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ABSTRACT: This article describes a monolayer-coated gold
nanoparticle-based transfection system for the delivery of micro-
RNA (miRNA) into human osteosarcoma (HOS) cells. Two
distinct ammonium-terminated adsorbates were used in this study,
which provided a platform for ionic bonding of the miRNA onto
gold nanoparticles (AuNPs). The custom-designed monolayer-
coated gold nanoparticles were characterized by dynamic light
scattering, gel mobility shift assay, transmission electron micros-
copy, ultraviolet—visible spectrometry, zeta potential, and X-ray
photoelectron spectroscopy. The miRNA-loaded gold nanoparticles
were transfected, and the level of intracellular miRNA delivered and
taken up by cells was measured by Tagman qPCR. The overall
analysis indicated a successful delivery of miRNA into the HOS
cells at an ~11,000-fold increase compared to nontreated cells.
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H INTRODUCTION efficient, long-term safety, large-scale production, and potential

MicroRNAs (miRNA) are short, ~22 nucleotides long, recombination events pose significant challenges. However,

) their immunogenicity and the difficulties associated with their
endogenous noncoding RNAs that can play a regulatory role . o . . )
by targeting messenger RNAs (mRNAs) for cleavage or preparation have led to a growing interest in nonviral delivery
10-12 : . . :
translation repression.”” MicroRNAs regulate complex cellular systems. Nonviral carriers, particularly liposomes, have

. . . arnered attention as promising alternatives to viral vectors in
processes, and deregulation of microRNAs can lead to various & ; P g ) L
. 3 . . . . gene delivery due to their reduced immunogenicity and
diseases.” Given their crucial role in post-transcriptional

. . enhanced cellular membrane interaction.'’™"* However, these
regulation, miRNAs are often referred to as cellular fine- . . . !
. carriers are often plagued by suboptimal transfection efficiency
tuners, shaping cellular responses. Research has shown that the

. J10-13
. . . . and elevated toxicity.
introduction of tumor-suppressor microRNAs can limit cancer . ty —_— . .

S 4. . Recent studies have highlighted the potential of nonviral
development and progression.” MicroRNAs are highly unstable . e ; -

. ) carriers, utilizing noble metal nanoparticles, as a promising

molecules; therefore, robust systems to deliver functional alternative for miRNA delivery due to their ability to deliver
miRNAs into living cells are much needed.” While the y

high loads with minimal toxicit dering th
therapeutic potential of miRNAs is vast, achieving targeted, 187 payloads WIth miflimal toxetty) 15,61? ering Faem d
. . . favorable candidate for efficient delivery. The advantage
efficient, and stable delivery remains the foremost hurdle,

) . of noble metal nanoparticles lies not just in their delivery
underscoring the need for advanced delivery systems. . : . . . Lo
i o . efficiency but also in their potential for multifunctionality—
MicroRNAs have emerged as a promising therapeutic . . . . . .
A ) 4 enabling simultaneous therapeutic delivery, imaging, and even
avenue for resensitizing oncogenic pathways. However,

their therapeutic efficacy is significantly impeded by low triggered release upon exposure to external stimuli. As such,
cellular uptake and degradation during passive circulation.” To
address this critical challenge, extensive research has focused
on developing efficient gene carrier systems, such as viral and
nonviral carriers.

Viral vectors, including adenoviruses, lentiviruses, and
retroviruses, have demonstrated remarkable efficiency in
transfection.'®™"* While viral vectors have been shown to be
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Scheme 1. Synthetic Route Used to Prepare the AuNPs-SAM-miR Nanoparticles
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they have garnered significant attention as promising
alternatives for gene delivery applications. Nonetheless, these
carriers require modification with adsorbates to impart specific
properties, and their cellular uptake is significantly influenced
by factors such as size and charge.'""*

The cellular uptake of nanoparticles is strongly influenced by
their size and charge. Research has shown that spherical gold
nanoparticles with a core size of 50 nm or less are most
effective in being taken up into cells through endocytosis."*
Furthermore, positively charged gold nanoparticles have been
found to be internalized more efficiently than negatively
charged or neutral ones.'” The attractive electrostatic forces
between the positively charged gold nanoparticles and the
negatively charged cell membrane allow the gold nanoparticles
to disrupt the charge distribution of the cell membrane and
facilitate their internalization into cells.'®

