of this approach with nanoparticles focus on
detecting small amounts of target miRNAs, particularly in the
context of cancer diagnosis.’*?*® One example of small
hairpin RNA delivery using an heteroduplex with AUNPs-DNA
as RNA cargo was reported by Ryou et al. in 2010.°° They
were able to obtain a high loading of 0.19 RNA strands per
nm? on 13 nm particles. The AuNPs-ssDNA used here as RNA
carriers were developed according to the procedure described
by Rosi et al.,, and the conjugates allowed a reduction of p53
expression by 80—90% into HEK293 and HelLa human cell

lines.**>?%% In 2011, Kim et al. described a similar approach in
which AuNPs-ssDNA developed using conventional methods
were hybridized with a nucleic acid strand composed of two
moieties: a DNA moiety that is complementary to the strand
attached to AuNPs, and a miRNA unit which is comple-
mentary to an oncogene mMiRNA.**?** This AuNP-based
system was highlighted to inhibit the biological activity of the
oncogene miRNA in two independent cell lines. Finally, a
study reported the development of AuNPs-dsRNA using a
procedure similar to that reported by Giljohann et al., except
that they added Tween 20 during the reaction to stabilize the
system.”*? Using a fluorescence-based method similar to that
previously described for DNA quantification on particles, they
calculated a number of 0.09 duplexes per nm? on 13 nm core
AuNPs. The number of antisense strands was first estimated
after incubation of the particles with urea inducing
dehybridization. The sense strands were then detached and
quantified following incubation of the AuNPs-ssDNA with
mercaptoethanol. Interestingly, the number of antisense
strands was approximately 2 times lower than that of sense
strands.”** No specific explanation is given in this study, but
we can hypothesize that half of the antisense strands are
unpaired during the bioconjugation or washing steps
considering that this procedure is carried out in RNase-free
conditions and because the RNA duplex formation occurs
before conjugation to AuNPs. Another work used a
quantification method based on laser-induced RNA release
from AuNPs with sizes ranging from 80 to 200 nm and
investigated the e ect of the particle size on RNA density,
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showing that the nucleic acid density was higher on smaller
AuNPs.** RNAs were labeled with a fluorophore, and authors
were able to estimate the release of miRNA strands into cells
by fluorescence.

4.1.1.2. Heating and Drying Method. The MW heating and
drying method allows the obtention of AuNPs-DNA and
AuNPs-RNA with both thiolated and nonthiolated DNA and
RNA.*** Indeed, unlike most of the other methods reported to
date, this strategy can be extended to almost all types of nucleic
acid sequences. The AuNPs-ssRNA such obtained showed
good hybridization properties, as for DNA, and excellent
stability in a wide range of pH.**?

4.1.1.3. Other Strategies Using Thiol and Derivatives. It
should be emphasized that the first example of siRNA delivery
based on AuNPs was described in 2006 by Oishi et al, in
which AuNPs were cofunctionalized with SH-siRNA and SH-
PEGsg0-PAMA500.2>* PAMA corresponds to a poly(2- -
dimethylamino)ethyl methacrylate polymer with terminal
amine groups. In this study, the copolymer is first attached
to the particles before the immobilization of SH-siRNA strands
that are covalently bound to gold via thiol groups. This strategy
combined di erent strategies considering that the nucleic acid
loading is highly promoted by the ionic interactions occurring
between the positively charged polymer and RNA and that the
latter can be chemisorbed to the surface via its thiol. Based on
fluorescence measurements, the authors estimated a loading of
0.06 SiRNA strand per nm? on 15 nm core AuNPs, and these
AuNPs-RNA showed significant gene silencing activity in
HuH-7 cells.*** Using a cyclic disulfide linker as described for
DNA, Perzanowska et al. recently developed AuNPs-RNA.>*
They managed to show that this anchor enhanced the stability
of these AUNPs conjugates in comparison to those conjugated
with a monothiol linker. To stabilize AuNPs-citrate during the
bioconjugation process, the particles were incubated with
Tween 80 before adding the oligonucleotides. This stabiliza-
tion e ect of Tween also allows the addition of more complex
nucleic acid structures without stability issues. The AuNPs
coated with Tween 80 were for instance coated with 7-
methylguanosine mRNA 5’ cap analogs, a modification of
RNA allowing the recognition of cap-specific protein.”*
Recently, Graczyk et al. presented the first example of
AuNPs conjugated with tectoRNAs, which consist of RNA
units able to self-assemble into larger and programmable
nanostructures.”****” These RNA trimers composed of three
self-assembled RNA duplexes were attached to AuNPs with a
thiol linker, and the conjugates obtained demonstrated
e ective gene expression regulation.

