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1. Introduction

Optimizing mesoporous silica synthesis
procedures to enhance their potential as
nanoplatforms in therapeutic applications¥

Olia Alijanpourtolouti,? Gamini Senanayake,? Sulev Koks® and David J. Henry (2 *@

PARK7 mRNA encodes the DJ-1 protein, which functions as a protective agent against oxidative stress
and cell damage within brain cells. Mutations in the mRNA can lead to reduced production of DJ-1 and
initiate brain diseases such as Parkinson’s disease. Transport of appropriate mRNA to damaged brain cells
may provide a suitable treatment. Mesoporous silica nanoparticles (MSNPs), particularly pore-expanded
and dye-labeled varieties, are regarded as potential carriers for large therapeutic agents such as mRNA.
This study explored the influence of alterations in reaction conditions on the structural characteristics of
MSNPs to produce nanoparticles with favorable characteristics for delivering large therapeutic agents to
target sites. One-stage and two-stage procedures were compared for the introduction of 3-aminopropyl-
triethoxysilane (APTES) and an APTES—dye adduct, in conjunction with two different surfactants, cetyltri-
methylammonium bromide (CTAB) and cetyltrimethylammonium chloride (CTAC). Analysis of the MSNPs
shows that the two-stage method using CTAB as a surfactant produced amine-functionalized, dye-
labelled particles with smaller overall size and better uniformity than the one-stage approach. However,
due to their small pore size (<10 nm), these particles were unable to encapsulate the PARK7 mRNA (926
nucleotides). The one-stage method via CTAC produced MSNPs with a large pore size (150 nm), broad
pore distribution (10—-20 nm), and high aggregation, limiting their suitability for brain-targeted gene deliv-
ery. In comparison, the two-stage method using CTAC yielded well-ordered MSNPs with an optimal size
(80 nm) and pore diameters (15-20 nm), enabling effective encapsulation of the large PARK7 mRNA and
offering strong potential for future brain gene therapy studies.

degraded by the enzymes in the complex physiological micro-
environment. The complexity of the blood-brain barrier (BBB)

Parkinson’s and Alzheimer’s diseases are brain disorders that
slowly destroy memory and thinking skills. The role of conge-
nital genetic mutations and abnormal regulation of gene
expression in the early stages of brain disorders has been
demonstrated.' Gene therapy offers the potential to treat both
genetic and acquired brain disorders.” While gene therapy
using small interfering RNA (siRNA) is showing success in
various clinical trials,® delivering larger therapeutic agents
such as DNA and RNA remains challenging due to their high
molecular weight and negative charge, which limit their ability
to cross cellular membranes.® Moreover, they can be easily
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presents another limitation by effectively blocking most thera-
peutic agents from reaching brain cells. Therefore, an efficient
delivery system capable of carrying and protecting these large
therapeutic agents while crossing the BBB is crucial for the
successful gene therapy of brain disorders.” In the past
decade, various delivery systems have been explored, including
lipid nanoparticles, viruses, and ligand-conjugated RNAs.’
Among them, mesoporous silica nanoparticles (MSNPs) offer a
promising solution to overcome this challenge by facilitating
the delivery of therapeutic agents into damaged brain cells.®
MSNPs are a type of nanomaterial characterized by a well-
ordered pore structure with pore sizes typically ranging from 2
to 50 nanometers.” The unique properties of MSNPs such as
high surface area, easy control of internal and external surface
properties, tuneable pore size, the ability of surface
functionalization with targeting ligands, biocompatibility, and
the ability to cross the BBB make them desirable nanocarriers
for loading and delivering of large quantities of therapeutic
agents to damaged brain cells.®® The capacity of MSNPs for
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encapsulating therapeutic agents and their release rate largely
depend on the overall dimensions and the pore size of MSNPs.
While small-molecule delivery with conventional MSNPs with
pore sizes ranging from 2 to 5 nm has demonstrated success
and notable benefits, the encapsulation of larger therapeutic
biomolecules is constrained, leading to pore blockage.® To
enhance the transfection efficacy of larger bioactive molecules
and to mitigate cytotoxicity and enzymatic degradation, it is
imperative to optimize the pore size of MSNPs based on the
cargo size and the constraints of controlled release.'”"* While
a smaller pore size might result in restricted loading and
release of a payload at a target site, a larger pore size can result
in premature release of the payload before reaching the target
site, causing unwanted side effects or toxicity."> Numerous
instances of successful MSNP-mediated delivery of small bio-
molecules exist incorporating various release mechanisms

including pH responsiveness,">™° 16-18
19,20

magnetic responsiveness,

redox responsiveness, 21,22

enzyme responsiveness, and
hypoxia responsiveness while large biomolecules can only
be carried on the nanoparticle surface>>*® unless MSNPs with
large enough pores are obtained.””>°

The pore size of hexagonal mesoporous silica can be
increased to more than 300 A by increasing the hydrophobic
volume of the self-assembled aggregates. This can be achieved
by changing the copolymer composition or block sizes, or by
adding cosolvent organic hydrophobic molecules.*® A modi-
fied Stober’s process with the incorporation of site-directing
agents such as polystyrene-block-poly(ethylene oxide)-block-
polystyrene,®®  poly(methyl methacrylate)-block-poly(ethylene
oxide)**> diblock copolymers, poly(ethylene oxide)-block-poly
(methyl — methacrylate)-block-polystyrene,®>  and  (F127,
Pluronic® P123) triblock copolymers®® has been used to syn-
thesize MSNPs with pore sizes ranging between 2 and
50 nm."” The size of pores and specific surface area of the
mesoporous silica are controlled by the morphologies of the
microdomains formed in the silica matrices, which are quite
dependent on the compositions, molecular weights, and archi-
tectures of the block copolymers.?® Although applying copoly-
mers as a template resulted in the preparation of well-ordered
hexagonal mesoporous silica structures, this method is an
expensive process due to the high cost of surface-active poly-
mers as well as the difficulties of removing these template
molecules.*® The challenge remains to find an inexpensive and
simple method to obtain uniform mesoporous silica with large
pores. An alternative strategy employing a variety of hydro-
phobic additives has been employed for pore size expansion,
including aromatic hydrocarbons,®” long-chain alkanes,*® and
long-chain alkylamines®® that enlarge the micelle size of the
templates and enlarge the pore size. In the biphasic stratifica-
tion method, the self-assembly of silicate species with a surfac-
tant at the interface of the immiscible phases of water and oil,
results in dendrimer-like mesoporous silica nanoparticles with
very uniform pore sizes.’® 1,3,5-Trimethylbenzene (TMB),*"**
ethylbenzene,”® decane,*®** hexane,”>*® heptane,” 1,3,5-
triisopropylbenzene (TIPB),*®*° cyclohexane,*>*" octane,** and
N,N-dimethylhexadecylamine®* are the most commonly used

23,24

48,49
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pore expanders used in this method. For example, Fuertes
et al. used N,N-dimethylhexadecylamine (DMHA) and TMB as
swelling agents to synthesize pore-expanded MSNPs which can
adsorb a large amount of protein.>® Shafiee et al. obtained
well-tuned pores in MSNPs using n-heptane, which were suit-
able for drug delivery.>* Paris et al. prepared MSNPs with four
different pore sizes using cyclohexane.’® In the Ashley group,
mesoporous silica nanoparticle-supported lipid bilayers were
synthesized for loading siRNAs and delivering them to Hep3B
and hepatocyte cells. These nanoparticles had a diameter of
180 nm and a pore size ranging from 20-30 nm. The synthesis
involved utilizing an oil phase consisting of hexadecane with
3 wt% ABIL EM 90, a non-ionic emulsifier soluble in the oil
phase.”® The binding of siRNA-loaded MSNPs to cells is depen-
dent on the presence of an appropriate targeting peptide. This
binding occurs through an endocytic pathway and leads to the
induction of gene expression targeted by the siRNAs carried by
the nanoparticles. Fujimoto et al. reported the synthesis of
100 nm spherical MSNPs in the presence of five different
hydrophobic agents (benzene, toluene, TMB, hexane, and
cyclohexane) through a biphasic stratification approach, and
compared the effect of hydrophobic agents on pore size distri-
bution. Unlike benzene and toluene, which were almost
ineffective in pore expansion, effective pore expansions on the
MSNPs synthesized in the presence of TMB, hexane, and cyclo-
hexane were observed. The largest pore size was obtained for
the MSNPs synthesized with cyclohexane, followed by hexane,
TMB, toluene, and benzene. In addition, excluding hexane and
cyclohexane, the particle size was increased significantly when
other hydrophobic agents were used.”® An important advan-
tage of the biphasic approach is that it enables the pore size
and particle morphology to be tuned with minimal modifi-
cations of synthetic conditions and also allows facile incorpor-
ation of dyes and imaging agents and modification of particle
and pore surface chemistry, depending on the intended appli-
cation, without shape or uniformity alteration.***”

