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The number of diabetics is increasing worldwide and is associated with significant instances of clinical
morbidity. Increased amounts of reactive oxygen species (ROS) and proinflammatory cytokines are
associated with the pathogenesis of diabetic wounds and result in a significant delay in healing. Our
previous studies have shown the ability of a cerium oxide nanoparticle (CNP) formulation conjugated

with the anti-infammatory microRNA miR146a (CNP-miR146a) to enhance the healing of diabetic

wounds. The observed therapeutic activity exceeded the combined efficacies of the individual conjugate

components (CNPs and miR146a alone), suggesting a synergistic effect. The current study evaluates
whether the previously observed enhanced activity arises from increased agent delivery (simple
nanocarrier activity) or is specific to the CNP-miR146a formulation (functional, bio-active nanomaterial).

Comparison with miR146a conjugated gold (bioactive, metal) and silica (bioinert, oxide) nanoparticles

(AUNPs and SiO,NPs) was performed in the presence of H,O,, as an analogue to the high levels of ROS

present in the diabetic wound environment. Electrochemical studies, materials characterization, and
chemical assays showed limited interaction of AuNP-miR146a with H,O, and instability of SiO,NP-
miR146a over time. In contrast, and in support of our prior results, CNP-miR146a displayed chemical
stability and persistent ROS scavenging ability. Furthermore, it was determined that CNPs protect
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miR146a from oxidative damage under prolonged exposure to H,O,, whereas AuNPs and SiO,NPs were

shown to be ineffective. Overall, these results reinforce the ability of CNPs to stabilize and protect

DOI: 10.1039/d2na00600f
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1. Introduction

The wound healing process involves coordination between
multiple complex cellular processes including cell migration,
proliferation, and tissue remodelling." However, for individuals
afflicted with diabetes, these events are dysregulated, causing
impaired and delayed healing.> In diabetic wounds, the pres-
ence of high levels of reactive oxygen species (ROS) and
continuous inflammation® have been implicated in the
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miRNA while exhibiting robust antioxidant properties, suggesting that therapeutic activity observed in
related earlier studies is not limited to a facile nanocarrier function.

pathogenesis of this impairment. This problem has raised an
ongoing clinical concern and gained the interest of many
researchers.

Micro-RNAs (miRNAs) are small non-coding RNA molecules
containing 19 to 24 nucleotides and have an extensive role in
controlling gene expression.* Due to their broad range of
functions across varied molecular pathways (spanning cell
proliferation, metabolism, and cell death), study and thera-
peutic investigation of these bio-molecules have been the
subjects of extensive investigation.®> MiRNA dysregulation has
further been identified as contributing to the pathogenesis and
progression of disease states.”> MiR146a is a miRNA which has
been identified as contributing to the regulation of the
inflammatory immune response during the wound healing
phase, through the reduction of IL-6 and IL-8 expression
leading to decreased activation of the proinflammatory NFkB
pathway.® MiR146a has been shown to be dysregulated in dia-
betic wounds and supplementation of this miRNA has been
shown to enhance the healing of diabetic wounds.®® While
miRNAs have shown substantial efficacy in treating certain
conditions, these bio-molecules are typically short-lived in the
cell environment. Specifically, the negative surface charge of
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bare miRNA limits cellular uptake due to electrostatic repulsion
between the cell membrane and the miRNA. This hindrance is
in addition to the tendency of miRNA species to undergo
oxidative degradation before reaching gene targets.>'>'
Researchers have mitigated these issues by conjugating the
miRNA to different compositions of inorganic nanoparticles,
enhancing delivery to target cells and stabilizing the miRNA by
neutralizing its surface charge.>*?

Cerium oxide nanoparticles (CNPs) are widely used for bio-
applications due to their ability to change the valence state
reversibly between Ce®" and Ce"", enabling certain redox reac-
tions. The equilibrium ratio of Ce*"/Ce*" can determine the
properties of the synthesized CNPs. For instance, CNPs' ROS
scavenging activity was shown in a high Ce*'/Ce*" ratio, while
catalase activity has been consistently observed in the case of
smaller ratios.'®**'* This property is attributed to the presence
of oxygen vacancies in the crystal structure particles, which
mediate the formation of Ce®".'*'* CNPs have been demon-
strated to function as a catalytic antioxidant and to regulate
oxidative stress by scavenging ROS.* In our previous studies, we
have demonstrated that the conjugation of CNPs to miR146a
(CNP-miR146a) significantly enhanced diabetic wound healing
in murine and porcine animal models of diabetic wound
healing.”® The CNP-miR146a conjugate improved the extent of
diabetic wound healing and reduced the overall healing time to
values comparable with non-diabetic wounds.?

The success of CNP-miR146a in enhancing the wound
healing process has encouraged us to further investigate the
physicochemical characteristics of the conjugate which may
determine its therapeutic efficacy. Thus, we hypothesize that
the high surface reactivity of CNPs and improved stability of
miRNA in the presence of ROS will lead to a substantially
greater therapeutic effect of CNP-miR146a.

In the presented study, a CNP formulation conjugated with
miR146a was characterized in the presence of hydrogen
peroxide, a by-product of the wound repair process. Changes to
either conjugate component were investigated via traditional
materials characterization methods, electroanalytical methods,
and chemical assay. Furthermore, the uniqueness of CNP-
miR146a’s ability to accelerate diabetic wound healing is
compared against two comparable nanomaterial compositions
in all characterization methods. Gold and silica nanoparticles
of comparable size and shape to the previously tested CNPs
were chosen due to their prevalence in the nanomedicine
literature. Silica nanoparticles were used in many drug delivery
applications because of the ease of controlling the nano-
particles’ size and their remarkable biocompatibility, in addi-
tion to their stability in the biological medium.'*** SiO,NPs
have been used in wound applications, in which amine-
functionalized SiO,NPs showed good wound closure perfor-
mance," and they were employed as a carrier for different types
of miRNAs. Tivnan et al. have employed SiO,NPs as a vehicle for
miR34a to suppress tumors by hindering neuroblastoma
expansion.®*® Gold nanoparticles are also known in the litera-
ture for their biocompatibility and facility of synthesizing with
different sizes and morphologies, in addition to their antibac-
terial activity and ability to be easily factionalized.>*** Due to
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these benefits, many groups have used AuNPs as a miRNA
delivery vector.”® AuNPs conjugated with miR133b were
employed to inhibit scar formation and repair corneal wounds
by downregulating type-I collagen and o-smooth muscle
actin.'®”® AuNPs were also conjugated with miRNA-145 to
regulate the miRNA presence in prostate and breast cancer
cells.”” Results from this study confirm that CNPs are unique,
among the tested nanomaterials, in their ability to confer
protection to adsorbed miR146a from oxidative damage.
Thereby, we demonstrate nanozyme ROS scavenging behavior
and a miRNA conjugate stabilizing functionality beyond
a simple nanocarrier function. We further note that results from
this study are generalizable to arbitrary miRNA compositions,
suggesting that CNPs conferring stability may be utilized in any
application benefitting from miRNA supplementation.

2. Experimental section
2.1 Materials

Cerium nitrate hexahydrate (Ce (NO);, 6H,O; purity > 99.999)
and 3% hydrogen peroxide (H,0,) were purchased from Sigma
Aldrich. Gold and silica nanoparticles of sizes 10 nm and 08 nm,
respectively, were purchased from Cytodiagnostics and nano-
Composix. MiR146a was purchased from Integrated DNA
Technologies IDT. Murine dermal fibroblasts (MDFs), human
umbilical vein endothelial cells (HUVECS), vascular endothelial
cell growth kit (VEGF kit), cell culture medium, FBS (fetal bovine
serum), and other cell culture reagents were procured from
ATTC (American Type Culture Collection). The live/dead assay
was procured from Invitrogen. Dimethyl sulfoxide solvent, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT assay) powder, cell culture well plates and flasks were
purchased from Fisher Scientific.

2.2 MiR146a conjugated nanoparticles

Cerium oxide nanoparticles (CNPs) of 5 nm size were synthe-
sized by a wet chemistry procedure according to our previous
work.?® Briefly, Ce(NO);, 6H,0 was dissolved in ultrapure water,
and then an excess of H,O, was added as an oxidizer. The
resulting solution was aged for 6 to 8 weeks until the samples
became colorless. Silica and gold nanoparticles (SiO,NPs and
AuNPs) were purchased from commercial suppliers and used
without any change.

