CEe®S6

Gold Nanoconjugates for miRNA Modulation in Cancer Therapy:
From miRNA Silencing to miRNA Mimics

Diana P. Sousa and Joao Conde*

Cite This: ACS Mater. Au 2022, 2, 626—-640

I: I Read Online

ACCESS |

[l Metrics & More

| Article Recommendations

Cancer is a major healthcare burden and cause of
death worldwide, with an estimated 19.3 million new cancer cases
and 10 million cancer deaths globally only in 2020. While several
anticancer therapeutics are available to date, many of these still show
low treatment efficacy and high off-target effects and adverse
reactions. This prompts a serious need to develop novel therapies
that can decrease the side effects and increase treatment efficacy.
MicroRNAs (miRNAs) can have a role in tumor development and
progression, making them important targets for the improvement of
anticancer therapies. In this context, gold nanoparticles have been
widely studied for different clinical applications due to their
biocompatibility and possibility of customization, and gold nano-
conjugates targeting miRNAs are being developed for cancer
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diagnosis and treatment. Here we summarize the research developed so far and how it can contribute to cancer treatment,

discuss how it can be improved, and present the current challenges

and future perspectives on their design and application.
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ancer is a major public health issue and one of the main

causes of morbidity and mortality worldwide."” In 2020
there were 19.3 million new cases and 10 million deaths
estimated. Breast (2.26 million cases, 11.7%), lung (2.21
million cases, 11.4%), and colorectal (1.93 million cases, 10%)
cancers had the most diagnosed new cases, while lung (1.80
million deaths, 18%), colorectal (935 000 deaths, 9.4%) and
liver (830 000 deaths, 8.3%) cancers were the most common
causes of cancer-related death. The number of cancer cases is
expected to rise to 28.4 million cases by 2040.” The standard
approaches for cancer treatment include, among others,
surgery, chemotherapy, radiotherapy, and immunotherapy.
However, side effects and relapse are often observed following
treatment.”> Moreover, the discovery of cellular and/or
molecular components associated with carcinogenesis and
cancer progression, as well as the mechanisms involved,
allowed the development of personalized medicines, for
example, with the use of microRNAs (miRNAs) for cancer
diagnosis or as a target for gene therapies. Regarding this, the
use of nanotechnology for both diagnosis and treatment of
cancer has been increasingly studied in the past decade.” The
use of nanoconjugates for biosensing of nucleic acids has been
reported for different applications, as recently reviewed,”* such
as the detection of viral RNA or DNA, through colorimetric or
fluorescent changes. These can quickly, specifically, and
selectively detect the molecules of interest, which can be
attained by tuning the biological function of nanoparticles with
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their optical and plasmonic functions, through the use of
differently sizes and shapes, and by modifying their surface, for
instance, through the addition of complementary fluorescent
nucleic acid molecules, which emit fluorescence after
recognizing and binding to their target. Such nanobiosensors
could be used for real-time measurements while decreasing the
limit of detection of the target molecules, thus becoming
alternative methods to other commonly used methods for
detecting disease-associated biomarkers.”® Moreover, consid-
ering the possible applications of nanoconjugates for therapy,
the properties of nanoparticles give them a multifunctionality
which prompts them to be used as carriers for selective and in
situ drug delivery. It has been observed that targeted and
nontargeted nanomedicines can efficiently deliver the payloads
to the tumors, many times at lower dosages, increasing the
therapeutic effect and anticancer efficacy and reducing toxicity
when compared to standard therapies.’” miRNA-targeted
nanoconjugates are able to overcome challenges found by
nucleic acids, such as instability, easy degradation, and limited
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Figure 1. Schematic representation of miRNA biogenesis and interaction of miRNA nanoconjugates. In the nucleus, the miRNA gene is transcribed
by RNA polymerase II (Pol II) forming the double-stranded hairpin structure of the primary miRNA (pri-miRNA). This molecule is processed by
DROSHA into a precursor miRNA (pre-miRNA), which is exported to the cytoplasm through an exportin protein. The pre-miRNA hairpin is
cleaved by the RNase Dicer and the transactivation response element RNA-binding protein (TRBP) cofactor, and the resulting mature miRNA is
further processed by the RNA-induced silencing complex (RISC), which includes the endonuclease Argonaute 2 (AGO2), originating a miRNA
duplex. One strand of the miRNA duplex binds to the target mRNA, regulating gene expression by mRNA degradation or by repressing its
translation. Anti-miRNA nanoconjugates bind to overexpressed endogenous miRNA, decreasing the number of available molecules to interact with
the target mRNA, thus inhibiting or decreasing mRNA degradation and repression (bottom left). Nanoconjugates carrying miRNA mimetics are
disassembled or release synthetic miRNA molecules upon a stimulus (e.g.,, near-infrared light irradiation), increasing the number of miRNA
molecules available for interaction with the target mRNAs, thus promoting an increase in the mRNA degradation and repression process (bottom
right).

cellular uptake, improving the down- or upregulation of confirmation of the results and the translation to the clinic is
endogenous miRNAs. Furthermore, effective treatment at the

o ) i the most considerable obstacle for the development of these
tumor site is essential so that these advantages are achieved.

