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Introduction

Many anticancer drugs
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including bosutinib, dasatinib,
tamoxifen, and curcumin are hydrophobic, leading to poor
retention times within the human body.'” Given their chemi-

Carriers for hydrophobic drug molecules:
lipid-coated hollow mesoporous silica particles,
and the influence of shape and size on
encapsulation efficiencyf
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Hydrophobic drugs, while designed to interact with specific receptors or enzymes located in lipid-rich
cell membranes, often face challenges of limited bioavailability and insufficient circulation time due to
their insolubility in agueous environments. One plausible pathway to increase their blood circulation time
is to load these drugs into biocompatible and hydrophilic carriers to enhance their uptake. In this study,
mesoporous silica (mSiO,) nanocarriers of various morphologies (including cubes, capsules, and spheres)
were synthesized. These nanocarriers were then surface-functionalized with alkyl chain hydrocarbons,
specifically octadecyl-trimethoxysilane, (OCH3)sSi(CH,);,CH=, to render them hydrophobic. The resulting
nanocarriers (((OCH3)3Si(CH,);7,CH3)@mSiO,) showed up to 80% uptake for hydrophobic drugs. However,
a significant drawback was observed as most of the drugs were prone to uncontrollable release within
6 h. This challenge of premature drug release was successfully mitigated by effectively sealing the drug-
loaded nanocarriers with a pH-sensitive lipid overlayer. The lipid-coated nanocarriers prolonged drug
containment and sustained release up to 72 h, compared to 6 h for uncoated nanocarriers, thereby facili-
tating longer blood circulation times. Moreover, the shape and size of nanocarriers were found to
influence both drug entrapment capacity and release behavior with cubic forms exhibiting superior
loading capacity due to higher surface area and porosity. Additionally, it was observed that the molecular
weight and chemical structure of the drug molecules played a crucial role in determining their uptake and
release profiles. Furthermore, the influence of different morphologies of nanocarriers on cell uptake and
cytotoxicity in immune cells was elucidated. These findings underscore the importance of nanocarrier
morphology and drug properties to enhance loading capacities and controlled release profiles, for
designing drug delivery systems tailored for hydrophobic drugs.

cal design to favorably interact with specific receptors located
in the lipid-rich cell membrane or intracellular compart-
ments of cells, it is imperative to discover new carrier systems
enabling their optimum encapsulation and transport.®™°
Ultrafine carriers capable of containing hydrophobic mole-
cules are ideally suited to enhance blood circulation and drug
uptake. Several nanocarriers have been extensively studied for
their efficiency in drug delivery, particularly in enhancing
therapeutic bioavailability and targeting precision such as
liposomes, which are notable for their ability to encapsulate
both hydrophilic and hydrophobic drug molecules, offering
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versatile delivery mechanisms.'" Similarly, polymeric/lipid
nanoparticles, particularly those made from biodegradable
materials like polylactic-co-glycolic acid or tricaprylate,
provide controlled release properties.'>'? Additionally den-
drimers, with their unique, highly branched structures and
metallic nanoparticles such as gold and silver allow for precise

This journal is © The Royal Society of Chemistry 2024
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functionalization and drug encapsulation."*'® In the realm of
these nanocarriers, mesoporous silica (mSiO,) has emerged as
a promising candidate for in vivo drug transport due to its stabi-
lity, porous surface, high surface area, biocompatibility, degrad-
ability and sustained retention time in the body.'®™® Despite
being hydrophilic because of surface hydroxyl groups, entrap-
ment of hydrophobic drugs in silica nanocarriers can be
achieved by adjusting their physiochemical nature and pore
size, which allows a controlled and sustained drug release.'®™*
Surface functionalization with small molecules, such as estro-
gen molecules has been shown to enhance drug entrapment in
nanocarriers.”> However, a challenge of mesoporous silica nano-
carriers is their leaky nature, resulting in premature drug
release in the medium.?* In such cases, an additional stimuli-
responsive overlayer, such as lipid or polymer, can offer better
control over the sustained release of drugs from nanocarriers
(Fig. 1).24*7