Nanoparticle surface modification via self-assembled mono-
layers (SAMs) has gained widespread adoption in recent years
due to the ease of formation facilitated by the binding of
adsorbates to a range of noble metals including copper, gold,
palladium, and silver as well as the resulting stability through
the customization of interfacial properties.”'® The SAM
moiety comprises three critical elements: the headgroup,
spacer, and tailgroup, with the headgroup selection (e.g,
phosphonate,"”*? silane," or thiol'”'**") dependent on the
substrate of interest. The spacer, typically composed of an alkyl
chain, controls SAM film packing via van der Waals
interactions.”” Finally, the terminal tailgroup, typically
functionalized for biomolecule conjugation, plays a pivotal
role in customizing SAMs for biological applications, with
common tailgroups including amines and carboxylic acids.*
Gold, with its biocompatibility and inertness, has emerged as a
particularly promising substrate for such applications.””**

The physisorption of miRNA offers a more bioreactive
method of immobilizing miRNA over conventional modifica-
tion methods that covalently bind oligonucleotides. Unmodi-
fied miRNA can be efficiently delivered into cells through the
use of gold nanoparticles functionalized with cysteamine.”
Despite its demonstrated success, this method fails to achieve
long-term stability and possibly gives rise to the deprotonation

231

of the protonated cysteamine with slight environmental
changes in pH, thereby hindering the electrostatic interactions
between the miRNA and the gold nanoparticles.”® Separately,
chemisorption of chemically altered miRNA bearing a thiol
moiety has been found to hinder biofunctionality by off-
targeting the oligonucleotides.””

On the other hand, physisorption of miRNA onto SAM-
decorated nanoparticles via custom-designed SAM terminal
groups (e.g., amines, quaternary ammoniums, and polyethyle-
nimines) presents a viable pathway for miRNA to adhere to
these surfaces through electrostatic interactions without the
need for modifying the nucleic acids of the miRNA.
MicroRNAs are composed of nitrogen bases consisting of
heterocyclic pyridine and/or pyrimidine structures. The
nitrogen bases are glycosidically bonded to the C-1" position
of the ribose sugar, which offers a platform for the formation of
nucleic acid phosphodiester bonds between the ribose sugar C-
3’ and C-3' positions and the adjacent phosphate groups.*®
The phosphate backbone provides a platform for ionic
interactions between the charged adsorbates and the
miRNAs.”” The immobilization of miRNAs onto the surface
leads to the oligonucleotides adopting an orientation that
minimizes repulsion between the phosphate backbones; this
repulsion leads to miRNAs adopting a random orientation
during the immobilization process on the surface.

Our research describes a new delivery platform that
specifically tackles the challenges associated with the delivery
of unmodified miRNA. The use of SAMs on gold nanoparticles
allows for a more targeted approach, reducing the likelihood of
off-target effects of modified miRNA typically required in
nanoparticle-based miRNA delivery platforms. The use of
quaternary ammonium and ammonium terminal groups on the
nanoparticle surface is a key feature of our methodology,
providing a platform for electrostatic interactions with miRNA.
This method facilitates an effective binding process that
requires no alterations to the miRNA structure, thereby
preserving its integrity and functionality. Our approach aims to
provide a reliable alternative to conventional methods, which
often compromise the stability and specificity of miRNA.
Herein, we demonstrate the development of a monolayer-
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coated gold nanoparticle delivery platform, AuNPs-SAM-miR,
that can overcome cellular membrane barriers. To deliver
negatively charged and hydrophilic miRNA, the system must
overcome a negatively charged extracellular membrane.””*" To
sequester the negative charges of the miRNA present in the
phosphate backbones, the use of a gold nanocomplex
functionalized with a mixed interface consisting of 6-(3,5-
bis(mercaptomethyl)phenoxy)-N,N,N-trimethylhexan-1-ami-
nium (TMA-C6-DT) and 15(3,5-bis(mercaptomethyl)-
phenoxy)pentadecan-1-ammonium (AM-C15-DT) to achieve
a net positive charge was pursued (Scheme 1).*>** The use of
a quaternary ammonium terminus of TMA-C6-DT offers the
flexibility of having a positively charged species, regardless of
any moderate changes in pH. Furthermore, the ammonium
terminus of AM-C15-DT on the gold nanoparticle surface is
present for the purpose of allowing the nanoparticle complex
to elute out of the lysosome once internalized into the
cells.***> The presence of the ammonium-termini on the
nanoparticle complex hinders the acidifying process in the
lysosome compartment due to the protonation of the terminal
amine in the adsorbate, leading to a “proton sponge” behavior,
which will inhibit degradation.””** The mechanism by which
the proton sponge effect inhibits degradation is not well
understood, but the most highly accepted mechanism involves
the high influx of ions into the endosome. The entry of CI™
into the endosome likely disrupts the electrostatic interaction
between miRNA and the ammonium termini, leading to their
dissociation.’*™** Simultaneously, the influx of ions causes a
hypotonic condition that leads to the rupture of the endosome
and subsequent release of its contents into the cytosol.”**>*’