T
For instance, the use of nanoparticles for photothermal therapy therapies.

(PTT) and photodynamic therapy (PDT) allows them to In this Perspective, we will briefly review the application and
improve cancer cell destruction at the site, which also use of gold nanoconjugates for cancer therapeutics involving
potentially enhances the antitumor immune response, while
being detected through their imaging properties.'’ Yet, the
development of such nanomedicines continues to be nanoconjugates can target different miRNAs, showing how
challenging in several aspects, which limits their application. they can be almost fully customizable toward a certain type of
Obstacles include the synthesis method used, stability of the
nanoparticles, and half-life and toxicity of the molecules and of
the particles themselves. Also, many studies still lack in vivo the challenges involved in their design and clinical application.

miRNAs. We will also discuss the strategies used so that these

cancer or target different targets simultaneously, and discuss
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Figure 2. Possible combinations of using gold nanomaterials for miRNA therapeutics and diagnosis. © Restoration of miRNA function: a carrier
releases miRNA mimics upon exposure to an internal or external stimulus. @ miRNA inhibition: a carrier modified with anti-miRNA molecules
binds to the target miRNA, decreasing its functions. @ Modulation of miRNA expression and drug resistance: a carrier modified with an anti-
miRNA or a miRNA mimic and a drug performs its mimicking or inhibitory actions while releasing a drug upon exposure to a stimulus. @
Theranostic applications: fluorophore-modified carriers perform mimicking or inhibitory actions while allowing for simultaneous detection. ®
miRNA catalyzed therapeutics: nanoconjugates release carried drugs upon exposure to a stimulus of endogenous miRNAs.

miRNAs are small (approximately 21—2S5 nucleotide-long)
noncoding endogenous RNAs which participate in gene
expression regulation by reducmg mRNA stability or by
repressing its translation.'’ Thus, miRNAs play an essential
role in tumorigenesis and tumor progression and metastasis,
and disruption of their expression is associated with alterations
in different cell processes that can affect these functions. In this
context, it has been observed that cancer cells often present
abnormal miRNA expression profiles, which can alter their
cellular properties and biological processes (e.g., migration,
invasion, proliferation)'”'” and the interaction with their
microenvironment, namely, with immune cells, by mediating
the inflammatory response, thus contributing to tumor
initiation and progression, as reviewed recently by Zhang
and co-workers."”

These features offer therapeutic potential for miRNAs and
for the development of new anticancer strategies. Targeting
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and modulating their expression by either restoring their
function or inhibiting their overexpression will influence their
regulatory network, and this can be an approach to halt cancer
progression and decrease or overcome drug resistance by
combmln% miRNA therapeutics with other currently used
therapies.

Nanoparticles have the advantage of being structures that are
easily and inexpensively assembled, with a size in the
nanometer range that allows their easy diffusion into cells.
Moreover, their surface has the possibility to be modified with
several types and numbers of moieties, transforming them into
delivery vehicles that can selectively target genes, proteins, and
other elements at the cell surface and at subcellular locations as
well as accumulate at specific tissues. Their structure can also
be modified, for example, to release drugs or other components
at different pHs and temperatures or upon degradation by
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enzymes. All these possible nanoparticle designs are made so
that the final vehicles are biocompatible and nonimmunogenic,
increasing their half-life in the organism and efficiency. The
possibility to directly target specific cells or tissues greatly
reduces off-target effects, and the use of nanoparticles as
vehicles for drug delivery allows a reduction in the dose used
and the number of applications, which in turn reduces the side
effects that are often observed in anticancer therapies. These
and other features of nanoparticles and their applications to
drug delivery and medicine have been extensively reviewed
recently.l‘;_18 Regarding inorganic nanomaterials, gold nano-
particles have the advantage of being easily synthesized, mostly
through the citrate reduction method, and their gold core is
mostly inert and nontoxic. Depending on their shape, size, and
structure, which includes the different surface modifications,
gold nanoparticles have unique optical properties, determined
by their surface plasmon resonance (SPR), that can be
observed from the visible to the infrared region.19 Moreover,
their surface can be functionalized with a wide range of
moieties and ligands that influence their stability and targeting
and imaging abilities, making these nanoparticles candidate
vehicles to be used in several applications, such as therapy,
diagnosis, and imaging, and as biosensors."¥*7*% In summary,
recent research showed that gold nanomaterials have unique
properties that make them very efficient carriers to overcome
some g)of 2t¥12e4c}21éillenges that will be mentioned throughout this

paper.

