J Journal of .
2) Nanotheranostics

Review

Self-Assembled Monolayers Derived from Positively Charged
Adsorbates on Plasmonic Substrates for MicroRNA Delivery:

A Review

Johnson Hoang 1@, Pooria Tajalli 207, Mina Omidiyan
, Chien-Hung Li ¥, Arati Kohlhatkar 2, Hung-Vu Tran 200, Preethi H. Gunaratne 1-*

Wirote Tuntiwechapikul 3
and T. Randall Lee %%

check for
updates

Citation: Hoang, J.; Tajalli, P.;
Omidiyan, M.; Marquez, M.D.;
Khantamat, O.; Tuntiwechapikul, W.;
Li, C.-H.; Kohlhatkar, A.; Tran, H.-V.;
Gunaratne, PH.; et al.
Self-Assembled Monolayers Derived
from Positively Charged Adsorbates
on Plasmonic Substrates for
MicroRNA Delivery: A Review. |.
Nanotheranostics 2023, 4, 171-200.
https://doi.org/10.3390/jnt4020009

Academic Editor: Seyed Moein
Moghimi

Received: 21 March 2023
Revised: 23 April 2023
Accepted: 25 April 2023
Published: 8 May 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2(, Maria D. Marquez 2 Orawan Khantamat 3®,

1 Department of Biology and Biochemistry, University of Houston, Houston, TX 77204-5001, USA
Department of Chemistry, The Texas Center for Superconductivity, University of Houston,

Houston, TX 77204-5003, USA

Department of Biochemistry, Faculty of Medicine, Chiang Mai University, Chiang Mai 50200, Thailand
Department of Medicinal and Applied Chemistry, Kaohsiung Medical University, Kaohsiung 807, Taiwan
*  Correspondence: phgunaratne@uh.edu (PH.G.); trlee@uh.edu (T.R.L.)

Abstract: MicroRNA (miRNA) has emerged as a promising alternative therapeutic treatment for
cancer, but its delivery has been hindered by low cellular uptake and degradation during circulation.
In this review, we discuss the various methods of delivering miRNA, including viral and non-viral
delivery systems such as liposomes and nanoparticles. We also examine the use of nanoparticles
for miRNA-based diagnostics. We focus specifically on non-viral delivery systems utilizing coinage
metals in the form of nanoparticles and the use of self-assembled monolayers (SAMs) as a method of
surface modification. We review the use of SAMs for the conjugation and delivery of small noncoding
ribonucleic acid (ncRNA), particularly SAMs derived from positively charged adsorbates to generate
charged surfaces that can interact electrostatically with negatively charged miRNA. We also discuss
the effects of the cellular uptake of gold and other plasmonic nanoparticles, as well as the challenges
associated with the degradation of oligonucleotides. Our review highlights the potential of SAM-
based systems as versatile and robust tools for delivering miRNA and other RNAs in vitro and in vivo
and the need for further research to address the challenges associated with miRNA delivery and
diagnostics.

Keywords: microRNA; miRNA delivery; non-viral delivery systems; plasmonic nanoparticles;
self-assembled monolayers; SAMs; miRNA diagnostics; therapeutics; nanotheranostics

1. Introduction

The use of microRNA (miRNA) to resensitize apoptosis-resistant cancer cells has
emerged as a prominent alternative therapeutic treatment to chemotherapeutic drugs [1-5].
Nonetheless, the unfavorably low cellular uptake and degradation during passive circula-
tion have hampered the delivery of miRNA in vivo and in vitro [6]. The two most notable
categories of gene carrier systems to date are viral and non-viral. Viral carriers (retroviruses,
lentiviruses, and adenoviruses) offer the advantage of a relatively high transfection effi-
ciency but are hindered due to their immunogenicity and complex preparation methods [7].
Alternatively, non-viral delivery systems (liposomes and nanoparticles) have emerged as
contenders for the difficult-to-prepare viral systems. Commercially available, non-viral
liposomal delivery systems have therefore emerged at the forefront of therapeutics due to
their high cellular membrane affinity, non-immunogenic response, and ease of production.
However, these methods still suffer from low transfection efficiency and high cytotoxicity,
compared to viral carriers [8]. Furthermore, the emergence of a subclass of non-viral deliv-
ery carriers utilizing coinage metals as a platform, in the form of nanoparticles, offers the
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advantages of low toxicity and high payload delivery. However, the nanoparticle surface
requires modification by adsorbates to impart specific properties [9].

The use of self-assembled monolayers (SAMs) has become a prominent method for sur-
face modification due to the ease of formation via the binding of an adsorbate on a variety of
different coinage metals (gold, silver, platinum, and palladium) and the robustness offered
to the material by tailoring the interfacial properties of the films [10-14]. The most highly
studied substrate for biological applications is gold due to its inert and biocompatible prop-
erties [10,15,16]. The adsorbate is composed of a headgroup (i.e., thiol [15-17], silane [18],
imidazole [12], or phosphonate [19]) which can be adapted to bind to specific substrates.
For gold and related noble metal substrates, thiol headgroups are typically used [13,16,20].
The second component of the adsorbate is a spacer, composed of an alkyl chain that dictates
the packing of the resulting films through van der Waals (vdW) interactions [21]. The last
major component of the adsorbate is a terminal group. To further tailor SAMs for biological
applications, the adsorbate’s terminal group can be tailored for biomolecule conjugation;
common tailgroups used for these types of applications include ammonium [22], carboxylic
acids [23], and thiols [24].

This article provides a review of SAMs that can be used for the conjugation and
delivery of small noncoding RNA (ncRNA), particularly SAMs derived from positively
charged adsorbates to generate charged surfaces to interact electrostatically with negatively
charged miRNA [25]. A brief discussion of the biogenesis and homeostasis of miRNA
is given, followed by a discussion of the effects of the cellular uptake of gold and other
plasmonic nanoparticles through endocytosis. The final section presents a report on various
adsorbate terminal groups used for the conjugation and delivery of oligonucleotides.

2. Roles of miRNA in Gene Regulation

The miRNAs are ~22 nucleotides (nt) small ncRNAs that have a functional role as
post-transcriptional regulators of protein-coding genes [26]. In humans, there are more than
2300 miRNAs that are estimated to regulate over 60% of protein-coding genes [26,27]. To
understand the role of miRNA as post-transcriptional regulators of oncogenes and tumor
suppressors for the development of microRNA therapeutics for the treatment of cancer,
brief overviews of miRINA biogenesis, RNA-induced silencing complex (RISC) formation,
target recognition, and the modes of gene silencing are described below.

2.1. Biogenesis of miRNAs

The miRNA-encoding sequences are found in both intragenic regions and intergenic
regions of a genome. The intragenic miRNAs are embedded within a host gene, which can
be a protein-coding gene or a noncoding RNA gene. The recent analysis of 1881 miRNAs
found that about 76.2% of miRNAs can be classified as intragenic miRNAs, of which the
majority resides within an intron of the host gene (48.8% of 1881 miRNAs), while the
intergenic miRNAs account for another 23.8% [28].

The biogenesis of intragenic miRNAs can be both host-gene-dependent or independent.
The early model suggested the co-expression of both miRNA and the host gene using the
same promoter, and miRNAs are processed from the same primary transcripts as their host
genes [29,30]. However, a study using genome-wide miRNA and gene expression profiles
found that only a fraction of intragenic miRNAs is coexpressed with their host genes [31].
Another study of human genomes using PROmiRNA, a miRNA promoter recognition
method, found that up to 62% of miRNAs have their own promoters whose expression
occurs independently from their host gene transcriptions [32]. The same PROmiRNA
study also found that 83.7% of intergenic miRINAs have at least one promoter [32]. Note
that the PROmiRNA study employed data from the deepCAGE database, which gathers
information from only 5'-capped transcripts. Therefore, these miRNAs were transcribed by
RNA polymerase II. The undetected miRNAs in the study might be the miRNAs transcribed
by RNA polymerase III [33,34], or the primary miRNA transcripts were not detectable due
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to various reasons [32]. Furthermore, many intergenic miRNAs are located in the same
clusters and they could be transcribed under the same promoter [35,36].