In addition to the pore size, the overall size of nanoparticles
is another important factor for the efficient performance of
nanocarriers. Torrano and co-workers demonstrated that nano-
particles in the 50-100 nm range can escape the usual endocy-
tic pathway, moving directly into the cytosol and, hence, have
high potential to become essential platforms for intracellular-
targeted drug and gene delivery. In comparison, particles
larger than 150 nm are internalized by conventional endocyto-
sis.>® One study investigated the biodistribution and excretion
of polyethylene glycol (PEG)-MSNPs with different particle
sizes (80, 120, 200, and 360 nm) in an animal model through
tail-vein injection. This study revealed that small particles
could easily escape from the liver and spleen and had slower
biodegradation and a much lower excretion rate of bio-
degradation products.’® Chen et al. compared the efficiency of
a series of uniform MSNP structures with various surface
charges and two different sizes (50 and 200 nm), on passing
the blood-brain barrier (BBB). Zebrafish were used as a model
for screening in vivo BBB permeability and toxicity tests. The
results indicated that only negatively charged MSNPs could
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successfully penetrate the BBB while the detection of MSNPs
in the brain of zebrafish decreased for the large (200 nm)
MSNPs. These results suggested that the transport of MSNPs
across the BBB is charge- and size-dependent.®® The Betzer
group® also reported that only NPs smaller than 100 nm can
overcome the BBB. Based on the findings outlined above,
MSNPs with a large pore size (>15 nm) and an overall size
smaller than 100 nm should be suitable for drug and gene
delivery vectors for the treatment of brain diseases.®*

An important benefit of MSNPs is the facility to selectively
functionalize the external and internal surfaces with organic
and inorganic groups.®® In clinical applications, the external
surface is commonly conjugated with targeting molecules to
achieve a selective recognition of a specific target cell. In com-
parison, internal functionalization is often performed to
control therapeutic agents’ loading and release kinetics.®* For
efficient therapeutic nucleic acid loading and delivery, positive
charges are needed on the MSNP’s internal surface, capable of
interacting with negatively charged nucleic acids to form a
delivery complex.”> The methods of introducing positive
charge into MSNPs typically involve surface grafting with posi-
tively charged functional groups.'" Suitable functional groups
include short-chain amines® incorporated using APTES®” and
APTMS,*® and cationic polymers such as PEI*® and
PDEAEMA”® that form strong covalent linkages with silanol
groups. These functional groups are also highly desirable for
further coupling of various bioactive molecules.”* Amino-func-
tionalized MSNPs can be prepared by two methods, co-conden-
sation and post-synthesis grafting of amines. Co-condensation
is the functionalization of the inorganic support by incorporat-
ing the organic group directly during the synthesis of the par-
ticles in a single-stage “one-pot” process. Grafting is a post-syn-
thesis treatment, where the organic functionality is covalently
attached to the inorganic network through silanol groups.
However, the co-condensation method has been proven to
ensure a more homogeneous distribution of amino groups on
both the inner and outer surfaces of MSNPs,”? while maintain-
ing the overall spherical morphology.”

Imaging plays a key role in the preclinical evaluation of
drug delivery systems, and it has provided important insights
into their mechanism of action and therapeutic effects.”*
Fluorescent dye molecules incorporated inside mesoporous
silica show favourable optical characteristics due to their con-
trolled host-guest interactions which make them suitable for
bioimaging and bioscience.”” Dye molecules can also be
entrapped into the pores of the growing silica matrix by
electrostatic interactions with surfactant molecules. After the
removal of the surfactant, dye molecules reside inside the
mesopores due to the interaction of the positively charged dye
with negatively charged silanol groups present on the surface
of the particles.”® Wei and co-workers synthesized fluorescent
MSNPs via a one-pot surfactant templated method using
derivatives of 9,10-distyrylanthracene with alkoxyl end groups
as fluorogenic agents and a cationic surfactant as a structure-
directing template through a non-covalent interaction for both
cell imaging and cancer therapy applications.””
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In most cases, covalent attachment is preferred because it
can reduce the dye leakage to the surrounding environment
and hence increase the photostability of the dye molecule.”®
The first report of covalent attachment of dye molecules into
the matrix of silica NPs was by van Blaaderen and Vrij.”® This
involved the coupling of fluorescein isothiocyanate (FITC) to
an oxysilane coupling agent (3-aminopropyl) triethoxysilane
(APTES), and the controllable incorporation of the reaction
product into the silica matrix.”° Other dye—amino silane
adducts have been reported for dyes with highly reactive
groups. For example, the carboxyl group of rhodamine B (RhB)
can react with the amino groups of APTES through an amida-
tion reaction to make a dye—APTES adduct.®>®!

As mentioned above, methods for synthesizing large-pore
MSNPs are well-established. However, modifications of MSNPs
through dye labeling and amine functionalization can affect the
physical and chemical properties of MSNPs,*” including accessi-
ble pore space and overall size, which can limit their appli-
cation, especially for encapsulating and delivering large bio-
molecules across the BBB.**** The aim of this study was to
develop a suitable synthesis procedure for amine-functionalized
dye-labeled MSNPs with large pores to potentially accommodate
large biomolecules while preserving overall dimensions
<100 nm and examine the ability of these nanoparticles for
encapsulation of PARK7 mRNA, which acts as a protective agent
against oxidative stress and cell damage within brain cells.

2. Materials and methods

2.1. Chemicals and reagents

Tetraethyl orthosilicate (TEOS) (Sigma-Aldrich, 78-10-4, 98%),
CTAB (Sigma-Aldrich, 57-09-0, >99%), CTAC (25% in water,
Sigma-Aldrich, 112-02-7), APTES (Sigma-Aldrich, 919-30-2,
>98%), rhodamine B (RhB) (Sigma-Aldrich, 81-88-9, >95%),
triethanolamine (Sigma-Aldrich, 102-71-06, 99%), cyclohexane
(Chem-supply, CA019, >99%), ammonium hydroxide (NH,OH)
(Chem-supply, UN2672, 28-30% w/v), and heparin (Sigma-
Aldrich, H3393-10KU, grade A) were used as received. Absolute
ethanol (Ajax Fine Chem, 99.5%) and Millipore-filtered de-
ionized water (D.H,0) were used throughout the experimental
work. HPLC and LC/MS grade acetonitrile, water, acetonitrile
with formic acid (0.1%), TURBO DNA-free™ Kit (catalog
number AM1907), and RNaseOUT™ (catalog number
10777019) were procured from Fisher Chemical. PARK7
(mRNA) was prepared by the Queensland University (mRNA ID
2022-50_M6). Monarch® RNase A (lot number 10137958) was
supplied from New England Biolabs (NEB). The SH-SY5Y cell
line was obtained from American Type Culture Collection
(ATCC) and cultured in Opti-MEM media supplemented with
10% fetal bovine serum, 1 mM sodium pyruvate, MEM nones-
sential amino acids (Gibco), and 1% penicillin/streptomycin at
37 °C under a humidified atmosphere of 5% CO, for 24 h.
Cells were plated at a density of 1 x 10* cells per well onto
12-well plates and incubated for another 24 h to be ready for
the cell viability test.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2. Synthesis of MSNPs

2.2.1. Synthesis of pore-expanded MSNPs using CTAC as a
surfactant (P-MSNPs-CTAC). Pore-expanded MSNPs using
CTAC as a surfactant were synthesized using an oil-water
biphasic stratification method initially described by Shen
et al.®® The aqueous phase consisted of a mixture comprising
34 mL of 24% w/v CTAC solution, 0.18 g of TEA, and 36 mL of
deionized water in a 100 mL round-bottom flask. The pH of
the aqueous solution was adjusted to 8.5 by introducing a 2 M
NaOH solution (1.6 g of NaOH in 20 mL of water). Following
1 h of mixing, 20 mL of the organic phase (10% TEOS in cyclo-
hexane) was added at a rate of 2.5 mL min~"' to the heated
(50 °C) CTAC-TEA aqueous solution under stirring (300 rpm).
After 22 h, the particles were collected via centrifugation, sub-
sequently washed twice with deionized water, and then once
with 99% ethanol. Surfactant removal was achieved by ion
exchange with an ethanolic solution of ammonium nitrate
(10 mg mL ™) at reflux for 1 h, followed by a second reflux for
2 h in an ethanolic solution of 12 mM HCI at 60 °C. After
refluxing, the material was washed with 99% ethanol three
times. Finally, the nanoparticles were dried in a freeze-dryer.