The two most used approaches for the development of
miRNA-based therapies consist, as previously mentioned, on
restoring the loss of miRNA function, or silencing miRNA
overexpression (Figure 1). miRNA function can be reestab-
lished with the use of miRNA mimetics, which are synthetic
double-stranded RNA molecules that mirror the endogenous
miRNAs. However, these nucleotides have a limited cellular
uptake and are unstable and easily degraded in the biological
systems, creating a barrier for the development of miRNA
therapeutics.'” Endogenous miRNA inhibition can be achieved
through anti-miRs or antagomiRs, i.e., single-stranded RNAs
that are synthesized in accordance to the miRNA mature
sequence. These sequences can be chemically modified with
fluorophores, thiols, and thiophosphates, for example, to allow
tracking inside the cells, to better improve binding to their
carrier and stability, and to promote competitive binding with
the mature miRNA, increasing the inhibition effect.'” It is,
thus, essential, and a challenge, to develop an effective and
biocompatible vehicle for the delivery of RNA therapeutics,
and here is where nanotechnology, namely, gold nanomaterials,
has the potential to be used to substantially improve the
miRNA mimics” and antagomiRs’ stability and cellular uptake,
promoting a successful delivery, due to the features previously
presented.

In this context, some studies combining miRNAs with gold
nanomaterials as carriers for cancer therapeutics have been
reported (Table 1). In some studies, nanoconjugates are being
evaluated for gene therapy by delivering miRNAs using
miRNA mimics, aiming to restore the expression of tumor-
suppressive miRNAs. In other findings, nanoconjugates are
being evaluated as miRNA silencers to inhibit overexpressed
miRNAs, using antisense oligonucleotides/antagomiRs (Figure
2). Although some of these approaches have been reported as a
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therapeutic strategy on their own, some authors evaluate them
in combination with different standard therapies generally used
in cancer treatment, such as chemotherapy or immunotherapy.
Due to the properties of gold nanoparticles, many of these
nanoconjugates can also be used in theranostics, i.e., used for
cancer diagnosis and therapy.

Restoring the functions of miRNAs that act as tumor
suppressors to their normal is a therapeutic strategy that
demonstrated promising results through the use of miRNA
mimics or small molecules, as reviewed elsewhere.'” Among
other carriers and delivery methods, gold nanoconjugates have
been evaluated for gene regulation of cancer through miRNA
delivery. Some of the studies, both in vitro using cancer cell
lines and in vivo using animal tumor models, will be described
below.