For the miR146a conjugation, we used the same protocol
described in our previous work’ for each CNP, AuNP, and
SiO,NP. In short, 30 pL of each sample was resuspended in
dimethyl sulfoxide (DMSO). Then, the chemical crosslinker 1,1
carbonyldiimidazole (CDI) was added to activate the functional
groups on the nanoparticles’ surfaces towards subsequent
miRNA conjugation (the hydroxyl group on the SiO,NP, CNP,
and AuNP surfaces, as well as the carboxyl group on the AuNP
surface since the commercial AuNPs used in our study contain
both COOH and OH groups), resulting in imidazole interme-
diate state formation (Fig. 1). This chemical group reacts with
the amine group in miR146a, leading to the conjugation of
miR146a to the surfaces of CNPs, AuNPs, and SiO,NPs. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic diagram of miR146a chemically conjugated with cerium oxide, gold, and silica nanoparticles by the bioconjugation method.

The CDI molecule was used as a connecting agent between miR146a

conjugated samples are named CNP-miR146a, AuNP-miR146a,
and SiO,NP-miR146a. The conjugated samples were dialyzed
against RNase-free water to remove DMSO and unbound
miR146a. The samples were stored at —20 °C for conservation
until further use.

2.3 Materials characterization

UV-vis spectrophotometry analysis was used to determine the
concentration of bare and conjugated gold nanoparticles. A
PerkinElmer spectrophotometer was employed over a range of
220-800 nm, and the concentration estimation was derived
from the peak intensity at 520 nm wavelength. The concentra-
tion of cerium oxide nanoparticles was calculated using
inductively coupled plasma-mass spectrometry (ICP-MS). The
operated instrument is in the Trace Evidence Analysis Facility at
Florida International University. Silica nanoparticles were
diluted from stock concentrations provided by a commercial
supplier and approximated from ICP-MS data. The synthesized
nanoparticles’ morphology and size were characterized using
a Philips Tecnai 300 kV HRTEM. The samples were coated on
the TEM grids and dried under UV light. Zeta potential values
were measured by operating dynamic light scattering
measurements on a Zeta Sizer Nano (Malvern Instruments),
using a 633 nm wavelength laser. Quantification of the miR146a
concentration in conjugated samples was performed using
a molecular probe Quanti-iT microRNA assay kit (Catalog
number: Q32882) and carried out as per the manufacturer's
protocol. The chemical composition of all the samples was
determined through X-ray photoelectron spectroscopy (XPS)
analysis. XPS studies were performed using a Thermo Scientific
ESCALAB 250Xi spectrometer. Experiments were performed
under high vacuum conditions (Pressure ~10~"° mbar) with Al-
Ko radiation as the source. Samples were prepared by drop-
casting on a silicon or gold substrate depending on the nature
of the sample. XPS data were analyzed using Avantage software.
The C 1s scan C-C peak at 284.6 eV was taken as the standard
for peak shifting. A Fourier transform infrared (FTIR) spec-
trometer was used to evaluate the functional group composition
of CNP-miR146a, AuNP-miR146a, and SiO,NP-miR146a, before
and after 6 hours of exposure to 10 mM H,0,. The samples were
mixed with KBr powder and dried in a vacuum desiccator for 12
hours. The range of the FTIR spectrum used was the 600-
4000 cm ™' region with 8 cm™ " resolution in the PerkinElmer

© 2023 The Author(s). Published by the Royal Society of Chemistry

and nanoparticles at room temperature.

infrared spectrometer. Baseline correction for IR spectra was
performed using a function in Origin software.

2.4 Electrochemistry measurements

All electrochemical measurements were performed using
a multi-channel potentiostat from BioLogic. A round disk glassy
carbon electrode (BioLogic) was used as the working electrode
in all experiments with a platinum mesh counter electrode and
Ag/AgCl reference electrode (saturated NaCl electrolyte;
purchased from BioLogic). Prior to any experiment, the working
electrode was cleaned via slurry polishing on a polishing pad
and subsequently via electrochemical cycling from —0.4 to 1.6 V
at a scan rate of 1 V s~ ' over 1000 cycles. The cleaned glassy
carbon electrode was coated with 20 pL of 5 mM cerium oxide
nanoparticles and dried under vacuum in a desiccator for 6
hours. Then, cyclic voltammetry (CV) experiments were per-
formed over a potential range of —0.3 V to 0.7 V at a scan rate of
20 mV s ! for ten cycles in an electrolyte solution containing
a mixture of H,0,/PBS (10 mM 10 mM ') solution.

Before conducting chronoamperometry (CA) measurements,
each modified GC electrode underwent two CV cycles in 10 mM
PBS to inspect its performance.> The CA measurements were
performed at a fixed potential of 0.65 V with continuous stirring
of the electrolyte solution, which initially contained 49 ml of
10 mM PBS. The reference electrode used is Ag/AgCl/sat.NaCl
while the counter electrode was the platinum mesh. The first
H,0, addition took place after 7 min of CA measurement in
PBS, ensuring the system's stability and allowing the current
equilibrium. The stepwise H,O, addition was at concentrations
0f0.05, 0.1, 0.2, 0.4, 0.8, 5, 8, 12, 16, and 20 mM with 2 min time
gap between each addition. The PBS concentration of the elec-
trolyte solution was maintained at 10 mM throughout the entire
CA by adding 100 pL of 50 mM PBS in each 900 pL addition of
H,0,.

Potentiostatic electrochemical impedance spectroscopy (EIS)
was performed versus an open circuit and versus 0.65 V potential
in a frequency range of 10 MHz to 100 KHz with a sinus
amplitude of 12 mV. The same protocol of EIS measurement
was repeated for all samples: CNPs, CNP-miR146a, AuNPs,
AuNP-miR146a, SiO,NPs, SiO,NP-miR146a, and miR146a. All
the samples were deposited on the working electrode the same
way as described in the CV experiments.

Nanoscale Adv, 2023, 5,191-207 | 193
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2.5 Enzyme-mimetic assay

Superoxide dismutase (SOD) mimetic activity was measured by
using home kit assay. Reduction of WST-1 was utilized to assess
the kinetics of the SOD mimetic activity of nanoparticles and
nanoparticle conjugates. The protocol was slightly adjusted
from that of the Peskin et al. study.*® Briefly, superoxide was
generated by a 0.1 mM hypoxanthine/xanthine oxidase system.
The generation rate of superoxide was controlled by adjusting
the xanthine oxidase concentration, resulting in an absorbance
change at 438 nm of approximately 0.025 units per minute.
Each assay was conducted at room temperature for 20 min in
a 96-well plate with a total volume of 240 uL containing 20 pL of
sample. All reactions were buffered with 50 mM Tris buffer of
pH 7.5. The SOD activity is calculated based on the below
equation:

slope of absorbance change of SOD blank — slope of absorbance change of specimen

View Article Online

Paper

(2 mM 4 mM ") solution was added to miR146a conjugated
samples, with and without nanoparticle-treated cells, and was
incubated at 37 °C in a CO, incubator for 30 min. Live and dead
images were imaged using a Nikon FL microscope. The HUVECs
were used for the experiment in the third passage cells.

2.7 CNP-miR146a distributed throughout the cytoplasm

Under In vitro conditions, skins from adult mice were placed
dermal side down to allow fibroblast outgrowth. Dermal fibro-
blasts were cultured in Dulbecco's modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum and anti-
biotics. Cultures were maintained in a humidified incubator in
an atmosphere of 5% CO, and 95% air. To examine the uptake
and distribution of our CNP-miR-146a conjugate, we incubated
murine dermal fibroblasts with 0.1 ug of our CNP-miR146a
conjugate for 24 h and processed them for TEM analysis. We

SOD activity =

2.6 Cytotoxicity study

Human umbilical vein endothelial cells (HUVECs) were
cultured with the VEGF-endothelial cell growth kit supple-
mented with the vascular endothelial growth medium at 37 °C
in a 5% CO, atmosphere. The cells were detached from the
culture flask after 85% confluency with a 0.1% trypsin-EDTA
solution, and then the cells were collected and washed by
centrifugation. The washed cells of 1 x 10* per well were added
to a 96 well plate and it was incubated at 37 °C under CO,
conditions for 12 h to attach the cells to the culture plate. After
12 h of incubation, the medium was removed, and two different
concentrations of 0.2 ng uL ™' and 0.4 ng pL ™" of pure and
miR146a conjugated (CNPs, AuNPs, SiO,NPs, CNP-miR146a,
AuNP-miR146a, and SiO,-miR146a) nanoparticles containing
the vascular endothelial growth medium were added to
HUVECs and incubated for one and two days to study the
cytotoxicity before and after conjugation of these nanoparticles.
After a pre-determined time interval, 20 uL of (5 mg m1 ") 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution was added to a 200 pL growth medium containing each
well and incubated for 4 h in a CO, incubator. Then, MTT
solution was removed and 200 pL of dimethyl sulfoxide solvent
was added to each well to dissolve the formazan crystal. The
optical density of these solutions was measured at 570 nm in
a BMG Labtech multi-plate reader. Without nanoparticles,
treated cells were considered the control. The experiment was
conducted in triplicate for each sample. Furthermore, the live/
dead assay was performed on treated cells with and without
a nanoparticle concentration of 0.4 ug pL~* to determine the
cytotoxicity of CNPs, AuNPs, SiO,NPs, CNP-miR146a, AuNP-
miR146a, and SiO,-miR146a. After removing the culture
medium, the cells were stained using the molecular probes live/
dead assay kit. A mixture of calcein and ethidium homodimer
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slope of absorbance change of SOD blank

found that our conjugates were distributed throughout the
cytoplasm, seen as dark black dots within the cytoplasm and
indicated by the white arrows in Fig. 9.