2.2.2. One-stage synthesis of amine-functionalized dye-
labelled pore-expanded MSNPs using CTAC (ADP-MSNPs-
CTAC1). A solution comprising 6 mg of RhB, 103 pL of APTES,
and 0.5 mL of ethanol was stirred for 4 h at room temperature
under dark conditions. Then, the synthesis of amine-functio-
nalized dye-labeled pore-expanded MSNPs followed a pro-
cedure akin to the synthesis of pore-expanded MSNPs, with
the incorporation of the RhB-APTES solution into a CTAC-TEA
aqueous solution before introducing the silica precursor (10%
TEOS in cyclohexane) in the organic phase.

2.2.3. Two-stage synthesis of amine-functionalized dye-
labelled pore-expanded MSNPs using CTAC (ADP-MSNPs-
CTAC2). To synthesize RhB-labelled pore-expanded amine-
functionalized MSNPs through a two-stage process, we
employed a modified version of the aforementioned pro-
cedure. A mixture containing 6 mg of RhB, 3 pL of APTES, and
0.5 mL of ethanol was stirred in darkness at room temperature
for 4 h. This mixture was then added to a CTAC-TEA aqueous
solution comprising 24 mL of 25% w/v CTAC solution, 0.18 g
of TEA, and 36 mL of deionized water in a 100 mL round-
bottom flask, immediately before introducing the silica precur-
sor (10% TEOS in cyclohexane). Following an 18 h reaction
period, an APTES solution (comprising 100 pL of APTES and
250 pL of ethanol) was incorporated into the mixture, and the
reaction was extended for an additional 4 h. Subsequent steps
involving particle collection and surfactant removal were
similar to the previously detailed procedures. The molar ratios
in the reaction mixture were as follows: 1 TEOS:2.39
CTAC:0.16 TEA:0.058 APTES : 0.0016 Rh-B:21.14
cyclohexane : 263.4 deionized water : 1.12 ethanol.

2.2.4. Effect of the addition speed of TEOS/cyclohexane
solution on the features of ADP-MSNPs-CTAC2. In order to
investigate the impact of the addition rate on nanoparticle
characteristics, the procedure outlined for synthesizing RhB-
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labelled pore-expanded amine-functionalized MSNPs via the two-
stage method was replicated using three varying addition rates
(2 mL min™", 2.5 mL min~!, and 3 mL min™") of the organic
solution (10% TEOS in cyclohexane) to the aqueous solution.

2.2.5. Synthesis of pore-expanded MSNPs using CTAB as a
surfactant (P-MSNPs-CTAB). Pore-expanded MSNPs were syn-
thesized through a one-step process. In a standard protocol,
0.28 mL of ammonium hydroxide (28% w/v) and 1.23 g of
cetyltrimethylammonium bromide (CTAB) were introduced into
a clean round-bottom flask containing 150 mL of deionized
water (D-H,0). After 1 h of stirring, a solution of 5 mL of tetra-
ethyl orthosilicate (TEOS), 6 mL of cyclohexane, and 5 mL of
ethanol was added at a rate of 2.5 mL min~'. The mixture
underwent continuous stirring (600 rpm) at room temperature
for 22 h to yield the desired nanoparticles, with a final molar
ratio of reagents as follows: 1 TEOS:0.15 CTAB:0.15
NH,OH:370.7 H,0:3.82 EtOH:2.45 cyclohexane. Then, the
nanoparticles were washed twice with deionized water (D-H,O)
and once with absolute ethanol. Next, the surfactant removal
process involved refluxing the nanoparticles in acidic ethanol
(20 mL of 37% HCI in 100 mL of absolute ethanol) at 60 °C for
12 h under stirring at 700 rpm. The resulting precipitate was
collected via centrifugation and subjected to three washes with
absolute ethanol. The final step in the nanoparticle synthesis
involved drying the sample using a freeze-dryer.

2.2.6. One-stage synthesis of amine-functionalized dye-
labelled pore-expanded MSNPs using CTAB (ADP-MSNPs-
CTAB1). Amine-functionalized dye-labelled pore-expanded
MSNPs were synthesized using a process similar to that of
pore-expanded MSNPs with a minor modification. The
APTES—RhB adduct, created by stirring 6 mg of RhB and
0.5 mL of APTES in 2 mL of ethanol for 4 h in darkness, was
added to the CTAB-NH,OH aqueous solution before introdu-
cing a mixture of TEOS and cyclohexane (5 mL TEOS, 6 mL
cyclohexane, and 5 mL ethanol). The reaction proceeded for
22 h, and the subsequent surfactant removal process followed
the procedure described above. The final molar ratio of
reagents in the synthesis was as follows: 1 TEOS:0.15
CTAB:0.15 NH,OH:0.094 APTES:5.58 x 10~* rhodamine
B:370.7 H,0: 3.82 EtOH : 2.45 cyclohexane.

2.2.7. Two-stage synthesis of amine-functionalized dye-
labelled pore-expanded MSNPs using CTAB (ADP-MSNPs-
CTAB2). In the two-stage synthesis method for fabricating
amine-functionalized dye-labelled pore-expanded MSNPs,
APTES was introduced in two distinct stages. After 1 h of stir-
ring, the CTAB-NH,OH aqueous solution, a previously pre-
pared APTES—RhB adduct (comprising 6 mg of RhB and
0.1 mL of APTES in 2 mL of ethanol) was added. Then, a
mixture containing 5 mL of TEOS, 6 mL of cyclohexane, and
5 mL of ethanol was gradually added to the reaction solution
at a rate of 2.5 mL min~" at ambient temperature. After 18 h,
the second portion of aminosilane, containing 0.4 mL of
APTES in 0.5 mL of ethanol, was added at once, and the reac-
tion was continued for an additional 4 h, resulting in the pro-
duction of the final nanoparticles. After surfactant removal,
the samples were dried using a freeze-dryer.
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2.2.8. Effect of the TEOS /APTES ratio on the features of
ADP-MSNPs-CTABs. To investigate the impact of the TEOS/
APTES ratio on the features of MSNPs, amine-functionalized
dye-labeled pore-expanded MSNPs were synthesized following
a process similar to the one-stage method (section 2.2.6). The
sole alteration made was decreasing the APTES volume to
0.3 mL to achieve a ratio of 1 TEOS: 0.058 APTES. The product
was named ADP-MSNPs-CTAB3.

2.2.9. Determination of amine grafting on ADP-MSNPs.
Amine-functionalization was validated through XPS and FTIR
analysis. The quantity of amine attached to the surface of
ADP-MSNPs was assessed using a ninhydrin assay.®® In a stan-
dard procedure, the ADP-MSNPs (0.05 g) were introduced into
a test tube that contained 1 mL of acetate buffer, pH 5.5
(0.77 g of CH3COONa, 0.178 g of CH3COOH in 100 mL of
D-H,0), and 2 mL of 3% ninhydrin agent (3 g in 100 mL of
D-H,0). The resulting mixture was then heated for 15 minutes
in a steam bath, causing the solution to change its color to
blue-purple. Subsequently, the test tubes were cooled to room
temperature in a cold-water bath. To each test tube, 7 mL of
ethanol was added, and the resulting solution was centrifuged
at 7000 rpm for 7 min. After decanting the supernatant, the
absorbance at 570 nm was measured using a UV-Vis spectro-
meter and compared with the data obtained from a standard
curve under identical conditions. A calibration curve was built
using APTES as the source of amino groups.

