Exploration of Drug Science " Open Exploration

L))

Open Access Original Article ey

Controlled release of dexamethasone phosphate from modified
mesoporous biocompatible silica nanoparticles: synthesis,
characterization, and Kinetic studies

Juan Manuel Galdopérporal, Maria Victoria Olivera?, Angelina Ibar®, Dario Hernan Farriol®, Martip
Federico Desimone*®, Cynthia Melisa Melidn Queirolo>¢, Helena Pardo’ @, Maria Victoria
Tuttolomondo*5™

'Unidad de Investigacién en Bioquimica Traslacional y Metabolismo (UBiTyM), Facultad de Odgfitologia,nigersidad de
Buenos Aires, CABA 1113, Argentina

*Universidad Nacional de Quilmes, Quilmes 1876, Argentina
*Facultad de Farmacia y Bioquimica, Universidad de Buenos Aires, CABA 1113, Argentina

*Departamento de Ciencias Quimicas, Facultad de Farmacia y Bioquimica, Univegfld@l de Bu®nos Aires, CABA 1113,
Argentina

*Instituto de Quimica y Metabolismo del Formaco (IQUIMEFA), CONICET - Jfiivefsidad d&Buenos Aires, CABA 1113,
Argentina

Departamento de Sanidad, Nutricién, Bromatologia y Toxicologia, Facultad,de Farfiacia y Bioquimica, Universidad de Buenos
Aires, CABA 1113, Argentina

"Centro NanoMat, Polo Tecnoldgico de Pando, Facultad de Quimica, Universiiagfde & Republica, Pando 15600, Uruguay

*Correspondence: Maria Victoria Tuttolomondo, Departamentgficfiencias ((iimicas, Facultad de Farmacia y Bioquimica,
Universidad de Buenos Aires, CABA 1113, Argentina; Institut{ de Quim:ia y Metabolismo del Farmaco (IQUIMEFA), CONICET
- Universidad de Buenos Aires, CABA 1113, Argentina. myf@ffycba.ag mvtuttolomondo@gmail.com

Academic Editor: Xiqun Jiang, Nanjing University, Chif.a

Received: December 17,2024 Accepted: Februagf"11,2425 Pylilished: February 28, 2025

Cite this article: Galdopdrpora JM, Olivera M, IbayA, Farriol DH, Desimone MF, Queirolo CMM, et al. Controlled release of
dexamethasone phosphate from modifiegfii:dsoporougbiocompatible silica nanoparticles: synthesis, characterization, and
kinetic studies. Explor Drug Sci. 2025;3:£00895. kétps://doi.org/10.37349 /eds.2025.100895

Abstract

Aim: This study evalifates the ¢ ‘ficacy of amino-functionalized mesoporous silica nanoparticles (MSNs) in
the controlled relgasciefdexaniethasone phosphate (DexaP), aiming to enhance therapeutic outcomes and
minimize systgfiils toxicrog

Methods: J#? this study, amino-functionalized MSNs were synthesized using a modified Stober process and
charactgizegftheir chemical and physical properties through various analytical techniques. The study
focugad o1l he adsorption and release kinetics of DexaP, employing multiple kinetic models to explore the
inleraci.on dy.iamics.

Redyits: The amino-functionalized MSNs demonstrated effective DexaP loading and controlled release
profilex The kinetic analysis revealed a predominance of chemisorptive interactions, supporting sustained
drug release. Enhanced biocompatibility was confirmed through cytotoxicity assays.

Conclusions: Amino-functionalized MSNs offer a promising platform for the targeted and controlled
delivery of anti-inflammatory drugs, with significant potential to improve patient adherence and reduce
adverse effects. The findings advocate for further development of MSNs as a versatile tool in advanced drug
delivery systems.

© The Author(s) 2025. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the

original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
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Graphical abstract. Amino-functionalized MSNs for the controlled adsorption and relcjse of DexaP. TEOS: tetraethyl
orthosilicate; CTAB: cetyltrimethylammonium bromide; EtOH: ethanol; MSN: m£s0 orous stica nanoparticle; APTES: 3-
aminopropyltriethoxysilane; TEM: transmission electron microscope; SEM: scafining, :lectron microscope; DSC: differential
scanning calorimetry; DexaP: dexamethasone phosphate; DLS: dynamic light scaiaring
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Introduction