For instance, PEGylated gold nanoparticles were conjugated
with a miR-206 mimic and tested on breast cancer cells in vitro,
showing effective treatment by targeting the NOTCH 3 gene
and arresting cells in the GO-G1 phase.”” In another study by
Dang et al, the authors designed photoresponsive gold
nanoshells conjugated to miR-34a to overcome the lack of
specificity and efficacy observed in other studies. These
nanocarriers released the miRNA upon stimulation with
near-infrared light which led to a regulation of its downstream
targets and decreased the function of triple negative breast
cancer cells, namely their viability, proliferation, and motility.”®
Targeting the same miRNA, Goyal and colleagues reported
silica core/gold nanoshells for the intracellular delivery of miR-
34a in triple negative breast cancer cells. They used a layer-by
layer system by coating negatively charged gold nanoshells
with a layer of positive poly-L-lysine (PLL) and another of the
negatively charged miRNA. Cellular uptake was facilitated by a
final layer of PLL, which also allowed for protection of the
miRNA from degradation. This system effectively decreased
cell proliferation by suppressing SIRT1 and Bcl-2, both targets
of miR-34a.”” Ramchandani and colleagues developed a
construct consisting of a gold nanoparticle core to which
positively charged PLLs were added and a negatively charged
miR-708 mimetic was layered between the PLLs. This layer-by
layer design enabled the degradation of the PLLs by proteases
upregulated in tumors, such as cathepsin B, and protected the
miRNA mimetic from endogenous nuclease degradation,
allowing their slow release and increasing their efficacy,
which in turn allowed a decrease in the frequency of
administration. The construct was evaluated in triple negative
breast cancer, both in vitro and in vivo, and was shown to be
efficient in restoring the miR-708 expression and tumor-
suppressive effects. Moreover, treatment with the nano-
conjugate decreased lung metastases.’” Using a gene-targeted
therapy that can be combined with laser irradiation for
photothermal therapy, Peng and co-workers developed gold
nanorods that targeted integrin avfi3 and were capable of
specifically releasing miR-320a in lung cancer cells. Delivery of
the miRNA by the nanoconjugate in combination with the
laser irradiation increased apoptosis and inhibited cell
proliferation and metastasis by inhibiting the Sp1 transcription
factor, enhancing the expression of PTEN, and inhibitin
matrix metallopeptidase (MMP)-9, both in vitro and in vivo.’
In another study, the authors observed that miR-326 was
downregulated in hepatocellular carcinoma cell lines and
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tissues, which was associated with poor prognosis in patients.
In vitro studies using gold nanoparticles to deliver a miR-326
mimic showed that miR-326 expression increased, which
promoted apoptosis and modulated the epithelial-to-mesen-
chymal transition (EMT) phenotype, inhibiting cell invasion
and migration. Tumor growth inhibition was also observed in
vivo after treatment of a hepatocellular carcinoma model with
the nanoconjugate carrying the miR-326 mimic.”> Gilam and
co-workers suggested the delivery of miR-96 and miR-182 as a
potential antimetastatic drug for breast cancer, as these two
miRNAs were found to regulate Palladin, a protein associated
to breast cancer motility. By using a vehicle composed of
hydrogel-embedded gold nanoparticles, miR-96 and miR-182
were specifically delivered to breast tumors, effectively
downregulating Palladin and decreasing cell motility and,
thus, cancer metastasis. Also, addition of the chemotherapeutic
agent cisplatin to the nanoparticles increased the antimetastatic
effect and decreased tumor growth in a mouse model.*

Suppressing miRNAs with oncogenic functions has also been
widely evaluated using various delivery methods, showing
encouraging results.'” Regarding the use of gold nano-
conjugates for gene regulation through the delivery of
miRNA inhibitors, some studies have also been performed.
Yan and colleagues devised and evaluated a layer-by-layer
method to assemble gold nanocages to polyethyleneimine
(PEI), to anti-miR-181b, and to hyaluronic acid. The latter was
used to promote a target-specific endocytosis on hepatocellular
carcinoma cells, while anti-miR-181b was used to inhibit the
expression of the target miRNA, which is often overexpressed
in liver cancer. Moreover, the properties of gold nanocages
allowed their use for photothermal therapy. The complex
showed an effective delivery of the anti-miRNA, down-
regulating miR-181b expression and increasing expression of
TIMP-3 mRNA, which prevents the function of MMPs,
inhibiting tumor growth. Also, when compared to single gene
therapy or photothermal therapy, the combination of anti-
miR181b delivery with near-infrared irradiation increased cell
death and exhibited a better overall therapeutic effect in
hepatocellular carcinoma cells in vitro.”* Kardani et al.
functionalized gold NPs with an antagomiR and a nucleolin-
specific aptamer for breast cancer targeted therapy. The
AS1411 aptamer promoted the selective targeting of cancer
cells, as nucleolin is aberrantly expressed on their surface, while
the antagomir promoted the silencing of miR-155, an
oncogenic miRNA, and increased the mRNA of its direct
target, TPS3INP1.> Using a similar construct, Deng et al.
designed a similar nanoconjugate comprising nuclear local-
ization signal peptide-targeted gold nanoparticles loaded with
the miR-221 antagomiR and the AS1411 aptamer and
observed that leukemia proliferation and clonogenic potential
were blocked. Moreover, in an acute myeloid leukemia
preclinical animal model, the overall survival increased, the
white blood cell count decreased, splenomegaly was reversed,
metastasis to the lung was less aggressive, and metastasis to the
liver was not found.”® Using peptide apolipoprotein E-
conjugated liposome-encapsulated gold nanoparticles, Gra-
fals-Ruiz and co-workers targeted miRNA-92b in brain cells by
using functionalization with an oligonucleotide miRNA-92b
inhibitor. The conjugation to apolipoprotein E increased the
systemic delivery and accumulation to brain tumors in mice
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models, and aberrant miRNA expression was inhibited by the
particles, reducing cell viability.”” In another study, core—shell
bismuth selenide—gold nanoparticles were functionalized with
polyvinylpyrrolidone to enhance biocompatibility with fluo-
rophore-labeled antagomiR-152 and with a pH-sensitive folic
acid-mediated cell penetrating peptide, which enhanced
neuroblastoma cell targeting. In this study, downregulation of
miR-152 promoted the upregulation of CHUK, a proapoptotic
gene, resulting in increased death rate. Also, in vivo studies
showed that there was a significant reduction in tumor size
after photothermal treatment in the group of mice treated with
the nanoparticles, showing that they effectively targeted the
tumors and improved the therapeutic effect.”®