The biogenesis of miRNAs has been extensively reviewed elsewhere [26,29,37,38].
Figure 1 summarizes the canonical pathway of miRNA biogenesis. In general, regardless
of their location in the genome, most miRNAs are transcribed by RNA polymerase 1I
under their own promoters or the host-gene promoters in the case of some intragenic
miRNAs. The primary miRNAs (pri-miRNAs) are usually long, up to several thousand
nt in length, with a section of about 60-80 nt that forms a hairpin structure, where the
mature miRNA is embedded in the stem [38,39]. In the nucleus, the pri-miRNAs are first
bound by a double-stranded RNA-binding protein DiGeorge Syndrome Critical Region 8
(DGCRS) and cleaved by Drosha. Drosha, a class II ribonuclease 1II enzyme, cleaves the
pri-miRNA in the stem near the base of the hairpin structure to generate a miRNA precursor
(pre-miRNA) with a 2-nt 3’-overhang [38]. The pre-miRNAs are then exported through
the nuclear pore to the cytosol by Exportin-5 (EXP5 or XPO5), which forms a transport
complex with Ran-GTP upon binding to a pre-miRNA [38]. Once in the cytoplasm, Ran-
GTP is hydrolyzed to Ran-GDP, and the transport complex is disassembled, releasing
pre-miRNA [38]. The pre-miRNA is then processed into a mature miRNA by Dicer, an
RNase III endoribonuclease, in association with a double-stranded RNA binding protein
trans-activation response (TAR) RNA-binding protein (TRBP) [38,40]. Dicer recognizes
the 2-nt 3/-overhang of the pri-miRNA by its Platform-PAZ-connector (PPC) domain, and
the two RNase III domains cleave the dsRNAs stem of the hairpin ~22 nt from the 3'-end,
generating a mature miRNA duplex with the two distinct characters, a monophosphate
group at the 5’-end and a 2-nt 3’-overhang, on both ends [41].

2.2. RNA-Induced Silencing Complex (RISC) Formation

The Dicer-TRBP complex, together with the mature miRNA duplex, interacts with
an Argonaute (AGO) protein to form the RISC-loading complex (RLC) [40]. The miRNA
duplex is then unwound; one strand (guide strand) remains with the RLC, while another
strand (passenger strand) is sometimes discarded and subsequently degraded [37]. In some
fractions of the miRNAs, both strands act as guide RNAs for different mRNA targets. Any
RNA strand of the miRNA duplex can remain in the RLC and, therefore, act as miRNA in
the RISC. However, the preference for one strand over another varies widely depending on
cell type, cellular environment, and the type of nucleotide at the 5’-end [37].

Once the selection of the miRNA’s guide strand is completed, the RLC is allowed to
form the RNA-induced silencing complex (RISC) [42,43]. RISC is a generic term for ribonu-
cleoprotein complexes that repress the expression of target genes at the transcriptional or
post-transcriptional levels [41]. An RISC is comprised of a small RNA and a member of
an AGO protein family, along with the set of effector proteins recruited by each specific
AGO [41].

The small RNAs in an RISC are generally classified into three groups: miRNAs, small
interfering RNAs (siRNAs), and P-element-induced wimpy testis (PIWI)-interacting RNAs
(piRNAs) [44]. These RNAs are classified as small noncoding RNAs (sncRNAs), which are
distinguished from long noncoding RNAs (IncRNAs) based on their size at 200 nucleotides.
The miRNAs and piRNAs are transcribed from genomic DNA. However, the siRNAs
are synthetic double-stranded RNAs introduced into cells with the purpose of targeting
a specific mRNA for degradation [44]. Much like the miRNAs mentioned above, the
cellular-introduced double-stranded RNAs are processed by Dicer to generate siRNAs,
double-stranded RNAs typically 20-24 base pairs in length, which then guide and align
the RISC on the target mRNA [43]. Another form of RNA interference that mimics both
miRNA and siRNA is the short hairpin RNA (shRNA). Instead of introducing the cells
with a double-stranded RNA to produce siRNA, the siRNA sequence is embedded in
an artificial gene with an RNA polymerase II/IIl promoter. The gene is then delivered
into the cells in the form of a plasmid or with a viral vector. After transcription by RNA
polymerase, the primary transcript forms a short hairpin structure that is processed to
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shRNA by the Drosha-DGCR8 complex and follows the miRNA biogenesis pathway to
form the RISC [45]. The last group of small RNA in RISC is piRNA. The piRNAs bind the
PIWI subfamily of AGO proteins to specific targets of activated transposable elements or
retroviral that have invaded our genome and play roles in transposable element repression,
gene regulation, and viral defense [46]. They are distinct from miRNA in size (26-31 nt).
The biogenesis of piRNAs is independent of Dicer, and their mechanisms remain an active
area of research [45].
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Figure 1. The canonical pathway of miRNA biogenesis. Most miRNA genes are transcribed by RNA
polymerase II. The primary miRNAs (pri-miRNAs) are usually long, with a section of ~70 nt that
forms a hairpin structure. The pri-miRNAs are cleaved into a miRNA precursor (pre-miRNA) in the
nucleus by a microprocessor complex consisting of Drosha and DiGeorge Syndrome Critical Region
8 (DGCRS) protein. The pre-miRNA is then exported to the cytosol by the complex of Exportin-5
(XPO5) and Ran-GTP. In the cytoplasm, Ran-GTP is hydrolyzed to Ran-GDP, and the transport
complex releases its pre-miRNA. The pre-miRNA is then cleaved by Dicer, in association with trans-
activation response (TAR) RNA-binding protein (TRBP), to generate a mature miRNA duplex. The
miRNA duplex-Dicer-TRBP complex then interacts with an Argonaute (AGO) protein to form the
RISC-loading complex (RLC). AGO selects a guide strand, and the assembly of the RNA-induced
silencing complex (RISC) proceeds. RISC recognizes the mRNA target through base-pairing with the
miRNA, which then leads to mRNA degradation or translation inhibition.
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Argonaute protein (AGO) is the other essential component of the RISC besides the
small RNA [42]. The eukaryotic AGO family is divided into four classes: AGO-like family,
PIWI-like family, WAGO family, and Trypanosoma AGO family [47]. Each AGO family has
its preference for the group of small RNA and may interact with distinct effector proteins,
leading to different functions in gene regulation [42]. There are eight Argonaute proteins
in humans: four AGO proteins and four PIWI proteins [47]. The four AGOs share ~80%
amino acid homology and often bind the same set of miRNAs [48]. AGO2 is the most
studied because it is the most abundant AGO in many cells, and the AGO2 gene is the only
essential gene among the four paralogs [48]. AGO2 was believed to be the only AGO that
processes endonuclease activity (slicing activity) until AGO3 was also found to have this
activity as well [48].

Nakanishi et al. redefined the AGO structure into six domains from N-terminal to
C-terminal as follows: N-domain (N), Linker I (L1), Piwi-Argonaute-Zwille (PAZ), Linker
2 (L2), Mid domain (MID), and P-element-Induced Wimpy (PIWI) [48]. The N-domain
unwinds the miRNA duplex during the RISC assembly. The PAZ domain binds the 3’-end
of the guide strand, protecting it from RNA degradation and aiding the RISC assembly.
The MID domain anchors the 5'-end of the guide strand between the MID-PIWI lobe. The
PIWI domain, which contains the catalytic DEDH (Asp-Glu-Asp-His) tetrad in AGO2 and
AGOS, is responsible for mRNA cleavage for these AGOs. The L1 and L2 linkers contribute
to the overall structural stability of the RISC.

2.3. Target Recognition by RISC

The mature RISCs bind their target mRNAs and silence their expression by initiating
mRNA degradation or translational repression, depending on the degree of guide miRNA-
mRNA complementarity or the effectors recruited by each AGO protein [42]. Figure 2
illustrates the guide strand in the RISC and its target mRNA (an example from an RISC with
the AGO2 protein). Human miRNAs prominently bind their mRNAs in the 3’-untranslated
region (3'-UTR) [42]. The guide miRNA strand can be divided into four domains from 5’ to
3': the seed, central, 3'-supplementary, and tail regions. The seed region, the second nt to
eighth nt (g2-g8) from the 5'-end, is essential for target recognition using conventional base
pairing. The central region (g9—g12) is important for mRNA and passenger strand cleavage.
The 3/-supplementary region (g13-g17) further stabilizes the complex by base pairing
with the mRNA target. The tail region (g18-3" end) affects the turnover of target cleavage,
regulates the recruitment of additional factors, and determines the fate of the RISC. After
RISC assembly, the 5" end and 3’ end of the guide miRNA strand are docked into the
5’ and 3’ binding pocket of the AGO protein, respectively. The seed and the supplementary
regions are accommodated in the corresponding chambers that are positioned next to each
other and bridged by the 1-15 nucleotide loop of target mRNA. The adenine residue at the
t1 position of target mRNA (t1A) is interacted with the t1A recognition pocket of the AGO
protein which enhances RISC binding [42].