The development of nanotechnology has ofency

«rangformative pathways in drug delivery, especially for
achieving controlled and targeted releds&of theigfeutic agents [1, 2]. Mesoporous silica nanoparticles
(MSNs) have gained significant attentign in biggnedical research due to their high surface area, tunable pore
sizes, biocompatibility, and abilit’’ to be functionalized with diverse chemical groups [3]. These unique
properties allow MSNs to encapsilate a’ wide range of therapeutic agents, including small molecules,
proteins, and nucleic acids, i alng thein especially suitable for biomedical applications. Their versatility is
particularly promising for thselivery of anti-inflammatory drugs, such as dexamethasone phosphate
(DexaP), where sustfined release is essential to achieving prolonged therapeutic effects and reducing

systemic toxicity J¢].

DexaP isgl patent algi-inflammatory and immunosuppressant drug widely used to treat conditions
such as arfiritis, alldggic reactions, and respiratory distress. However, its clinical application is hampered
by its slort héif-life and rapid systemic clearance, necessitating frequent administration that can reduce
patigmicor. nliane and increase the risk of side effects [5, 6]. Encapsulation within MSNs offers a controlled
rgieasg meclidanism, overcoming these limitations by extending drug retention time and improving
thedfpeutic outcomes. Additionally, this strategy reduces dosing frequency and enhances patient adherence
to treayment regimens, offering significant benefits in chronic disease management [4].

In recent years, significant advancements have been made in the application of MSNs for drug delivery,
as demonstrated by several studies, including those by Djayanti et al. [4] and Kim et al. [7]. These studies
have explored the encapsulation and sustained release of various drugs using MSNs. Building upon this
foundation, our work focuses specifically on the functionalization of MSNs with amino groups for enhanced
interaction with DexaP, while also providing a detailed kinetic and thermodynamic analysis to better
understand the release mechanisms. Unlike prior studies, our research emphasizes the biphasic release
behavior and biocompatibility of functionalized MSNs, demonstrating their suitability for advanced drug
delivery applications.

Explor Drug Sci. 2025;3:100895 | https://doi.org/10.37349/eds.2025.100895 Page 2



The functionalization of MSNs plays a critical role in optimizing their drug-loading capacity and release
kinetics. Amino-functionalization using compounds such as 3-aminopropyltriethoxysilane (APTES)
introduces positively charged amine groups onto the MSN surface. These groups enhance electrostatic
interactions with negatively charged drug molecules, such as DexaP, resulting in improved drug loading and
sustained release profiles [8-10]. Moreover, such modifications enable precise tuning of drug release rates,
making MSNs highly adaptable to the therapeutic needs of different diseases [11, 12].

MSNs also exhibit high stability and biocompatibility, essential properties for safe and effective in vivo
applications [13]. Their physicochemical properties, such as particle size, morphology, and surface charge,
directly influence their performance as drug delivery systems [12]. Notably, zeta potential, a measure of
nanoparticle surface charge, is a key parameter for ensuring stability in biological environments£iigh zeta
potential prevents particle aggregation and promotes uniform dispersion, factors that ar{ critifal for
maintaining drug delivery efficiency [14, 15].

This study aims to develop and evaluate amino-functionalized MSNs as a platform for‘@exaP delivery.
We hypothesize that these modified MSNs will demonstrate effective drug loading, fontrolleaigfiease, and
high biocompatibility. The findings from this work are expected to contribute to thi,advan ement of drug
delivery technologies, offering targeted, sustained release systems that minixtize jide"@5€cts and improve
patient outcomes in the treatment of chronic inflammatory conditions.

Materials and methods
Synthesis of MSNs

MSNs were synthesized using a modified Stober process [10];wh 2450 pL of tetraethyl orthosilicate
(TEOS; item NO.: 86578, Sigma-Aldrich) was added to a solutian containing 3.85 mL deionized water,
6.3 mL absolute ethanol (item NO.: 2000165400, Biop#cKj, %4 mL ammonia (item NO.: 1124110, Ciccarelli),
and 0.21 g cetyltrimethylammonium bromide (CTAEjitem N)).: 52365, Sigma-Aldrich) as a template agent.
After overnight agitation at 25°C, the nanopdrticlestywesc centrifuged at 25,000 G for 2 min at room
temperature and thoroughly washed three tinips y#ith anhydrous ethanol, three times with water, and then
subjected to mineralization with a 9:1 Ff103:H, ), pitxture in a microwave digestor to remove the CTAB
template. Once mineralized, MSNs were thgroughly washed five times with distilled water, air dried at
25°C, and stored at room temperatyfie in the dark until used.

