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and molecular dynamics
simulation studies of berberine loaded MCM-41
mesoporous silica nanoparticles to prevent
neuronal apoptosis†

Anurag Kumar Singh, ‡a Snigdha Singh,‡a Tarun Minocha,b Sanjeev Kumar Yadav,b

Reema Narayan,c Usha Yogendra Nayak,c Santosh Kumar Singh*a

and Rajendra Awasthi *d

Neuronal loss in Alzheimer's disease has been reported to display features of apoptosis, pyroptosis

(programmed necrosis), or necroptosis. This study thoroughly examines the production and

characterization of MCM-41 based berberine (BBR)-loaded porous silica nanoparticles (MSNs) by

a modified Stöber method, focusing on their possible role in inhibiting the apoptotic process. Particle size,

polydispersity index, morphology, drug loading, zeta potential, entrapment efficiency, and drug release

were examined. The formulation was analyzed using various spectroscopic techniques. The surface area

was computed by the Brunauer–Emmett–Teller plot. Computational models were developed for molecular

dynamics simulation studies. A small PDI value indicated an even distribution of particles at nanoscale sizes

(80–100 nm). Results from XRD and SEAD experiments confirmed the amorphous nature of BBR in

nanoparticles. Nanoparticles had high entrapment (75.21 ± 1.55%) and drug loading (28.16 ± 2.5%)

efficiencies. A negative zeta potential value (−36.861.1 mV) indicates the presence of silanol groups on the

surface of silica. AFM findings reveal bumps due to the surface drug that contributed to the improved

roughness of the MSNs–BBR surface. Thermal gravimetric analysis confirmed the presence of BBR in

MSNs. Drug release was controlled by simple diffusion or quasi-diffusion. Molecular dynamics simulations

confirmed the existence of diffused drug molecules. Cellular studies using SH-SY-5Y cells revealed dose-

dependent growth inhibition. Fragmented cell nuclei and nuclear apoptotic bodies in DAPI-stained cells

exposed to nanoparticles showed an increase in apoptotic cells. Flow cytometry analysis demonstrated

a lower red-to-green ratio in SH-SY-5Y cells treated with nanoparticles. This suggests improved

mitochondrial health, cellular viability restoration, and prevention of the apoptotic process. This study

provides essential data on the synthesis and potential of MSNs loaded with BBR, which may serve as

a viable therapeutic intervention for conditions associated with apoptosis.
1 Introduction

Dementia has affected more than 55 million individuals
worldwide in different ways, depending on the underlying
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causes and other health conditions. Dementia is the seventh-
leading cause of death.1 It is anticipated that aer cardiovas-
cular diseases, neurodegenerative disorders are projected to
become the primary cause of death, surpassing cancer.2,3 The
estimated annual cost of neurodegenerative disorder treatment
in the U.S.A. is >800 billion US dollars.4 Lack of diagnostic
biomarkers and challenging identication of drug targets are
the major hurdles to effective management of neurodegenera-
tive diseases.4 The endothelium of brain capillaries creates an
epithelial-like barrier known as the blood–brain barrier that
limits drug diffusion throughout the brain.5

Formulation scientists are paying close attention to nano-
particle development because of their large and tunable pore
size, and enhanced cellular transport for site-specic adminis-
tration, which results in superior therapeutic intervention over
traditional treatments.6,7 In recent years, substantial
Nanoscale Adv., 2024, 6, 2469–2486 | 2469
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advancements have been observed in several therapeutic carrier
systems. Mobil Crystalline Material No. 41 (MCM-41) meso-
porous silica nanoparticles (MSNs) are gaining signicant
interest in drug delivery. The Stöber method is regarded as the
most efficient technique for producing monodisperse silica
spheres when compared to traditional methods such as the
ame synthesis and micro-emulsion methods. The Stöber
method offers a versatile chemical pathway that yields
compounds that are well-dispersed, highly pure, and chemically
reactive. The condensation and hydrolysis can be carried out at
lower temperatures than in traditional methods.8 MSNs excel as
nanocarriers due to tunable pore characteristics, high drug
loading, chemical stability, biocompatibility, facile surface
functionalization, controlled release, cargo versatility, multi-
modal imaging potential, ease of production, and prolonged
circulation time, making them promising for diverse biomed-
ical applications.9 MSNs are promising for blood storage due to
their antioxidant properties, however their large surface area
may cause protein adsorption and impact biocompatibility.10

Silica nanoparticles, such as MSNs, function as permeation
enhancers, especially in overcoming biological barriers like
tight junctions in the gut. The surface roughness of nano-
particles is vital in determining their interaction with barriers
like the blood–brain barrier, affecting adhesion and protein
interactions.11 We previously described the synthesis of silica
nanoparticles loaded with berberine in our research. The
nanoparticles showed a signicant inhibitory effect on acetyl-
cholinesterase in mice stimulated with scopolamine.3 Expand-
ing on these ndings, our current study investigates the
therapeutic efficacy of the developed formulation. Through in
vitro analysis, we focus on the toxicity prole, mitochondrial
health, cellular viability restoration, and potential prevention of
the apoptotic process.

Berberine, an isoquinoline alkaloid, inhibits the Jun amino-
terminal kinases pathway and apoptotic signaling pathway/Akt/
2 survival/ERK1/GSK3b/caspase-3 activity. It is obtained from
the stem and root of the Berberis species. The neuroprotective
effect of BBR is associated with suppression of the Akt/ERK1/2
survival/apoptotic signaling pathway/GSK3/caspase-3 and Jun
aminoterminal kinase pathways.12 Its low oral bioavailability
(0.36% in humans and 0.68% in animal models) is caused by
rapid hepatic clearance13,14 or the interaction of BBR with P-
glycoprotein pumps.15 The development of MSNs loaded with
BBR holds signicant importance for advancing drug delivery
systems. This approach enhances the bioavailability and
stability of BBR through controlled release from MSNs. The
signicance lies in achieving enhanced solubility and stability
of BBR, optimizing therapeutic efficacy and the biocompati-
bility of silica.