2.8 CNP-miR146a decreases ROS production in
macrophages

RAW 264.7 macrophages (ATCC, USA) were maintained in
DMEM (Gibco, USA) supplemented with 10% (v/v) FBS (Gibco,
USA), 100 pg per ml streptomycin, and 100 U per ml penicillin,
and incubated at 37 °C in an atmosphere of 5% CO,. Cells were
serum-starved overnight in DMEM with 1% FBS, 100 nug per ml
streptomycin, and 100 U per ml penicillin before being treated
with PBS or CNP-miR146a. ROS measurements were performed
using a MarkerGene Live Cell Fluorescent Reactive Oxygen
Species Detection Kit from Marker Gene Technologies, Inc.
These cultured murine macrophages were treated for 24 h with
either PBS or 0.1 ng CNP-miR146a.

2.9 Real-time qPCR

Gene expression was analyzed using murine dermal fibroblasts
(MDFs). MDFs were cultured in a full medium comprising
Dulbecco's modified Eagle high-glucose medium (DMEM,
Sigma-Aldrich, St. Louis, MO, USA) supplemented with 20%
fetal bovine serum (FBS) + 1% antibiotic-antimycotic and
maintained at 37 °C in a humidified atmosphere containing 5%
CO,. For further experiments, cells were seeded and cultured for
12 h. After that, cells were serum-starved for 16 h and then
treated with biocompatible 0.2 ng uL " of CNPs, CNP-miR1464a,
SiO,NPs, SiO,NP-miR146a, AuNPs, and AuNP-miR146a for 6 h.
Following incubation, total cellular RNA was isolated from the
cells by homogenizing in a Qiazol (Qiagen) as per manufac-
turer’s instructions. Isolated RNA was converted to cDNA
(Applied Biosystems RT Kkit), to analyze IL-6 gene expression,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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where GAPDH, a housekeeper gene, was used for normalization.
Another set of RNA samples was diluted to 5 ng uL ™" by serial
dilution and converted to miR146a and U6 (housekeeping
miRNA) cDNA (Applied Biosystems RT kit), which was amplified
by reverse transcriptase amplification. A real-time quantitative
polymerase chain reaction (RT-qPCR) was performed for IL-6,
GAPDH, miR146a, and U6 using a BioRad CFX-9600 thermal
cycler. PCR analysis was performed in triplicate, with the
average of each triplicate used for normalization. One-way
ANOVA with Tukey's test was used for the statistical analyses
for multiple comparisons of various nanoparticle-treated
samples. Statistical differences were considered p < 0.05.

3. Results and discussion
3.1 Material synthesis and miRNA quantification

The synthesis of CNPs was based on simple aqueous chemistry,
as detailed in the previous section, while gold (AuNPs) and silica
(SiO,NPs) nanoparticles were obtained from commercial
suppliers. The conjugation of the nanoparticles to miR146a
was achieved via standard conjugation chemistry using
the crosslinker 1,1-carbonyldiimidazole, as detailed in
our previous publication.” To confirm the conjugation of
miR146a to each of the AuNPs, SiO,NPs, and CNPs, a commer-
cial miRNA assay kit was used and the miR146a content was
quantified. The concentration of miR146a and the loading
efficiency for each type of conjugated nanoparticle were
measured. The assay shows that the miR146a molecules
are present in all three particle formulations and that the
amounts of miR146a loaded on CNPs, SiO,NPs, and AuNPs were
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7.8 £0.4ng pL ', 6.5 + 0.8 ng uL ™}, and 7.8 & 2.3 ng pL*,
respectively. The loading efficiency for miR146a (calculated as:
(MasSmir146a, final/MAaSSmir146a, initial) X 100) is similar for the
AuNPs and CNPs (46%), while for SiO,NPs the value is slightly
lower (38%). These results indicate a material composition-
specific miR146a loading efficiency. This variation will lead to
a lower dose of miR146a per particle for the SiO,NP formulation
under ideal conditions. In addition, the slight difference in
sizes and theoretical densities (because of different crystal
structures) of AuNPs (19.3 g cm™?), SiO,NPs (2.65 g cm™?), and
CNPs (7.22 g cm?) between the control nanoparticles will also
have an impact on the number of miR146a per nanoparticle.
The theoretical estimation number of miR146a per nano-
particle of CNPs, SiO,NPs, and AuNPs is 112, 15, and 478,
respectively (the used approach and the assumptions used are
detailed in the ESI{).

To determine the relative stability of conjugated miR146a
given each nanomaterial composition and to consider the utility
of each conjugate formulation, we next characterized the effects
of the conjugation process on material surface chemistry.

3.2 Surface chemical state analysis

X-ray photoelectron spectroscopy (XPS) was performed on
CNPs, CNP-miR146a, SiO,NPs, SiO,NP-miR146a, AuNPs, and
AuNP-miR146a to analyze the nanoparticles’ surface chemical
states and determine any changes resulting from conjugation.
The Ce 3d and C 1s scans for control CNPs are shown in Fig. 2a
and b. The high-resolution Ce 3d spectra give information
about the oxidation state at the surface of the particles and
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Fig.2 XPS characterization of nanoformulations. XPS scans for control ceria nanoparticles (CNPs) are shown in (a) for the Ce 3d and (b) for the C
1s binding regions. Scans for CNP-miR146a are shown in (c) for the Ce 3d and (d) for the C 1s binding regions. Similarly, scans for AuUNP-miR146a
and SiO,NP-miR146a are shown in (e) Au 4f and (f) C 1s and (g) Si 2p, and (h) C 1s, respectively. In the control CNP and CNP-miR146a samples’ Ce
3d scans, peaks corresponding to Ce®* and Ce** oxidation states are indicated and the Ce>*/Ce** ratio was estimated using the area under the
curve of the corresponding peaks. Comparisons between these values show a clear difference; the ratio decreased from 3.96 to 1.23 from the
CNP control to the CNP-miR146a sample. In the AuUNP-miR146a sample, we have observed peaks corresponding only to metallic (Au®) Au (Au
4fs,> and Au 4f,,). In the Si 2p scan of the SiO,NP-miR146a sample, we have observed peaks corresponding to oxide and elemental Si. In C 1s
scans for all conjugated samples, we have observed peaks corresponding to C-C, C-0, and C=0. The C 1s scan for control CNPs has peaks
corresponding to C-C, C-0, and a satellite peak.
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enable the assessment of the Ce**/Ce** ratio.** For the uncon-
jugated CNP sample, the peaks corresponding to Ce®" were
situated at 882.2, 886.1, 900.1, and 904.4 eV; while the peaks
corresponding to Ce"* were found at 883.88, 888.3, 901.2, 902.6,
908.0 and 916.8 eV. For the CNP-miR146a sample, the Ce 3d
scan is shown in Fig. 2c, where the peaks corresponding to Ce**
were situated at 881.7, 885.3, 897.7, and 903.2 eV; the peaks
corresponding to Ce*" were situated at 883.5, 887.9, 899.3,
900.9, 906.3 and 916.1 eV. Measurement of the Ce**/Ce*" ratio is
critical since it affects CNP's catalytic and biomedical proper-
ties.’** The value can be estimated by using the area under the
curve values for peaks corresponding to a given redox state.”®**
The conjugation of CNPs to miR146a resulted in a decrease in
the Ce*'/Ce*" ratio (from 3.96 to 1.23). Since the XPS analysis
provides surface-dependent estimated values, the observed
shift in the Ce**/Ce** ratio could occur through oxidation of
Ce®" sites as a result of the conjugation process (e.g., from the
conjugation reaction occurring at pH 8.5). For AuUNP-miR146a
and SiO,NP-miR146a samples, the presence of gold and silica
was confirmed by elemental gold (Au 4f5/, and Au 4f;),) (Fig. 2e)
and silicon-oxide peaks (Si 2p) (Fig. 2g). The control AuNPs and
SiO,NPs are presented in Fig. S1.f In C 1s scans for all the
conjugated samples, we have observed peaks corresponding to
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C-C (284.6 eV, used as the standard), C-O (286.15 £ 0.12 eV),
and C=O0 (287.73 £ 0.45 eV) as well as a w-m* satellite peak
(289.38 + 0.01 eV) in the control sample. The presence of
different carbon functional group peaks in the C 1s scan for the
conjugated samples confirms the presence of miRNA in each of
the CNP, AuNP, and SiO,NP samples.