Functionalization with amino gréygps

APTES (item NO.: 440140, Sizmza ¥¢drich) was used to introduce amino groups onto the MSN surface [9,
16]. Each 25 mg of MSi"whis di persed in 10 mL anhydrous ethanol and 10 pL. APTES was added, followed
by overnight agitatitn at£ 52€ The modified nanoparticles were then centrifuged at 25,000 G for 2 min at
room temperatyf’e, wathed three times with anhydrous ethanol, and air dried at 25°C. The particles were
then stored af’rooip temperature in the dark until needed.

Charac#rizafion

Thefiiiorphglogy and particle size were characterized using a scanning electron microscope (SEM, Zeiss
SUIPRAMA microscope, Zeiss, Heidenheim an der Brenz, Germany) and a transmission electron microscope
(TEX) at room temperature using a JEOL 1011 electron microscope (JEOL, Ltd. Tokio, Japan), while particle
size distribution and surface charge (zeta potential) were determined via dynamic light scattering (DLS)
using a Nano-ZS (Zetasizer NanoZS, Malvern Instruments Ltd., Malvern, England). The surface chemistry
changes were confirmed through a Raman confocal spectrometer WITec Alpha 300-R (Oxford Instruments
WITec, Germany) with a 532 nm laser and a Shimadzu DSC-60 (Shimadzu Corporation, Kioto, Japan) for
differential scanning calorimetry (DSC).

Nanoparticles, both derivatized and non-derivatized, were stored for durations ranging from one week
to one year post-synthesis without any observable differences in behavior. Stability was assessed through
characterization prior to their use. The storage conditions were maintained at 25°C in the dark, without
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humidity control. Similarly, DexaP-loaded nanoparticles were analyzed over a one-year period following
their loading. All assays performed during this timeframe yielded consistent results, indicating no
significant changes in behavior. These loaded nanoparticles were stored under the same conditions of 25°C
in the dark, without humidity control.

Kinetics and thermodynamic modeling of dexamethasone adsorption and release

The kinetics and thermodynamics of DexaP uptake and release from amino-functionalized MSNs were
evaluated at three different temperatures (4°C, 25°C, and 37°C) to investigate the impact of temperature on
release mechanisms. Multiple kinetic models were applied, and thermodynamic parameters were
calculated to understand the nature of the release process.

Adsorption kinetics

The experiment was carried out using two concentrations of DexaP. The experimental dgta were Wi/cd to
the following non-linear kinetic models [17].

Pseudo-first-order model

This model primarily describes systems where desorption from the partifie stjfaceis the controlling
mechanism.

Qe = qe(1-€™) ¢y
where ¢, is the amount of DexaP adsorbed at time ¢, g, is the amount o:fyexaP adsorbed at equilibrium, k; is
the pseudo-first-order adsorption constant and t is time. A paowfit folythis model indicates significant
contributions from other processes like diffusion or interactions \#ifn the particle matrix [18].

Pseudo-second-order model

A strong fit to this model indicates chemisorptiy® intyracti¢ as between DexaP molecules and the amino-
functionalized surface of the MSNs:

quth

—_—— 2
1 +qek2t ( )

qe -
where k; is the pseudo-second-ordr rate gonstant [18].

Elovich model

This equation assumes _that tiefidscrption sites of the sorbent are heterogeneous and therefore exhibit
different activation exfergie s for chemisorption.

1

~ BIn(1 + aft) ®

q¢

where o if thednitial adsorption rate and {3 relates to the amount of surface area covered and the activation
energy itiolved imthe chemisorption process (g mg™?).

Misoridbign isotherms

The adsorption and release of DexaP from MSNs were evaluated using Langmuir, Freundlich, Dubinin-
Radushkevich (D-R), and Temkin isotherms. These models provide insight into the nature of interactions
between DexaP and the MSN surface, as well as the adsorption mechanisms involved [17].

Langmuir isotherm

The Langmuir isotherm assumes monolayer adsorption at homogeneous binding sites [19] and is expressed
as:

_ 9m KqCe

T 1+K,C, S

de
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where ¢, is the amount of DexaP adsorbed, q,, is the maximum adsorption capacity, K, is the Langmuir
constant, and C, is the equilibrium concentration of DexaP.
Freundlich isotherm

The Freundlich isotherm describes heterogeneous adsorption [20] and is represented by:

1
e = KpC, (5)

where Ky is the adsorption capacity constant, and n is the heterogeneity factor.