2.2.10. Determination of dye encapsulation efficiency on
ADP-MSNPs. The amount of RhB dye encapsulated into the
ADP-MSNPs was assessed using UV-vis spectroscopy by com-
paring the absorbance of the ethanolic solution of ADP-MSNPs
to that of a RhB-free solution. In the procedure, 1 mg of
ADP-MSNPs was mixed with 1 mL of ethanol and sonicated for
10 min to ensure complete dispersion. The absorbance of the
resulting solution was recorded at 553 nm, the specific absorp-
tion wavelength for RhB. A solution of P-MSNPs without dye
was used as a blank. This absorbance was then analyzed
against a standard curve created from various concentrations
of RhB solutions in ethanol, with ethanol serving as the blank.

2.2.11. Evaluation of dye labelling stability on ADP-MSNPs.
The stability of the ADP-MSNP dye labeling was assessed by
measuring the dye released from the nanoparticles over a 24 h
period. The RhB-labelled MSNPs were suspended in Milli-Q
water at a concentration of 1 mg mL™" and incubated at 37 °C
with continuous shaking for 24 h. After this period, the sus-
pensions were centrifuged, and the amount of released dye in
the supernatants was analyzed using HPLC-UV and LC-MS, as
detailed below.

The general procedure for LC-MS. The RhB standard solutions
and ADP-MSNP samples were prepared and passed through a
0.2 pm syringe filter. The separation was performed using the
isocratic flow of equal contributions of ammonium acetate
(4 mM) and acetonitrile (with 0.1% formic acid) as the mobile
phases, while MS studies were conducted in positive ionization
mode, optimizing various MS conditions. The flow rate was set
at 0.4 mL min~". The injection volume was 1 L. The interface
temperature was set 300 °C while the desolvation line and heat
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block temperatures were set at 250 and 400 °C, respectively.
The interface voltage was maintained at 3 kV. Nitrogen was
used as the nebulizing gas at a flow of 3 L min™", while drying
gas and heating gas flows (also nitrogen) were maintained at
10 L min~". Argon was used as the collision gas at 230 kPa.

The general procedure for HPLC. RhB standard solutions and
supernatants from ADP-MSNP suspension samples were fil-
tered using a 0.45 pm syringe filter prior to HPLC-UV analysis.
RP-HPLC was performed with acetonitrile/water/phosphoric
acid (30:70:0.1) as mobile phase A and acetonitrile as mobile
phase B, implemented under a gradient program that
decreased polarity. The elution gradient began at 0% phase B,
where it was held for 2 min, before ramping to reach 90%
phase B at 15 min, maintaining this for 5 min. Between
samples, the post-run equilibration time was 2 min. The ana-
lysis parameters included a UV wavelength of 553 nm, a flow
rate of 0.4 mL min~?, and an injection volume of 10 pL.

2.2.12. Cell viability test of MSNPs. SH-SY5Y cells are one
of the most widely used cellular models for studying neurode-
generative diseases.’” The cytotoxicity of MSNPs (ADP-MSNPs-
CTAB2 and ADP-MSNPs-CTAC2) was tested by examining the
viability of SH-SY5Y cells after MSNP treatment using the cell
counting kit-8 (CCK-8) assay. SH-SY5Y cells were seeded in a
96-well cell culture plate 24 h before MSNP treatment at a 1 x
10* cells per well density. Following incubation, the cells were
treated with 20 pl of various concentrations of MSNPs (1000,
640, 320, 160, 80, 40, and 20 pg mL™") in PBS and 80 pL of
Opti-MEM medium. Control cells were added with an equi-
valent volume of PBS and medium. After 24 h, the media with
and without MSNPs were removed, and 90 pL of serum-free
medium and 10 pL of CCK-8 solution were added to each well.
The plate was then incubated under cell culture conditions for
1 h. The absorbance of formazan salt at 450 nm was measured
using a microplate reader (BMG LABTECH FLUOstar Omega),
and the background absorbance of the medium was sub-
tracted. The cell viability was determined using the following
equation:

Cell Viabﬂity (0/0 ) = (Atreated - Ablank)/(Acontrol - Ablank)
X 100%

(1)
where Ageateq 1S the absorbance of cells treated with MSNPs,
Acontrol 18 the absorbance of cells without MSNP treatment, and
Aplank is the absorbance of a mixture of media and PBS.%®

The measurements were carried out in triplicate, and data
are shown as mean + SEM.

2.2.13. Gel retardation assay

PARK7 mRNA encapsulation ability of MSNPs. To prepare each
complex, 5 pul of naked PARK7 mRNA (0.1 pg pL™") was incu-
bated with 5 pL of ADP-MSNPs at varying concentrations (1, 2,
4, 8, and 12 mg mL ") at 4 °C in PBS. After 1 h, 5 pL of loading
dye (15% Ficoll, 0.5% bromophenol blue, and xylene cyanol FF
0.25%) was added to 5 pL of the mixtures; then 4 pL of these
were loaded onto a 2% agarose gel. Electrophoresis was per-
formed at 100 V for 1 h in TAE buffer (1x). Following
10 minute staining with 0.004% Redsafe in TAE and 1 h

© 2025 The Author(s). Published by the Royal Society of Chemistry
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destaining in deionized water, the gel was ready for visualiza-
tion using a UV transilluminator.

2.2.14. RNase A protection assay

Optimizing the time effect of RNase A on PARK7 mRNA. Gel
electrophoresis was performed for three different RNase
A:mRNA ratios (1:20, 1:30, and 1:50) with a fixed mRNA
amount of 0.5 pg after 5 and 30 min of incubation. The results
were compared to evaluate the time-dependent effect of RNase
A on mRNA degradation.

Optimization of the PARK7 mRNA/RNase A ratio. Solutions
with varying RNase A : mRNA ratios (1:20, 1:30, 1:50, 1:100,
1:1000, 1:2000, and 1:3000) were prepared, each containing
a fixed mRNA amount of 0.5 pg, and incubated for 5 min at
37 °C. A gel electrophoresis assay (2% agarose gel, 120 mV,
1 h) was conducted to assess mRNA degradation by RNase A.

Inactivation of RNase A with RNaseOUT™ (HPRI). Two experi-
ments were conducted to confirm the inactivation of RNase A
by HPRI:

(A) Two sets of solutions with varying RNase
A:PARK7 mRNA ratios (1:1000, 1:2000, and 1:3000) were
incubated at 37 °C for 5 min. One of them was then further
treated with 40 units of HPRI and incubated for an additional
30 min at 37 °C. Gel electrophoresis was performed to
compare the band patterns of both sets and analyze the
results.

(B) RNase A (0.0005 pg) was incubated with two different
amounts of HPRI (10 and 40 units) for 30 min to test its inacti-
vation. Subsequently, mRNA (0.5 pg) was added to the solu-
tions. To further confirm the ineffectiveness of heparin—a
reagent required for releasing encapsulated mRNA from the
MSNP structure—similar experiments were performed by
30 min additional incubation with heparin. Gel electrophor-
esis was performed for all samples at 120 mV for 1 h.