3.3 Surface morphology and size analysis

High-resolution transmission electron microscopy (HRTEM)
was used to determine the nanoparticles’ morphology and
average size (n = 50) before and after conjugation with
miR146a. Fig. 3 indicates that the uniform spherical
morphology and colloidal dispersity of AuNPs, SiO,NPs, and
CNPs (Fig. 3a—c) have not changed appreciably after miR146a
conjugation (Fig. 3g-i). Fig. 3d and j show that the average
diameter of AuNPs has slightly increased due to the conjugation
process from 7.3 = 1.0 nm (AuNPs) to 7.6 + 1.1 nm (AuNP-
miR146a). Lattice fringes observed in the (inset image) AuNP-
miR146a images demonstrate the crystallinity of the conju-
gated nanoparticles. Fig. 3e and k display the change in the size
of SiO,NPs from 4.9 + 1.1 to 5.2 £+ 0.7 nm in the conjugated
sample. Lattice fringes were not observed in SiO,NP and
SiO,NP-miR146a samples due to their amorphous structures.

Count

Count

Count

35 40 45 50 55 6.0 65 7.0
Diameter (nm)

Fig. 3 TEM characterization. HRTEM images of (a) AuNPs, (g) AuNP-miR146a, (b) SIO,NPs, (h) SiO,NP-miR146a, (c) CNPs, and (i) CNP-miR146a.
(d) AuNPs exhibit an average size of 7.3 + 1.0 nm, (j) AUNP-miR146a shows an average size of 7.6 + 1.1 nm, (e) SiO,NPs show an average size of
4.9 + 0.7 nm, (k) SiO,NP-miR146a displays an average diameter size of 5.2 + 0.7 nm, (f) CNPs show an average diameter size of 5.0 + 1.2 nm, and
() CNP-miR146a shows an average diameter size of 5.5 + 0.7 nm. Particles from each formulation show a comparable spherical morphology and
average particle size, suggesting character in these respects and allowing for mutual comparison. Furthermore, particles appear well-dispersed

and relatively uniform. (Scale barin a, b, ¢, g, h, and i is 10 nm).
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CNP conjugation to miR146a was suggested by an observed
increase in the particle size from 5.0 + 1.2 nm (bare CNP) to 5.5
=+ 0.7 nm (CNP-miR146a) after conjugation (Fig. 3c and i). The
inset image (Fig. 3i) shows the crystallinity of cerium oxide.
Selected area electron diffraction patterns (Fig. S2)t were
collected from Fig. 3g and i to confirm the crystal structures of
AuNP-miR146a and CNP-miR146a. The Debye-Scherrer
diffraction rings in the SAED pattern from Fig. S2f can be
indexed to the crystal planes, (111), (200), (220), and (311), of
a cubic fluorite structure for cerium oxide and the face centered
cubic structure of gold. We have conducted zeta potential
measurements on the conjugated samples for further investi-
gations. The results have shown a high negative charge poten-
tial of the conjugated nanoparticles (CNP-miR146a: —30.3 mV,
AuNP-miR146a: —28 mV, and SiO,NP-miR146a: —25 mV), sug-
gesting that the limited agglomeration present in TEM imaging
is relatively weak (possibly due to the measurement sample
preparation character) and the colloidal stability of conjugated
samples is due to the electrostatic repulsion. Further relevant
discussions are made in later sections.

Given the confirmation of nanoparticle presence in the
conjugated samples from TEM, SAED, and XPS, we next sought
to determine any changes in material chemical states upon
interaction with an oxidizing agent. Specifically, we looked to
identify the stability of the conjugated particles towards oxida-
tion, as a model of the ROS-containing chemical environment
of a diabetic wound.

View Article Online
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In diabetic wounds, H,O, is produced in excess and can be
a source of other ROS molecules.*® Additionally, the lifetime of
H,0, in solution is substantially greater than most other ROS
species and thereby, we suggest an appropriate surrogate
molecule to analyze and, ideally, generalize ROS-dependent
material behavior. Understanding the behavior and any
changes in material properties for each particle formulation in
necessary for approximating
(modelling) therapeutic efficacy in the wound environment. In
determining the conjugated nanoparticle formulations'
stability in harsh oxidizing environments, such as in a diabetic
wound or cells, voltametric measurements in phosphate buff-

oxidative environments is

ered saline (PBS) were produced in the presence of H,0,.

3.4 Electrochemical response of formulations to hydrogen
peroxide

To interpret the extent of material interaction with H,O,,
particles from each formulation were drop cast onto an elec-
trochemically cleaned glassy carbon (GC) electrode surface and
allowed to dry under vacuum. In this approach, peroxide-related
redox reactions at the miRNA-particles are detected at the
nanomaterial-modified electrode surface.

From Fig. 4a, it was found that the onset potential of the
oxidation reaction for conjugated ceria CNP-miR146a (390 mV)
is lower than that of the unconjugated CNP sample (450 mV)
and pure miR146a (520 mV), suggesting activation towards
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Fig. 4 CV of nanomaterial-modified glassy carbon (GC) vs. Ag/AgCl in PBS/H,O, (10 mM 10 mM™) over the potential range —0.3-0.7 V and
a scan rate of 20 mV s~ for 10 cycles. The 10th cycle of (a) CV curves of CNP, conjugated CNP-miR146a, and bare miR146a modified GC
electrodes show that the onset potential (Eqnset) for oxidation of CNP-miR146a is lower than that for unconjugated CNPs or miR146a. (b) CVs of
AuNP, conjugated AuNP-miR146a, and bare miR146a modified GC electrodes indicate a total current decrease and disappearance of the
oxidation peak from AuNPs ascribed to the surface coverage of gold nanoparticles with miR146a. (c) CVs of SiO,NP, conjugated SiO,NP-
miR146a, and bare miR146a modified GC electrodes show that the current corresponding to conjugated SiO,NP-miR146a has a higher oxidation
current. Subsequent CV curves of (d) SIO,NPs show that the subsequent cycles are consistent and overlap suggesting the stability of the SiIO,NP
modified electrode in the electrochemical cell. (e) Conjugated SiO,NP-miR146a shows a variation over subsequent cycles, especially in the
reduction reaction implying that the conjugation of miR146a to SiO,NP leads to material changes and instability. (f) Conjugated CNP-miR146a
displays consistency in subsequent cycles, which implies stability of the synthesized CNP-miR146a nanoparticles in the electrochemical cell.
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oxidative electron transfer. Additionally, CNP-miR146a
demonstrates a higher anodic current (29 pA) compared to
the two other samples (Fig. 4a), suggesting that a higher fraction
of charge is transferred relative to the other samples (CNPs: 20
pA and miR146a: 13 pA). Additionally, it should be noted that
the observed current density was stable over the measured cycle
range. From the literature, it was found that CNPs are reactive
towards H,0, through redox cycling of cerium sites (Ce*" <
Ce*"), with this behavior being analogous to that of antioxidant
enzymatic reactions.****** In support of the high current density
observed for the conjugated material, the Ce**/Ce*" ratio was
seen to decrease for CNPs after conjugation with miR146a from
3.96 to 1.23 (as determined from XPS measurements, Fig. 2). It
was determined from previous studies that the catalase activity
of ceria possesses an inverse relationship to Ce®'/Ce*" and
a positive relationship with measured SOD activity.”* Since
a higher relative fraction of Ce*" is required to degrade H,0, to
oxygen and water (catalase activity of cerium) with fast
kinetics,” our results can be explained using the following
reaction, suggested by Kosto et al.:*

2Ce* + Hy0, — Ce*t + Ce*t — Opqs + HO+ 27 (1)

Ce*t + Ce** — Opgs + H,0, — 2C*" + H,O + 0, + 2¢ (2)