This study evaluated the effect of lipid coating as a
(surface) sealing mechanism on hydrophobic silica nano-
carriers, followed by an examination of hydrophobic drug
encapsulation and their release studies. In this study,
Tamoxifen was selected as the model drug for encapsula-
tion within our synthesized nanocarriers due to its small
structure and its clinical relevance in the treatment of
hormone receptor-positive breast cancer.>® Additionally,
the variation in drug entrapment efficiencies was investi-
gated to study the effect of the shapes of silica carriers
(spheres, capsules, cubes) and the molecular weight (low
vs. high) of the drugs. Furthermore, the study elucidated
how morphological alterations of nanocarriers impact their
interactions with immune cells derived from three healthy
donors.
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of drug ® S % .
° oo ® @Hydrophobic drug
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° [ ]

Bare mSiO, nanocarrier

High retention
of drug

Lipid coating Polymeric coating
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Fig. 1 Enhanced drug entrapment and controlled release can be
achieved through bioconjugation on mSiO,. mSiO, exhibits a strong
affinity for hydrophilic drugs, however, it suffers from low retention
time, whereas hydrophobic drugs tend to adsorb on the surface, result-
ing in its limited drug entrapment. The implementation of bioconjuga-
tion and polymeric, or lipid coating, offers a promising approach for
achieving high retention followed by a controlled and sustained drug
release.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
Design and synthesis of nanocarriers

In a typical synthesis, a solid nanoparticle (e.g., Fe,0;) is used
as a sacrificial template, which is overlayered with silica using
sol-gel synthesis.”*' Consequently, the solid template is
removed by aqueous chemical etching (i.e., HCl) to obtain
mesoporous nanocarriers as outlined in Fig. S1.f mSiO, with a
narrow particle size distribution (60 nm (nanospheres and
nanocubes), and 400 nm (nanocapsules)) were synthesized
with a silica shell thickness of 15 nm and 25 nm for nano-
cubes and nanocapsules, respectively. Silica carriers adapted
the shape of their core material (cube and capsules) as con-
firmed by scanning electron microscopy (Fig. 2 and S27}). The
etching process offered purified amorphous mesoporous
nanocarriers (nanocubes and nanocapsules), demonstrating
the complete removal of crystalline Fe,O; nanoparticles
(Fig. 3).>* The FTIR analysis showed absorption bands at
1073 em™', 960 cm™*, and 800 cm™" corresponding to Si-O-Si
stretches (Fig. 4).%**

The adsorption-desorption isotherms for the nanocarriers
are shown in Fig. 5. The proximity of the adsorption (black
squares) and desorption (red circles) curves indicate a type IV
isotherm with hysteresis, characteristic of mesoporous
materials as per the IUPAC classification. The isotherm
demonstrates monolayer-multilayer adsorption followed by
capillary condensation, with a gradual increase in the quantity
of nitrogen adsorbed as the relative pressure (P/P,) rises. The
presence of hysteresis suggests capillary condensation within
the pores, indicating their uniform size. NLDFT calculations
were conducted to ascertain the pore size distribution and
total pore volume for all nanocarriers.

For spherical nanocarriers, a pore size of approximately
40 A (4 nm) and a total pore volume of 0.08 cm® g™* were cal-
culated. In the case of cubes, the pore size was determined to
be around 36 A (3.6 nm) with a total pore volume of 0.25 cm?
g”'. For the ellipsoid, the pore size was estimated to be
around 40 A with a total pore volume of 0.05 cm® g™*. These
results demonstrate the porous nature and high surface area
of the as-prepared nanocarriers, which aligns well with TEM
images demonstrating their porous structures. The surface
area, as determined by BET measurements, revealed a high
specific surface area of 323.8 m”> g™* for ellipsoidal shapes,
88 m”> g™ for spherical shapes, and 581.477 m”> g~ for cubes
(Fig. 6).>%7