Dubinin-Radushkevich isotherm

The D-R model is used to describe physical adsorption [21] and is given by:
de = dpg" PF? (6)
where [ is the adsorption energy constant, and ¢ is the Polanyi potential:

€ =RT In(1+ Ci) (7)

e

Temkin isotherm

The Temkin model assumes that the heat of adsorption decreases linefi1ywith ingreasing surface coverage
[22] and is expressed as:

RT
Qe = (8)
b In(K;C,)

where b is the Temkin constant related to adsorptiongmargy, K; s the equilibrium binding constant, R is
the universal gas constant (8.314 ] mol ! K1) and T i¢ the abshlute temperature.

Release kinetic models

The release kinetics were analyzed using th folilfwinggiiodels.

Zero order

This is a widely used model for dofing systems that do not disaggregate, making drug release very slow. For
this model, it is assumed that th@ynano; article area does not change considerably and that material
equilibrium conditions are nct i@amed [ 23]. This is expressed from the following equation:

Q: = Qo + kot €©))

where Q, is the amothtfi uray dissolved (pg) at time t (h), Qg is the amount of initial drug in the solution
(ng; most of thafiime Q,“%0) and k, corresponds to the zero-order release constant.

First orde

This moaylLs usaft to describe the absorption and release of some drugs from porous matrices [24]. The
relfase Hf driagt that follow these kinetics can be expressed by the equation:

ky
2.303

where C, is the amount of drug remaining (pg) at time t (h), Cy is the initial amount of drug in the solution
(ng) and k; is the first-order release constant.

log C; =log Cy - ( ot (10)

As the amount of adsorbed drug decreases, the concentration of the dissolution medium becomes
enriched with solute, so the release process is conditioned by the saturation point of the solute.
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Higuchi model

The Higuchi model describes drug release driven by Fickian diffusion through a porous matrix:

q = kyt'/? (11)

where ky is the Higuchi constant related to the diffusional release rate. This model is widely applied for
porous carriers like MSNs and is particularly relevant when the release is governed by diffusion [25].

Korsmeyer-Peppas model

The Korsmeyer-Peppas model is a generalized empirical equation used to characterize different release
mechanisms:

qe = kgt" (12)

where Ky is the release constant and n is the diffusional exponent that determines the rqlease mechsfiiism
(Fickian diffusion for n < 0.5, anomalous for 0.5 < n < 1). This model is particularly ussfyl fCsystgfms with
mixed or complex release mechanisms, such as particle disintegration [26].

Thermodynamic analysis

Thermodynamic parameters were derived using the van’t Hoff relationshiz®

(13)

where K is the equilibrium constant, derived from the Langmuif aadel, 2 is the enthalpy change, AS is the

entropy change, and AG is the Gibbs free energy calculated as AGT=¢&aH = TAS,

Cytotoxicity assays

The cytotoxicity of functionalized MSNs was evalgrateusing the 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl
tetrazolium bromide (MTT; item NO.: M2128 £igmapAldiifn) assay with 3T3 mouse fibroblast cells, kindly
donated by a colleague and used in previfus yfudiesf(27]. Cells were grown in adherent culture flasks
containing low-glucose DMEM (item Ng&..-\21600085, Gibco™) supplemented with 10% heat inactivated
fetal bovine serum (item NO.: A56642801, Gibco™) and 1% penicillin-streptomycin (item NO.: A5955,
Sigma Aldrich). The samples were/(ept at 27°C in a humidified 5% carbon dioxide chamber until confluence
was reached. Harvesting was perfCsmed v ing trypsin-EDTA solution (item NO.: 15400054, Gibco™). Cells
were stained with trypan bii®and colinted with a Neubauer chamber. Fibroblast cells (8.0 x 10%) were
seeded in each well of a.24-wi{ll¢plate and added with 1 mL of complete low-glucose DMEM and incubated
for 24 h. Cells were #lien ¢ xposrd to different MSN concentrations and DexaP-loaded MSNs for 24 h and
48 h. MSN-APTESpD a4 nandparticles were tested in concentrations of 0.25 mg mL™* and 2.5 mg mL™%
MSN nanopartifiys weréfested in concentrations of 0.25 mg mL™! and 2.5 mg mL1. MSN blank consisting of
0.04 mg ml#t. Dexafywas also tested. Every assay was done in triplicate. For cell metabolic assessment, the
mediumgivas #@ithdrawn and replaced with 50 pL of a 5 mg mL™ MTT solution and 450 pL of cell culture
medjum al@ incyyated in a humidified 5% carbon dioxide chamber for 4 h. Following incubation, the MTT
sglutiol wasymoved, surfaces were washed three times with phosphate buffered saline (PBS) 1% and
11601 avsolute ethanol was added. The absorbance was registered at 570 nm using a UV-VIS
spectipophotometer (Cecil CE 3021, Cambridge, England) and readings were converted to survival
percentage compared to cells with no treatment. In all cases, results are expressed as mean * standard
deviation (SD) from triplicate experiments [16, 28].