A major cause of therapeutic failure is treatment inefficiency
due to multidrug resistance (MDR), leading to many gatients
with different types of cancer relapsing after treatment.””*’ To
try and modulate this process, Deng and colleagues designed a
multitarget drug-delivery system in which gold nanoparticles
were modified with the AS1411 aptamer, for simultaneous
delivery of doxorubicin, and a miR-221 antagomiR aiming at
reversing multidrug-resistant leukemia. These particles down-
regulated miR-221 and DNMT1, which was associated with
decreased growth of drug-resistant cells and increased
sensitization to doxorubicin. Moreover, depletion of miR-221
reduced the expression of P-glycoprotein, frequently overex-
pressed in multidrug-resistant cancers.”’ Another anti-miR-221
gold nanoconjugate was developed by Cai et al, and its
synergistic antitumor effects with sorafenib, another chemo-
therapeutic agent, were evaluated. This antagomiR nano-
conjugate inhibited the miR-221/p27/DNMTI pathway.
Synergistic treatment showed an increased effect in the
inhibition of cell proliferation, showing that the antagomiR
can act as a chemosensitizer and increase the effect of sorafenib
on hepatocellular carcinoma cells.** Moreover, Rois and co-
workers functionalized a set of gold nanoparticles with miR-
34a, miR-182, miR-137, and miR-144, which are down-
regulated in uveal melanoma, and another set of nanoparticles
with the aptamer AS1411 and the chemotherapeutic drug
SN38, a topoisomerase I inhibitor, and evaluated the individual
and combined effects of the two gold nanoconjugates on uveal
melanoma cells. The molecules delivered by the nanocarriers
presented an activity similar to that observed in the free
biomolecules, allowing their functions to be carried out
without limitations, such as degradation by endonucleases. A
synergistic effect was observed and translated to a higher
cytotoxicity and inhibition of cell viability when the two types
of nanoparticles were evaluated in combination in vitro.*’
Targeting ovarian cancer, gold nanorods coated with
mesoporous silica nanoparticles were built for a combined
delivery of paclitaxel and the miRNA lethal-7a (let-7a), aiming
to overcome MDR.** These nanocomplexes specifically bound
to cancer cells, decreased their proliferation ability, and
improved the therapeutic effect in vitro. In a mouse model,
the authors observed that P-glycoprotein was downregulated
by let-7a and that paclitaxel was effectively released, enhancing
the chemotherapeutic effect, inducing apoptosis, and inhibiting
tumor growth. Lin and colleagues tackled ineffective treatment
and drug resistance in pancreatic cancer by reporting
PEGylated-dendrimer-entrapped gold NPs for simultaneous
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loading and delivery of gemcitabine, the standard chemo-
therapeutic drug administered, and a miR-21 inhibitor, as miR-
21 is overexpressed in this type of cancer. In a xenograft model,
the combined therapeutic effect was enhanced, as nano-
conjugate codelivery showed a lower tumor volume, increased
intratumoral blood perfusion, and tumor apoptosis and mice
showed an increased survival rate.”” Targeting the same
miRNA in triple-negative breast cancer, a near-infrared
radiation (NIR)-responsive hollow gold-nanoparticle-based
codelivery system for the sequential delivery of a miR-21
inhibitor and doxorubicin was designed. The nanoparticles
were modified with polyamidoamine (PAMAM) dendrimers,
allowing doxorubicin to be absorbed to the negative surface of
the nanoparticles, while the miR-21 inhibitor was condensed to
the dendrimers through electrostatic interactions. The nano-
conjugate was demonstrated to release first the miR-21
inhibitor and then doxorubicin in a site-specific and timely
manner triggered by irradiation, which promoted synergy of
two apoptotic signaling pathways, increasing the anticancer
efficacy, both in vitro and in vivo, where mice models showed
increased tumor accumulation of the nanoconjugates and
therefore increased tumor sensitization to chemotherapy and
decreased tumor growth effectively after codelivery of both the
doxorubicin and the miRNA inhibitor.** Li and colleagues
used a gold nanoshell system to create a multitreatment
strategy including chemo-, gene-, and thermal therapy
specifically directed for the treatment of the EML4-ALK
mutation-positive non-small cell lung cancer. For this,
doxorubicin, an ALK siRNA, and a miRNA-301 inhibitor
were added to the gold carrier as well as the RGD peptide for
cellular targeting and uptake improvement. Treatment of lung
cells with the siRNA downregulated ALK expression and
increased the expression of Bim, an apoptotic protein.
Inhibition of miR-301 also increased Bim expression, which
led to a synergistic increased inhibition of cell proliferation and
increased apoptotic effects. Moreover, this nanoconjugate was
evaluated in different lung cell lines and found to have higher
specificity to cells expressing increased levels of the EML4-
ALK mutation. Overall, studies using mice models showed that
this carrier system effectively accumulated in tumors and had a
higher synergistic therapeutic effect, with lower toxicity, when
compared to doxorubicin alone.*’