The release of its contents into the cytosol initiates a gene
regulatory process within the cell. Overall, the development of
the present monolayer-coated nanoparticle system offers the
capability to overcome intercellular barriers. By navigating
these barriers and optimizing delivery, our system has the
potential to significantly impact miRNA therapeutics by
offering a tangible methodology to address long-standing
challenges in this domain.

B EXPERIMENTAL SECTION

A comprehensive description of the materials, methodology, and
instrumentation used to synthesize the monolayer-coated gold
nanoparticles is provided in the Supporting Information. In addition,
descriptions of the characterization of the monolayer-coated gold
nanoparticles using UV—vis spectroscopy, dynamic light scattering
(Figure S2), zeta potential (Figure S3), gel mobility shift assay (Table
S1 and Figure S1), XPS, and TEM are included in the Supporting
Information. The synthesis of the adsorbates TMA-C6-DT and AM-
C15-DT was described previously.*®

B RESULTS AND DISCUSSION

Size, Morphology, Physical Properties, and Chemical
Composition of the Monolayer-Coated Gold Nano-
particles. Hydrodynamic Diameter via Dynamic Light
Scattering. As part of the characterization of our gold
nanoparticle-based delivery system, we measured the hydro-
dynamic diameters of the nanoparticles and functionalized
nanoparticles by dynamic light scattering (DLS). This
technique allows for a meaningful insight into the particle
dimensions, " including contributions from the surrounding
organic species."”*" The hydrodynamic diameters of the
AuNPs, AuNPs-SAM, and AuNPs-SAM-miR species are
shown in Figure 1 and Figure S2. The hydrodynamic size
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Figure 1. Hydrodynamic diameters of the AuNPs, AuNPs-SAM, and
AuNPs-SAM-miR species, indicating average values of ~22, ~38, and
~47 nm, respectively. The error bars represent the standard deviation
of three separate measurements.

measurements of the AuNPs indicate a diameter of ~22 nm.
Upon ligand exchange between the citrate-capped AuNPs and
our adsorbate mixture, the hydrodynamic size increased from
~22 to ~38 nm.”” Moreover, a further increase in hydro-
dynamic diameter was observed after immobilization of the
miRNA, showing an increase from ~38 to ~47 nm. The
systematic increases in the hydrodynamic diameters of the
nanoparticles are consistent with the formation of monolayer-
coated gold nanoparticles followed by the adsorption of the
miRNA moieties.

Morphological Structure and Size by TEM. The mono-
layer-coated gold nanoparticle complex was further subjected
to transmission electron microscope (TEM) imaging to
provide information about the morphology, shape, and size
of the complex."””** The diameter of the AuNPs is ~17 nm
with a spherical shape (Figure 2a). It should be noted that the
size and morphology of the AuNP core were not affected by
ligand exchange (Figure 2b) or immobilization of the miRNA
(Figure 2c). The size obtained using TEM is substantially less
than the size obtained by DLS. However, the former technique
takes into account the interfacial double layer surrounding the
meta£4core, whereas the latter only accounts for the particle
core.