4.1.2. The Disulfide Conjugation. This section di ers from
the previous sections because we will consider here a disulfide
attachment between a ligand previously grafted to AuNPs and
RNA, and not a direct conjugation of RNA to particles with
thiol groups. The first example was described by Lee et al. in
2009.7* They first attached a PEG polymer with a thiol anchor
and bearing amine functions at the opposite end, which are
then conjugated with  -succinimidyl 3-(2-pyridyldithio)-
propionate (SPDP). This chemical contains a disulfide
group, allowing the subsequent bioconjugation of RNA
duplexes by adding an excess of thiolated oligonucleotides
(Figure 7).

They estimated a loading of  0.06 strand per nm? on 13 nm
AuNPs using this approach. Moreover, the particles were
ultimately coated with a variety of poly( -aminoester)s before
cell transfection to protect RNA from degradation, and the

conjugates obtained showed levels of SiRNA delivery
similar to lipofectamine.”®® The second example was more
recently described by Parboosing et al. and involves exactly the
same strategy to attach single RNA strands that adopt a stem-
loop conformation.?*° However, they estimated a higher RNA
loading with 0.21 strand per nm? on 30—40 nm AuNPs.
AuNPs-RNA were next covered with an external layer of PEI.
This layer was then functionalized with a SPDP linker allowing
the subsequent conjugation of a targeting peptide to the
particles, and these carriers were used for RNA delivery into
lymphocytes.”*

4.1.3. Other Covalent Strategies. In this very brief section,
only one case of peptide type chemistry will be retained. The
particles used in the two corresponding studies consist of
gold—silver—gold core—shell—shell (CSS) nanoparticles taking
advantage of their near-IR absorption properties to enhance
photothermal miRNA release under irradiation.***** In both
instances, CSS particles were first coated with furan/
maleimide-based Diels—Alder cycloadducts that can be cleaved
above 60 °C. The miRNA strands are then attached to these
adducts using a peptide coupling type reaction. Under
irradiation, the maleimide moiety is detached from the furan,
and the miRNA strands are released from the particles.?*° Very
recently, Alden et al. used the same approach to induce the
delivery of miRNA from CSS particles in esophageal cancer
treatment, allowing a significant reduction in tumor volume in
mice model.?** They reported a loading of 0.01 strand per
nm? on AuNPs ranging from 100 to 150 nm in diameter.

4.2. Adsorption. 4.2.1. Poly(A) Anchor. In the continuity
of the work carried out with DNA, Jiang et al. applied the
nonspecific adsorption conjugation approach to RNA using
strands modified with poly(A) anchors for the synthesis of
AuNPs-RNA.?*? This method has the advantage to be simple,
fast, and inexpensive. They determined a density of 0.07 RNA
strand per nm? on 13 nm core AuNPs. Interestingly, the
system was designed to allow the formation of a duplex with a
fluorescent complementary RNA strand only in the presence of
theophylline. The pairing requiring theophylline thus allows
the detection of this biomolecule in serum.*** Importantly, Hu
et al. recently adapted the thiol-free freezing method previously
presented with DNA to obtain AuNPs-RNA analogs."*> The
procedure and the concepts allowing the synthesis of these
particles are the same as for DNA and gave similar results.
Thus, it seems that ribose units have no influence on the
a nity of A for gold, considering that this method is based on
poly(A) adsorption. This method therefore enables the
development of stable AuNPs-RNA in few minutes with a
single step, without salt or other reagents, and avoiding costly
modifications of DNA and RNA with thiols or other
groups.**>?** Reaction time is also important in the develop-
ment of stable AuNPs-RNA regarding the low stability of
RNA.?*® As for DNA, the heating and drying approach was
also applied to RNA using poly(A) as an anchor."’” Despite a
general low stability of the AUNPs-RNA conjugates obtained,
this work demonstrated that the RNA strands attached to
AuNPs with a poly(A) anchor of 4 units still retained their
ability to hybridize.