The degradation of hydrogen peroxide may be occurring at
the surface of CNP-miR146a as it does in the case of bare ceria-
nanoparticles and lead to the creation of vacancies in the crystal
structure of ceria.*® Alternatively, peroxide may react with
miRNA moieties, allow charge transfer via a hopping mecha-
nism preserving the miRNA composition, and result in electron
transfer to the electrode via ceria redox.*

As shown in Fig. 4b, the electrode modified with AuNPs has
a roughly 40 pA peak anodic current. However, conjugation of
AuNPs with miR146a leads to loss of current likely due to the
blockage of gold surface sites. As shown in Fig. 4c, SiO,NP-
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miR146a showed an anodic peak current of 21 pA, which is
higher than that of both bare SiO,NP (14 pA) and miR146a
(13 pA). This trend is almost similar to CNP-miR146a behavior
with a slight difference in anodic peak current following
conjugation (SiO,NP-miR146a: 21 pA and CNP-miR146a: 29 pA).
By considering the observed performances of all conjugated
particle compositions, we determine that SiO,NP-miR146a and
CNP-miR146a have a more pronounced reactivity towards H,O,
over AUNP-miR146a. These results led us to investigate whether
the observed reactivity was coming from the nanoparticle side
(exchange of electrons between Ce*" and Ce*") or the miR146a
side (oxidation of miRNA), as discussed in subsequent Sections
(3.5 and 3.6).

Given the observed sensitivity of conjugated CNPs and silica
formulations towards peroxide, we next sought to determine the
stability of these reactions over time.

As shown in Fig. 4d the CV of a GC modified electrode with
bare SiO,NPs shows that the system is stable over electro-
chemical cycling, while the CV of conjugated SiO,NP-miR146a
(Fig. 4e) displays a variation in cycle character with increasing
cycle number: suggesting material instability. Since bare silica
was stable before conjugation (Fig. 4d), there is a possibility that
miR146a in the conjugated nanoparticles becomes degraded. As
shown in Fig. 4f, the subsequent cycles were consistent and
stable on the CV of the modified GC with conjugated CNP-
miR146a nanoparticles, suggesting stability and preservation
of the material. By comparing the CVs of the three types of
conjugated nanoparticles, it was found that CNP-miR146a
shows higher anodic current (29 pA Vs. 21 and 10 pA for silica
and gold conjugate nanoparticles) and greater system stability
in the presence of hydrogen peroxide, implying a potential
catalytic/regenerative surface activity towards ROS.

The sensitivity of the conjugated particle formulations
towards the peroxide surface reaction was investigated using
chronoamperometry (CA) measurements (Vappliea: 0.65 V vs. Ag/
AgCl, potential of instability for H,O, (ref. 29 and 37)). Material

b) o .
= CNP-miR146a
8] ¢« siO,NP-miR146a .

74
6-
5
4-
3

4 AuNP-miR146a

1 (4A)

2-

1-

0 01 02 03 0.4 05 0.6 0.7 0.8 0.9
[H202] (mM)

Fig. 5 Chronoamperometry (CA) measurements. (a) CA conducted on the modified glassy carbon electrode using CNP-miR146a, AuNP-
miR146a, and SiO,NP-miR146a immersed in 10 mM PBS with successive additions of H,O,, achieving total H,O, concentrations in the elec-
trolyte solution of 0.05, 0.1, 0.2, 0.4, 0.8, 5, 8, 12, 16, and 20 mM with an interval of 2 min between each addition. The first H,O, addition was
conducted after 7 min of CA measurement in 10 mM PBS. (b) Calibration curve plots of / vs. [H,O;] in the range between 0.05 mM and 0.8 mM for

CNP-miR146a, AuNP-miR146a, and SiO,NP-miR146a.
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sensitivity was investigated via serial additions of H,0, in varied
quantities in the range of 0.05-20 mM in a PBS electrolyte. The
electrolyte concentration was maintained at 10 mM and pH
~7.4 to avoid the production of cerium phosphate, which could
modify the particle surface and impede H,0, oxidation due to
interference with the Ce**/Ce®* redox reaction.?* Fig. 5a shows
the addition-current response behavior of the three conjugated
nanoparticle compositions. CNP-miR146a exhibits the highest
current response in each addition of H,0,, followed by SiO,NP-
miR146a and then AuNP-miR146a in agreement with our
observations in CV measurements supporting the high reac-
tivity of CNP-miR146a with H,0,. The calibration curves were
obtained by plotting log I versus 1og[H,0,]. CNP-miR146a shows
a linear trend (Fig. S3at) with the regression equation:

log I = 0.6510g[H,0,] + 0.98 (3)

where the current is in mA, the H,0O, concentration is in mM,
and the coefficient of determination (COD, or R*) is 0.997.

Fig. S4at shows only a negligible difference between the
high electrochemical response to H,O, of bare CNPs and
conjugate CNP-miR146a. These results suggest the surface
catalytic activity of CNPs, reported in many studies,”*** is
preserved in conjugated CNP-miR146a. Bare miR146a has
a negligible electrochemical response with successive addi-
tions of H,0, (analogous to the bare GC electrode response,
Fig. S5at). The higher response observed in the modified CNP-
miR146a GC electrode may be due to the reversible CNP redox
and the adsorption of oxygen-containing species on the nano-
particles’ surface.** Furthermore, in some studies, CNP
formulations have shown high protection of DNA/miRNA
against oxidation from various sources of oxidative
damage.**?*® One such study noted that the integrity of bound
DNA molecules may be preserved through DNA phosphate
groups adsorbing to the ceria surface.*” In addition, the system
shows stability over successive cycles in the CV experiments,
contra-indicating the occurrence of miR146a oxidation for
conjugated CNP-miR146a. A high level of current fluctuations
is observable for ceria samples in Fig. 5a, which is ascribed to
the dynamic nature of the CNP surface throughout the H,0,
reaction with the modified electrode (e.g., formation and
transformation of adsorbed intermediates and surface
species). Fig. S3b and ct show that SiO,NP-miR146a and AuNP-
miR146a also have linear trends with regression equations of
log I = 0.61 log[H,0,] + 0.81 with R* = 0.996 and log I = 0.59 log
[H,0,] + 0.76 with R*> = 0.990, respectively. The increased
electrochemical response observed in SiO,NP-miR146a
compared to bare SiO,NP and the decreased current for
AuNP-miR146a (negligible response; no significant difference
from bare GC and miR146a as shown in Fig. S5bt) compared to
bare AuNP (Fig. S4b and ct) supports our findings in the CV
experiments. The sensitivity of CNP-miR146a in CA measure-
ments (determined as the slope of the fitted linear regression
function) is the greatest among those of the tested material
compositions at 0.65, as compared with 0.61 and 0.59 for
conjugate miR146a with SiO,NPs and AuNPs, respectively. The
measured difference was more substantial in the low

© 2023 The Author(s). Published by the Royal Society of Chemistry
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concentration region of H,0, (from 0.05 mM to 0.8 mM). This
region and trend are plotted in Fig. 5b and show that CNP-
miR146a has a higher overall affinity and sensitivity toward
H,0, (slope of 8.87) compared to the other two conjugate
nanoparticles (slopes of 6.36 for SiO,NP-miR146a and 4.17 for
AuNP-miR146a) over the entire measurement range.

3.5 Electroanalysis of peroxide and nanoparticle conjugate
interaction by impedance spectroscopy

Potentiostatic electrochemical impedance spectroscopy (EIS)
measurements were performed next to more precisely identify
processes contributing to the electrochemical behaviors of test
samples observed in CV and CA measurements. EIS measure-
ments were conducted under the same conditions for all the
samples. Data from these measurements (Fig. 6a-c) were fitted
with a modified Randles circuit using Z-view software (inset
images in Fig. 6). R is the solution resistance, representing
measurement of IR drop. CPE; is the constant phase element
and represents an imperfect or non-ideal capacitor that models
the complexity of the double-layer formation process at the
surface of the modified electrode. R; is the charge transfer
resistance, representing charge transfer at the electrode surface.
Finally, W is the Warburg diffusion element, and it models
linear diffusion toward the electrode surface.** The values of
charge transfer and solution resistances obtained are repre-
sented in the inset images of Fig. 6. The solution resistance of
the three different modified GC electrodes has nearly the same
value, which confirms the similarity of electrolyte solution and
conditions of the experiment. For charge transfer resistance
(R1), the modified GC with AuNP-miR146a nanoparticles has the
largest R; (38Q) value which is in accordance with the CV
results. The R, of CNP-miR146a is 13.48 Q, while that of SiO,NP-
miR146a is 0.38 Q. Although the R, of SiO,NP-miR146a is much
lower than that of CNP-miR146a, the anodic current of these
two samples is almost similar (Fig. 4). A potential explanation
for these findings may be related to the low current evolved by
OCP-fixing reactions for the various particle formulations. At
OCP, current is largely transient, leading to negligible, and
unstable, charge transfer across the electrode-electrolyte
interface. SiO,NP-miR146a demonstrated less miRNA loading,
relative to the other tested nanomaterial formulations, and,
therefore, may produce lower resistance to electrolyte diffusion
to the electrode or particle surface.