RNase A protection assay. PARK7 mRNA/MSNP complexes
were prepared by mixing 60 pg of MSNPs (ADP-MSNPs-CTAB2
& ADP-MSNPs-CTAC2) with 0.5 pg of mRNA in a final volume
of 10 pL in PBS, and stored at 4 °C for 1 h. Naked mRNA
(0.5 pg) was dissolved in 10 pL of PBS. To generate complex
solution of mRNA/RNase A, 0.5 pg of mRNA in 5 pL of PBS was
incubated with 5 pL of RNase I (0.0005 pg) in a buffer contain-
ing 10 mM Tris-HCl, 2.5 mM MgCl,, and 0.5 mM CaCl, (pH
7.6) at 37 °C for 5 min. Then, RNase A was inactivated by
adding 1 pL of HPRI (40 unit) and incubating for 30 min. The
mRNA was then released from mRNA/MSNP complexes by
treatment with 5 pL of heparin (10 mg mL™") at 37 °C for
30 min. Finally, all samples were loaded onto a 2% agarose
gel, and after electrophoresis at 120 mV for 1 h, the bands in
the gel were compared.

DNase I protection assay. PARK7 mRNA/MSNP complexes
were prepared by mixing 60 pg of ADP-MSNPs with 0.5 pg of
mRNA in a final volume of 10 pL in PBS and stored at 4 °C for
1 h. Naked mRNA (0.5 pg) was dissolved in 10 pL of PBS. The
turbo DNA-free kit was used as a DNase I reagent. To prepare
the mRNA/DNase I complex solution, 0.5 pg of mRNA was incu-
bated with 5 pL of DNase I (0.25 U pL™", diluted in a buffer con-
taining 10 mM Tris-HCI, 2.5 mM MgCl,, and 0.5 mM CaCl,, pH
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7.6) at 37 °C for 30 min. Then, DNase I was inactivated by
adding 5 pL of 25 mM EDTA. The mRNA was then released
from mRNA/MSNP complexes by treatment with 5 pL of heparin
(10 mg mL™") at 37 °C for 30 min. Finally, all samples were
loaded onto a 2% agarose gel, and after electrophoresis at
120 mV for 1 h, the bands in the gel were compared.

2.3. Characterization techniques

Bright field transmission electron microscopy (TEM) images
were acquired with a Gatan OneView camera on a JEOL F200-
HR(CF) TEM operating at 200 kV. EDS spectra were acquired
on the same TEM using a JEOL SD100WL 100 mm? SDD EDS
detector run through Oxford Instruments’ AZtec software. To
analyze the porosity of the synthesized mesopore structures,
nitrogen adsorption-desorption isotherms were generated at
77 K using the Micromeritics Tristar II instrument, following
degassing of the samples at 90 °C using the Micromeritics
vacuum degasser system 061 VacPrep. The specific surface
area and pore size distribution were calculated using the
Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda
(BJH) methods, respectively. Elemental composition was deter-
mined through X-ray photoelectron spectroscopy (XPS) using a
Kratos Axis Ultra-XPS with a hybrid lens and a 50 W mono-
chromatic Al K, (1486.6 eV) radiation source at 15 kV (10 mA);
resolution levels of 160 and 40 nm were chosen for full (wide)
spectra and high-resolution spectra, respectively. The raw data
were analyzed using CasaXPS, with which the XPS spectra
results were mathematically corrected and fitted using the
linear background and calibrated to the C-C/C-H peak (284.8
eV) from adventitious carbon contamination. X-ray diffraction
(XRD) measurements were carried out with an EMMA instru-
ment (enhanced multi materials analyser, 25 mA, 10 kV) oper-
ating under Cu-Ka (1 = 1.5418 A) radiation at a scanning rate
of 2° min~" from 26, 15°-45°. The amino group modifications
of mesoporous silica nanoparticles were characterized using a
PerkinElmer attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrometer. The spectra were collected
over the range of 400-4000 cm™" at a resolution of 4 cm™*
using dried powdered samples. Ultraviolet-visible (UV-Vis)
spectra were recorded on a Cary 3500 UV-vis spectrophoto-
meter. Dye leakage was studied using a Shimadzu liquid chro-
matograph mass spectrometer (LCMS-8045), featuring a
CBM-20A communication bus module, a DGU-20A5R degas-
sing unit, LC-30AD pumps, an SIL-30AC autosampler, and a
CTO-20AC column oven. The chromatographic separation uti-
lized a Thermo Scientific Accucore C18 column (50 x 3 mm,
2.6 pm), kept at a consistent oven temperature of 40 °C.
RP-HPLC analysis was conducted with a Shimadzu
Prominence series composed of an LC-20AT, an SIL-20AC auto-
sampler, an SPD-M20A photodiode array (PDA) detector with
Labsolutions software, a CBM-20A system controller, a
DGU-20A3 degasser, and a CTO-20A column oven (Shimadzu
Corp., Kyoto, Japan). The analytical column (Alltech prevail
C18 column, 100 x 2.1 mm, particle size 3 pm) was kept at
40 °C. Dynamic light scattering (DLS) and zeta potential (ZP)
measurements were carried out with Litesizer DLS 500 (Anton
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Paar). Data are presented as mean * standard deviation. An
unpaired two-tailed ¢-test was used to compare the two groups
in the CCK-8 assay. A p-value of <0.05 was considered statisti-
cally significant.

3. Results and discussion

3.1. Physiochemical characterization of MSNPs synthesized
using CTAC and CTAB as surfactants

The formation of MSNPs was confirmed by analyzing the XRD,
DLS, and FTIR patterns of the powdered samples, along with
BET analysis and TEM images. The broad XRD pattern of the
peak at 20 around 22-24° (Fig. S11) confirmed the amorphous
nature of the silica nanoparticles based on previously reported
data.’® Energy dispersive spectroscopy (EDS) of the meso-
porous silica products revealed only the anticipated peaks for
Si, O, C, and N, highlighting the purity (Fig. S17).

The N, adsorption-desorption isotherm curves of the various
types of MSNPs synthesised in this study are displayed in Fig. 1.
Except for ADP-MSNPs-CTAC1, all MSNPs exhibit a type IV iso-
therm curve according to the IUPAC classification, featuring an
H1-type hysteresis loop in the latter half (at P/P, of 0.8-1.0). This
suggests a typical mesoporous structure with a narrow range of
uniform cylindrical pores.”>®' For ADP-MSNPs-CTAC1, a type IV
isotherm curve with a H4 hysteresis loop from P/P, = 0.45 to 1.0
indicates the presence of narrow slit-like pores, particles with
irregular shape and broad size distribution.”” Additionally, a dis-
tinctive tail at P/P, ~ 1.0 also implies the presence of macropores
among the particles.”® The presence of an H4-type hysteresis
loop is also noted in materials with aggregated mesoporous and
micro-mesoporous characteristics.”*

The TEM results illustrate that MSNPs created using the
CTAC (Fig. 2) surfactant exhibited a larger average particle size
and pore size compared to those synthesized with CTAB
(Fig. 3). This size difference can be attributed to the presence
of different halide ions in their chemical structures (bromide
vs. chloride), which can influence their interactions with the
aqueous environment.”®> However, the exact size difference
may depend on the specific synthesis conditions.’®°” While
both types show potential for drug delivery, MSNPs-CTACs
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E ——— ADP-MSNPs-CTAC2
3 80
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£ —— P-MSNPs-CTAB
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o
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Fig. 1 N, adsorption—desorption isotherm study of pore-expanded and
amine-functionalized dye-labeled MSNP samples synthesized using
CTAB and CTAC surfactants.
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Fig.2 TEM

images of MSNPs-CTAC. (a)
expanded MSNPs using the CTAC surfactant, (b) ADP-MSNPs-CTAC1:
amine-functionalized dye-labelled pore-expanded MSNPs synthesized
via one-stage synthesis, (c) ADP-MSNPs-CTAC2: amine-functionalized

P-MSNPs-CTAC: pore-

dye-labelled pore-expanded MSNPs
synthesis.

synthesized via two-stage

with their larger pore size and overall size below 100 nm
present an opportunity for delivering larger therapeutic
agents, which remains a current challenge.® Additionally, it is
worth noting that ADP-MSNPs created using the one-stage
method (Fig. 2b and 3c) demonstrate larger sizes and
increased aggregation when compared with those produced
through the two-stage method (Fig. 2c¢ and 3b), potentially
diminishing their effectiveness in drug delivery applications.
This finding is also supported by BET and DLS data. Table 1
provides an overview of the BET surface analysis data, TEM
results, and DLS measurements. Based on the DLS data, the
average diameters of MSNPs produced via the one-stage
method are 4 to 10 times larger than those of the corres-
ponding particles obtained via the two-stage method. This is
partly due to larger individual particle sizes but mainly due to
aggregation among particles synthesized via the one-stage
method, as shown in the TEM images.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 TEM images of MSNPs-CTAB. (a) P-MSNPs-CTAB: pore-
expanded MSNPs synthesized via the CTAB surfactant, (b) ADP-MSNPs-
CTAB2: amine-functionalized dye-labelled pore-expanded MSNPs syn-
thesized via two-stage synthesis, (c) ADP-MSNPs-CTABL: amine-func-
tionalized dye-labelled pore-expanded MSNPs synthesized via one-
stage synthesis, and (d) ADP-MSNPs-CTAB3: one-stage amine-functio-
nalized dye-labelled pore-expanded MSNPs synthesised using half the
amount of APTES (amine) compared to the ADP-MSNPs-CTAB1 prepa-
ration method.