4.2.2. Phosphate Backbones Interacting with Positively
Charged AuNPs. 4.2.2.1. Layer-by-Layer Assembly. These
last years, more and more AUNPs-RNA were developed using
adsorption of nucleic acids on particles coated with cationic
species, which is mainly related to the simplicity of this
approach.”>**#** Considering the low stability of RNA, the
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particles are generally covered with an additional ligand layer
on top of the nucleic acids to protect them from RNases, thus
implying a layer-by-layer construction in most of the cases.
One conventional example of aRNA delivery system based on
a layer-by-layer approach was presented by Elbakry et al. in
2009 (Figure 8).** PEI was used as the first layer, and siRNA
was then adsorbed on PEI before the final addition of an outer
layer of PEI.

Interestingly, no evident cytotoxicity was observed using
these carriers despite the known toxicity of PEL?****°> An
e ective siRNA delivery was demonstrated with this construct,
while no significant gene silencing activity was observed using
the particles with siRNAs as an outer layer.** This type of
construction allows for a very high RNA loading that can be
useful for diverse delivery applications. For comparison with
other traditional methods, a density of 1.03 strand per nm? on
155 nm AuNPs was estimated in this study through the
construct of this 3-layer assembly (AuNPs-PEI-SiRNA-PEI). It
is worth mentioning that such density can be achieved only
through the adsorption of nucleic acids on a polymeric layer
considering that the surface density available for the adsorption
considerably increases following the grafting of this dense
polycationic layer. Beha et al. recently used similar AuNPs-
RNA for the treatment of methicillin-resistant

2% Another interesting example of multilayer RNA
delivery platform was described by Guo et al. with the
development of AuNPs coated with 5 distinct layers of
polymers of opposite charges.”*’ Starting from the core of the
particle, these layers are composed of 11-mercaptoundecanoic
acid, PEI,  -aconitic anhydride functionalized poly-
(allylamine), PEI, and siRNA bearing a cyanine 5 fluorophore
as an outer layer. This unconventional system was notably
designed to improve the RNA delivery properties of these
transporters in cells. Indeed, the layers are made of di erent
charge-reversal copolymers that can switch their global charge
depending on the pH. This construct demonstrated an
enhancement of nucleic acid delivery in cells by increasing
the endosomal escape through the “proton sponge”
e ect.®®?*" The knockdown activity of these AuNPs
conjugates was even better than that of lipofectamine. Lee et

al. also used a similar layer-by-layer strategy to develop an
e ective gene silencing nanodevice based on AuNPs covered
with 7 layers composed of 4 layers of poly lysine alternated
with 3 siRNA layers, allowing a very high nucleic acid
loading.?*® Moreover, this large multilayer structure allowed
gradual RNA release and showed extended delivery activity.
More recently, Shabaani et al. developed AuNPs-RNA with a
similar approach, but they used chitosan as a charged polymer
to promote siRNA adsorption.”*® An outer layer of chitosan
was then applied to protect siRNA and to enhance the gene
silencing activity of these vectors. They evidenced high RNA
density that can be improved just by adding more AuNPs-
chitosan to the siRNAs and showed that these conjugates were
more stable and more e cient SIRNA delivery systems than
commercial transfection reagents such as lipofectamine.?*°