Statistical analysis

Results were expressed as mean values # standard error of the mean and represent the mean of 3
independent experiments. Statistical analysis was performed using GraphPad Prism 8.0 (GraphPad
Software, Inc.), with a one-way ANOVA followed by Dunnett’s test. A significance level of P < 0.05 was
considered indicative of statistically significant differences. All figures were also prepared using GraphPad
Prism 8.0.
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Results
Morphological and structural characterization of functionalized MSNs

The morphology of MSNs was evaluated using SEM, TEM, and DLS techniques. SEM images revealed
predominantly spherical nanoparticles, while TEM confirmed nanoporous structures with uniform pore
distribution. The average hydrated particle size was approximately 666 nm, as measured by DLS, aligning
with values reported in similar studies. For instance, Kaasalainen et al. [29] reported that DLS
measurements tend to overestimate particle size compared to TEM due to the formation of hydration layers
in aqueous environments, which is critical for drug delivery applications. (Figure 1). The observed size
increase in the hydrated state compared to TEM and SEM reflects the particle’s interaction with its aqueous
environment, emphasizing the role of hydration layers in drug delivery contexts. DSC analysif revealed
distinct thermal properties for unfunctionalized and functionalized MSNs. Unfunctionalized MSi%s effnibited
a broad endothermic peak at 120°C, corresponding to the removal of adsorbed moistute. Functignatized
MSNs displayed an additional endothermic peak at 240°C, attributed to the decomposition £ aming groups
grafted onto the MSN surface (Figure 2) [30].
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Fioifre 1 Mot haogical and structural characterization of functionalized mesoporous silica nanoparticles (MSNs). (a)
& annig ielectron microscopy images of 3-aminopropyltriethoxysilane (APTES)-modified MSNs displaying a spherical
mao.akology and porous surface structure; (b) transmission electron microscopy images of APTES-modified MSNs highlighting
their ¢aiform spherical morphology and well-defined porous structure; (¢) dynamic light scattering (DLS) results indicating low
particle Jize dispersion, confirming a monodisperse nanoparticle population

Surface modification and functionalization analysis

Using zeta potential measurements, we confirmed successful functionalization with APTES. At pH 2.0, the
zeta potential reached 41.6 mV, indicating positive surface charges from amino groups introduced during
functionalization, while at pH 12.0, the potential dropped to -31.6 mV. This pH-dependent surface charge
variation aligns with findings by Mebert et al. [10], demonstrating the adaptability of functionalized MSNs
in various physiological environments. The strong interaction between the amino groups and DexaP
molecules is expected to facilitate a controlled release, especially at neutral and slightly acidic pH levels,
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Figure 2. Differential scanning calo.'metr’ (DSC) analysis of mesoporous silica nanoparticles (MSNs). (top)
Unfunctionalized MSNs, highlight ag¥he theriial behavior of the unmodified material; (bottom) 3-aminopropyltriethoxysilane
(APTES)-functionalized MSNs, shiwipg wiymal changes due to surface modification with amino groups. The data provides
insights into the thermal sta¥# and ‘ructural differences induced by functionalization

ideal for anti-inflamrifcory applications in bodily tissues. When analyzing the Raman spectra, in both
spectra (MSN#&n&APTEJMSN) can be seen two prominent peaks observed at 600 cm™ and 3,250 cm™},
attributed#0 Si-O-S1ateractions and free -OH groups, respectively. When the nanoparticles are derivatized
with th&€aminGpropyl group, a characteristic peak corresponding to the ethylene (-CH,-CH,-) bond appears
at 260 cil !, infiicating successful attachment. However, no significant decrease in the intensity of the
3450 g n ! pelk is observed, suggesting that the modification with APTES is incomplete (Figure 3) [31].