Surface Charge of the Monolayer-Coated Gold Nano-
particles by Zeta ({) Potential. The {-potential analysis of the
layered gold nanoparticle complex, shown in Figure 3, offers
beneficial clues into the overall stability of the complex as well
as the charge of the solid—liquid interface.”> The {-potential
value of citrate-capped AuNPs is considered stable within the
range of —10.0 to —20.0 mV.***” The values are dictated by
the amount of negatively charged species present from the
citrate capping agent, which surrounds the diffusion layer of
the particle.*®

A {-potential value of —11.0 mV can be observed for the
AuNPs (Figure S3A), which is likely due to the minimum
amount of citrate surrounding the AuNPs. From prior
literature studies, AuNPs expressing a (-potential between
—15.0 and —11.0 mV have been demonstrated to be relatively
stable for several months.*”*°

A {-potential value of +42.0 mV (Figure S3B) was observed
after coating the AuNPs with the adsorbates (AM-C15-DT
and TMA-C6-DT). The shift in the value is likely due to the
positively charged termini of the adsorbate on the surface of
the AuNPs. Adsorbates bearing a thiol headgroup with a
positively charged tailgroup have been shown to displace
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Figure 2. Transmission electron microscope images of (a) AuNPs, (b) AuNPs-SAM, and (c) AuNPs-SAM-miR.
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Figure 3. {-Potential of AuNPs, AuNPs-SAM, and AuNPs-SAM-miR.

citrate from the surrounding gold surface of the nanoparticle,
forming a covalent Au—S bond.*" Furthermore, particles
decorated with positively charged tailgroups have also been
documented within the literature to express a positive (-
potential value.”!

Incorporating the third layer in the AuNPs-SAM-miR
complex decreases the {-potential value to +9.0 mV (Figure
S3C). Coating of gold nanoparticles with nucleic acid has been
documented to decrease the {-potential of positively charged
AuNPs.*>*® The lower value obtained might be due to
sequestering of the charged surface caused by the electrostatic
interaction between the termini of the ligands and the
negatively charged phosphate backbone of the miRNA.

Measurement by Ultraviolet—Visible Spectroscopy. Gold
nanoparticles possess a unique optical property known as
surface plasmon resonance (SPR), the maximum dipole
oscillation of the conduction band electrons caused by the
absorption of incident light on the metal surface.”* The strong
absorption of the incident light by SPR can be measured using
a UV—vis spectrophotometer.”* The location of the SPR peak
is dependent on the nanoparticle size,” shape,’® nucleotides,*”
and bound ligand.>” Figure 4 shows the SPR peaks of our
nanoparticle complexes at various stages. The SPR peak (4;,q,)

of the AuNPs appears at ~519 nm (Figure 4a), in accordance
with the literature for an ~15—20 nm gold nanoparticle.”® The
chemisorption of the adsorbates onto the AuNPs, the AuNPs-
SAM, caused a red-shift in the SPR peak from 519 to 527 nm
(Figure 4b). The coating of the miRNA to the nanoparticle,
the AuNPs-SAM-miR, further red-shifted the SPR to 532 nm
(Figure 4c).

The shifts in the SPR of our nanoparticle complexes suggest
that the AuNP surface is modified. It is known that the
chemisorption of the thiol onto the gold nanoparticle leads to a
disruption of the electron charge density of the outer surface,
causing an increase in the SPR wavelength.57 Furthermore, the
broadening of the SPR peak can be observed from our AuNPs-
SAM, compared to AuNPs, due to the phenomenon called
SPR damping, in which the Au—S bond causes an increase in
electron conduction on the AuNP surface.” The shifting to a
higher A, after the introduction of miRNA (Figure 4c) is
potentially caused by the change in the dielectric layer around
the AuNPs due to the increase in the particle thickness and the
refractive index.’”®’

Further approximation of the AuNP particle size by UV—vis
was performed using the Haiss equation (eq 1)*°

. Bz}

Here, d denotes the diameter of the gold nanoparticles with
a deviation of approximately 11%.>> The absorbance at the 4,
of the AuNPs is represented by Ay, which is 0.934.
Furthermore, Ay, represents the absorbance of the AuNPs
at the wavelength of 450 nm, which is 0.559. Moreover, B, and
B, are determinate values provided by Haiss experiments,
which are 3.00 and 2.20, respectively.”> Based on the Haiss
equation, the diameter is approximately 17 nm for the gold
nanoparticle, which is similar to the TEM value.