Systemic safety of the developed therapeutic system includes
the biocompatibility of the delivery system and safety of the
drug dispersed throughout the body.16 BBR was passively loaded
into MSNs synthesized by the Stöber process (MSNs–BBR).
MSNs–BBR were characterized for zeta potential, polydispersity
index, particle size, entrapment efficiency, morphology, drug
loading, specic surface area, porosity, and drug release using
various spectroscopic techniques. Molecular dynamics studies
2470 | Nanoscale Adv., 2024, 6, 2469–2486
were conducted to calculate the diffusion coefficient of BBR for
analyzing its release prole. To ascertain the cytotoxic behav-
iour of synthesised MSNs–BBR, measurements of cell viability,
apoptosis, and neuronal-health were performed using the
neuroblastoma cell line SH-SY-5Y. Aer drug therapy,
morphological changes were observed in the 40,6-diamidino-2-
phenylindole (DAPI) stained nucleus.
2 Materials and methods
2.1. Materials

Indian Herbs Extractions (Uttarakhand, India) provided BBR.
Hydrochloric acid (37%) and dimethyl sulfoxide (DMSO) were
purchased from S.D. Fine Chem, India. Tetraethylorthosilicate
(TEOS 99%) and hexadecyl trimethyl ammonium bromide
(CTAB $99%) were obtained from SRL Chemicals, India.
CF300-Cu carbon-coated TEM grids were obtained from EMS
(Hateld, Pennsylvania, USA). Acetic acid, sodium dihydrogen
phosphate, ammonium chloride, disodium hydrogen phos-
phate, and potassium chloride were received from Sisco
Research Labs, Mumbai, India. Streptomycin, penicillin,
trypsin-EDTA, and foetal bovine serum (FBS) were purchased
from Gibco (USA). MTT was procured from Sisco Research
Laboratory, India. DAPI was obtained from Himedia, Mumbai,
India. Methanol, acetone, DMSO, and JC-1 were procured from
Sigma-Aldrich, St. Louis, USA. An Alexa Fluor 488 Annexin V/
dead cell apoptosis kit was procured from ThermoFisher
Scientic, MA, USA. Cell culture asks (T-25) and cell culture
plates of various dimensions (6, 12, and 96 wells) were
purchased from Genetix Biotech Asia (New Delhi, India).
2.2. Methods

2.2.1. Mesoporous silica nanoparticle preparation and
drug loading. The modied Stöber technique was used to
synthesize mesoporous silica nanoparticles (MSNs) (Fig. 1).16–18

1000 mg of CTAB was added to deionized water (480 mL) con-
taining 2.5 M NaOH solution (2 mL) at 80 °C and stirred for
30 min. Aer 30 min of mixing, the temperature was main-
tained at 25 °C, and TEOS (5 mL) was added (1 mL min−1) fol-
lowed by stirring at 700 rpm for 3 h. Centrifugation was done for
15 min at 10 000 rpm. The particles were collected, dried, and
then reuxed in an acidied ethanolic solution for 6 h. Organic
compounds and surfactants were removed following 6 h calci-
nation at 550 °C. For passive drug loading, MCM-41 (1 mg) was
added to 1mL of BBR solution (1 mgmL−1) and stirred for 4 h at
25 ± 1 °C and 350 rpm using a magnetic stirrer. Centrifugation
was done at 5000 rpm for 30 min. BBR loaded particles (MSNs–
BBR) were collected, rinsed twice with distilled water to remove
the free drug, and dried in a desiccator.3

2.2.2. Characterization of MSNs–BBR
2.2.2.1. Particle size, zeta potential, polydispersity index,

entrapment, and drug loading efficiency. The hydrodynamic
diameter, polydispersity index (PDI), and zeta potential of
MSNs–BBR and MCM-41 were determined using dynamic light
scattering (DLS) measurements using a Zetasizer (NanoZS,
Malvern Instruments, Malvern, United Kingdom). Sample
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Synthesis of berberine-loaded mesoporous silica nanoparticles by a modified Stober method.
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dispersion was prepared using Milli-Q water. A scattering angle
of 45° to 150° with 8° intervals and a refractive index of 1.10
were used to carry out DLS analysis. Sample sonication was
done in a probe sonicator. The hydrodynamic diameter of
particles was recorded based on the cumulated intensity
distribution. Zeta potential was measured following laser
doppler velocimetry (5 measurements per sample in duplicate).
The investigation of the size distribution was carried out with
the assistance of a Zetasizer that had a diode laser that was set
to run at 659 nm. Three independent measurements were taken
of each variable.3

To calculate the fraction of loaded BBR, the quantity of free
BBR in the supernatant was analyzed. A sample containing 5 mg
of MSNs–BBR was diluted to 5 mL with Milli-Q water and
centrifuged at 8000 rpm for 30 minutes. The supernatant was
analyzed at 345 nm using a Labtronics UV spectrophotometer
(LT-2800) to determine the amount of free BBR. The percentage
of drug loading and entrapment were calculated using the
following equations:3,19