4.2.2.2. Mixed-Monolayer AuNPs. In this second part, we will
consider all of the systems involving ionic interactions between
RNA and other species but forming a mixed-mono layer at the
AuNP surface in opposition to the multilayer constructs. One
of the chemicals that is commonly combined to nucleic acids is
PEG. This polymer can be functionalized with di erent
terminal functions to promote RNA adsorption in addition
to the PEG passivating e ect.>*?** For instance, in the context
of targeted therapy in breast cancer cells, Chaudhari et al.
recently developed a miRNA delivery platform using AuNPs
first coated with SH-PEG-NH, groups to then cover these
particles with RNA via ionic interactions with the ammonium
cations.”** Other strategies used PEGs to induce the formation
of stabilizing complexes with RNA strands and other chemicals
through strong adsorption forces while benefiting from the
protecting e ect of PEGs. PEGs were notably associated with
poly lysine leading to the formation of stable nanostructures
with RNA and presenting very interesting therapeutic
properties.>>?>* For example, Kim et al. used a copolymer
composed of a PEG block (2200 Da) and a poly lysine moiety
presenting 40 positive charges and a terminal thiol function
allowing the conjugation of the polymer to gold.*** The
copolymer was first mixed with siRNA that bears 40 negative
charges, thus inducing strong ionic interactions. Then, the
complexes are linked to 20 nm AuNPs with the thiol anchor of
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poly lysine. PEG units thus constitute the outer layer, while
RNA is close to the metallic core and protected from
degradation. These carriers were used for siRNA delivery
into tumors in a mice model and showed high colloidal
stability and tumor accumulation.?® Other studies used amine-
coated AuNPs to then promote the adsorption of RNA-PEG
complexes.>*?*> Ghosh et al. developed a gold platform for
miRNA delivery using this design.>* They mixed cysteamine-
functionalized AuNPs with stem-loop miRNA strands and
PEG chains modified with thiols, inducing the formation of
nanocomplexes with a RNA passivating e ect. These AuNPs-
RNA demonstrated very low cytotoxicity, a 10—20-fold higher
delivery activity than lipofectamine, and a 1000—2000-fold
increase in delivery e ciency compared to AuNPs analogs
conjugated with naked miRNAs.>>* Recently, a study
developed epidermal growth factor receptors siRNA-coated
AuNPs in the context of lung cancer therapy.>® The first layer
is composed in this case of collagen, a structural protein with a
triple helix conformation and generally presenting several 5-
hydroxylysine amino acid residues. The zeta-potential of these
AuNPs-collagen is indeed positive at physiological pH,
allowing for the adsorption of negatively charged oligonucleo-
tides. This theranostic nanodevice allowed a reduction of 70%
of the tumor weight in xenograft mice model.?*® Finally, some
works used dendritic cationic species to interact with RNA and
highlighted nucleic acid protection by stabilizing structures
distributed at the surface of the particles. Kim et al. developed
in this way an e ective AUNPs-siRNA delivery platform with
minimal toxicity.>’

4.2.3. Other Adsorption Approaches. As previously
discussed, thiol-free DNA strands can be conjugated to
AuNPs with the fast microwave method, and this process
can be applied to RNA.*** Similarly, the bioconjugation is
poly(T/U) tag dependent because these moieties form
organized structures with low a nity for gold, therefore
promoting RNA attachment through its opposite extremity.
The strands are made of 3 units as described for DNA except
that a poly(U) tag is used instead of poly(T). This strategy was
also applied to long and structured single RNA strands.
Bioconjugation of nanomaterials with longer RNA sequences is
usually more challenging, and the synthesis of long chemically
modified oligonucleotides strands is particularly expensive.***
The microwave method thus allowed the synthesis of AUNPs
covered with RNA strands made of several hundred
nucleobases and is also e cient with double-helix structures.
Another interesting approach was described by Shandilya et al.
that developed a photonic method for point-of-care detection
of circulating noncoding RNAs based on AuNPs.?*® For this,
they used conventional biotin—streptavidin chemistry to attach
RNA strands to the particles. AuUNPs were first coated with
streptavidin and a fluorophore before the introduction of
biotinylated uracil RNA strands. The recognition of the
noncoding RNAs induces a modulation of the distance
between the gold surface and the fluorophores, leading to a
madification of its emission properties. This technique allows a
precise and sensitive detection of the circulating noncoding
RNAs which are important biomarkers. Finally, we will
mention a last example of siRNA delivery system based on
AuNPs that stands up from the others considering that several
particles and di erent interactions are involved in the
development of these carriers.”®® Briefly, AuNPs were
functionalized with PEGs bearing ultrashort peptides, and
the addition of siRNAs leads to cross-linking interactions

between the particles via ionic attraction between the peptides
and the free RNA strands. These large complexes demon-
strated high transfection capacity and can be used as siRNA
transporters.>°