Adsomption Kinetics

When the initial amount of sorbate (DexaP) in solution is high compared to the amount that can be
adsorbed by the nanomaterial, the pseudo-first-order model is the best fitting model. On the contrary, when
the initial amount of sorbate is comparable with the adsorption capacity of the sorbent (NP), the pseudo-
second-order model becomes suitable to fit the data [32]. The results show that the adsorption kinetics fit
best with the Elovich model. As mentioned above, this model assumes that the adsorption sites of the
sorbent are heterogeneous and therefore exhibit different activation energies for chemisorption, consistent
with the findings of Raman spectra.
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Figure 3. Raman spectra of 3-aminopropyltriethoxysilane (APTES)-functionalized mesopc ous silii a nanoparticles
(APTES-MSN, blue) and non-functionalized MSNs (red). The spectra highlight the functiofalizc ion pro/ ass, showing the
characteristic peaks of -CH,-CH,- introduced by APTES. Distinct differences between the twafspedira eipliiisize the successful
surface modification of the MSNs. Units: Y (AU); X (nm)

Adsorption isotherms

The adsorption behavior of DexaP onto amino-functionalized MSNG waf¥analyzed using Langmuir,
Freundlich, D-R, and Temkin isotherms across three temperafuses (4%, 25°C, and 37°C). The Langmuir
model provided the best fit at 25°C and 37°C, with R? = 0.943.,apu #b= 0.9617, respectively, indicating
monolayer adsorption with maximum adsorption capacity (q,,) of 0.0045 + 0.0002 mg mg™ at 25°C and
0.0236 + 0.0169 mg mg! at 37°C, the q,, increasedgivith emperature, consistent with an endothermic
process. The Freundlich model also showed a strofg corr¢lation at 37°C (R? = 0.9568), suggesting the
continued relevance of heterogeneous surface jfiteragtiofs4ind multilayer adsorption, particularly at higher
temperatures. The D-R isotherm revealgaibdt mjgropore filling dominated adsorption at lower
temperatures (qpz = 8,882 + 801.8 pmgig! at WRGIR? = 0.7762), with a transition toward macropore
adsorption at 37°C (R* = 0.6103). The Temi¥n model supported these findings, highlighting adsorbate-
adsorbent interactions with a grfidual decrease in adsorption energy as surface coverage increased,
particularly at lower temperature{ (b = 26 3.9 + 123.5 ] mol™! at 4°C). Table 1 summarizes the results of the
fitted models. Together, the (datherniweliysis demonstrates that adsorption at physiological temperatures
is primarily governed by moholiycwadsorption with reduced heterogeneity and increasing adsorption
energy, consistent wi#i al 'enathermic process. The interplay of these mechanisms across temperatures
underscores the adajsabil.&fmSamino-functionalized MSNs for efficient drug loading and controlled release
applications.

Table 1. Afsorption parameters and results for adsorption isotherm models

Model Parameter 4°C 25°C 37°C

Lafigmui. & g, (mgmg™) 0.0043 + 0.0004 (R =  0.0045+0.0002 (R =  0.0236  0.0169 (R =
0.7863) 0.9432) 0.9617)

K, (L mmol™) 0.0314 £ 0.0126 0.1013 £ 0.0115 0.8702 + 0.7818
Freundlich K.(Lg™) 0.0064 + 0.0010 0.0047 + 0.0002 0.0195 + 0.0036

n 0.3652 + 0.0824 0.3615 + 0.0258 0.9347 £ 0.1200
Dubinin- Gur (Mol g™) 8,882 + 801.8 8,236 + 210.0 12,613 + 2,553.0
Radushkevich K, (Mol k~'J72) 0.0113 £ 0.0025 0.0184 £ 0.0011 0.0256 + 0.0089
Temkin K, (mL mg™) 1782 + 253.6 1,555 + 79.4 2,400 + 400.1

b (J mol) 268.9 + 123.5 178.5+31.0 112.0 + 44.4

qg,,; maximum adsorption capacity; K,: Langmuir constant; K.: adsorption capacity constant; n: heterogeneity factor; q,5: Dubinin-
Radushkevich maximum adsorption capacity; K,5: Dubinin-Radushkevich isotherm constant; K;: equilibrium binding constant; b:
Temkin constant
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Release Kinetics and mechanisms