Drug loadingð%Þ ¼ Theoretical amount of drug

Weight of nanoparticles
� 100

Entrapment efficiencyð%Þ ¼
Actual amount of drug in nanoparticles

Theoretical amount of drug taken
� 100

2.2.2.2. Morphological characterization. MSNs–-BBR and
MCM-41 particles were analyzed using a high-resolution nova
nano scanning electron microscope (HRSEM) (SEM 450, FEI,
USA), a transmission electron microscope (TEM) (G2 T20
© 2024 The Author(s). Published by the Royal Society of Chemistry
Technai, USA), and a NTEGRA prima atomic force microscope
(AFM, NT-MDT Service & Logistics Ltd, Ireland). Gold-coated
samples were air-dried before placed on a silica wafer for SEM
analysis and images were captured at 8–10 kV. Working
distance and spot size were 4.4 mm and 200 m, respectively. For
TEM imaging, particles were put into water (1 mg mL−1) and
sonicated for 30 minutes. Sample dispersion (5 mL) was trans-
ferred to the TEM grids, dried at 40 °C for 12 h, and examined at
200 kV. Images were captured by a 135 mm CCD camera
(charge-coupled device) at 200 kV. A spin coater was used to
evenly spread a drop of sample dispersion across a thin glass
slide for AFM analysis. Images were captured at 256 × 256
pixels resolution, a nominal force constant of 40 N m−1, 300
kHz cantilever frequency, and at room temperature.3 A TEAM
Pegasus integrated energy dispersive spectroscopy system was
used for sample analyses with a Nova Nano SEM 450 (FEI,
P.T.E., Singapore). The samples were dried at 40 °C for 20 min.
The gold coating of the samples was done using a SEM sputter
coater. The images were captured by a CCD camera at 200 kV.

2.2.2.3. Infra-red spectroscopy. An Attenuated Total Reec-
tance spectrophotometer (L160000A, ATR, PerkinElmer, USA)
was used to record infrared spectra from 4000 cm−1 to 400 cm−1

with a resolution of 4 cm−1.
2.2.2.4. Powder X-ray diffraction analysis. X-ray diffraction

(XRD) study of BBR, MCM-41 (low angle), MSNs–BBR, and BBR:
MCM-41 physical mixture (1 : 1 w/w ratio) was done using an X-
ray powder diffractometer (D/max-2550, Rigaku Co., Tokyo,
Japan). Samples were analyzed using CuKa radiation at 40 kV
voltage, 200 mA current, and 1.54 Å wavelength. The sample
analysis was done from 0 to 80° of 2q angles.18,20

2.2.2.5. X-ray photoelectron spectroscopy analysis. A PHI 5000
Versa Probe III from ULVAC-PHI Inc., Japan, tted with
Nanoscale Adv., 2024, 6, 2469–2486 | 2471
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Fig. 2 HRTEM images of (A) MCM-41 and (B) MSNs–BBR at 100 nm,
and SAED micrographs of (C) MCM-41 and (D) MSNs–BBR.
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a monochromatic Al K radiation source, was used for X-ray
photoelectron spectroscopy (XPS). XPS spectra of MCM-41,
BBR, and MSNs–BBR were recorded. Calibration was done by
using the C 1s peak at 284.5 eV as an internal standard to
identify the characteristic binding energies of elements on the
BBR loaded silica nanoparticle. The XPS scanning was con-
ducted for important elements such as C, N, O, and Si.21

2.2.2.6. Thermogravimetric analysis. A thermogravimetric
analyzer was used to measure the 5 mg sample's weight loss
(TGA-50, Shimadzu, Japan). The temperature range of 25 to
700 °C was measured at a rate of 10 °C per min.

2.2.2.7. Porosity and specic surface area of MSNs. A Micro-
meritics Tristar II system (Tristar 3020, Micromeritics-II, Nor-
cross, GA, USA) was used at 196 °C to measure nitrogen
physisorption–desorption isotherms. Helium was used to cali-
brate the dead volume in the sample cell, and nitrogen was used
as an adsorbate. Before analysis, MSNs were outgassed (at 120 °
C for 12 h) to remove any possible moisture in their pores.
Utilizing the Brunauer–Emmett–Teller equation, the specic
surface area was determined. Pore size distribution was calcu-
lated using the Barrett–Joyner–Halenda method.22 The amount
of N2 adsorbed at a relative pressure (P/P0) of 0.99 was used to
calculate the total pore volume.

2.2.2.8. In vitro drug release study. Methanolic BBR solution
(equivalent to 1000 mg of BBR) was lled in dialysis bags
(capacity 1.61 mL cm−1, cut off molecular weight 5000 Dalton,
−50Av. at, width 22.54 mm, diameter 14.3 mm; Himedia,
Mumbai, India). Ten milligrams of the formulation (z1000 mg
BBR) was incubated in dissolution uid (1 mL) and lled in the
dialysis bag. Release studies were carried out using 100mL each
of acidic (pH 4.0) and neutral media (phosphate buffer saline:
PBS pH 7.4) separately. Samples (1 mL) were collected at spec-
ied intervals, and the sink condition was maintained by the
addition of an equal amount of fresh dissolution medium
immediately aer each sample withdrawal. At 345 nm, the
sample was analyzed using a Nanodrop ND1000 Thermo
Scientic, UV-visible spectrophotometer (Wilmington, USA).
The release prole of BBR from pure BBR solution was also
estimated.3

The kinetics of drug release was studied using zero and rst-
order plots. The kinetics of release was further conrmed by
Higuchi's model. Korsmeyer-Peppas' model was used to
conrm whether the drug diffusion is Fickian or non-Fickian.23

2.2.3. Construction of computational models of MCM-41.
All the simulations and calculations were carried out using the
Materials Science Suite (MS-Suite) 2019–04 of Schrödinger
(Schrödinger, LLC, New York). An alpha-silica crystal unit cell
was used to create the model MSN structure. A bulk system was
created by extending the unit cell in all three directions (4× 4×
Table 1 Results of polydispersity index, particle size, zeta potential, entr

Sample code Particle size (nm) Zeta potential (mV)