As mentioned, gold nanoparticles can be used for theranostic
applications by taking advantage of the characteristics, such as
photothermal properties and the ability to be functionalized
with fluorescent moieties, making their use possible for
diagnostic and imaging applications. This can then be
combined with their carrier properties for therapeutic uses,
creating an all-in-one nanoconjugate that can simultaneously
sense cancer-related molecules, such as miRNAs, and image
and treat cancer.

For instance, Liu and collaborators designed a fluorescent
miR-21-responsive gold nanoprobe that allows imaging and
monitoring of the therapeutic effects in cancer. Gold nanorods
were assembled with folic acid for targeted delivery and with a
fluorophore-labeled molecular beacon. Using this method,
fluorescence was detected when the molecular beacon was
unfolded by endogenous miRNAs, allowing in situ miRNA-
responsive imaging of cancer cells. The nanoprobe also
induced cell apoptosis after NIR exposure due to the
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photothermal effect of the gold nanorods.** He and colleagues
developed a nanodevice for the diagnosis of intracellular
miRNA and synergetic therapy of tumor cells. Composed of
gold—copper sulfide core—shell particles coated with polydop-
amine and DNA and presenting photothermal properties while
being able to generate reactive oxygen species, the composite
allowed multimodal therapy, efficiently inhibiting tumor
growth by almost 50%. Also, the nanodevice exhibited
surface-enhanced Raman scattering enhancement and elevated
fluorescence quenching performance, great properties for a
biosensor, which achieved imaging and quantitative detection
of miRNA-21 in cancer cells.”” Sukumar and co-workers
developed a theranostic platform composed of gold—iron oxide
particles conjugated to p-cyclodextrin-chitosan and loaded
simultaneously with miRNA-100 mimics and anti-miRNA-21
molecules. This nanoconjugate was designed to promote
sensitization of glioblastoma to the chemotherapeutic molecule
Temozolomide while allowing imaging of miRNA or anti-
miRNA delivery. Intranasal delivery of this conjugate to a
mouse model showed effective accumulation in tumor cells by
in vivo optical fluorescence, which promoted a survival increase
when coadministered with Temozolomide, when compared to
controls or to the chemotherapeutic agent alone.™

Studies have also demonstrated that the overexpression of
certain miRNAs within cancer cells can be used as a catalyst for
the release of molecules by gold nanoconjugates. For example,
Luo and colleagues reported a drug release system based on a
DNA-functionalized doxorubicin-loaded gold nanoparticle—
quantum dot complex catalyzed by miR-21. In this system,
trace amounts of endogenous miR-21 promoted a specific
disassembly of the nanocomplex and release of doxorubicin.
Drug release could be followed due to the emission of
photoluminescence by the quantum dot, which was quenched
by the gold nanoparticle when the nanocomplex was fully
assembled, and this system was shown to be more potent than
the free doxorubicin molecules.>! Using a similar method, Yue
and co-workers combined chemotherapy and gene therapy by
developing a miRNA-responsive drug nanocarrier. Using
DNA-functionalized gold nanoparticles in which doxorubicin
and DNA/RNA duplexes were assembled, the authors took
advantage of the overexpression of miR-21 and miR-10b in
triple negative breast cancer cells. The overexpression was used
as a catalyst for the disassembly of the nanocarrier, promoting
the release of doxorubicin and the hybridization of the DNA/
RNA duplex to generate siRNA in situ. This delivery method
effectively promoted Bcl-2 downregulation and decreased cell
viability in vitro, achieving a higher antitumor effect by
combining the two therapies.”” Zhang and co-workers built a
multifunctional plasmonic core—satellite nanoprobe composed
of a 50 nm gold nanoparticle core, with 13 nm gold
nanoparticles working as satellites. These were assembled
with DNA sequences for miRNA detection, with fluorophore-
labeled caspase-3-responsive peptides and loaded with
doxorubicin. Once inside the cells, the DNA sequences
hybridized with endogenous miRNA-21, which promoted the
disassembly of the carrier by releasing the 13 nm core gold
nanoparticles, which resulted in detectable shifts in the
localized surface plasmon resonance, thus showing miRNA-
21 detection. Also, doxorubicin was released, promoting
apoptosis of the cancer cells and caspase-3 activation, which
cleaved the peptides and increased the distance between the
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Figure 3. Schematic representation of the different possibilities of gold nanoparticle modifications used in the development of miRNA therapeutics.
Gold nanoparticles of different shapes (e.g., sphere, rod, cage, shell) and with different properties can be functionalized with several types of
moieties, such as oligonucleotides (anti-miRNAs and synthetic miRNAs), which can have their own modifications, such as addition of thiols and
fluorescent molecules. Moreover, the nanoconjugates can also carry polymers to improve stability and biocompatibility, targeting molecules to
improve selectivity toward cancer cells, chemotherapeutic agents, and even other nanomaterials. Also, many of these molecules can be engineered
to be released upon different external or internal stimuli, such as light irradiation and pH.