In addition to EIS performed at OCP, we have induced H,0,
degradation at 0.65 V (the potential of H,0, degradation and
instability) and investigated the corresponding behavior of the
three different miR146a conjugated nanoparticles. The Nyquist
plot of CNP-miR146a (Fig. 6d) displays a different behavior than
those of SiO,NP-miR146a and AuNP-miR146a (Fig. 6e and f). In
the case of CNP-miR146a, the semicircle at high frequency has
a smaller diameter, implying low charge transfer resistance at
the modified electrode surface. In addition, the EIS spectrum of
CNP-miR146a has exhibited, at low frequency, a straight line
with an angle of roughly 45° implying limited mass transfer of
active electrolyte components,*” while the other two conjugate
nanoparticles did not show the same character.

Nanoscale Adv, 2023, 5, 191-207 | 199
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Fig. 6 Nyquist plots of a modified glassy carbon (GC) electrode in PBS/H,0O, (10 mM 10 mM ™) solution at OCP and 0.65 V. Nyquist plots at OCP
of (a) modified GC with cerium oxide nanoparticles (CNPs) and conjugated CNP-miR146a. (b) Modified GC with AuNPs and conjugated AuNP-
miR146a. (c) Modified GC with SiO,NPs and conjugated SiO,NP-miR146a. An equivalent electrical modified Randles circuit model (inset image)
was used to fit the Nyquist plot data of the modified glassy carbon electrode with different miR146a conjugated nanoparticles at the OCP, where
R, is the solution resistance, Ry is the charge transfer resistance, W is the Warburg diffusion element, and CPE; is the constant phase element. EIS
measurements have also been conducted at 0.65 V (potential of instability for H,O5), and Nyquist plots were obtained for (d) CNP-miR146a, (e)
AuNP-miR146a, and (f) SiO,NP-miR146a. Equivalent circuits for each sample are presented in the inset images.

The three conjugate nanoparticle spectra displayed a second
semicircle that is not clear in the Nyquist plot due to its overlap
with the first one. This graph behavior can be explained by the
presence of electrochemical processes with similar time
constants.” This justification is supported by Bode diagrams
(Fig. S67), where the phase angle plots show the presence of two
peaks, suggesting the presence of two interfaces (RC compo-
nents).**** The first interface can be attributed to the conjugate
miR146a nanoparticles/electrolyte, while the second may be
related to the oxidized material due to the degraded H,O,. The
inset images in Fig. 6d-f represent the equivalent circuit of the
complex impedance spectra. For CNP-miR146a and SiO,NP-
miR146a, the first semicircle is represented by the charge
transfer resistance R; in parallel with the constant phase
element CPE; of the double-layer, while the second semicircle is
represented by the R,//CPE, circuit embedded within the first
one. For AuNP-miR146a, the R,//CPE, and R,//CPE, are in series
with each other. These differences in the equivalent circuits are
also supported by the different behavior of AuNP-miR146a in
the two other conjugated nanoparticles discussed before in CV
measurements. As we can see from the values of R, CNP-miRNA
has exhibited a lower value (3379 Q compared with 9716 Q and
10 947 Q for AuNP-miR146a and SiO,NP-miR146a, respectively).
This difference could be explained by the CNPs' high reactivity
towards H,0, due to their catalase activity and Ce**/Ce*" redox
reactions, as supported by CA experiments. While SiO,NP-
miR146a and AuNP-miR146a have shown a high resistance to
electron transfer to the modified GC electrode at high

200 | Nanoscale Adv., 2023, 5, 191-207

frequencies,” for R,, we can see only slight differences in values
between the samples.

To study the influence of the accumulation of chemical
changes on the conjugated nanoparticles due to excessive H,O,
exposure (at H,0, instability potential), we have conducted four
continuous successive repeats of the EIS measurements in the
same electrolyte for each sample, and the results are presented in
Fig. S5 and S6.7 We can see clearly that the complex impedance
spectrum in the CNP-miR146a case has conserved its shape,
although there is a shift in peak frequencies in the Bode diagram
(Fig. S6T) and an increase in the charge transfer resistance
through the four spectral repeats (Fig. S7f). In contrast, the
spectrum of each AuNP-miR146a and SiO,NP-miR146a measure-
ment was significantly altered in shape with each successive
measurement, suggesting substantial chemical changes at the
modified electrode surface. The equivalent circuit of the fourth
spectrum, provided in Fig. S7,1 shows that CNP-miR146a has
retained the same equivalent circuit across successive measure-
ments. These results lead us to consider the possibility of
complete oxidation of miRN146a and/or the irreversible modifi-
cation of AuUNP and SiO,NP surfaces, while in the case of CNPs,
the Ce**/Ce®* redox reaction and catalase activity have protected
the conjugate particles from severe oxidation and damage.

The detailed electrochemistry measurements have sup-
ported the unique and stable character of CNP-miR146a in the
presence of hydrogen peroxide. To characterize the peroxide-
nanomaterial conjugate interaction further, we conducted
Fourier transform infrared spectroscopy (FTIR) and XPS to
compare the effect of ROS on conjugated SiO,NP-miR146a,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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AuNP-miR146a, and CNP-miR146a chemical compositions
following peroxide treatment.

3.6 Investigation of miR146a damage in the conjugated
nanoparticles due to hydrogen peroxide exposure

The increased ROS in diabetic wounds can cause an intractable
barrier to deliver miRNAs, which could undergo breakdown and
inactivation in this high oxidative stress environment.** To
investigate between CNP, SiO,NP, and AuNP protection against
miR146a damage in the presence of H,0,, which can degrade to
highly reactive radicals, we have performed FTIR and XPS
measurements on the miR146a conjugate nanoparticles (CNP-
miR146a, AuNP-miR146a, and SiO,NP-miR146a) in the pres-
ence and absence of hydrogen peroxide.

3.6.1 FTIR analysis. The samples were exposed to 10 mM of
H,0, for 6 hours, and the FTIR spectra are presented in Fig. 7.
We can see that after exposure to H,0,, there are multiple
alterations in the IR spectra. To quantify changes in the

View Article Online
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significantly altered peaks, we have calculated the integral
intensities of the peaks and measured the percentage change of
these areas and the peak shift values due to interactions with
H,0,. The results are presented in Table S1.f The most
noticeable changes in the SiO,NP-miR146a spectrum (Fig. 7a)
after H,O, exposure are the shifting of the C-H stretching
vibrations and SiO-H by 5.5 cm™ ' toward the higher wave-
number side (from 2919.5 to 2925 cm™ ') with a 70% decrease in
the peak area. The symmetric stretching vibrations of PO*~
groups in the miR146a backbone shifted by 4.5 cm™" toward
a lower frequency (from 1103 to 1099 cm ') with a 13.5%
decrease in the peak area. The peak at 1021 cm ™" corresponding
to C-O stretch and Si-O-Si vibrations shifted to a lower wave-
number by 2.5 cm ™" with an area decrease of 49.3%. We can see
that after H,O, exposure, the ratio of peak intensities for the
peaks assigned to Si-O-Si and C-O within the phosphodiester
backbone peak has inverted. The backbone phosphate group
has a critical role in the stability of RNA\DNA.** Dovbeshko