MCM-41 115.5 � 2.0 −35.18 � 2.1
MSNs–BBR 137.1 � 2.4 −38.52 � 2.2

2472 | Nanoscale Adv., 2024, 6, 2469–2486
4). The oxygen-terminated silica slab was created using the slab
and interface builder in the Schrodinger-Materials Science
Suite, and the hydrogen atoms were added to the surface to
neutralize it. The surfaces generated were optimized and
exposed to molecular dynamics (MD) simulations for 10 ns, and
the structure with the lowest energy was chosen as the nal
optimized structure and used for further studies.24 The struc-
ture of BBR was generated and optimized using the Ligprep
tool. Using the disordered system builder, around 500 BBR
molecules were added to each side of the MCM surfaces
generated and subjected to MD simulation. The rst adsorbed
layer was selected following MD. Further, 3400 TIP3P water
molecules, 100 molecules each of Na2HPO4 and KH2PO4, and 50
molecules each of NaCl and KCl were added on each side. The
entire system was exposed to the MD simulation for 20 ns, and
the diffusion coefficient of BBR was calculated to check the
release of BBR.24

2.2.4. Hemolytic assay. A suspension of red blood cells
(RBCs) was made according to previously published studies.25,26

Briey, the blood sample was obtained from a healthy volun-
teer, preserved in heparin anticoagulant coated blood vials (Hi-
media, India), and centrifuged for 20 min at 2600 rpm. RBCs
were suspended in 0.9% w/v of normal saline to facilitate cell
contact. The samples were made in a normal saline solution
with a concentration of 20 ppm. One milliliter of RBC
apment efficiency, and drug loading

Poly dispersity
index (PDI)

Entrapment
efficiency (%) Drug loading (%)

0.230 � 0.01 — —
0.281 � 0.03 85.23 � 3.11 33.22 � 2.6

© 2024 The Author(s). Published by the Royal Society of Chemistry
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suspension was mixed with 5 mL of distilled water to achieve
complete hemolysis (100% hemolytic). Normal saline (5 mL)
was added to RBC suspension (1 mL) to ensure no hemolysis. A
mixture of 1 mL of RBC suspension and 4.5 mL of normal saline
was added to the half milliliter of MSNs–BBR formulation.
Similarly, 0.5 mL MSNs–BBR formulation and half milliliter
MCM-41 solution were added to 1 mL RBC suspension and
4.5 mL normal saline. A similar procedure was followed for
BBR, and MCM-41 and tubes were allowed to stand for 1 h with
gentle shaking and centrifuged for 20 min at 2400 rpm. The
absorbance of the supernatant was taken at 540 nm. The
following formula was used to determine the percent of
hemolysis, with water representing 100% hemolysis.

Hemolysisð%Þ ¼ Absorbance for the sample

Absorbance for contr
� 100
2.3. In vitro studies

2.3.1. Cell line maintenance. The human neuroblastoma
cell line SH-SY-5Y was purchased from the NCCS, Pune, India.
The cells were maintained in a CO2 chamber and cultured in
a 25 cm2

ask with high glucose DMEM supplemented with
10% FBS, penicillin (100 units per mL), and streptomycin (100
mg mL−1).

2.3.2. Cell viability assay. The cell viability assay was
carried out to speculate the cytotoxicity of BBR and MSNs–BBR
in the neuroblastoma cell line.27,28 SH-SY-5Y cells were plated in
a 96-well plate and treated with different concentrations of BBR
and MSNs–BBR for 24 h. Thereaer, the cells were incubated
with MTT (10 mL) for 2 h and subjected to DMSO (100 mL) in
each well. Finally, the absorbance was recorded at 570 nm using
a microplate reader.

2.3.3. Cell imaging. SH-SY-5Y cells were plated in a 96-well
plate and exposed to the indicated concentrations of BBR and
MSNs–BBR for 24 h. Aer the stipulated time, cells were washed
Fig. 3 SEM images of MCM-41 (panel A) and MSNs–BBR (panel B) at 10

© 2024 The Author(s). Published by the Royal Society of Chemistry
with PBS and observed at 10× under a phase contrast micro-
scope (EVOS, Invitrogen, Life Technologies).29

2.3.4. Nuclear staining. Nuclear staining was carried out to
observe the nuclear alterations following treatment.30 SH-SY-5Y
cells were seeded in a 96-well plate and subjected to the indi-
cated concentrations of BBR and MSNs–BBR for 24 h. Next, the
cells were xed with paraformaldehyde and permeabilized with
100 mL of methanol for 30 min. Aer 30 min, the cells were
washed with PBS, stained using DAPI (2 mg mL−1), and images
were taken under a uorescence microscope (EVOS, Invitrogen,
Life Technologies) at 20×.

2.3.5. Annexin V/PI apoptosis staining. Flow cytometric
analysis was done to evaluate the percentage of viable,
apoptotic, and necrotic cells using an Annexin V-FITC apoptosis
kit.31 Briey, SH-SY-5Y cells were incubated in a 6-well plate,
followed by treatment with the indicated concentration of BBR
(50 mg mL−1) and MSNs–BBR (50 mg mL−1) for 24 h. The cells
were washed with PBS, harvested, and suspended in 1× annexin
binding buffer. The cells were simultaneously stained with
annexin V and PI as per the manufacturer's instructions and
analyzed by ow cytometry at 10 000 events per sample.

2.3.6. Detection of mitochondrial membrane potential.
Flow cytometric analysis was done to assess the mitochondrial
membrane potential (DJ) using the JC-1 staining procedure.31

Briey, SH-SY-5Y cells were incubated in a 6-well plate for 24 h
followed by treatment with the indicated concentrations of BBR
(50 mg mL−1) and MSNs–BBR (50 mg mL−1) for 24 h. Aer 24 h,
the cells were harvested by trypsinization aer washing with
PBS, stained with JC-1 (10 mg mL−1) at 37 °C for 15 min in the
dark, and analyzed by ow cytometry at 10 000 events per
sample.