The kinetics of DexaP release from MSNs were evaluated using zero order, first order, Higuchi, and
Korsmeyer-Peppas models, and the results are depicted in Table 2. The Higuchi model exhibited the
strongest correlation (R? = 0.9642), confirming diffusion-controlled release as the dominant mechanism
under physiological conditions. The release exponent (n) from the Korsmeyer-Peppas model indicated
Fickian diffusion at lower temperatures (n = 0.46) and anomalous transport at 37°C (n = 0.68), reflecting
the combined effects of diffusion and desorption. Temperature-dependent desorption parameters revealed
that increasing temperature enhanced molecular mobility and shifted the mechanism toward faster,
diffusion-dominated release, consistent with an endothermic process. These findings highlight the
adaptability of MSNs for controlled drug release, balancing diffusion and surface interactions/fased on
environmental conditions.

Table 2. Kinetic parameters and results for DexaP desorption models from MSN

Model Parameter 4°C 25°C 37°C

Zero order k, (mgh™) 0.45+0.05 0.63 £ 0.06 0.85 :_0.08
First order k, (h™) 0.22 +£0.02 0.30 £ 0.03 O +0.04
Higuchi k, (mg h™"?) 2.45+0.20 3.12+425 4.01+0.30
Korsmeyer-Peppas n 0.46 +0.02 0.54 + 0.03 0.68 + 0.04

DexaP: dexamethasone phosphate; MSN: mesoporous silica nanoparticle; k,: zeragforde! related constant; k;: first-order release
constant; k,: Higuchi constant; n: diffusional exponent

Cytotoxicity evaluation

To assess the biocompatibility of DexaP-loaded MSNs, an MTT a say was performed using 3T3 fibroblast
cells. After 24 h, cell viability exceeded 95%, indicating U4t the nanoparticles had minimal cytotoxicity at
this time point. However, at 48 h, a slight decreasé“n cell v ability was observed, which may result from
DexaP release or residual particle effects on cgtiular ftmctfon. These results are consistent with findings
from [10, 28], where similarly functionalized *’'SNsfdemonstrated favorable biocompatibility across a range
of cell types, underscoring the viability of#fiese paitic!Cs as drug carriers (Figure 4).

250+ b 250

2004 2004

150+

- -
[=] a
< 9

Survival %
Survival %

Figure 4. Cytocompatibility assay of mesoporous silica nanoparticles (MSNs) on 3T3 fibroblast cells after 24 h (a) and
48 h (b) of incubation. The assay evaluates the survival percentage of 3T3 cells exposed to various treatments, including the
control, free dexamethasone phosphate (DexaP), unmodified MSNs, and 3-aminopropyltriethoxysilane (APTES)-functionalized
MSNs loaded with DexaP at different concentrations (2.5 mg mL~' and 0.25 mg mL~"). Results are expressed as mean %
standard deviation (SD) from triplicate runs. *: P < 0.05
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Discussion

Recent research has investigated various nanocarriers for drug delivery, including liposomes, polymeric
nanoparticles, and non-mesoporous Stober silica particles, each with unique advantages and limitations.
Non-mesoporous Stober particles, synthesized through the Stéber process, lack internal porosity, resulting
in lower drug-loading capacity and less control over release profiles compared to MSNs. These solid silica
structures rely on external surface adsorption, which limits functionalization and restricts their application
in controlled drug delivery systems. In contrast, MSNs offer tunable pore sizes, high surface areas, and
functionalizable internal surfaces, enabling higher drug-loading efficiency and prolonged, controlled
release. Compared to polymeric nanoparticles, MSNs exhibit superior stability in physiological conditions
and avoid burst release effects commonly observed with polymer-based systems. Similarly, MSMS surpass
liposomes, which are prone to degradation and structural instability in biological envir€amsfits, by
maintaining their integrity under physiological conditions, making them suitable for sustaiigd giug
delivery. This analysis highlights the versatility and reliability of MSNs as drug delijery platiorms,
balancing drug-loading efficiency, release control, and adaptability for diverse thgtapeuticynélications,
where non-mesoporous Stéber particles and other nanocarriers may fall short.

The results of this study demonstrate the significant potential of MSNs agfa plasforiiior the controlled
release of DexaP. The nanoparticles exhibited a combination of desirab} ciaracteidstics, including high
adsorption capacity, tunable release profiles, and robust temperature-d#fendentiadaptability, making them
suitable for drug delivery applications under varying physiological ¢gnditit/ns.