5. CONCLUSION

AuNPs benefit from several advantages such as their plasmonic
properties, precise control in the design of their organic
coating, low cytotoxicity, and high transfection capacity. All
these elements confer to the particles a considerable potential
for biomedical applications with a particular attention to
sensing and delivery.°®'°* Gene therapy is a wide research
field, including notably nucleic acid delivery. However, the low
stability of RNA is a major barrier to take advantage of their
full potential, and the development of carriers allowing RNA
protection from RNases and other environmental factors is
necessary. Although lipid nanoparticles are currently the main
platform used for RNA delivery, AUNPs remain of particular
interest regarding the possibility of designing the layer with
targeting ligands and nucleic acids that could allow more
specific treatments of certain pathologies such as cancer.’***

In this Review, we have highlighted the large number of
options existing to functionalize AuNPs with nucleic acids.
This is mainly related to the several factors that can a ect the
behavior of AuNPs and nucleic acids, such as ionic strength,
pH, solvent, temperature, or the presence of di erent
chemicals.*®**° Based on this knowledge, numerous strategies
have been developed including the salt-aging, the pH-assisted,
the freezing, the heating and drying, and the butanol
dehydration methods.*#0+401427144 "These procedures have,
however, one common characteristic: nucleic acids are
modified with thiol groups to promote their grafting to
AuNPs considering the known a nity of sulfur for gold. Very
few other chemisorption methods exist, and thiol chemistry is
almost the only used covalent approach.** The second main
type of bioconjugation involves ionic interactions between the
negatively charged phosphate backbone of nucleic acids and
AuNPs coated with cationic species."®*?°® Another common
nonspecific adsorption strategy, that takes advantage of
adenine a nit(}/ for gold, is to use strands modified with a
poly(A) unit®

Finally, the critical point of this paper is to highlight the low
number of existing methods to develop AuNPs-RNA in
comparison to DNA. Indeed, only the salt-aging type method
and the fast microwave approach have been described to
conjugate RNA to gold with thiol chemistry.**?'® This is
partly related to the low stability of RNA that can a ect the
conjugation but also to the potential low stability of the AUNPs
conjugates obtained if RNA is not well protected from
degradation. In the systems where RNA is attached via a thiol,
its loading is generally lower ( 0.07 strand per nm?) than for
DNA ( 0.19 strand per nm?), and the use of passivating
agents such as PEGs is necessary to improve AuNPs-RNA
stability.”** Among the bioconjugation methods involving
nucleic acid physisorption, the poly(A) anchor appears to be
an interesting option to functionalize AuUNPs with RNA. A
thiol-free freezing strategy has notably been developed using
this anchor.**> Most of the miRNAs and siRNAs delivery
platforms developed in the last few years mainly involve the
combination of cationic species to interact with RNA and form
stable complexes at the surface of the particles. This design has
the advantage of being simple, and RNA can be easily
protected from degradation by covering it with an outer layer
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of polymers. However, this approach still has some limitations
such as the potential cytotoxicity of charged Eolymers and the
poor control over the nucleic acid loading.**> To conclude,
AuNPs coated with nucleic acids present a powerful
therapeutic potential for the delivery of miRNAs and siRNAs
notably, but new approaches are still needed to optimize
AuNPs-RNA nanodevices in terms of stability and control over
the layer design.

Safety Statement. This review discusses chemical
procedures using reagents such as hydrogen tetrachloroaurate
(HAuClI,), sodium borohydride (NaBH,), organic solvents
(e.g., ethanol, -butanol), and thiol-modified oligonucleotides
that are commonly used in the synthesis of gold nanoparticles
and their functionalization with nucleic acids. Many of these
chemicals are hazardous, including being flammable, corrosive,
or toxic. While gold nanoparticles themselves are generally
considered to have low toxicity, appropriate care should be
taken when handling nanoparticle suspensions, due to
potential biological and environmental e ects. Proper labo-
ratory safety protocols, including the use of appropriate
personal protective equipment (PPE) and fume hoods, are
essential when handling these substances. Waste containing
nanoparticles should be collected and disposed of in
accordance with institutional hazardous waste guidelines.
Researchers are advised to consult relevant Safety Data Sheets
(SDS) before use.
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