2.4. Statistical analysis

Microso Excel (version 2013; Microso Corporation, Wash-
ington, United States) was used for statistical analysis of in vitro
drug release data.
0, 300 and 400 nm.
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3 Results and discussion
3.1. Nanoparticle characterization

The results of nanoparticle characterization are presented in
Table 1. Samples were analyzed for PDI to determine the width
of unimodal size distributions. A PDI value less than 0.7 is
considered acceptable.32 The PDI value should be <0.1 and >1,
respectively, for monodisperse and polydisperse size distribu-
tion of particles.33 The PDI value of drug-loaded nanoparticles
(0.281 ± 0.03) was higher than that of the MCM-41 particles
(0.230 ± 0.01) (Table 1). For good dispersion homogeneity, the
PDI value should be small. The MSNs–BBR particles showed
a 22 nm increase in particle size (137.1± 2.4 nm) in comparison
to the MCM-41 particles (115.5 ± 2.0 nm). An increase in
particle size may result from the drug being loaded into the
particles' pores and the presence of the drug on the surface.
These ndings are supported by previous studies in which the
Fig. 4 EDX pattern of (A) MCM-41 and (B) MSNs–BBR.

2474 | Nanoscale Adv., 2024, 6, 2469–2486
nanoparticle size increased following drug loading.34–36 By
comparing the data from DLS and TEM studies, it is possible to
determine the particle aggregation. Aggregated suspension
shows comparatively smaller particles in TEM analysis than
DLS.33 A larger particle size in DLS than in the TEM analysis
could be due to the aggregation of particles.37 The size of
prepared MSN–BBR was in the range of 90–110 nm. TEM
micrographs of MCM-41 and MSNs–BBR are shown in Fig. 2A
and B, respectively. The presence of diffused rings in selected
area electron diffraction pattern (SAED) images is indicative of
the crystalline nature of the material. The absence of diffused
rings in SEAD images conrms the amorphous form of the
material (Fig. 2C and 2D).

The percentage of drug entrapment and loading efficiency
were 85.23 ± 3.11% and 33.22 ± 2.6%, respectively (Table 1).
The electrostatic interaction and hydrogen bonding between
BBR and MSNs and the highly porous nature of MCM-41
© 2024 The Author(s). Published by the Royal Society of Chemistry
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resulted in high drug loading. The surface charge (–35.18 ± 2.1
mV) of MCM-41 was attributed to the silanol groups on the
silica surface.38 A zeta potential value of −38.52 ± 2.2 mV was
recorded aer BBR loading into MCM-41. The Zeta potential
value reects the degree of repulsion between particles with the
same charge in a dispersion system. When particles have high
positive or negative zeta potential values, they repel each other,
preventing aggregation. Particles with zeta potentials between
±30 mV are oen stable.39 Nanoparticles with high zeta
potential can signicantly impact BBB toxicity.40 Studies have
shown that nanoparticles intended for brain delivery typically
have negative zeta potentials ranging from −15 to −45 mV.41,42

SEM images of rod-shaped homogenously distributed MCM-41
and drug loaded nanoparticles are shown in Fig. 3.

Elemental analysis of MCM-41 and drug loaded nano-
particles was carried out to nd out the elemental composition,
presence of environmental impurities, if any, and weight
percentage. Results showed that O, C, and Si were present in all
the tested samples. The elemental relative weight percentage
obtained was 87.19% C and 12.81% Si (Fig. 4A), and 30.80% O,
18.22% C, 3.07% Cl, and 47.91% Si in MCM-41 and MSNs–BBR,
respectively (Fig. 4B).

AFM studies were carried out for the three-dimensional
morphological examination of MCM-41 and drug loaded
Fig. 5 2D and 3D AFM images of MCM-41(A & B) and MSNs–BBR (C &

© 2024 The Author(s). Published by the Royal Society of Chemistry
nanoparticles. The mean roughness value (Ra) is determined by
taking the arithmetic average of the peak and valley depths from
amean line. The height distribution in relation to the mean line
is known as the root mean square roughness (Rq).43 Ra and Rq of
the road-shaped MCM-41 particles were 4.235 nm and 6.076 nm
(2D), respectively (Fig. 5A). The root mean square roughness (Sq)
and average roughness (Sa) of MCM-41 particles were 86.253
and 98.208 (3D), respectively (Fig. 5B). Smooth surface and high
homogeneity were noticed in MCM-41 particles. 2D images
showed that the homogeneous MSNs–BBR particles had root
mean square (Ra) and roughness average (Rq) values of
10.333 nm and 16.848 nm, respectively (Fig. 5C). The root mean
square roughness (Sq) and average roughness (Sa) values of
MSNs–BBR were 90.236 nm and 99.686 nm, respectively (3D)
(Fig. 5D). The average 2D surface roughness (Rq) of MCM-41
increased from 6.076 nm to 16.848 nm aer drug loading in
MSNs–BBR. Higher surface roughness suggests the presence of
surface drug and effective drug loading.44

Absorption bands near 460 cm−1, 802 cm−1, and 1095 cm−1

in the FTIR spectrum of MCM-41 reected Si–O–Si bending, Si–
O–Si asymmetric stretching, and Si–O–Si symmetric stretching,
respectively. The peak at 1647 cm−1 conrmed the presence of –
OH bending vibration of physiosorbed water molecules in
silica. The peak of Si–OH stretching was recorded near
D).

Nanoscale Adv., 2024, 6, 2469–2486 | 2475
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Fig. 6 FTIR spectrum of BBR (A), MCM-41 (B), and MSNs–BBR (C).