fluorophore and the nanoparticle, allowing fluorescence
detection of the apoptotic process.>

In summary, many different gold nanoconjugates have been
designed and functionalized with moieties (Figure 3) targeting
genes, proteins, or receptors specific to a certain cell type or
tissue, enabling an increase in cell detection, targeting, and
therapeutic efficacy. These nanoconjugates have been used to
target different types of cancer, either as a monotherapy or in
combination with other types of therapies, either given alone
or also conjugated to nanoparticles, allowing the authors to
target different mechanisms of action to increase the overall
therapeutic effect obtained but also to overcome drug
resistance. Moreover, miRNAs can also be used for diagnosis
and imaging applications, as many of the nanoconjugates allow
for the detection of these molecules. Furthermore, miRINAs
can also be used to direct the release of molecules from other
gold-nanoparticle-based cancer therapeutics.
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Although devising nanoconjugates for miRNA cancer ther-
apeutics may sometimes seem simple, some challenges exist
that limit their application and involve different factors from
nanoconjugate design to clinical translation.” Several nano-
conjugates have been explored, both in vitro and in vivo, in
different types of cancer and for different miRNA applications,
as briefly reviewed here. Despite many of them showing
promising results in key aspects such as tumor inhibition and
modulation of drug resistance, few reached clinical trials.

The first challenges encountered when designing miRNA
therapeutics are the delivery efficiency and the low efficacy of
the effector molecules due to their low stability. Mimic
miRNAs or anti-miRNAs are easily degraded by endogenous
nucleases, which will decrease their therapeutic efficacy.'>>*
Additionally, the fact that they are negatively charged is an
obstacle for cellular internalization. To have a therapeutic
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effect, the oligonucleotides need to travel across the circulatory
system, in the case of systemic delivery, and cross the
membranes of different tissues (e.g., blood-brain barrier).'>>*
Another obstacle is the selectivity and associated off-target
effects, as these oligonucleotides also present poor cellular
selectivity, e.g, impossible to discriminate between cancer and
healthy cells, and are immunogenic.'”>* For this reason, it is
difficult to achieve in vivo eflicient, specific, and safe delivery of
single therapeutic miRNAs.

To overcome this, researchers started designing delivery
systems that include vehicles of many types, such as hydrogels,
dendrimers, and polymeric or inorganic nanoparticles, which
are based on different processes, such as surface conjugation
and encapsulation.55 In this context, gold-nanoparticle-based
delivery of miRNAs emerged as an approach for cancer
therapy. However, although many of these vehicles are
biocompatible, their synthesis method is a key point regarding
toxicity. For example, in gold nanoparticles, depending on the
reducing agent used in the synthesis and capping agent,‘%’57
toxicity can be controlled by using citrate. These carriers are
also often unstable, and there may be a need to add stabilizing
agents, such as polymers (e.g, polyethylene glycol, PEG),
which although often used to increase the nanocarrier half-life
in circulation®®” may also present some toxicity, e.g., PLL due
to the presence of primary amines on its backbone. However,
most of the nanosystems show good biocompatibility and can
be easily modified with moieties.”” For instance, regarding
oligonucleotides, depending on the carrier, it can be difficult to
control the orientation of the sequences that are being
attached. However, either miRNA mimics or anti-miRNAs
can be easily conjugated to the surface of gold nanoparticles
through thiol bonds, a stable connection, and are easily
released in proteolytic, acidic, and redox environments, similar
to the ones found in tumors.”” This can also be applied to
other modifications, and the fact that these miRNA-directed
therapies can be targeted greatly helps to decrease damage to
the healthy tissue and nonspecific effects, improving efliciency
and allowing targeting of different types of cancer. This can be
achieved through modification of the nanoconjugate with
proteins, or other molecules expressed on tumor cells can be
targeted using, for example, aptamers and antibodies, although
aptamers present advantages such as lower production cost and
lower immunogenicity.”’ These modifications contribute to
increase the enhanced permeability and retention (EPR) effect,
improving the accumulation of nanoparticles at the tumor site
and the selected and sustained release of the therapeutic agent
for a longer period, allowing a reduction in the frequency of
administration. Although most of these processes contribute to
a reduction in toxicity, it is important to be aware of miRNA-
induced toxicity, as some miRNAs can regulate the expression
of drug metabolizing enzymes and a deregulation of this
process can alter the metabolism of other drugs and lead to
toxicity, especially regarding combination therapies.'>*>**