The incorporation of amine functionalization and dye label-
ling into the MSNP synthesis via the two-stage method had a
negligible effect on the overall particle size (Table 1) but
resulted in a slight decrease in pore size, likely due to the
embedding of the dye and APTES within the pore structure.’®
Following dye labelling and amine functionalization, the zeta
potential of MSNPs changed from negative to positive,
affirming the successful bonding of dye and amine groups.
Additionally, ADP-MSNPs-CTAB3 displayed a reduced positive

© 2025 The Author(s). Published by the Royal Society of Chemistry
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charge compared to ADP-MSNPs-CTAB1 and ADP-MSNPs-
CTAB2, which have a higher APTES/TEOS ratio.

Another intriguing finding is related to ADP-MSNPs-CTAC2
particles that were synthesized using a two-stage method with
varying addition speeds of the TEOS/cyclohexane solution (2,
2.5, and 3 mL min~"). This analysis indicates that a higher
addition speed leads to smaller particle and pore sizes, as
illustrated in Fig. 4.

FTIR and XPS analysis were employed to investigate the
attachment of amine groups on the surface of MSNPs. The
FTIR spectra of MSNPs (Fig. 5) displayed absorption bands at
3400 cm™', 1628 ecm™!, and 1059 cm ', corresponding to
silanol (Si-OH) symmetric stretching, bending vibrations, and
Si-O-Si bending, respectively. Notably, the intense peaks at
950 cm™" and 800 cm ™" signify the asymmetric and symmetric
stretching vibrations of Si-O-Si, respectively.”® Additionally,
the peak at 450 cm™" is associated with the deformation mode
of O-Si-O. After APTES treatment, the band observed at
1580 cm " was attributed to the bending vibration of NH,.”
Additionally, a weak-to-medium absorption band appearing in
the 1470-1540 cm™" range could be associated with the sym-
metric or asymmetric N-H bending vibrations.”>'’° However,
the N-H band of primary amines is shifted to a lower range
compared to those in aqueous solutions (1500-1600 cm™*).
This shift is attributed to hydrogen bonding interactions
between amines, which act as hydrogen acceptors, and silanol
groups. These interactions can lead to the formation of
various hydrogen-bonded surface conformations.”>'®" The
FT-IR spectra of MSNPs also have a weak broadband at
2800-3500 cm ™', which covers a wide range of vibrations from
2800 to 3000 cm ' (-C-CH; stretching vibration), 2916,
2837 em™' (-C-CH,-C- stretching vibration), and a broad
signal at 3000-3500 cm ™", which can arise from the stretching
and bending vibrations of aliphatic amine (N-H) and hydroxyl
(O-H) groups within these samples.'?*'%

XPS measurements (Fig. S2 and S3f) were carried out to
better elucidate if APTES and RhB were successfully grafted on
ADP-MSNPs. Five peaks were observed at binding energies
around 153 eV, 102 eV, 532 eV, 400 eV, and 284 eV, corres-
ponding to Si 2s, Si 2p, O 1s, N 1s, and C 1s, respectively. As
detailed in Table S1,f the O 1s spectrum was deconvoluted
into four peaks with binding energies attributed to Si-OH, Si-
0-Si, (C=0)-N  (amide), and  O-Si-C/C-O-C
(aromatic).**'°*1%> The N 1s spectrum was categorized into
three distinct components, corresponding to the binding ener-
gies of primary amine,'’®'%” quaternary/tertiary amine,'*® and
(C=0)-N."" Meanwhile, the Si 2p spectrum showed two
peaks linked to the binding energies of SiO, and O;-Si-
C.MM The 0-Si-C, 03;-Si-C, and primary amine peaks
obtained from the deconvolution of the O 1s, Si 2p, and N 1s
spectra, respectively, confirm the successful grafting of APTES
into MSNPs. Additionally, the presence of (C=O)-N in the O
1s and N 1s spectra indicates an amide reaction between RhB
and APTES within the MSNP framework. As anticipated, the
ADP-MSNPs-CTAB synthesized using the two-stage method
show a higher percentage of primary amine in the deconvolu-
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Table 1 BET surface analysis data, TEM, and DLS measurements of MSNPs (+SD, n = 3)

Sper” BJH avg pore TEM avg diameter TEM avg pore DLS avg diameter Zeta potential

Type of sample (m?g™) diameter” (nm) (nm) diameter (nm) (nm) (mv)

P-MSNPs-CTAB 263.9 6.5 28.5+1.5 6.5+ 0.5 40.0 £ 4.5 —-30.4£1.5
ADP-MSNPs-CTAB1 97.8 6.8 51.7 £11.5 8.5+2.2 444.6 + 87.7 229.9+3.3
ADP-MSNPs-CTAB2 194.8 5.9 28.6 £1.3 6.3 £ 1.0 43.9+3.0 245.0 +6.9
ADP-MSNPs-CTAB3 128.1 6.9 39.7+6.4 7.6 2.0 279.0 + 83.5 30.9+£3.7
P-MSNPs-CTAC 587.2 22.2 76.7 £3.8 17.9+3.1 75.1+£10.4 —26.8 £ 0.6
ADP-MSNPs-CTAC1 35.1 4.2 1499 +11.2 11.2+1.3 335.2+63.1 37.2+£0.7
ADP-MSNPs-CTAC2 363.8 17.4 78.1+1.6 13.8+1.8 88.5+11.3 33.8+£0.4

“Total surface area calculated by the BET method. ” BJH desorption average pore diameter (4 VA™Y).

Fig. 4 TEM images of ADP-MSNPs-CTAC2 synthesized at different
rates of TEOS/cyclohexane solution addition.
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Fig. 5 FTIR spectra of MSNPs.

Q

tion of the N 1s peak compared to the one-stage method. This
confirms that more APTES was present on the surface of
MSNPs produced by the two-stage method compared to the
one-stage method. Furthermore, the reduction in APTES con-
centration during the synthesis of ADP-MSNPs-CTAB3, com-
pared to ADP-MSNPs-CTAB1, led to a decrease in the percen-
tage of detected primary amine in the deconvolution of the N
1s peak. For ADP-MSNPs-CTAC2, the deconvolution of the N 1s
peak from MSNPs produced via the two-stage method reveals

800 | RSC Pharm., 2025, 2, 792-806

all three types of amines available in the MSNP structure:
primary amine of APTES, quaternary amine, and amide-related
to rhodamine B. In contrast, the MSNPs synthesized using the
one-stage method only show primary amines, likely due to sub-
stantial aggregation of the ADP-MSNPs-CTAC1 particles that
limit access of XPS to all surface areas of NPs. Although XPS
spectra provide valuable insights, the quantitative comparison
of peaks for MSNPs is challenging because of substantial
aggregation in certain samples. Furthermore, the porous struc-
ture of the MSNPs allows X-ray photons to access both internal
and external surfaces, as supported by the deconvoluted XPS
data. However, they cannot access the entire internal surface,
as the penetration depth of X-ray photons is approximately
10-100 A.**? These limitations can hinder the quantitative ana-
lysis of the XPS peaks.