Fig. 7 X-ray diffractograms of (A) pure BBR, (B) MCM-41 (low angle), (C) MSNs–BBR, and (D) 1 : 1 w/w physically mixed MCM-41 and BBR.

2476 | Nanoscale Adv., 2024, 6, 2469–2486 © 2024 The Author(s). Published by the Royal Society of Chemistry
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3400 cm−1 (Fig. 6A). Absorption bands around 1107–1227 cm−1,
1505 cm1, 1602 cm−1, and 3360 cm−1 in the FTIR spectrum of
BBR are attributed to the presence of sulfate ions, aromatic
C]C vibrations, –C]N stretching, and O–H stretching,
respectively (Fig. 6B).45 The structure of MCM-41 was retained
aer BBR loading. In MSNs–BBR, the peak position was slightly
shied with a minor decrease in intensity between 2000 and
1000 cm−1. Further, the BBR peak at 3360 cm−1 was shied to
3423 cm−1 in the spectrum of MSNs–BBR (Fig. 6C).46

The solubility of a chemical in its amorphous form is greater
than in its crystalline form due to the larger Gibbs free energy.
XRD analysis determines whether the tested material is crys-
talline or amorphous. Sharp peaks suggest a crystalline struc-
ture, while the absence of sharp peaks implies an amorphous
surface.47 Peaks at 2q of 7.5, 9.1, 12.9, 16.2, 20.9, 25.4, and 30.1
in the XRD spectrum of BBR conrm its crystalline nature
(Fig. 7A). MCM-41 showed diffractions at 2q of 3.80, 4.43, and
5.72 (Fig. 7B). The disappearance of BBR peaks in the formu-
lation spectrum shows amorphous dispersion of payload within
the MCM-41 hexagonal channels (Fig. 7C). However, BBR peaks
were not suppressed in 1 : 1 w/w physically mixed BBR and
MCM-41 (Fig. 7D).
Fig. 8 XPS survey spectrum of MCM-41 (A), BBR (B), and MSNs–BBR (C

© 2024 The Author(s). Published by the Royal Society of Chemistry
XPS analysis was done tomake sure that BBR was loaded into
MSNs and to nd the desired elements in MCM-41, BBR, and
MSNs–BBR. The O 1s and Si 2p spectra contained a single peak
centred at 533.0 eV and 104.0 eV, respectively, indicating the
presence of silicates.48 N 1s spectra had a single peak centred at
399.0 eV, indicating the presence of basic nitrogen atoms.49

Signals of Si, C, N, and O were detected in the survey spectrum
of MSNs–BBR, indicating successful loading of BBR in MCM-41.
XPS survey spectra for MCM-41, BBR, andMSNs–BBR are shown
in Fig. 8. Individual characteristic peaks are shown in Fig. S1–S3
(ESI).†

BBR loading in MSNs was further evaluated by TGA. MCM-41
showed two weight loss regions between 24 °C and 148 °C, and
354 °C and 649 °C due to the loss of moisture from the silica
surface and silanol condensation, respectively (Fig. 9A).34 BBR
showed four decomposition phases between 230 and 648 °C
with 25.00% weight loss (destruction of the skeleton structure
of BBR), at 230 °C with 11.55% weight loss (decomposition of
BBR), between 105 °C and 175 °C with 0.45% weight loss
(melting of BBR), and at 105 °C with 14.21% weight loss (loss of
moisture) (Fig. 9B). MSNs–BBR showed weight loss regions
between 24 °C and 205 °C (moisture loss and melting of BBR)
).

Nanoscale Adv., 2024, 6, 2469–2486 | 2477
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Fig. 9 TGA of (A) BBR, (B) MCM-41, and (C) MSNs–BBR.
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and 205 °C and 649 °C (loss of the silanol group) (Fig. 9C). A
5.50% and 0.95% increase in weight loss was recorded in
MSNs–BBR at 105 °C and between 325 and 448, respectively,
indicating BBR loading. The rate of decomposition of pure BBR
is fast as compared to the MCM-41 and MSNs–BBR. This
demonstrates that the integration of BBR in MCM-41 can
increase its thermal stability.

Nitrogen adsorption–desorption isotherms were measured to
estimate the surface area and average pore diameter of MCM-41.
This also helped in BBR loading conrmation and mesoporous
structure characterization. MCM-41 samples displayed a type IV
isotherm, which is a distinctive pattern of mesoporous materials
according to the categorization of the IUPAC. This isotherm is
characterized by a prominent capillary condensation step.50 The
results demonstrated uniformmesoporous channels and narrow
pore size distribution. The pore volume and surface area of
MCM-41 were 0.945 cm3 g−1 and 49.780 m2 g−1, respectively.
However, the pore volume and surface area of MSNs–BBR were
Fig. 10 Specific surface area (a) and porosity of MSNs (b).

2478 | Nanoscale Adv., 2024, 6, 2469–2486
0.054 cm3 g−1 and 23.845 m2 g−1, respectively (Fig. 10). The
Barrett–Joyner–Halenda (BJH) method conrmed an average
pore radius of 19.103 Å and 17.040 Å, respectively for MCM-41
and MSNs–BBR. The results indicated that the BBR loading
decreased these mesoporosity parameters. This reducing
tendency is attributed to BBR loading on the MCM-41.51–53
3.2. In vitro release

The in vitro release prole of BBR from pure BBR solution and
MSNs–BBR formulation was estimated using the membrane-
dialysis technique at pH 4.0 and pH 7.4 to simulate the pH of
brain hippocampus and CSF, respectively (Fig. 11). MSNs–BBR
showed a prolonged BBR release prole in both media. The
dissolution prole showed a two-stage release prole. An initial
fast BBR release was followed by a slow release up to 72 h. Initial
fast release was due to the dissolution of the surface drug.
Complete BBR was released from pure solution within 5 h of
dissolution study. However, BBR release from MSNs–BBR pro-
longed till 72 h under both acidic and alkaline conditions
suggesting stabilization of the drug in the polymer matrix.