2.4. Modes of Gene Silencing

The modes of gene silencing by the RISC can be divided into mRNA cleavage and
translational repression [42]. It is determined primarily by which AGO protein is incor-
porated into the RISC and, therefore, its associated effector proteins [48]. However, even
with the same AGO, the degree of complementarity between the guide strand and the
target mRNA can affect the mode of gene silencing [42]. Animal miRNAs often target
their mRNAs at the 3'-UTR and translationally repress them. However, plant miRNAs or
animal siRNAs, due to the type of AGO protein and the extensive base pairing to their
target mRNAs, often degrade their mRNAs [42].



J. Nanotheranostics 2023, 4

176

Central region

Seed 3’ supplementary Tail
region region region
| | 11 | 1

gl g2 g3 g4 g5 g6 g7 g8 g9-g12 g13g14g159g16g17 g18-3' end

5’ binding
pocket

t1A recognition
pocket

3’ binding
pocket

| 1-15 nt |
loop

Seed Supplementary
chamber chamber

Figure 2. The base pairing of guide strand in RISC and its target mRNA. Schematic represents base
pairing between a guide miRNA strand (purple) and a target mRNA (blue). The guide miRNA
strand can be divided into four domains from 5’ to 3'. The seed region (g2-g8) is essential for target
recognition. The central region (g9-g12) is important for nRNA and passenger strand cleavage. The
3'-supplementary region (g13-g17) stabilizes the complex with the mRNA target. The tail region
(g18-3' end) regulates the turnover of target cleavage and the fate of RISC. The 5’ end and 3’ end of
the guide strand are anchored in the MID and PAZ domains of AGO?2, respectively. Adapted with
permission from reference [42]. Copyright 2022, Cell Press.

In the mRNA cleavage mode, the mature RISC must contain AGO with the slicing
activity. As mentioned above, only AGO2 and AGO3 possess this activity in humans [48].
The PIWI domain of AGO2, which has the conserved DEDH catalytic tetrad, forms an
RNase H-like fold that cleaves the target mRNA when it is extensively base-pairing with
the miRNA by which the g10 and g11 are also paired [48]. However, as shown in Figure 2,
this central region often forms a loop with animal RISCs; therefore, mRNA cleavage is not
the major mode of gene silencing in animals [42].

The mechanisms of miRNA-mediated translational repression and mRNA decay are
complicated and less understood [42]. The widely accepted model is the GW182-dependent
mechanism. The GW182 protein, or the human paralog TNRC6, binds AGO proteins in the
mature RISC and promotes the dissociation of the poly(A)-binding protein (PABP) from
the target mRNA. Since the PABP gets involved in the translation initiation by promoting
the closed-loop structure with the 5'-cap via its interaction with eIF4E, dissociating the
PABP from the Poly(A) tail disrupts the loop structure; therefore, translation initiation
and ribosome recycling are repressed [42]. After translation arrest, RISC-GW182 interacts
with the CCR4-NOT complex, a multisubunit deadenylase machinery, which shortens the
3'-Poly(A) tail. The large scaffolding subunit of CCR4-NOT, CNOTT1, binds directly to
DDX6, the translational repressor and decapping activator protein that stimulates mRNA
decapping. Finally, the decapped mRNAs are degraded by the 5-3 exonuclease, Xrn1 [49].

3. Role of MicroRNA in Cancer

Due to the small binding requirement (a minimum of six consecutive nucleotides in
the 5'-seed of the miRNA must perfectly pair with a sequence in the 3'-UTR of the mRNA
target) a single microRNA can bind and silence hundreds of mRNA targets to at once impact
multiple pathways [50]. Consequently, the dysregulation of miRNA causes an adverse
effect on cellular proliferation and differentiation [50,51]. Studies have shown that miRNA
mutations or mis-expression correlate with various human cancers and have the potential
to function as tumor suppressors (tumor suppressor miRNA) or as oncogenes (oncogenic
miRNA) based on their inhibition of a large variety of oncogenic or tumor-suppressive
mRNAs [51-53].
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A)

In normal tissues, miRNA is essential for the post-transcriptional regulation of mRNA
(Figure 3A) [51]. By binding to target mRINA, it represses target-gene expression through
the inhibition of protein translation or altered mRNA stability, allowing for normal rates
of cellular division, proliferation, differentiation, and cell death [54]. However, downreg-
ulation of tumor suppressor miRNA increases the translation of oncogenes (Figure 3B),
resulting in increased proliferation, decreased apoptosis, and tumor formation. The de-
fects at any stage of miRNA biogenesis can cause a decrease in tumor suppressor miRNA.
Tumor suppressor miRNAs that have been reported include the Let-7 family: miR-15a,
miR-29, miR-31, miR-34, miR-126, miR-145, and miR-203 [52,55]. Conversely, upregulation
of oncogenic miRNA blocks the expression of a miRNA-target tumor-suppressor gene and
leads to tumor formation (Figure 3C). Increased levels of oncogenic miRNA can result from
miRNA gene amplification, a constitutively active promoter, increased efficiency in miRNA
processing, or increased miRNA stability. Some examples of oncogenic miRNAs include the
miR-17~92 cluster: miR-21, miR-155, miR-221, miR-222, miR-372, and miR-373 [52,55,56].
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Figure 3. Schematic illustrations depicting (A) normal growth, proliferation, differentiation, and cell
death in normal tissue occurring through proper microRNA transcription; (B) defects at different
stages of tumor suppressor miRNA biogenesis leading to the formation of oncoproteins; and (C) over-
expression of oncogenic miRNA inhibiting expression of tumor suppressor protein and resulting in
tumor formation. Reproduced with permission from reference [51]. Copyright 2006, Springer Nature.

Significant advances in understanding miRNA have allowed its use as an alternative
therapeutic treatment for cancer [57]. At present, over 30,000 patents in “Google patent” can
be found within the United States, demonstrating the importance of miRNA research and its
regulatory factors in therapeutically treating cancer [57]. As an imbalance in miRNA expres-
sion levels is associated with tumorigenesis, there are two major approaches to developing
miRNA-based cancer therapies: miRNA replacement and miRNA inhibition [53,58,59].
miRNA replacement involves using miRNA mimics to enhance the function of endogenous
miRNAs and restore the expression of tumor suppressor miRNAs [52,53]. On the other
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hand, miRNA inhibition refers to the use of miRNA antagonists (anti-miRNAs), single-
stranded antisense oligonucleotides designed to silence overexpressed oncogenic miRNAs
in cancer cells [52,53]. These miRNA mimics and anti-miRNAs can be delivered into tumor
cells either via a viral or non-viral (chemical and physical approach) delivery system [57].
In the following sections, the various methods of delivering miRNA, including viral and
non-viral delivery systems such as liposomes and nanoparticles, and the effects of the
cellular uptake of the plasmonic nanoparticles through endocytosis are discussed.

4. Endocytosis of Gold Nanoparticles
4.1. Gold Nanoparticles Entering the Lysosome

Rapid advances in the field of the intracellular uptake of nanocarriers still require
more studies to overcome the obstacles of solubility, non-specific binding, poor bioactivity,
and toxicity [60]. The results require further development toward safe passage into the
cytoplasm of the cellular compartment by these carriers. Fine tuning the nanocarriers for
applications is highly dependent upon their physical attributes—such as size, shape, and
interfacial properties—which play a significant role in their passage into cells, which in
turn affects circulation, cellular uptake, and efficacy [61-63]. The internalization of particles
can occur through two different methods: non-ligand and ligand assistive internalization
into cells [64].

The cellular internalization efficiency and uptake pathway of gold nanoparticles is
dependent on the particle’s charged chemical composition [64]. The charge component of
the particle can lead to numerous interactions with various biomolecules within a system,
affecting the internalization of the particles [64]. Positively charged gold nanoparticles have
been demonstrated to be internalized more rapidly and more efficiently than negatively
charged or neutral species [65]. Additionally, the size and shape of the nanoparticles also
affect cellular internalization efficiency [63]. For example, Noél et al. conducted a study
using TEM to evaluate the internalization of gold nanoparticles with sizes of 70 nm and
20 nm in polymorphonuclear neutrophil cells (PMNs). They found that 70 nm sized gold
nanoparticles were unable to pass the cell membrane, while 20 nm sized nanoparticles were
not restricted by the cell membranes after treating PMNs with particles for 1 h [66]. The
notable work performed by Chithrani et al. compared the cellular uptake of spherical gold
nanoparticles as a function of size (14, 30, 50, 74, and 100 nm) [67]. The study determined
that the greatest amount of spherical gold nanoparticles that internalized into cells were
50 nm in size, with an intake rate of 1294 nanoparticles per hour. The internalization
of the nanoparticles is likely due to the desorption of the citrate-stabilizing agent by the
nonspecific adsorption of serum proteins (e.g., Alpha and Beta globulin proteins) through
the receptor-mediated endocytosis pathway. Furthermore, a comparison between the
spherical 74 nm and 14 nm nanoparticles and the 74 nm x 14 nm gold nanorods showed
that the spherical gold nanoparticles were endocytosed more efficiently than the nanorod
gold nanoparticles. The authors speculated that the longitudinal axis of the nanorod
may encompass more receptors, which hinders the number of sites for further binding.
The authors also concluded that the ligand may not have been fully displaced by citrate,
consequently causing the proteins to inefficiently bind to the surface of the nanoparticles.