The different monotherapies available and commonly used
as a standard of care are increasingly proving to be more
ineffective in cancer treatment. Cancer patients often develop
metastasis and MDR, limiting treatment efficacy and causing
disease recurrence. In these cases, a combination of different
therapies may present itself as a strategy, with nanoconjugates
being developed and evaluated as delivery vehicles. As
previously mentioned, this alternative would allow a more
localized delivery, decreasing the concentration of toxic agents
such as chemotherapeutics (eg, doxorubicin or cisplatin),
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decreasing side effects, and increasing treatment efficacy,
leading to a reduction in relapse and MDR. In fact, studies
have reported the increased synergistic effects of combined
therapies using gold nanoparticles when compared to the
chemotherapeutic compounds alone. Thus, the development
of nanoplatforms that can codeliver miRNAs or miRNA
inhibitors and other molecules, combining two or even three
different therapies in one single vehicle, is an attractive strategy
that has been used to target different types of cancer, as
mentioned in the previous section regarding miRNA therapy,
chemotherapy, and phototherapy. In fact, the properties of
gold nanoparticles allow them to be used as photosensitizers,'”
enabling the development of multiple therapies in one
nanocarrier alone and allowing gene regulation via the
application of a light-triggered release of miRNAs.®' These
strategies are attractive and often show promising results since
different mechanisms of action involving different pathways are
targeted sequentially or simultaneously, leading to effective
alterations within cells. Furthermore, the possibility of
integrating theranostics in one vehicle and having simultaneous
tumor imaging and treatment is an effective and critical aspect
to prevent under- and overtreatment.

Interestingly, the nucleotide-based therapeutic strategies
presented in the previous sections have been proposed for
over two decades as effective therapeutic approaches.
However, despite encouraging results being often observed in
vitro, several challenges need to be addressed:

(1) Many studies still require in vivo confirmation of the
results observed, and even when in vivo studies have
indeed been performed, their translation to the clinic
still represents a major obstacle for the development of
these therapies.'”*

(2) Most of the tumor models used are not clinically
relevant, as they do not fully recreate the tumor and its
microenvironment, as many tumors of internal organs
such as breast and lung are still being studied as
subcutaneous tumors, which do not effectively show the
mechanisms of action.”"’

(3) Therapeutic administrations are often systemic, which

leads to nanoparticle diffusion throughout the body and

may increase off-target effects, although this can be in
part surpassed by the use of active targeting strategies. '’

Despite these difficulties, much has been done to address the
numerous challenges that have been mentioned when using
nanoplatforms to develop therapeutic options for cancer, such
as bioavailability, stability, and drug delivery. In fact, the
enthusiasm for the development of such therapies using RNA
increased with the approval of Nusinersen, an antisense
molecule for the treatment of spinal muscular atrophy, and the
time record-breaking development and approval of the mRNA
vaccines for SARS-CoV-2. Even though researchers in
nanoscience are working to surpass many of the challenges
mentioned here, much remains undone to close the gap
between the scientific advances and the evaluation of these
nanoconjugates in clinical trials. On the bench side, the results
of the studies should be transparent, accessible, and
reproducible, and researchers should provide complete
characterizations of the nanoconjugates designed and method-
ologies used. On the clinical side, clinicians should report what
is needed and engage with scientists to design nanoconjugates
that can in fact modulate and treat cancer. Lastly, both sides
rely on the guidance provided by the regulatory agencies
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concerning the specific requirements and characteristics (e.g,
shape and size) that nanotherapeutic compounds need to
achieve and to possess so that they can be evaluated in clinical
trials, approved, and commercialized.
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