Aspr
d = exp BIA

450

(1)

1.3 1.3 1.3
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Figure 4. UV—vis spectra for (a) AuNPs, (b) AuNPs-SAM, and (c) AuNPs-SAM-miR.
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Figure S. XPS spectra of (a) Au 4f, (b) S 2p, (c) C s, (d) N 1s, and (e) P 2p regions after the chemisorption of the TMA-C6-DT and AM-C15-

DT adsorbates to the gold nanoparticles.
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Figure 6. XPS spectra of (a) Au 4f, (b) S 2p, (c) C 1s, (d) N 1s, and (e) P 2p regions after conjugation of miRNA onto the SAMs of the gold

nanoparticles.

Chemical Composition Studies by X-ray Photoelectron
Spectroscopy (XPS). The chemical composition of AuNPs-
SAM was examined by XPS. Figure 5 shows the high-
resolution XPS spectra of the Au 4f, S 2p, C 1s, N 1s, and P 2p
core electrons for the AuNPs-SAM. Note that the binding
energy (BE) of the Au 4f,, electrons was used as a reference
for all spectra obtained and was adjusted to 84 eV. The
presence of a doublet in the Au region (Figure Sa),
corresponding to the Au 4f;,, and Au 4f,, electrons, is a
signature of the Au nanoparticles.”” The presence of a doublet
in the S 2p region confirms the chemisorption of the thiol
headgroup to the gold substrate after the initial ligand
exchange. According to a previous literature study, the S
2p,, peak of a bound thiolate has a BE of ~162 eV.”* For an
unbound thiolate, the S 2p;;, has a BE of ~164 eV.”
Inspection of the S 2p region of the AuNPs-SAM (Figure Sb)
confirms that the thiol was predominantly bound to the gold
nanoparticles. Analysis of the C 1s region (Figure Sc) shows
the presence of the hydrocarbons at BE values of ~285 and
~286 eV, corresponding to the C—O and C—N species,
respectively.64’65 Examination of the N 1s region (Figure 5d)
exhibits two distinct peaks at ~403 and ~399 eV, confirming
the presence of the amine termini and quaternary ammonium
termini, respectively.”>® The P 2p region was probed as a
reference for the presence of phosphate, which indicated no
peaks in the region (Figure Se).*>**¢’

A detailed surface elemental composition of AuNPs-SAM-
miR was performed to confirm the miRNA conjugation to the
nanoparticle. The high-resolution spectra of the Au 4f, S 2p, C
Is, N 1s, and P 2p regions are shown in Figure 6. Figure 6a
shows the signature doublet of the Au 4f region. Assessment of
the S 2p region (Figure 6b), specifically the S 2p,/, and S 2p;/,
peaks, shows a shift of the S 2p,/, peak to a higher BE. The
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introduction of the miRNA could have diminished the van der
Waals interactions between the alkyl chains, which likely causes
a decrease in the interchain stabilization of the SAMs.* The C
Is region (Figure 6¢c) shows peaks at BE values of 285 eV
(hydrocarbons), 286 eV (C—O and C—N), 287.8 (N—C—-0),
and 289 eV (N—C=0).°*® Furthermore, analysis of the N 1s
region (Figure 6d) shows a distinct peak at ~400 eV that
originates from the amide heterocycles (purine and pyrimi-
dine) in the miRNA.°*® Additionally, analysis of the P 2p
region (Figure 6e) shows a newly developed peak at a BE of
~133 eV, originating from the phosphate backbone of the
miRNA.***" Altogether, the elemental composition analysis by
XPS, in conjunction with DLS, UV—vis, and {-potential values,
supports the successful formation of our AuNPs-SAM-miR
nanoparticle complex.