Follow-up studies performed by Nambara et al. demonstrated that gold nanoparticles
with triangular morphology exhibited a 20-fold higher level of cellular uptake into HeLa
cells compared to spherical particles with a similar surface area [68]. Furthermore, Xie et al.
evaluated the cellular uptake of the 50 nm nanoparticles using different shapes such as stars,
rods, and triangles [69], all of which utilized the clathrin-mediated endocytosis pathway
for cellular uptake. The order of preference for cellular uptake was triangles > rods > stars.
Upon analyzing the findings, the authors determined that the preference of the internal-
ization of different shapes is dependent upon membrane-bending energy to internalize
the nanoparticles.

The impact of shape, size, and charge are crucial for gene carrier design and the
cellular uptake of nanoparticles. Nanoparticles conjugated with small interfering RNA
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(siRNA) have been shown to be impacted by these attributes (shape, size, and charge)
during cellular uptake [61]. In their assessment, Yue et al. determined that the cellular
uptake of a 50 nm spherical nanoparticle had a higher uptake compared to a smaller 13 nm
spherical nanoparticle [61]. The authors also compared 50 nm spherical nanoparticles
with 40 nm star-shaped nanoparticles and determined that the cellular uptake was greater
for the former. It was observed that the localization of the nanoparticles occurred within
two hours of incubation with the cells. At 24 h, the 50 nm and 40 nm sized nanoparticles
were not present in the endosome or lysosome but rather formed aggregations within the
cytoplasm. In contrast, the 13 nm nanoparticles were found to still be present within the
endosomal and lysosomal compartments, without aggregation.

4.2. Gold Nanoparticles Exiting the Lysosome

To successfully delivery therapeutic agents, such as oligonucleotides, with nanopar-
ticles, the therapeutic device must overcome intracellular and intercellular barriers to
effectively deliver unmodified agents. To achieve successful transfection, measures must
be taken to ensure the sequestering of the negatively charged phosphate backbone and
hydrophobic framework of the oligonucleotide. However, oligonucleotides must elude
enzymatic degradation before and after delivery into the cytoplasm [70]. Once in the
cytoplasm, endosomal escape must occur for oligonucleotides to effectively interact with
mRNA. The most prominently proposed mechanism for the escape of inorganic nanoparti-
cles is endosomal escape through the “proton sponge” effect (Figure 4) and the formation
of ion pairs [71-73].
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Figure 4. Depiction of the “proton sponge” mechanism after endocytosis of gold nanoparticles
to escape the endosome. Reproduced with permission from reference [74]. Copyright 2009,
Springer Nature.

Typically, proton sponge effects are observed prominently in amine nanocomplex
systems [74]. After the internalization of the nanocomplex into the cell, the cumbersome
mechanical task of escaping endosomal and lysosomal degradation is crucial. During
this process of acidification to initiate degradation, the ATPase proton pump decreases
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the pH inside the cells, causing the translocation of protons into the endosomes. The
cationic nanocomplex group becomes protonated and subsequently activates hydrolytic
enzymes [74-77]. The continuous flow of protons and chloride ions into the endosome
causes an influx of water, which results in high osmotic pressure and the rupture of
endosomes, releasing the contents into the cell’s cytoplasm [74-77].

The proposed mechanism of forming ion pairs to escape lysosomes offers an alternative
approach to the proton sponge effect [73]. Utilizing the anionic species of the lysosomal
membrane, the AuNPs can be functionalized with a cationic species to disrupt the lipid
membrane, which facilitates endosomal escape into the cytoplasm [73].

5. Using SAMs to Modify the Surfaces of Gold and Other Plasmonic Nanoparticles

Self-assembled monolayers are essential in increasing the stability, dispensability, and
conjugation of oligonucleotides on the nanoparticle surface [78]. SAMs are composed of
three essential components (Figure 5): the terminal functional group, which can be tailored
to tune the dispersibility of the particles in the solvent of choice or, more importantly, for
the conjugation of oligonucleotides; the spacer group, which provides stability to the film
through vdW interactions; and the headgroup, which can be manipulated to bind onto a
variety of substrates [79,80].

Terminal
Functional
Group

Spacer
(Alkane Chain)

—

Headgroup =—p

Figure 5. Schematic representation of the three essential parts of the adsorbate (terminal functional
group, spacer, and headgroup on the substrate).

Due to its biological compatibility and inertness, gold is the most notable substrate
used as a platform for developing drug delivery systems [81,82]. Furthermore, this exten-
sively explored substrate can be modified with SAMs composed of a thiol headgroup [83].
The most extensively studied headgroups are thiols, due to their high affinity to gold,
~40 kcal/mol [84]. Immobilization of the thiol-based SAMs to the gold nanoparticle sub-
strate can be achieved through the chemisorption of the adsorbates by the ligand exchange
of stabilizing agents present on the gold nanoparticles [85,86]. However, this method
is more challenging than forming SAMs on flat coinage metal substrates, which require
simple incubation of the substrate in a thiol-based adsorbate solution, due to the need for
optimizing the incubation parameters to ensure adequate surface coverage and inhibit
nanoparticle aggregation [85,86]. Alternatively, a “one-pot” reaction can be used where
the thiol adsorbate can serve as a stabilizing surfactant during gold nanoparticle synthe-
sis [83]. On the other hand, it should be noted that other plasmonic metals such as silver
(Ag) [87], palladium (Pd) [88], and platinum (Pt) [89] can also be used as substrates in
SAMs. Additionally, intracellular biothiols can cleave the Au-S bond and increase the
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background signals in cell imaging. Using Pt as a coating on AuNPs can improve the
stability of thiolated SAMs as the Pt-S bond is more stable than the Au-S bond [89].

Huang and co-workers demonstrated that there was a direct correlation between the
inertness of gold nanoparticles, the aggregation of nanoparticles, and dispersion within
the medium, which highlights the necessity of the stabilization of the gold nanoparticles
within the system [90]. The tendency of gold nanoparticles to aggregate stems from Van der
Waals forces [91]. Tailoring SAMs to include a charged terminal group or to create steric
effects can prevent aggregation of the nanoparticles [92]. Ren and co-workers performed
a stability study using a series of adsorbates to study chemical stability and dispersity.
The adsorbates included polyethylene glycol (PEG-SH), glutathione, mercaptopropionic
acid (MPA), cystamine, and dihydrolipoic acid [93]. In this study, the authors analyzed
the chemical stability and dispersibility of the adsorbate-functionalized AuNPs in an
aqueous system with a pH buffer of 5.4-9.4 and a sodium chloride (NaCl) concentration
of 0.005-0.08 M [93]. They showed that PEG-SH was the most stable in a variety of pH
values, compared to the other adsorbates; the polymer coating of PEG-SH on gold formed
a sterically hindered gold nanoparticle resulting in stable dispersion. Furthermore, the
combination of MPA with PEG-SH demonstrated the capability to stabilize and to conjugate
epidermal growth factor receptor (EGFR) antibodies onto the gold nanoparticle, thus
enabling its use as an imaging agent.

6. Plasmonic Nanoparticles for miRNA Delivery/Detection
Nanoparticles for miRNA Delivery

RNA interference (RNAI) is a type of endogenous gene silencing that occurs after
transcription; RNAi acts as a regulatory mechanism that utilizes double-stranded RNA to
target mRNA for degradation and silence genes, and it has been widely applied to the study
of gene cellular function [94]. MicroRNAs (miRNAs) and small interfering RNAs (siRNAs)
are the most well-known molecules [94]. Due to their unique characteristics and advan-
tages over DNA-based therapies, they have emerged as a potential future medicine [94,95].
miRNAs have a greater therapeutic application than siRNAs due to the fact that miRNA
recognition requires binding to a significantly shorter seed sequence (two to eight nu-
cleotides) than the entire nucleotide sequence of siRNA [96]. MicroRNA-based therapeutics
have been investigated for the treatment of a variety of diseases such as cardiovascular
pathologies, diabetes, cancer, and neuroinflammation [97]. As a result, the ability to control
the expression of in vivo miRNA will serve as the foundation for treatment development.
Two approaches are commonly used for miRNA-based therapeutics: miRNA inhibition
and miRNA replacement [98]. When the miRNA of interest is overexpressed, inhibition
is used. This objective has been pursued by using the synthetic single-stranded RNAs
(called miRNA antagonists) or mRNAs with multiple target sites for a specific miRNA
(called miRNA sponges) that are partially or fully complementary to the target miRNA
and act as miRNA antagonists (anti-miRNA) by inhibiting the binding to endogenous
mRNA targets [99]. When the target miRNA is downregulated, however, miRNA mimics
(replacement therapy) are utilized [99]. Small synthetic double-stranded molecules can be
converted into functional miRNA or miRNA expression vectors in order to induce miRNA
expression in cells and deliver miRNA [99]. Synthetic double-stranded miRNAs mimic
the function of target miRNAs and bind to their target mRINA to repress gene expression
post-transcriptionally [99].