Ninhydrin reagent was utilized to assess the extent of
amine grafting on ADP-MSNPs, following the method outlined
by Lu et al®® The primary/secondary amine groups on the
surface of the ADP-MSNPs reacted with the ninhydrin, produ-
cing a purple solution that confirmed the presence of primary/
secondary amines. The quantity of APTES grafted onto the
ADP-MSNPs surface, and the surface density of amine groups
are calculated using eqn (2) and (3), respectively, with the con-
centration of reacted ninhydrin derived from the standard
curve (Fig. S47). The result is summarized in Table 2.

Molar quantity of grafted amine = M/W; [mol g7!]  (2)
Surface density of amines
= [M/Ws/Sggr] X 6.023 x 10° [molecule per nm?|

(3)

where M = concentration of reacted ninhydrin obtained from
the standard curve; W = amount of ADP-MSNP samples taken
for analysis; and Sggr = specific surface area of MSNPs.

A comparison of the amine grafting data for ADP-MSNPs
reveals that the two-stage method is more efficient for amine
grafting than the one-stage method. Although the surface
density of amine groups on particles from the one-stage
method appears higher than for the particles from the two-
stage method; this is largely due to the reduced surface area
(Sger values) (Table 1) arising from aggregation of the
particles.

The successful encapsulation of RhB dye within the meso-
porous silica matrix was validated using the absorption

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Amine grafting of ADP-MSNPs (+SD, n = 3)
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Amine grafting on ADP-MMSNs

Surface density of amine groups
[APTES molecule per nm?]

Type of sample [mmol APTES per g of MSNPs]
ADP-MSNPs-CTAB1 1.40 + 0.06
ADP-MSNPs-CTAB2 1.71 + 0.07
ADP-MSNPs-CTAB3 1.29 +0.03
ADP-MSNPs-CTAC1 0.55+0.11
ADP-MSNPs-CTAC2 0.92 +0.10

(A)

P
-~
-«

Absorbance

500 520 540 560 580 600

Fig. 6 (A) UV-vis spectrum and (B) bright fluorescence under UV light
illumination of ADP-MSNPs-CTAC2, respectively.

spectra of ADP-MSNPs (Fig. 6A). The RhB solution displays a
prominent absorption peak at 553 nm, indicative of the n—n*
electronic transitions of the CN and CO groups in the RhB
monomer, while a shoulder peak at 515 nm corresponds to its
dimer.'"® Additionally, the RhB-doped nanoparticles exhibited
vibrant fluorescence when illuminated with UV light (Fig. 6B).

Dye loading and encapsulation efficiencies were studied using
UV-vis spectroscopy. Dye loading efficiency refers to the amount
of dye per mg of sample, determined quantitatively by measuring
the absorbance of the solution containing ADP-MSNPs against
that of the free dye solution and comparing the results with the
standard curve of dye at 553 nm (Fig. S51). Encapsulation
efficiency [EE%] is the percentage of dye entrapped within the
silica matrix, calculated using the equation below.

Encapsulation efficiency [EE% ]
= [amount of dye loaded into the ADP-MSNPs
/total amount of dye added] x 100%

The results for loading efficiency and encapsulation
efficiency are summarized in Table 3. The stability of dye label-

8.65
5.28
6.06
9.43
1.52

ing in ADP-MSNPs was evaluated by measuring dye release
from the nanoparticles at a specific time point using HPLC
and LC/MS (Table 3). The data indicate that ADP-MSNPs syn-
thesized via the two-stage method demonstrate higher encap-
sulation efficiency and lower dye leakage compared to those
produced using the one-stage method.

3.2. Cytotoxicity of ADP-MSNPs-CTAC2 and ADP-MSNPs-
CTAB2

Cell viability and cytotoxicity assays are important tools for
evaluating the toxic effects of different chemicals on cells."**
For gene therapy, gene carriers should ideally have low cyto-
toxicity and high biocompatibility. CCK-8 allows sensitive col-
orimetric assays for the determination of the number of viable
cells in the proliferation and cytotoxicity assays.'">"''® The
assay uses a water-soluble tetrazolium salt that is reduced by
living cells to produce an orange-colored formazan dye. The
amount of formazan dye produced, which is directly pro-
portional to the number of living cells, is measured by record-
ing changes in absorbance at 570 nm using a plate reading
spectrophotometer."”"'*® As aggregation can impair the stabi-
lity and efficacy of nanocarriers,"'>'*® MSNPs-CTAC2 and
MSNPs-CTAB2 which exhibited the lowest aggregation were
selected for the biological study. To assess the toxicity of the
synthesized MSNPs by the CCK-8 assay, SH-SY5Y cells were
treated with various concentrations of MSNPs-CTAC2 and
MSNPs-CTAB2, and cell viability was determined as mentioned
in section 2.2.12.

As illustrated in Fig. 7, ADP-MSNPs at a concentration of
1000 pg mL~" reduced cell viability to below 80%. At other con-
centrations, cell viability ranged from 80% to 100%, and
neither MSNP exhibited significant toxicity. MSNPs-CTAC2
appeared to be more toxic than MSNPs-CTAB2. This can be
attributed to the larger size of MSNPs-CTAC2 compared to
MSNPs-CTAB2, which may result in lower clearance rates,

Table 3 Dye loading efficiency and encapsulation efficiency of MSNPs (+SD, n = 3)

Loading efficiency Encapsulation Dye leakage (%)
Type of sample (pg of dye per mg of MSNPs) efficiency (%) Dye leakage (%) (HPLC)* (LC/MS)
ADP-MSNPs-CTAB1 4.31 £ 0.040 35.92 Below the limit of detection 0.17 £ 0.005
ADP-MSNPs-CTAB2 7.41+0.313 61.77 Below the limit of detection 0.10 £ 0.02
ADP-MSNPs-CTAB3 3.86 +0.070 32.15 Below the limit of detection 0.25 + 0.03
ADP-MSNPs-CTAC1 5.48 +0.184 45.64 0.88 +0.14 0.55+0.03
ADP-MSNPs-CTAC2 7.87 £0.327 65.58 Below the limit of detection 0.049 + 0.005

“LOD = 0.012 pg mL ™, LOQ = 0.374 ug mL ™,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 CCK-8 assay of SH-SY5Y cell viability after treatment with
different concentrations of MSNPs-CTAC2 and MSNPs-CTAB2 for 24 h.
The error bar indicates the standard deviation (+SD) for three
measurements.

longer retention periods, and greater damage to cells.® However,
the statistical comparison (¢-test) of the data for MSNPs-CTAC2
and MSNPs-CTAB2 at different concentrations revealed no sig-
nificant differences, as all P-values were greater than 0.05.

3.3. mRNA nanocarrier potential of MSNPs

3.3.1. PARK7 mRNA encapsulation. PARK7 mRNA encodes
the DJ-1 protein, which plays a crucial role in protecting brain
cells from oxidative stress, and mutations in the PARK7 gene
can lead to brain disorders. To evaluate the mRNA loading
capacity of MSNPs, a gel retardation assay was performed by
forming mRNA complexes with different concentrations of
ADP-MSNPs-CTAC2 and ADP-MSNPs-CTAB2. A constant
amount of mRNA (PARK7, 1 kbp, 0.5 pg) was combined with
varying MSNP amounts, ranging from 5 to 60 pg. As shown in
Fig. 8, the intensity of the mRNA band steadily decreased with
increasing MSNP-to-mRNA weight ratios. At a 120:1 weight
ratio of ADP-MSNPs-CTAC2 to mRNA, the mRNA was fully
loaded into the MSNPs, leading to the complete disappearance
of the mRNA band on the gel, indicating a loading capacity of
approximately 1.25 wt% for ADP-MSNPs-CTAC2. In contrast,
ADP-MSNPs-CTAB2 exhibits a lower mRNA loading capacity,
likely due to its smaller pore size and the blockage of its pores
by the large mRNA molecules.