Measurement of the miRNA in HOS cells by a
Quantitative Polymerase Chain Reaction (qPCR). To
evaluate whether our AuNPs-SAM-miR were internalized and
delivered its cargo into host cells, we transfected HOS cells
with our nanoparticles and measured the delivered miRNA
using the qPCR technique. Cells were transfected with AuNPs-
SAM, scrambled RNA oligomer-loaded (AuNPs-SAM-NC) as
a negative control, or miR-509-3p*-loaded nanoparticle
complex (AuNPs-SAM-miR), along with nontreated cells
(NT). We selected miR-509-3p for this study because it has
been shown that miR-509-3p is downregulated in osteosarco-
ma, and overexpression of miR-509-3p inhibits HOS cell
metastasis and sensitizes HOS cells to Cisplatin.” After 24 h of
incubation, total RNA was extracted and quantified. The miR-
509-3p levels were then measured with the TagMan miRNA
reverse transcription kit for HSA-miR-509-3p according to the
manufacturer’s instructions. Figure 7 shows the relative miR-
509-3p levels in each group from three separate experiments.
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Figure 7. Relative miR-509-3p level in nontreated (NT) and AuNPs-
SAM-, AuNPs-SAM-NC-, and AuNPs-SAM-miR-treated HOS cell
lines measured by Tagman PCR.

The miRNA level in HOS cell lines treated with AuNPs-SAM-
miR was ~11,268-fold higher compared to nontreated,
AuNPs-SAM-treated, or AuNPs-SAM-NC-treated cells.

B CONCLUSIONS

The gold nanoparticles served as a substrate for the
chemisorption of the adsorbates and further provided termini
essential for electrostatic immobilization of the miRNA.
Furthermore, the selected ligand mixture used to displace the
citrate capping agent of the gold nanoparticle was capable of
simultaneously stabilizing the nanoparticle complex. The
choice of the ligand mixture was selected not only for colloidal
stabilization but also for specific electrostatic and structural
features that facilitate the binding of unmodified miRNA,
which is crucial for mitigating off-target effects commonly
associated with modified miRNAs that are required in existing
nanoparticle-based delivery platforms. The layered gold
nanoparticle complex was characterized by UV—vis, DLS,
TEM, {-potential, and XPS. The ability of the nanoparticle
complex to deliver miRNA-509-3p into the HOS cells was
measured by qPCR. The qPCR analysis showed an ~11,268-
fold increase in miRNA levels compared to the controls.
Overall, we have demonstrated the successful delivery of
miRNA into cells and the subsequent release of its payload
into the cellular cytosol. The increase in miRNA levels within
the cells treated with AuNPs-SAM-miR not only substantiates
the effective delivery and release of miRNA payloads into the
cell but also suggests that our nanoparticle system offers a
general strategy for transporting miRNA into cells. Further
development and in vivo validation are needed to establish
whether this promising system can be used to correct miRNA
dysregulation.

This achievement stands as a major advancement in
nanoparticle-based unmodified miRNA delivery systems.
Specifically, the efficiency of our approach, corroborated by
qPCR results, offers a substantive advance in the delivery of
unmodified miRNA. Extending beyond miRNA, the robustness
of our platform is promising for other gene-therapy
applications. Its potential to deliver unmodified nucleic acids
such as DNA, siRNA, and mRNA positions it as a versatile tool
to treat diverse genetic disorders.

As an alternative delivery vector to existing nanoparticle-
based platforms that require modified miRNAs, our system
overcomes significant challenges that have historically impeded
the robust delivery of miRNA. Through the incorporation of
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positively charged SAM-coated gold nanoparticles, our strategy
directly addresses the issues of miRNA off-target effects,
circumventing the need for direct miRNA modification. The
novel application of charged terminal groups on SAM-coated
nanoparticles, specifically ammonium and quaternary ammo-
nium groups, offers a high-precision delivery method while
preserving the structural and functional integrity of the
delivered miRNA.
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