As with other nucleic acid therapeutics, the lack of an efficient delivery system is
the primary obstacle preventing the implementation of miRNA-based therapies in clinical
practice [95]. Developing efficient nucleic acid delivery systems to target cells with low
toxicity and high bioavailability is therefore a significant challenge for gene therapy [95].
Utilizing microRNAs and nanotechnology to develop clinically viable treatment options
is a promising strategy [95]. There are two types of vectors for gene delivery: (a) viral
carriers, in which genetic material is integrated into a virus, and (b) non-viral carriers,
such as cationic molecular carriers such as lipids and polymers that can form electrostatic
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interactions with nucleic acids to deliver genes to cells [95]. Due to their high transfection
efficiency, viral vectors are used in the majority of gene therapy applications [100]. The
immunogenicity and mutagenicity of viral vector delivery systems, on the other hand, may
limit their clinical application [101]. These limitations led to the development of non-viral
gene carriers (lipid-based NPs, polymer-based carriers, and inorganic NPs). Non-viral
vectors are less immunogenic, less expensive, and more versatile than viral vectors. These
carriers can hold large nucleic acids and can be functionalized with specific ligands to
target organs or cells [102]. Recently, the use of plasmonic nanoparticles, particularly gold
nanoparticles (AuNPs), as non-viral gene delivery vectors, has received attention due to
their unique physicochemical properties, which include a range of sizes, morphologies,
chemical and thermal stability, a high surface-to-volume ratio, strong localized surface
plasmon resonance (LSPR), high biocompatibility, and low immunogenicity [103]. It is
worth mentioning that some properties such as size, shape, and surface charge can affect
AuNP cytotoxicity [65]. For instance, studies have shown that AuNPs with a diameter of
5nm can disrupt the cytoskeletal organization of fibroblasts [95]. Additionally, fiber-shaped
nanoparticles have been found to be more toxic compared to spherical nanoparticles [65].
Furthermore, charged nanoparticles have shown to have higher cytotoxicity than neutral
ones [65]. Various strategies can be used for nucleic acid incorporation depending on the
nature of the material core: encapsulation within the material matrix, adsorption with
materials containing cationic moieties, or covalent attachment when the NP surface can be
modulated by reactive groups. Gold nanoparticles can be easily functionalized with thiol or
amino groups to allow electrostatic surface loading of negatively charged miRNAs [104,105].
Selected nanoparticle systems used for miRNA delivery are summarized in Table 1.

To enhance their therapeutic applications, anti-miRs and miRNA mimics have been
chemically modified to improve their stability and biodistribution properties [106]. Hao
et al. synthesized and characterized novel miRNA-Au nanoparticles that mimic native
miRNA [106]. They designed two AuNP-miRNA conjugates to target the mRNA of PRKC
and PTEN/E2F1 using miR-205 and miR-20a, respectively [106]. Nanoparticles carrying
mimics of the tumor-suppressive miR-205 inhibit the expression of the miR205 target
protein by interacting with the 3’ untranslated region of the target mRNA [106]. Based
on phenotypic assays, these conjugates inhibit cancer cell proliferation and migration.
Nanoparticles mimicking oncogenic miR-20a promote cell survival by downregulating
target proteins [106]. These polyvalent nucleic acid-functionalized nanoparticles can enter
cells without cationic lipids and polymers, and their function as endogenous miRNAs
makes them important new candidates for miRNA replacement therapies and promising
new tools for studying miRNA function [106].

Table 1. Nanoparticles for miRNA Delivery.

Plasmonic Delivery Size . Target
Substrate Morphology Approach (am) Conjugate miRNA Target Cell Ref.
miRNA Terminated . .
inhibition 2.6 PAMAM miR-21i Cancer cells [107]
miRNA . Anti-miRNA- .
inhibition 5 Carrier DNA 712 Endothelial cells [108]
Nanosphere . TRNA 10 Streptavidin miRNA-491 Breast cancer [109]
Au inhibition cells
(AuNPs) miRNA Thiol-modified .
inhibition 13 MIiRNA miRNA-182 GBM cells [110]
miRNA . .
inhibition 13 Cargo DNA MiR-29b Myeloid cells [111]
mIRNA 20 Thiolated MiR-214 HEK293 cells [112]

inhibition miRNA
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Table 1. Cont.

Plasmonic

Delivery

Size

Target

Substrate Morphology Approach (am) Conjugate miRNA Target Cell Ref.
MiRNA 20 SH-PEG-NH,  miRNA-206 Breast cancer [103]
replacement cells
miRNA Thiol-modified miRNA-205 Prostate cancer
13 and [106]
replacement RNA MiRNA-20a cells
miRNA Thiolated .
replacement 13 miRNA MiRNA-130b Myeloma cells [113]
MiRNA miRNA-31 Neuroblastoma
replacement 14 Cysteamine and cells and ovarian [114]
p miRNA-1323 cancer cells
miRNA Thiolated .. .
Hollow inhibition 61 PAMAM Anti-miR-21i GBM cells [115]
sphere miRNA Thiolated . ;
inhibition 150 MiRNA miRNA-34a TNBC cells [116]
miRNA 30, 50, .
inhibition and 70 SH-PEG-OMe miRNA-26a Cancer cells [117]
Cationic
Nanocage miRNA anti-miR-
inhibition 50 polyi'leq’ililgéene— 181b HCC cells [118]
miRNA 50 Polyethylene- miR-122 HCC cells [119]
replacement imine
. . -cyclodextrin- .
Au-iron miRNA . . AntimiR-21
oxide Nanostar inhibition 15 chlt;)sl;;rrlri};lsjrld and miR-100 GBM cells [120]
. miRNA Thiol-modified antagomiRNA- Neuroblastoma
Au@BisSes Sphere inhibition 1 ssDNA 152 cells [121]

Crew et al. investigated miRNA-130b immobilized on AuNPs for cell transfection (see

Figure 6) [113]. Thiolated miRNA formed a disulfide bond with AuNPs (Figure 6A). The
addition of oligoethylene glycol thiol stabilized the particle surface by preventing RNA
from folding and binding electrostatically (Figure 6B). The transfection of multiple myeloma
cells with the miRNA-AuNPs revealed an efficient knockdown in a functional luciferase
assay (Figure 6C) [113]. It is remarkable that 4% miRNA coverage on the nanoparticles
could give rise to such a high knockdown efficiency in the functional luciferase assay [113].
Using gold nanocages, Huang et al. combined anti-miR-181b and photothermal thera-
pies (PTT) [118]. AntimiR-181b encapsulated on PEI-modified, folate receptor (FR)-targeted,
and PEG-coated gold nanocages (AuNCs) facilitated cellular uptake and reduced hepato-
cellular carcinoma (HCC) cell viability [118]. The combination of AuNC-mediated delivery
of anti-miR-181b and laser irradiation inhibited tumor growth and induced apoptosis
in nude mice bearing HCC tumors [118]. In a similar study, AuNCs were designed to
co-deliver doxorubicin (DOX) and miR-122 mimic with PTT for the treatment of HCC [119].
Polyethyleneimine (PEI) was added to AuNCs loaded with 11-mercaptoundecanoic acid
(MUA) and DOX for miRNA attachment [119]. PEG and hyaluronic acid (HA) were conju-
gated with nanocarriers to improve stability and targeting [119]. This method effectively
delivered DOX and miR-122 in vitro and in vivo. In a nude mouse model of HCC, this
modified AuNC-DOX/miR-122 multifunctional delivery system had a superior antitumor
effect compared to any single treatment without causing significant organ toxicity [119].
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Figure 6. (A) [llustration (Not to Scale) of the Preparation of miRNA—AuNP Conjugates for Deliver-
ing miRNAs to Cells. Reproduced with permission from reference [113]. Copyright 2012 American
Chemical Society. (B) Gold-nanocage-based targeted nanocomplex formulation process and (C)
NIR-laser-induced targeted gene-photothermal therapy using the nanocomplexes. Adapted with
permission from reference [118]. Copyright 2016 Wiley.