S
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—— Si0NP-miR146a + 10mM H202
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Fig. 7 The miR146a conjugated nanoparticles were incubated with a total concentration of 10 mM of hydrogen peroxide for 6 hours to
investigate oxidative damage and the ability of CNPs, AuNPs, and SiO,NPs to protect miR146a from modification. FTIR spectra of conjugated
miR146a nanoparticles before and after H,O, incubation of (a) SIO,NP-miR146a, (b) AUNP-miR146a, and (c) CNP-miR146a. The FTIR spectrum
used in a 600-4000 cm™~* region with 8 cm™* resolution in a PerkinElmer infrared spectrometer. (d) C 1s XPS scans of CNP-miR146a, AUNP-
miR146a, and SiO,NP-miR146a after 6 hours of exposure to 10 and 500 mM H,O, exhibiting changes in C-H/C-C, C-O/C-N, O-C=0, and

satellite peaks due to miR146a oxidation.
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et al.” reported that changes in this energy range for the
phospho-group could be attributed to alterations in the spatial
positions of the phosphate groups in the RNA helix. We can
assume that the alterations can be caused by the interaction of
H,0, with the miR146a backbone. In addition, the peak
centered at 1648.5 cm ™! corresponding to vibrational modes of
N-H, C=0, C=C, and Si-H,O bonds has shifted to 1647 cm™*
indicating modifications in the miR146a bases.*” These changes
in the band area at around 1526-1836 cm™ " (peak center at
1648.5 cm™ ') and the observed shift can also be a sign of
oxidation and reduction of the bases of miRNA due to the
presence of ROS.*® For AuNP-miR146a, we can see (Fig. 7b) that
the peak around the band from 976-1176 cm ™", centered at
1019 cm ™, has changed after H,0, incubation. A new peak at
1096 cm ™" has appeared and was assigned to the symmetric
stretching vibration of the PO®~ group, indicating an alteration
of chemical bonding in this region. In addition, C-H and C=0
for amide stretching were observed to undergo a +3 cm ™" shift
in wavenumber; with a 61.7% increase in peak area. The peaks
at around 1653.5 cm ' of N-H, C=0, and C=C were also
observed to shift by —3 cm ™. Compared to SiO,NP-miR146a
and AuNP-miR146a, CNP-miR146a exhibited a slight change
in the PO>~ groups related to the miR146a backbone after H,0,
addition (shift by 3 ecm ™" at the 1092.5 cm ™' peak center) sug-
gesting better backbone stability of miR146a. The peak at
around 1351.5 cm ™" of (C-N and C=0) amide stretch and the
peak center at 1654.5 of N-H, C=0, and C=0 have shifted
toward lower wavenumber by 5 and 7 cm ™', respectively, with
an increase in the peak integral. These results could imply the
interaction of ROS with miR146a bases or alterations to amide
bonds in the conjugates.

Because of the close location of Si-H,O vibration to N-H, C=
0, and C=C (at around 1648 cm™ ' peak center), we could not
separate the influence of H,0, on the SiO,NP and the miR146a
bases. Therefore, XPS has been performed with different H,0,
concentrations to support our findings.

3.6.2 XPS analysis. The results from C 1s binding region
XPS measurements following sample treatment with
hydrogen peroxide are presented in Fig. 7d. In corroboration
with electrochemical and FTIR measurements, a peak (~288
eV) corresponding to carbon forming double bonds with
oxygen (i.e., the site of high oxidation) increases in intensity
relative to other measured carbon peaks within the region
upon peroxide treatment. For treated CNP-miR146a samples,
the presence of such peaks is modest and independent of
concentration (with respect to the 10 and 500 mM tested
peroxide concentrations). The observed behavior is therefore
attributed to a moderate oxidation of micro-RNA moieties.
Analysis of related measurements for AuNP- and SiO,NP-
miR146a treated samples revealed substantial peak intensity
for this peak region. Furthermore, the intensity of the peak
increased in proportion to the peroxide concentration, sug-
gesting that these nanomaterial compositions are less able to
preserve miR146a integrity in the presence of ROS, as
compared to the ceria-based formulation. The extent of
miR146a oxidation, in each formulation, was considered via
area under the curve measurements with the peak at 288 eV
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placed in a ratio with the sum of all C 1s peaks (Table S27).
The suggested ROS scavenging by ceria was reflected in
a 90.1% increase in the peak ratio observed for AuNP-
miR146a and 575% increase seen for SiO,NP-miR146a (all
measurements at a 500 mM peroxide concentration). It
should also be noted that calculations excluding C-H peak
values, to avoid contributions from adventitious carbon, lead
to qualitatively similar results. These results corroborate
those observed in electrochemical and IR studies, wherein
CNP formulations were observed to experience negligible
modification in behavior following exposure to high oxidative
pressure from hydrogen peroxide. Interestingly, measure-
ments over the Si 2p binding region revealed no appreciable
variation following peroxide treatment, suggesting that
modification of the silica surface (e.g., as oxidation of surface
hydroxyls/hydrates) does not contribute significantly to the
instabilities observed in our other characterization studies
(data not shown). Given the suggested preservation of miRNA
integrity by the conjugated ceria formulation, we next looked
to identify the effects of miR146a on the enzyme-mimetic
activity of the ceria formulation. These studies were per-
formed in an effort to further define the material's physico-
chemical character and determine any implications towards
performance in biomedical application.

3.7 Enzyme-mimetic activity chemical assay

Superoxide dismutase assay was conducted on CNP-miR146a,
SiO,NP-miR146a, and AuNP-miR146a to measure the antioxi-
dant activity of the nanoparticles after miR146a conjugation
(Fig. 8a). We observed that CNP-miR146a maintained the
highest SOD activity, 90.5%, after conjugation, compared to
1.7% for AuNP-miR146a and 4.8% for SiO,NP-miR146a.
However, SOD activity of CNP-miR146a did decrease slightly
(16.21 pM by ICP-MS) compared to the bare CNP control
sample, 91%, before conjugation (33 uM). To compare the SOD
activity between CNP-miR146a and CNP control more accu-
rately, we have performed the SOD activity assay on CNP-
miR146a and the CNP control sample in which the CNP
concentration of CNP-miR146a was calculated empirically to
be 15.6 uM. With the CNP concentration in CNP-control
normalized to the CNP-miR146a-15.6 uM, a difference in
SOD activity between these two samples was observed, 88.0 —
83.3 = 4.7% (Fig. 8b). To further study the SOD activity
difference between CNP-miR146a and CNP control and to
compare their SOD activities more clearly, we have repeated
the SOD activity assay on both samples with 2X dilution. With
a relatively lower concentration, the reaction between WST-1
and O*-can be inhibited to a different extent, respectively, by
CNP control and CNP-miR146a, providing a more substantial
difference in SOD activity between the CNP control and CNP-
miR146a, 80.3 — 72.2 = 8.1%, as shown in Fig. 8b. As the
batch of the CNP-miR146a sample used in the repeated SOD
assay mentioned above was different from the previous CNP-
miR146a (16.21) batch whose concentration was calculated
by ICP-MS, the exact CNP concentration of the CNP-miR146a
sample remained unknown. Based on our previous working

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Superoxide dismutase-like activity of miR146a conjugated nanoparticles. (a) Calculated SOD activity and absorbance of sample,
respectively, AUNP-miR146a (1.7%), SiO,NP-miR146a (4.8%), CNP-miR146a (16.21 uM) (90.4%), and bare SOD blank at 438 nm are plotted as
a function of assay reaction time. The CNP concentration in CNP-miR146a (16.21 uM) was measured and calculated based on ICP-MS. (b)
Calculated SOD activity and absorbance of samples, respectively, CNP-control-7.8 uM (80.3%), CNP-control-15.8 uM (88.0%), CNP-miR146a-
7.8 uM (72.2%), CNP-miR146a-15.6 uM (83.3%) and SOD blank at 438 nm are plotted as a function of assay reaction time. The CNP concentration
in CNP-miR146a-15.6 uM was calculated empirically based on previous experimental experience. The CNP-miR146a-7.8 uM sample was 2X

diluted from CNP-miR146a-15.6 uM.

experience, we have empirically calculated the CNP concen-
tration in CNP-miRNA146a-15.6 uM, noted to be 15.6 uM, and
the CNP-control sample was deliberately diluted to the same
concentration as the CNP concentration in CNP-miRNA146a-
15.6 uM in order to mimic the same SOD-mimetic compo-
nent concentration. The SOD activity difference between the
sample pair CNP-miR146a-15.6um (83.3%)/CNP-control-
15.6uM (88.0%) or CNP-miR146a-7.8um (72.2%)/CNP-control-
7.8 UM (80.3%) implied that the miR146a conjugated to the
nanoparticles' surface could potentially block surface reaction
sites and contribute to a decrease in SOD activity. Besides this,
the decrease in SOD activity could also be ascribed to small
concentration differences between CNP-miR146a and CNP-
control.

Given the observed relative ROS scavenging activities and
varied NP-miR146a formulation characters demonstrated in the
above sections, we lastly looked to characterize material
behavior in biological systems. The studied formulations were
evaluated for their effects on cell viability and on expression of
miR146a-related genes.