3.3.2. RNase A protection assay. To ensure efficient gene
delivery, the mRNA loaded onto the MSNPs must be protected
from nuclease degradation.’”’ A RNase A protection assay was
used to evaluate the protective ability of MSNPs. To calibrate
the assay for our specific mRNA (PARK?), RNase A was reacted
with free mRNA for different times and for different RNase
A:mRNA ratios. Comparison of the electrophoresis data
(Fig. S61) for RNase A:mRNA solutions incubated at two
different times confirms that 5 minutes of incubation was
sufficient to degrade all available PARK7. Additionally, the
results shown in Fig. S7t indicate that an RNase A:mRNA
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Fig. 8 (A) Gel retardation assay demonstrating mRNA nanoparticle
complexation with increasing amounts of MSNPs, (B) RNase A protec-
tion assay, and (C) DNase | protection assay.

ratio of 1:1000 completely degraded the mRNA, leaving no
intact mRNA bands visible in the gel electrophoresis.

Comparing electrophoresis bands of RNase A. mRNA for
different ratios in the presence and absence of HPRI (Fig. S8t)
showed that ratios of 1:2000 and 1:3000 (RNase A: mRNA)
were partially preserved following the addition of HPRI (40
units). Fig. S9t provides further confidence regarding the inac-
tivation of RNase A by HPRI (40 units), but not by HPRI (10
units). Specifically, the electrophoresis band of mRNA added
to the solution after RNase A inactivation with HPRI (40 units)
appears like naked mRNA, whereas it disappears completely
when HPRI (10 units) is used for RNase A inactivation.
Additionally, the data confirm that heparin does not have any
effect on the results.

The efficacy of the two selected types of MSNPs
(ADP-MSNPs-CTAC2 and ADP-MSNPs-CTAB2) for encapsulating
mRNA and protection against RNase A degradation was also
investigated. The data (Fig. 8(B)) show that ADP-MSNPs-CTAC2
effectively encapsulates mRNA, as demonstrated by the dis-
appearance of the mRNA band in the mRNA/ADP-MSNPs-
CTAC2 complex and the reappearance of the band after using
heparin. Heparin is a negatively charged competing bio-
molecule that can displace siRNA from cationic gene carriers
via ion exchange.'”"* In contrast, ADP-MSNPs-CTAB2 appears
to adsorb mRNA only on its surface, as no changes were
observed in the mRNA band after mixing heparin with them.

RNase A, an enzyme secreted by the human body into
fluids such as tears, saliva, mucus, and perspiration as a
defense mechanism against invading microorganisms, was
selected to assess the ability of MSNPs to protect mRNA.'"
Neither type of nanoparticle effectively protected mRNA from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation by RNase A, as no mRNA band appeared for the
mMRNA/MSNP complex after the following steps: adding RNase
A, inhibiting RNase A activity with HPRI, and releasing the
mRNA from the MSNP structure using heparin.

3.3.3. DNase A protection assay. Although DNase I is com-
monly used to remove contaminating DNA from RNA prep-
arations,'* it can also cause slight RNA degradation during
treatment.’> A DNase I protection assay was performed to
ensure greater confidence in our results. Fig. 8(C) shows the
outcomes of an electrophoresis study examining PARK7 mRNA
degradation in the presence of DNase I. The naked mRNA dis-
plays a strong band, whereas the MSNPs show no bands. As
seen in lanes 1 and 6, ADP-MSNPs-CTAC2/mRNA does not
exhibit any bands, while ADP-MSNPs-CTAB2/mRNA shows a
slightly weaker band than naked mRNA. As previously indi-
cated by the data in Fig. 8(A), these results confirm that a
small portion of the mRNA enters the MSNP’s pores, while the
majority remains on the surface of ADP-MSNPs-CTAB2. In con-
trast, almost all of the mRNA is encapsulated within
ADP-MSNPs-CTAC2. DNase I treatment of naked mRNA at
37 °C for 1 h (lane 9) led to partial degrading of naked mRNA
as its band intensity on the gel decreased. To investigate the
mRNA release from MSNPs, DNase I treatment was followed by
inactivation with EDTA, and the mRNA was released from the
MSNPs using heparin treatment">*'*” at 37 °C for 30 minutes
prior to gel electrophoresis. In a release test without DNase I
treatment (lanes 2 and 7), strong bands indicate that the
mRNA was almost completely released without any degra-
dation, suggesting that the MSNPs do not damage the mRNA.
In a corresponding experiment where ADP-MSNPs-CTAB2/
mRNA was incubated with DNase I and then heparin (lane 3),
a similar result to DNase I-treated naked mRNA (lane 9) was
observed. In contrast, the mRNA encapsulated within
ADP-MSNPs-CTAC2 remains completely intact after DNase I
and heparin treatment (lane 8). In general, our results indicate
that the larger pore size of ADP-MSNPs-CTAC2 allows mRNA to
be encapsulated within the pores, rather than merely adsorb-
ing to the surface, as observed with ADP-MSNPs-CTAB2. This
encapsulation enables ADP-MSNPs-CTAC2 to protect mRNA
from partial DNase I degradation.

3.4 Discussion

Previous studies have shown that the transport of MSNPs
across the BBB is size-dependent and that only NPs smaller
than 100 nm can overcome the BBB.®*®' The two-stage syn-
thesis method reported in this study using CTAB as a surfac-
tant produced amine-functionalized, dye-labelled particles
(ADP-MSNPs-CTAB2) with smaller overall size and better uni-
formity (28.6 + 1.3 nm) than the one-stage approach (51.7 +
11.5 nm) based on TEM analysis. Both of these types of par-
ticles appear to be less than 100 nm and therefore suitable for
crossing the BBB. However, DLS analysis suggests that there
may be aggregation of the particles from the one stage method
(ADP-MSNPs-CTAB1) with the aggregate dimensions being
much larger than 100 nm. The DLS measurements of
ADP-MSNPs-CTAB2 particles indicate little or no aggregation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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making them suitable candidates to cross the BBB. However,
due to their small pore size (<10 nm), these particles were
unable to encapsulate the PARK7 mRNA (926 nucleotides),
which would make them unsuitable as nanocarriers for large
biomolecules to treat brain disorders.

The one-stage synthesis method via CTAC produced MSNPs
with a large size (150 nm), broad pore distribution (10-20 nm),
and high aggregation, which would also limit their suitability
for brain-targeted gene delivery. In comparison, the two-stage
method using CTAC yielded well-ordered MSNPs with an
optimal size (80 nm) and pore diameters (15-20 nm), enabling
effective encapsulation of the large PARK7 mRNA and offering
strong potential for future brain gene therapy studies.
However, these particles could not protect the mRNA from
RNase A degradation, highlighting the need for further optim-
ization to enhance mRNA stability in biological environments.
Despite this limitation, ADP-MSNPs-CTAC2 can be considered
a promising substrate to develop carriers for gene delivery to
brain cells, thanks to their ability to encapsulate large bio-
molecules and their particle size of under 100 nm after amine
functionalization and dye labelling.

4. Conclusion

Findings indicate that ADP-MSNPs produced via the two-stage
method exhibit a narrow size distribution, reduced aggrega-
tion, and superior structure compared to those created using
the 1-stage method. Furthermore, the two-stage approach
enables greater control over the functional groups on both the
pores and the external surfaces of the MSNPs. This will allow
the synthesis of MSNPs with more accessible pores and
specific attachments for encapsulating various therapeutic
agents in the initial stage. During the second stage, the
surface of the MSNPs can be easily modified with different
functional groups, allowing for a range of applications, includ-
ing targeted drug delivery and specific conjugations for
specialized purposes. When comparing ADP-MSNPs syn-
thesized with CTAB and CTAC as surfactants, each type offers
MSNPs tailored for specific applications. Using CTAB as a sur-
factant, we synthesized MSNPs smaller than 50 nm with
approximately 5 nm pores, making them ideal for delivering
small therapeutic agents. In contrast, using CTAC, we pro-
duced MSNPs having size under 100 nm and pores with a dia-
meter of 20 nm, which we hope have the potential to overcome
the complexity of the BBB and serve as a valuable vehicle for
delivering large therapeutics to brain cells, as we successfully
encapsulated PAR7 (mRNA, 926 nt) into the pores of two-stage
MSNPs synthesized using CTAC. However, further research is
needed to protect encapsulated mRNA from degradation by
biological enzymes.
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