For functionalized miRNA delivery systems, there are few studies on the effect of
nanoparticle size on cellular uptake, biodistribution, and tumor therapeutic efficacy [117].
Bao et al. designed miR-26a-loaded nanocomplexes (PPHAuNCs-TNCs) and investigated
their cellular uptake, biodistribution, and therapeutic efficacy [117]. For miRNA delivery,
30 nm, 50 nm, and 70 nm PPHAuNCs-TNCs were developed [117]. All three systems
condense miRNAs and inhibit their degradation by enzymes. Interestingly, PPHAuNCs-
30-TNCs and PPHAuUNCs-50-TNCs had greater tumor accumulation and cellular uptake
than PPHAuNCs-70-TNC [117]. Compared to PPHAuNCs-50-TNCs, PPHAuNCs-30-TNCs
demonstrated rapid and centralized tumor accumulation in xenograft and orthotopic HCC
models [117].

In a separate study, researchers developed a nanocarrier-mediated RNA delivery
system to deliver the tumor-suppressing miRNA-34a for triple-negative breast cancer
TNBC [116]. miR-34a is ineffective as a therapeutic agent because nucleases degrade it, and
it cannot passively enter cells. Consequently, nanocarriers are designed to boost miR-34a’s
stability and cellular entry [116]. As a plasmonic nanocarrier, a photo-responsive gold
nanoshell (NS) with a silica core and a gold shell was created to release miRNA-34a in
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response to continuous wave (CW) or nanosecond pulsed NIR light (Figure 7) [116]. The
nanoshells were synthesized using a two-step process. First, small gold colloids were
prepared using the Duff method [122], and these seed nanoparticles were used to deco-
rate larger silica spheres. Next, the composite nanoparticles were mixed with HAuCly,
potassium chloride, and formaldehyde to enable the formation of the gold shells. Synthe-
sized NS was then coated with thiol-containing miR-34a or scrambled miR-co duplexes
(Figure 7A,B). Electron microscopy confirmed 150 nm monodisperse miR-co/NS and miR-
34a/NS conjugates (Figure 7C) [116]. In UV-visible spectroscopy, the peak extinction of
NS after functionalization shifted toward the red (Figure 7D) [116]. MiRNA and PEG neu-
tralized zeta potential and increased hydrodynamic diameter by 20 nm (Figure 7E) [116].
Using the OliGreen assay, miR-co/NS and miR-34a/NS had 7300 and 5500 duplexes, respec-
tively (Figure 7F) [116]. This plasmonic NS-mediated delivery system efficiently delivered
light-activated miRNA-34a to TNBC cells [116].
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Figure 7. (A) Light-triggered release of miR-34a from nanoshells in TNBC cells. (B) Scheme depicting
the process to coat NS with miRNA and Mpegsh. (C) Transmission electron micrograph of miR-co/NS.
(D) Plasmon resonant extinction spectra comparing miRNA /NS conjugates to bare NS with peak
extinction at 810 nm. (E) Hydrodynamic diameters (black outline) and zeta potential measurements
(gray outline) of miRNA /NS conjugates and bare NS. (F) OliGreen analysis of miRNA loading on
both miR34a/NS and miRco/NS. Reproduced with permission from reference [116]. Copyright 2021
American Chemical Society.

Ren et al. developed a sequential co-delivery system that increases anticancer efficacy
by eightfold and anticancer stem cell activity by fiftyfold [115]. This system utilizes a
stable, biocompatible, and near-infrared-radiation (NIR) responsive hollow gold nanoparti-
cles (HGNPs) to co-deliver miR-21i/Dox, termed as D-P-HGNPs/21i [115]. Compared to
solid gold nanoparticles, the hollow interior of HGNPs increased the drug payload [115].
As shown in Figure 8, HGNPs were modified with thiolated PAMAM dendrimers via a
strong Au-S bond (Step I) [115]. The positively charged Dox was subsequently absorbed by
HGNPs (Step II) [115]. On HGNPs, electrostatic interactions condensed miR-21i to PAMAM
(Step I1I). TEM images and particle sizes of each step are shown in Figure 8B,C, respec-
tively [115]. The D-P-HGNPs/21 entered the cells through the endocytic pathway [115].
Due to the proton sponge mechanism of the PAMAM dendrimer, miR-21i escaped the
endosome and was released into the cytoplasm (Step V) after entering tumor cells (Step
IV) [115]. This made cancer cells and cancer stem cells (CSCs) more sensitive to chemother-
apy (Step VI) [115]. In four hours, NIR caused HGNPs to collapse (Step VIII) and caused
the release of Dox (Step VIII) [115]. The sequential miR21i/Dox system eradicated cancer
cells and cancer stem cells (CSCs) in vitro and in vivo and exhibited superior anti-cancer
efficacy [115].
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Figure 8. (A) Schematic illustration of gold-nanoparticle-based NIR triggered sequential miR-21
inhibitor/Dox release with precise time interval for optimal combination therapy. (I-III) Formation
of HGNP-based co-delivery system. D-P-HGNPs/21i entered cells through endocytosis (IV). Upon
entering the tumor cells, miR-21i was released first (V), modulating the intrinsic state to a more
chemosensitive state (VI). At the desired time, application of NIR laser triggered collapse of HGNPs
and a burst release of doxorubicin (VII), activating two apoptosis signaling pathways, thereby
inducing the synergistic apoptosis response (IX). (B) TEM images of HGNPs, D-P-HGNPs, D-P-
HGNPs, and D-P-HGNPs-R. (C) Particle size measured by DLS. Adapted with permission from
reference [115]. Copyright 2016 Elsevier.

Sukumar et al. investigated intranasal delivery of molecularly targeted theranostic
nanoformulations against glioblastoma (GBM) in a recent study [120].

Figure 9 depicts the development of polyfunctional gold-iron oxide nanostar particles
(polyGION ) for the delivery of antimiR-21 and miR-100, which selectively target and
combat GBM and enhance TMZ chemotherapy [120]. PolyGIONSs are surface-functionalized
with chitosan-cyclodextrin (CD-CS) hybrid polymers [120]. CD-CS coating increased
the NPs’ surface potential from +15 mV to +39 mV due to the positively charged free
amine groups of chitosan [120]. This functionalization offers an efficient platform for
surface loading negatively charged miRNAs via electrostatic interaction, while restricting
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(A)

Gold-Iron oxide core
shell nanostars

nanoparticle size to less than 50 nm for efficient intranasal delivery [120]. This therapeutic
nanocarrier system was designed to treat GBM through nasal administration, bypassing
the blood-brain barrier [120].
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Figure 9. (A) Schematic illustration of synthesis of PolyGIONs and fluorescence images of Cy5-labeled
miR-100 and antimiR-21-loaded CD-CS complexes. (B) Schematic representation of as-prepared
polyGION structure and their various compositions. (C) TEM micrograph of GION. (D) GION coated
with miR-100/antimiR-21 encapsulated CD-CS polymer layer, its EDS analysis, and corresponding
images. (E) DLS measuring zeta potential and size of nanoparticles after each step of GION surface
modification. (F) UV-vis spectra of as-prepared GION NS and its precursor nanoparticles. (G) Gel
retardation assay for Cy5-miR-100/antimiR-21 encapsulation in CD-CS hybrid polymer and RNase
protection assay for measuring the stability of encapsulated miRNAs in polyGION-CD-CS. Adapted
with permission from reference [120]. Copyright 2019 Elsevier.

7. Nanoparticles for miRNA Diagnostics

Cancer has been identified as one of the most serious diseases with a high death
rate [123]. Meanwhile, it is possible to decrease the death rate by early diagnosis of can-
cer [123] when the development of the cancerous cells causes the abnormal expression of
miRNA [124]. Moreover, miRNAs can regulate gene expression at the post-transcriptional
level, and they have been recognized as ideal biomarker candidates for early cancer diagno-
sis [123]. Conventional methods for the identification of miRNA, such as Northern blotting,
microarray, and polymerase chain reaction (PCR), usually have low sensitivity and selectiv-
ity due to the intrinsic characteristics of miRNAs such as short length, high degradability,
and low cellular abundance [125]. To resolve the inadequacy of sensitivity and selectivity,
researchers have been using various amplifying strategies such as nanoparticle enhance-
ment and isothermal amplification methods including nuclease-assisted reactions (i.e.,
target recycling processes induced by various nucleases such as duplex-specific nuclease
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cancer cells

(DSN)) and enzyme-free reactions (i.e., independent from the enzyme, such as toehold-
mediated strand displacement (TMSD)) [123,125]. In this section, we discuss different types
of biosensors utilizing plasmonic nanoparticles for the quantitative analysis of miRNAs
such as colorimetric, fluorescent, surface plasmon resonance (SPR), surface-enhanced Ra-
man scattering (SERS), chemiluminescence biosensor, electrochemical biosensors, etc. [123].
Selected nanoparticle systems used for miRNA diagnostics are summarized in Table 2.