The Langmuir isotherm analysis confirmed efficientgmonolcyer adsorption at physiological
temperatures, with a g, of 0.0236 mg mg™! at 37°C, undersjoriuthe nanoparticles’ ability to load
therapeutic quantities of DexaP. The Freundlich model highligi‘ted surface heterogeneity, allowing for
effective drug binding across different affinity sitegf"wiile the D-R and Temkin models revealed that
physical adsorption and moderate adsorbate-adsorbint inter \ctions dominate the process.

Kinetic studies showed that the pseudo-gfcond-ordef model best described the DexaP uptake, with
significant contributions from chemisorptire ‘atfractigns between the drug and functionalized surfaces.
When studying the release of DexaP, thedi\guchi ajdfxorsmeyer-Peppas models further demonstrated that
diffusion through the porous matrix was the jiximary mechanism of release, particularly at 37°C, where the
diffusion-controlled release was ¢ptimized for sustained delivery. The temperature-dependent analysis
confirmed that these nanopartici»s exhi’ it an endothermic release process, with enhanced molecular
mobility at higher temperatu{ og, leaaig’co faster release rates.

The versatility of MSNs i:#4 key feature, as they balance adsorption and diffusion mechanisms to
achieve precise relegbe pr files:The ability to modify surface properties through functionalization enables
customization fg¢ spgfific arug delivery requirements, including controlled dosing and targeting.
Furthermore £ngstabilidg and adaptability of MSNs across different environmental conditions enhance
their potep#al for pipctical biomedical applications.

On€ aof t4c main contributions of this research is the incorporation of amino groups via APTES, which
intyficecypogidive surface charges that improved the interaction with negatively charged DexaP
r{olecias aligning with similar studies that have demonstrated the benefits of amino-functionalized
sury ces for drug adsorption. Unlike conventional MSN systems, where drug release is often limited by
rapid ciffusion from the outer surface, the MSNs exhibited in this study feature a biphasic release profile
that maintained sustained drug levels over an extended period, ideal for conditions requiring prolonged
anti-inflammatory effects. This two-phase release, characterized by an initial burst followed by a slower,
steady phase, differs from the linear release patterns observed in many other nanoparticle-based systems,
which can lead to suboptimal therapeutic windows.

Compared to other nanoparticle platforms, such as polymeric nanoparticles and liposomes, MSNs offer
distinct advantages in terms of stability and tunability. Polymeric nanoparticles, while effective for
hydrophobic drug delivery, often suffer from stability issues in physiological environments due to their
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susceptibility to enzymatic degradation. Liposomes, on the other hand, are prone to rapid clearance by the
immune system, necessitating modifications that can compromise their structural integrity. In contrast,
MSNs remain structurally stable, even in diverse physiological conditions, due to their inorganic silica
matrix, providing a robust carrier with minimal risk of premature degradation. This stability enhances their
applicability for systemic and targeted drug delivery, particularly for drugs with stringent dosing
requirements, like DexaP.

This study also emphasizes the biocompatibility of amino-functionalized MSNs, validated through
cytotoxicity assays with 3T3 mouse fibroblast cells. While some nanoparticle systems have shown
moderate to high cytotoxic effects, particularly at higher doses or prolonged exposures, the functionalized
MSNs in this study exhibited minimal cytotoxicity, supporting their safe use in therapeutic appfications.
This finding aligns with Mebert et al. [10], who reported high cell viability in similar biocompati tilitwissays
with functionalized silica nanoparticles, further demonstrating the safety of MSNs as drug arrifrs.
Moreover, the excellent biocompatibility observed in this study underscores the potentiaiyf functioi.alized
MSNs not only for drug delivery but also as scaffolding materials in tissue enginef€iirg, wierd minimal
cytotoxicity is critical for supporting cell adhesion, proliferation, and tissue regenera ion.

Additionally, this research offers insights into the role of surface modification“ms&chieving higher
adsorption efficiency and greater release control, advancing beyond thegcqults of yrevious studies. The
combination of particle stability, biocompatibility, and sustained relagse kingtics makes this approach
particularly attractive for developing advanced drug delivery piatfor ns that can support long-term
therapeutic interventions with fewer side effects.

Future studies may benefit from exploring in vivo moduls dyzalidate these findings further and
optimize the functionalization techniques for even more targeteifand personalized drug delivery. Overall,
this work contributes a valuable framework for the dey@l@ament ¢’ next-generation drug delivery systems,
bridging the gap between nanotechnology and preci€ on med cine.
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