3.8 Cell viability studies on conjugated samples

The cytotoxicity of pure and miR146a conjugated CNPs, AuNPs,
and SiO,NPs was examined using human umbilical vein endo-
thelial cell (HUVEC) lines via MTT and live/dead assay. Fig. 9a
and b show the results of the cells treated with two different
concentrations (0.2 ug pL ™" and 0.4 pg uL~") of CNPs, AuNPs,
SiO,NPs, CNP-miR146a, AuNP-miR146a and SiO,NP-miR146a.
Pure and miR146a conjugated CNPs, AuNPs, and SiO,NPs
showed no significant changes in cell viability compared to
control cells. These results suggested that there is no significant
cytotoxicity for the conjugated samples. HUVECs were cultured
with 0.4 pg uL™' of CNPs, AuNPs, SiO,NPs, CNP-miR146a,
AuNP-miR146a, and SiO,NP-miR146a for two days. After two

© 2023 The Author(s). Published by the Royal Society of Chemistry

days, a live/dead assay was performed with and without
nanoparticle-treated cells as shown in Fig. 9c. No significant
change in the number of live cells compared to control cells was
observed. These results are consistent with the MTT results and
provide further evidence of formulation cytocompatibility. We,
therefore, consider that variation in specific biological activity
should result from specific differences in formulation character
and not from any general toxicity induction in cell cultures.
These results are also consistent with the pervasive use of silica
and gold as nanocarriers in the nanomedicine literature. Fig. 9d
and e show results from cell internalization studies and ROS
induction, respectively. The internalization demonstrates
successful and robust uptake of the ceria conjugate, confirming
the ability of the nano-therapeutic ceria conjugate to permeate
the cell membrane to allow miRNA utilization. ROS studies in
a macrophage line demonstrate the materials ability to confer
radical scavenging therapeutic action on target cells. Finally, we
looked to compare the transfection efficiencies of each formu-
lation and related, consequent expression of IL-6.

3.9 Gene and miR146a expression

MiR146a and IL-6 gene expression were analyzed using MDF
cells treated with pure and conjugated samples. Based on the
cytotoxicity study, we have chosen 0.2 ng uL ™" of biocompatible
pure and miR146a conjugated CNP, SiO,NP, and AuNP to treat
the MDF cells for 6 h. After treatment, the cells were processed
and the relative miR146a expression was quantified, which is
shown in Fig. 9f. Sodium phosphate buffer (PBS) was consid-
ered a control. CNP-miR146a sample treatment resulted in the
highest levels of miR146a expression compared to other
miR146a conjugated nanoparticles. These results clearly show
that CNPs are highly capable carrier materials for miR146a in
cellular delivery. RNA was isolated from the treated (pure and
miR146a conjugated nanoparticles) cells followed by cDNA

Nanoscale Adv., 2023, 5, 191-207 | 203
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Fig. 9 Cell viability and live/dead assay results of pure and miR146a conjugated CNP, AuNP, and SiO,NP samples. (a) and (b) show the
percentage of viable cells treated with pure and miR146a conjugated CNPs, AUNPs and SiO,NPs at 0.2 pg uL=*and 0.4 pg uL=% 0.4 pg L=t of
control cells (nanoparticle untreated cells), pure and miR146a conjugated CNP, AuNP, and SiO,NP treated cells’ bright field and live/dead images
are shown in the images (c). The scale bar is 100 um. The TEM image of murine dermal fibroblasts incubated with 0.1 pg CNP-miR146a for 24 h
(scale bar 0.2 pm). This image shows uniform distribution of CNPs which is shows as block dots marked with white arrows (d). ROS production by
macrophages with PBS and with CNP-miR146a treatment. CNP-miR146a showed less ROS production compared to PBS (control) which
indicates that CNP-miR146a scavenges the ROS production in the cells (e). MiR146a and IL-6 gene expression following treatment of MDFs with
pure and miR146a conjugated CNPs, AuNPs, and SiO,NPs. MiR146a levels were significantly high in CNP-miR146a compared to the control (PBS)
treated sample (f). CNP and CNP-miR146a-treated cells significantly reduced IL-6 gene expression compared to the control (g). Bars indicate
statistical significance with P < 0.05 and P < 0.0001**.

synthesis to evaluate for relative gene expression of pro- also capable of reducing expression of pro-inflammatory cyto-
inflammatory gene IL-6 (Fig. 9g). 6 h of treatment of pure and kines with further reduction of IL-6 gene expression observed
CNP-miR146a samples resulted in decreased IL-6 gene expres- for the conjugate CNP-miR146a sample. AuNP-miR146a and
sion compared to control. This result suggested that CNPs are SiO,NP-miR146a samples showed no appreciable changes in
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relative IL-6 gene expression. This could be due to the fact that
AuNPs and SiO,NPs do not produce significant modulation of
ROS concentrations present in the cellular environment as
CNPs have been demonstrated to do. High levels of ROS can
result in and lead to high inflammation through induction of
immune responses.” CNP-miR146a breaks the vicious cycle of
inflammation and oxidative stress. These results are consistent
with those of our more detailed, previous study and are
consistent with the physicochemical characterization studies
including detailed electrochemical analysis presented in earlier
sections of the current work. To investigate and eliminate the
possibility of the impact of the conjugated samples' surface
charges and the small observed AuNP-miR146a agglomeration
(Fig. 3g) on the therapeutic properties, we have used zeta
potential measurements and the cytotoxicity results. From the
literature, it was found that the surface charge of nanoparticles
can mainly impact the cytotoxicity and the cellular uptake
mechanism due to the cell walls' surface charge (penetra-
bility).**** Agglomeration also affects cellular uptake and cyto-
toxicity and adds to its ability to decrease the loading
efficacy.”* CNP-miR146a, SiO,NP-miR146a, and AuNP-
miR146a have exhibited a surface zeta charge of —30.3 mV,
—25 mV, and —28 mV, respectively. Since the surface charges of
all conjugated samples are strongly negative with slight differ-
ences in values, demonstrating colloid stability, and the cyto-
toxicity study exhibited similarity between the samples, we
believe that the surface charge and the agglomeration are not
issues for our study and that the distinctions in formulation
characters maybe the reasons behind the observed differences
in biological behavior (miR146a and IL6 expression).

The physicochemical, materials, and biological studies per-
formed demonstrate that CNP-miR146a presents a unique bio-
active character beyond its simple function as a nanocarrier. By
comparing gold and silica formulations, in particular, we are
able to discount possible metal oxide (silica) or charge transfer-
based nanoscale effects such as surface acid-base characters or
surface plasmon mediated reactions, respectively. Furthermore,
the known therapeutic ROS-scavenging character of the un-
modified particles is conserved following conjugation and
likely contributes to the demonstrated suppression of immune
activation as IL-6 expression.

4. Conclusions

In the current study, we sought to identify physicochemical
processes which may contribute to previously identified thera-
peutic activity of a CNP-miR146a conjugate formulation in
diabetic wound healing models. Therefore, this formulation
was characterized with respect to its ability to confer radical
oxygen species (ROS; present at high concentrations in the
diabetic wound environment) scavenging activity, while
preserving miRNA chemical composition and integrity in the
presence of ROS species. Specific material compositions were
chosen for comparison against the ceria formulation, silica
(SiO,NP) and gold (AuNP) NPs, to evidence any nanoscale
effects arising from the oxide character (e.g., acid-base medi-
ated surface chemistry) or enhanced charge transfer-related

© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties from quantum confinement (e.g., surface plasmon

resonance).
Conjugated formulations of each composition were
produced. Electroanalytical measurements demonstrated

a stable catalytic response towards H,0O, for CNP-miR146a,
while AuNP- and SiO,-miR146a conjugates produced no or an
unstable (decreasing faradaic current over time) response.
These trends in ROS sensitivity were further supported by the
SOD assay results. FTIR and XPS measurements suggested
oxidative damage to miRNA for both SiO,NP- and AuNP-
miR146a conjugates, while CNP-miR146a measurements
showed negligible change following H,O, exposure. Measure-
ments of intracellular miR146a levels and IL-6 expression upon
treatment with the varied nanomaterial conjugate formulations
further recommend CNP-miR146a over the other formulations
with neither AuNP- nor SiO,NP-miR146a producing a signifi-
cant attenuation of IL-6 expression. In conclusion, the thera-
peutic efficacy of CNP-miR146a is unique to the material
formulation and not limited to general nanoscale effects or to
simple nanocarrier activity. Furthermore, given the ROS-
scavenging therapeutic modality of this formulation is unre-
lated to the composition of miRNA, the observed advantages of
CNP conjugation are likely not limited to miR146a and can
benefit arbitrary forms of miRNA across biological systems and
molecular pathways. Therefore, the use of CNPs in areas such as
genetic and immuno-engineering could lead to improved effi-
cacy, especially in pathologies which evolve a highly oxidizing
chemical environment.
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