Yu et al. reported a cascade amplification strategy by combining DSN-assisted target
recycling and TMSD-based catalytic hairpin assembly (CHA) reaction to develop an elec-
trochemical biosensor for miRNA with high sensitivity and selectivity (Figure 10) [125].
In this biosensor, a hairpin probe (HP) HP1 was hybridized and unfolded in the presence
of target miRNA that can form DNA /RNA heteroduplexes and activate DSN which was
inactive before [124,125]. Then, DSN cleaved the DNA and released RNA and connector
DNA in a process named DSN-assisted target recycling [125]. Next, connector DNAs
opened the hairpin HP2, which was immobilized on the Au electrode, and hybridized
to it via the TMSD reaction [125]. On the other hand, thiolated hairpins HP2 and HP3
were immobilized on the AuNPs, and they were introduced to the connector DNA-HP2
intermediate in order to make the interaction between HP3 and the exposed region of HP2
through a secondary TMSD reaction [125]. Consequently, these CHA reactions led to a
self-assembly of AuNP hotspots on the Au electrode [125].
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Figure 10. Electrochemical biosensor constructed from DSN-assisted target recycling and TMSD-
based catalytic hairpin assembly (CHA) where an amplified “b” and a weak “a” electrochemical
signals are measured by differential pulse voltammetry (DPV) in the presence of miR-141 and in the
absence of miR-141, repectively. Reprinted (adapted) with permission from [125]. Copyright 2018
American Chemical Society.
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Table 2. Nanoparticles for miRNA Diagnostics.

Plasmonic Type of Size . .
Substrate Morphology Biosensor (am) Conjugate Target miRNA Target Cell Ref.
. Thiol-labeled .
Electrochemical 13 hairpin DNA miR-141 Breast cancer [125]
Colorimetric 19 Thiolated probe miRNA-155 Cancer cells [126]
Nanosphere  Colorimetric 2 Thiolated RNA = irNA-148 Gastric [127]
(AuNPs) probes cancer
Colorimetric 20-30 Thiol-modified miR-21 and Cancer cells [128]
DNA miR-155
Colorimetric Thiol-modified .
and FRET 13 hairpin probe miRNA-21 Cancer cells [124]
Thiol-modified miR-21
FRET 13 oligonu- . Cancer cells [129]
. and miR-141
cleotides
Thiol-modified
Thermophoretic 13 single-stranded miR-375 Breast cancer [130]
Au DNA
Dark-field 50 Thiolated DNA miRNA - [131]
Nanospike PRAM 100 Thiolated DNA ~ miR-375 Prostate [132]
Nanorod PEF 27 x 12 Thiolated DNA miRNA-21 Cancer cells [133]
(AuNRs) . miR-21
FRET 60 Thiolated DNA and miR-200b Cancer cells [134]
Nanocubes Thiol-modified
SPR 50 single-strand miRNA-205 Lung cancer [135]
(AuNCs) DNA
Nanostripes SPR 200 x 100 Thiolated DNA miRNA-125b - [136]
Mountaintop- Thiol-modified miRNA-10b,
shaped SERS 800 x 200 DNA miRNA-21,and  Cancer Cells [137]
nanopillar miRNA-373
Nanosphere SERS 110 Thiolated DNA ~ miRNA-21  Cancercells  [87]
(AgNPs)
Ag Nanoparticle Ig/éiIA];_sss;éNN[X miR-26a-5p,
films SERS - and / miR-223, and Liver cancer [138]
(AgNFs) 6TG-ssDNA miR-27a-3p
Au-Ag Nanosphere SPR 13 Thiolated DNA miRNA-21 Cancer cells [123]
Au@MoS,  Nanosphere SPR 10 Thmlgﬁflﬁe‘i miRNA-141  Cancercells  [139]
Thiolated
Au@graph-ene  Nanosphere . )
oxide (AuNPs-GO) SPR 18 capture DNA miRNA-141 Prostate cells [140]
probe
. SH-PEG-SA-B- . Prostate
Fe;0,@Au Nanospike PRAM 90 DNA miR-375 cancer [141]
Thiol-modified
Au@Pt Nanosphere FRET 16 single-stranded miRNA-21 Cancer cells [89]
DNA
Au@Fe, O3 Nanocube Electrochemical - MB-SA-B-DNA miR-107 Cancer cells [142]
Nanosphere Thiolated
Pd P Electrochemical 30 miRNA-155 miRNA-155 Oncogenesis [88]
(PdNPs) .
primer
Thiolated
Au-Ni-Au Nanorod MEF 267 x 745 molecular miRNA-124 Stemeell =45
beacon and neurogenesis
anti-CD63

Magnetic nanoparticles have also been used in biosensors. Islam et al. developed an
electrochemical biosensor using gold-loaded cubic nanoporous ferric oxide on a screen-
printed carbon electrode (SPCE) (Figure 11A) [142]. Paramagnetic cubic nanoparticles
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are suitable for magnetic purification, with high electrocatalytic activity toward RuHex
and a large gold surface area to adsorb target miRNA [142]. Islam et al. synthesized
biotinylated-capture probes attached to streptavidin-functionalized magnetic beads (MB-
SA) by a biotin—avidin interaction (MB-SA-B-DNA) [142]. Target miRNA were hybridized
to the capture probe and isolated magnetically [142]. Then, purified miRNA was released
from the magnetic beads by heat and adsorbed directly on the Au-loaded nanoporous iron
oxide nanocubes via RNA-gold interactions [142]. Finally, nanocubes with target miRNA
were immobilized magnetically on the SPCE, and the electrochemical signal was further
amplified by [Fe(CN)g]?~ [142]. In another study, Che et al. reported photonic resonator
absorption microscopy (PRAM) as an imaging-based biosensor in which AuNPs with a
magnetic core could be visualized on a photonic crystal (PC) surface (Figure 11B) [141]. Che
et al. synthesized magneto-plasmonic nanoparticles (MPNPs) by developing Fe;0s@Au
core-shell nanoparticles. The MPNPs were coated with SH-PEG-NHS and conjugated
to streptavidin (SA) [141]. Next, biotin-DNA (B-DNA) was annealed to a protector and
immobilized on the MPNPs via biotin—avidin interactions to give SH-PEG-SA-B-DNA. In
this imaging-based detection method, the protector strand can be removed in the presence
of target miRNA, and probe-MPNPs can be activated through TMSD [141]. Then, the
activated MPNPs were captured by the DNA probes on the PC surface [141]. An external
magnetic field placed below the PC concentrated the magneto-plasmonic nanoparticles
near the PC surface and decreased the response time, which was limited by mass transfer
in a previous study [132].
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Figure 11. (A) Purification of miRNA-107 by streptavidin-functionalized (blue part) magnetic beads
(Dynabeads) followed by electrochemical measurements of the miRNA-deposited gold-loaded cubic
nanoporous ferric oxide on the SPCE (light blue surface). Reprinted from [142], Copyright 2018, with
permission from Elsevier. (B) Photonic resonator absorption microscopy (PRAM) utilizing magneto-
plasmonic nanoparticles (MPNPs) on the photonic crystal (PC) surface constructed from (TiO,-SiO,).
Reprinted (adapted) with permission from [141]. Copyright 2022 American Chemical Society.

Diseases are usually associated with more than one biomarker [125], and fluorescence
imaging analysis makes it possible to detect two sets of immobilized fluorophore-labeled
DNAs on AuNPs to simultaneously detect two distinct target miRNA inside live cells [129].
Moreover, this is useful since some diseases could change the expression of multiple miR-
NAs [129]. Huang et al. developed a dual-mode sensor constructed from a colorimetric and
fluorescent mode sensor to detect miRNA based on the DSN-assisted signal amplification
technique [124]. Enzyme-assisted methods have high sensitivity, but they suffer from costly
experimental procedure, limited selectivity, and design complexity that limit the practical
applications of this method, so these drawbacks have led to the use of DSN [124]. In
this work, Huang et al. immobilized dye-labeled thiolated-hairpin probes on the AuNPs,



J. Nanotheranostics 2023, 4

191

-

« ~
o

» - o~
f"" O 3’\0 O
(\0“‘“
Qu® dNTPs
»

+
I\ P Cy

by forming S-Au bonds, in order to release fluorophores in each round of DSN-assisted
target recycling [124]. On the other hand, many DNA-modified AuNPs were formed after
each hybridization in which the electrostatic repulsion between them could be diminished,
causing aggregation that can be observed as a color change from red to blue [124]. It
should be considered that intracellular biothiols can cleave the Au-S bond and increase the
background signals in cell imaging [89]. However, the Pt-S bond is more stable than Au-S,
and coating AuNPs with a thin layer of platinum can improve the stability of thiolated
DNA on AuNPs@Pt while optical properties were retained [89].