For kinetic estimation, dissolution data were split into two
stages, i.e., (i) stage I (<8 h) and (ii) stage II (>8 h), and the best t
was selected based on the highest correlation coefficient (r2)
(Table 2). The r2 value is a measure of how well the experimental
in vitro drug release data t the mathematical model, and
higher r2 values indicate a better t. The BBR release from
MSNs–BBR followed zero-order kinetics in both stages (r2 values
0.9993, 0.9968 and 0.9979, 0.9977, respectively in both media).
In Higuchi's model, the relationship between the cumulative
amount of drug released and the square root of time (Q= k Ot) is
expected to be linear. Higuchi's plots of BBR loaded nano-
particles showed linearity (r2 values 0.9991, 0.9966 and 0.9978,
0.9976, respectively in APB (pH 4.0) and PBS (pH 7.4) for stage I
and stage II). The Higuchi plots show that the experimental data
points are very close to the expected linear relationship. This
means that Fickian diffusion is mainly responsible for the
controlled release of BBR from the nanoparticles. If the slope (n)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Data of kinetic study of drug release from synthesized nanoparticles at pH 7.4 and pH 4.0

pH 4.0 pH 7.4

Zero order First order
Higuchi's
model

Korsmeyer-
Peppas’ model Zero order First order

Higuchi's
model

Korsmeyer-
Peppas' model

r2 r2 r2 r2 n r2 r2 r2 r2 n

Stage I (<8 h) 0.9993 0.9872 0.9991 0.9600 0.1692 0.9979 0.9911 0.9978 0.9682 0.1604
Stage II (>8 h) 0.9968 0.9622 0.9966 0.9853 0.0396 0.9977 0.9691 0.9976 0.9880 0.0437

Fig. 11 BBR release from its pure solution (empty diamonds and empty triangles) and MSNs–BBR (filled circles and empty circles) at pH 4.0 and
pH 7.4 at 37 ± 0.5 °C (mean ± SD, n = 3).
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value in Korsmeyer-Peppas' model lies between 0.43 and 0.85,
the release prole follows a non-Fickian anomalous diffusion
mechanism, and if the n value is >0.85, the release prole
follows a swelling-controlled diffusion process. A super case II
mode is followed if the n value is >1. Linearity of Korsmeyer-
Peppas' plots conrmed BBR diffusion from MSNs–BBR (r2

0.9600 to 0.9682 with slope values 0.1692 to 0.1604) for <8 h,
indicating a simple or quasi-diffusion-controlled mechanism of
drug release (Table 2). In a simple or quasi-diffusion-controlled
mechanism, the drug molecules move through the matrix or
core of the delivery system from areas of higher concentration to
areas of lower concentration, following Fick's laws of diffusion.
For quasi-diffusion-controlled release, the slope of the release
curve is expected to follow Fick's law of diffusion. In mathe-
matical terms, for quasi-diffusion-controlled release:

dM

dt
¼ �D dC

dx

where dM/dt is the rate of drug release, D is the diffusion
coefficient, and dC/dx is the concentration gradient.

The signicance of this mechanism lies in its ability to
provide controlled, sustained, and predictable drug release,
leading to improved therapeutic outcomes. A similar pattern
was observed aer 8 h (stage II) of the dissolution study (r2

0.9853–0.9880 with slope values between 0.0396 and 0.0437).
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.3. Analysis of diffusion of BBR molecules from the MCM-
41 surfaces

A at silica system was generated using alpha quartz structure
by extending on both sides to give a small structure-like repre-
sentation of silica slab. The rst adsorbed drug layer was
considered aer MD simulation, as during the loading only the
rst adsorbed drug layer gets retained as it is tightly bound to
the MCM-41 surface, whereas the rest of the molecules may be
washed out. To the rst adsorbed layer, water and salts were
added to mimic the media. The drug release behavior from the
MSNs–BBR particle surface can be assessed by analyzing the
diffusion coefficient of BBR molecules. Fig. 12A and B show the
pictorial visualization of the initial and nal frame at 20 ns of
BBR release from the plainMCM-41. To assess BBR release from
the two surfaces, we calculated the diffusion coefficient, which
demonstrated a relatively slower diffusion of BBR molecules
from the plain MCM-41 surface.24 The selection of a framework
can exert a substantial inuence on the loading and delivery of
BBR. The impact of steric hindrance on the diffusion process of
BBR molecules can explain the observed phenomenon.54,55

Steric hindrance of the payload due to limited pore and channel
sizes is likely to be highest in MCM-41. The greatest sphere
diameter for channel diffusion is 19.103 Å, which is the average
pore radius. Additionally, the BBR molecule experiences
Nanoscale Adv., 2024, 6, 2469–2486 | 2479
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Fig. 13 Dose dependent effect on the proliferation of the neuro-
blastoma cell line. SH-SY-5Y cells were exposed to the indicated
concentrations of mentioned compounds (1–500 mg mL−1) and the
cell viability was assayed using MTT as a substrate by taking absor-
bance at 570 nm.

Fig. 12 Trajectory frames representing release of BBR molecules from the plain MCM-41 surface (brown indicates silicon atoms, red indicates
oxygen atoms, and white indicates hydrogen atoms) (A). Diffusion coefficient of BBR molecules from the plain MCM-41 surface over 20 ns
simulation (B).
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a relatively tight t with limited movement allowed within the
channels. In phosphate buffer, BBR release is slower than in an
acidic medium. This suggests that the intensity of BBR-
framework interactions is pH-dependent, possibly because of
pH affecting the framework's charge, the BBR molecule's
charge, water molecules, or a combination of all three. The
diffusion coefficient of BBR molecules from the plain MCM-41
surface was found to be 1.863 × 10−10 m2 s−1.