Gold nanorods (AuNRs) are another type of nanoparticles, and researchers can take
advantage of their morphology and develop a controllable modification of thiolated-ssDNA
on the sides or ends [134]. Qu et al. developed a core-satellite biosensor with zeptomolar
sensitivity in which AuNRs are surrounded by upconverting nanoparticles (UCNPs) such
as NaGdF;, [134]. For this purpose, Qu et al. utilized AuNRs to modify the ends and sides
of rods with thiolated DNA; and thiolated DN A5, respectively [134]. Furthermore, dye-
modified DNA3z and DNA; were linked to the UCNPs by DNA; and DNAy, respectively.
Finally, core-satellite geometry was formed by the hybridization of DNA1 to DNA2 and
DNA4 to DNAS [134]. In the presence of target miRNA, UCNPs disassembled from AuNRs
by hybridization followed by transferring energy between UCNPs and dye molecules that
led to the lighting up of dye [134]. Hence, biosensors can simultaneously quantify two
miRNAs (i.e., miRNA-21 and miRNA-200b) by detecting the excitation of dyes [134]. In
another research, Peng et al. used AuNRs to generate a strong electromagnetic field in a
form of nanogap antennas (Figure 12) [133]. AuNRs can be used in the plasmon-enhanced
fluorescence (PEF) technique in which AuNRs would act as a nanoantenna to enhance the
fluorescence signals through coupling between the emitter and the LSPR of AuNRs [133].
Peng et al. immobilized two different DNA hairpins (i.e., thiolated dye-modified hairpin
H1 and thiolated hairpin H2) on the ends of PEG-decorated AuNRs [133]. In the presence
of target miRNA, H1 would be opened by hybridization and get exposed to H2 resulting in
a H1-H2 duplex in which the dye would be placed in between end-to-end coupled AuNRs
and would enhance the fluorescence signal [133]. Based on the distance between the dye
and AuNRs, the dye could get quenched by AuNRs due to fluorescence resonance energy
transfer (FRET) [133].

0. - Au NR

Nanogap antenna *
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Hp1 0 DNA polymerase
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Figure 12. Assembly of AuNRs to create nanogap antennas.Reprinted with permission from Ref. [133].
Copyright 2020, Wiley-VCH GmbH.
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There are other strategies to increase the concentration of released nanoflares such as
using a thermophoretic sensor [130]. Thermophoresis is a phenomenon in which particles
migrate along a temperature gradient [130]. A thermophoretic sensor could be utilized to
detect target miRNA without the need of extracting miRNA or the amplification of the
target miRNA [130]. Zhao et al. developed a thermophoretic sensor to detect breast cancer
at early stages (stage I and II). In this sensor, thiolated-recognition DNA and its comple-
mentary nanoflare-modified DNA were immobilized on the AuNPs [130]. Target miRNA
would hybridize probe DNA and release nanoflares which could be thermophoretically
accumulated by localized laser heating to enhance the intensity of fluorescence [130].

Liu et al. developed an enzyme-free SPR biosensor by immobilizing a hairpin probe
on the Au film (SAMs) to capture DNA miRNA with high sensitivity and selectivity
(Figure 13A) [123]. First, miRNA was isolated and purified by using MB-SA-B-DNA, as it
was described previously [142]. Next, Au surface was passivated by 6-mercapto-1-hexanol
(MCH) to decrease the non-specific binding of DNA and make DNA stand on the Au
surface as a self-assembled monolayer with the van der Waals interaction between MCH
and DNA [123]. In the presence of target miRNA, the stem-loop structure of the DNA, on
the Au surface, was unfolded, and DNA on the AuNPs can be bound to the Au surface
by hybridization and forming a DNA super sandwich. Therefore, an enhancement of
the shift in the resonance angle would be resulted from the electronic coupling between
nanoparticles’ localized plasmon and Au film’s surface plasmon [123]. Then, positively
charged AgNPs were attached to the negatively charged DNA super sandwich and further
improved the shift in the resonance angle [123]. However, the whole procedure is time
consuming and complicated, and further research is required to reduce the assay time and
enhance the convenience of the procedure [123]. Zhang et al. used gold nanocubes instead
of gold nanospheres because of their nanocrystal configuration in which more vertexes in
nanocubes enhance SPR in a broader energy range compared to the nanospheres [135]. In
this study, Zhang et al. developed an SPR nanoprobe to detect trace lung cancer marker
miRNA with a limit of detection of 5 pM that is three orders of magnitude more sensitive
than nanosphere’s [135]. For this purpose, Zhang et al. immobilized thiolated single-
strand DNA (ssDNA) on AuNCs to monitor LSPR peak shift that can be resulted from the
hybridization between AuNCs-ssDNA and target miRNA [135]. Performance of the SPR
biosensor can be enhanced by using molybdenum sulfide (MoS,) (Figure 13B) [139]. Nie
et al. used MoS; as a reducing agent to synthesize AuNPs where the edge or defective sites
of a MoS; nanosheet can be decorated by AulNPs [139]. In this sensor, a thiolated probe
and DNA were immobilized on a Au film and AuNPs, respectively [139]. Target miRNA
can construct a sandwich structure including Au film and AuNPs-MoS; nanocomposites
that increased the SPR signal [139]. In another research, Wang et al. used graphene oxide-
AuNPs hybrids to provide a large surface area for loading numerous AuNPs near the Au
film in order to enhance the SPR signal [140].

Thiol-functionalized miRNA can be characterized by surface-enhanced Raman scatter-
ing (SERS) to detect miRNAs and dye on AuNPs and gel electrophoresis to analyze the
binding and stability of miRNA on AuNPs [113]. Chen et al. developed an enzyme-free
SERS biosensor using mismatched CHA reactions (Figure 14) [87]. SERS signals were
obtained from the aggregation of nanoparticles in the liquid phase resulting unreliable
SERS signals while Chen et al. deposited AgNPs on a silicon wafer to prevent aggre-
gation of nanoparticles and reached reproducible and reliable signals [87]. Moreover,
4-aminothiophenol (4-ATP) was used to serve as an internal standard to calibrate signal
fluctuation [87]. In this study, thiolated DNA was immobilized on AgNPs-Si; the AgNPs
were previously coated with 4-ATP [87]. In the presence of target miRNA, dye-labeled
hairpin H1 was hybridized with it, and it was unfolded and exposed to a mismatched
H2 which initiated the hybridization of H1 with H2 via a CHA reaction and released the
target miRNA to repeat the same procedure many times [87]. Finally, dye-labeled H1-H2
duplexes were captured by DNA on the SERS substrate and generated an enhancement in
the SERS signal assisted by the SPR of AgNPs-5i [87]. Scattering peaks can also be measured



J. Nanotheranostics 2023, 4 193

with a dark-field microscope, but it is an expensive and complex instrument [131]. Hwu
et al. developed a miniaturized dark-field setup, named dark-field microwells, to detect
scattering-based nanoparticles [131]. The developed setup is not time consuming, and it
can be fabricated on silicon wafers and produced at the industrial scale at a low cost [131].
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Figure 13. (A) Purification of target miRNA followed by hybridization to the Au film with immobi-
lized DNA in an enzyme-free SPR biosensor. Reprinted from [123], Copyright 2017, with permission
from Elsevier. (B) SPR biosensor constructed from AuNPs-MoS, nanocomposites to enhance SPR
signal. Reprinted from [139], Copyright 2017, with permission from Elsevier.
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Figure 14. AgNPs in an enzyme-free SERS biosensor using mismatched CHA reactions. Reprinted
from [87], Copyright 2019, with permission from Elsevier.

8. Conclusions

The use of miRNA is a highly effective therapeutic alternative to chemotherapy but is
hindered by degradation during passive circulation. Attaching miRNA onto a nanocarrier
has evolved as a new method of delivery. However, cellular uptake is still dependent on the
nanoparticle shape, size, and charge. Based on the route taken to develop the nanoparticle,
the surfactant used can have an effect on particle uptake. Furthermore, the use of adsorbates
can offer a binding platform for oligonucleotides onto inorganic particles through covalent
and noncovalent bonds. The binding of the oligonucleotides onto the surface can provide
substantial carrier capability to deliver miRNA into cells. Regardless, the degradation of
the oligonucleotides is another challenge that needs further focus and research.
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