3.4. Hemolytic toxicity

The percentage of hemolysis in each sample was compared to
distilled water (standard for 100% hemolysis). The hemo-
compatibility experiment revealed no statistically signicant
hemolysis when blood cells were exposed to the MSNs–BBR,
pure BBR, and MCM-41 suspension (Fig. S4 – ESI le†). The
hemolysis percentages were found to be 4.98 ± 0.10%, 1.90 ±

0.18%, and 4.30 ± 0.21%, respectively. Hemolysis percentages
below 5% suggest the safety of the substance for drug
delivery.9,36,56 Based on these ndings, it can be inferred that the
developed system may become a potential candidate for drug
delivery applications.

3.5. Effect of BBR and MSNs–BBR on SH-SY-5Y cell
proliferation

Cell viability assay was carried out to determine the cytotoxic
effect of BBR andMSNs–BBR on SH-SY-5Y cells following 24 h of
drug exposure. BBR and MSNs–BBR inhibited SH-SY-5Y cell
proliferation in a dose-dependent manner. Cell viability
decreased with an increase in BBR and MSNs–BBR
2480 | Nanoscale Adv., 2024, 6, 2469–2486
concentrations. The cells exposed to 50 mg mL−1 of pure BBR
and MSNs–BBR for 24 h showed reduced cell viability of
z55.00% and 60.00%, respectively. This shows that BBR is
more toxic than MSNs–BBR (Fig. 13).
3.6. Effect of BBR andMSNs–BBR onmorphological changes
in SH-SY-5Y cells

Phase-contrast microscopic images revealed that the BBR
treatment initiated morphological changes in cells compared to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Effect of BBR and MSNs–BBR on the morphological changes in the cell nucleus of the neuroblastoma cell line. Microscopic examination
of SH-SY-5Y cells stained with DAPI after treatment with indicated concentration of drugs for 24 h and images were photographed at 20×
magnification.

Fig. 14 Phase contrast microscopy images at 10× magnification showing morphological appearance of the neuroblastoma cell line (SH-SY-5Y
cells), 24 h post-treatment with BBR and MSNs–BBR.

© 2024 The Author(s). Published by the Royal Society of Chemistry Nanoscale Adv., 2024, 6, 2469–2486 | 2481
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Fig. 16 Flow cytometric analysis of SH-SY-5Y cells stained with Alexafluor 488 conjugated annexin V antibody after treatment to discriminate
the percentage of viable, early apoptotic, late apoptotic, and necrotic cells in different quadrants.
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the control. An increase in apoptotic cells and a decrease in
viable cells were recorded aer treatment with BBR and MSNs–
BBR (Fig. 14).
3.7. Effect of BBR and MSNs–BBR on nuclear changes in SH-
SY-5Y cells

Nuclear staining was carried out to observe the nuclear changes
aer treatment with BBR and MSNs–BBR. Round or oval nuclei
were observed in control. However, fragmented cell nuclei and
nuclear apoptotic bodies were observed in the cases of BBR and
MSNs–BBR treated cells (Fig. 15).
3.8. Effect of BBR and MSNs–BBR on apoptosis in SH-SY-5Y
cells

Flow cytometry was used to quantify the rate of viable,
apoptotic, and necrotic cells. In control, the percentage of live
and apoptotic cells was found to be 75.29% and 24.34%,
respectively. BBR treatment reduced the percentage of live and
apoptotic cells to 55.93% and 40.84%, respectively. MSNs–BBR
increased the percentage of live cells from 55.93% to 58.82%
and decreased the percentage of apoptotic cells from 40.84% to
2482 | Nanoscale Adv., 2024, 6, 2469–2486
40.48%. It indicated the potential of MSNs–BBR in preventing
apoptotic processes and restoring cellular viability (Fig. 16).
3.9. Effect of BBR and MSNs–BBR on mitochondrial
membrane potential in SH-SY-5Y cells

We investigated the impact of BBR and MSNs–BBR treatment
on DJ by assessing mitochondrial activity in treated and
untreated cells using the uorochrome JC-1, which accumulates
in the mitochondria based on its membrane potential. When
the membrane potential is low, the JC-1 monomer emits green
uorescence. Healthy mitochondria contain JC-1 in their
aggregated form, resulting in red to orange uorescence. The
control cells displayed red uorescence, while an enhancement
in green uorescence intensity was noted following treatment
with BBR andMSNs–BBR. BBR causes depolarization of the DJ,
indicated by increased JC-1 green uorescence compared to
control cells. In contrast, MSNs–BBR reduced depolarization of
the DJ, represented by higher JC-1 red uorescence compared
to BBR treated cells. The data indicate that MSNs–BBR reduce
the depolarization of mitochondria more effectively than BBR,
hence preventing apoptosis and restoring the DJ (Fig. 17).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 BBR causes a decrease in the mitochondrial membrane potential (DJ), resulting in increased JC-1 green fluorescence relative to the
control cells. MSNs–BBR decreased DJ depolarization compared to cells treated with BBR alone, resulting in increased JC-1 red fluorescence.
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4 Conclusions

Nanoparticles had a high BBR loading and entrapment effi-
ciency despite their small size. Prolonged BBR release following
the diffusion process was conrmed by molecular dynamics
simulation study. TGA analysis conrmed BBR loading.
Increased apoptotic cells and decreased viable cells were
noticed in phase-contrast microscopic images. Fragmented cell
nuclei and nuclear apoptotic bodies were recorded in SH-SY-5Y
cells stained with DAPI. Flow cytometric analysis of formulation
treated SH-SY-5Y cells showed restoration of cellular viability,
membrane potential and improvement of neuronal health.
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