Surface functionalization of mSiO,

To obtain a hydrophobic surface, octadecyltrimethoxysilane
(OTMS) was covalently attached to the surface of mesoporous
silica particles based on a condensation reaction, Scheme 1.
The FITR data showed the absence of the Si-OH band after
their functionalization with silane (Fig. 4). The hydrophobicity
of nanocarriers was evaluated by dispersing them in water,
where a distinct phase separation was observed as compared
to unfunctionalized (well-dispersed) nanocarriers, indicating

Nanoscale, 2024, 16, 1274-11289 | 11275
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Fig. 2 Morphological evaluation of mesoporous silica nanocarriers by SEM and TEM. (A) Overview SEM image shows monodispersed 60 nm spheri-
cal mSiO,. (B) Detailed TEM image clearly shows the porous structure of these spherical mSiO, (C and D) hollow silica ellipsoid (300 nm) with 25 nm
shell and 117 nm hollow cavity. (E and F) Mesoporous nanocubes (60 nm) with a 40 nm hollow cavity and 15 nm porous silica shell.

the hydrophobic nature after the conjugation of silane mole-
cules (Fig. 7).

Drug loading and release study

Synthesized mSiO, nanocarriers were functionalized with a
silane linker to facilitate the encapsulation of hydrophobic
drugs. This functionalization was achieved through the con-
jugation of the mSiO, surface with the long alkyl hydrocarbon
chain via a covalent bond, tailored to interact specifically with
the hydrophobic regions of the drug molecules. Following the
conjugation of the silane linker, the drug was loaded into the
mesopores of the mSiO, driven by hydrophobic interactions
between the drug molecules and the modified surfaces of the
pores, facilitating efficient encapsulation within the porous
structure. This encapsulation process was optimized by adjust-
ing parameters such as the drug-to-linker ratio to maximize
loading capacity. After the drug was successfully loaded into
the pores, the nanocarriers were coated with a lipid layer. This
lipid coating was applied to stabilize the nanocarriers by pro-
viding a hydrophilic barrier, which prevents aggregation and
acts as a gate keeper for the encapsulated drug.

Influence of surface ligands. To demonstrate the effect of
surface-attached hydrophobic linkers, a fixed quantity of

1276 | Nanoscale, 2024, 16, 11274-11289

described nanocarriers were functionalized with different
amounts of OTMS linkers. Following this step, nanocarriers
with different densities of surface ligands were exposed to a
0.15 mmol solution of tamoxifen for uptake studies. The inter-
relation of linker chemistry and drug uptake in the mSiO,
nanocarriers showed a nonlinear behavior with a threshold
observed at 12 mmol (50 pl), 47 mmol (200 pl), and 6 mmol
(25 pl) for nanospheres, nanocubes, and nanoellipsoids
respectively of OTMS concentration with maximum tamoxifen
uptake. Upon increasing the OTMS concentration (up to
118 mmol (500 pl)) the drug uptake capacity was gradually
decreased to become a minimum at 118 mmolar (500 pl)
(Fig. 8 and Fig. S3, S47). This observation can be explained by
the steric congestion caused by the higher density of the
surface-rooted OTMS ligands that are inhibitive for the pene-
tration of tamoxifen molecules in the pores of mSiO, carriers.
Influence of nanocarrier morphology. To investigate the
influence of the morphology of nanocarriers, three different
shapes were comparatively analyzed in terms of their drug
uptake capacity. For this purpose, spherical, ellipsoidal, and
cube-shaped mSiO, nanocarriers were functionalized with the
optimized amount of OTMS linker, and drug uptake was con-
ducted with a constant quantity (0.15 mmolar) of tamoxifen in

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 X-ray diffraction pattern of nanocarriers with the reference of JCPDS pdf no. 33—-0064 (red line). (A) a-Fe,O3 capsules (black) confirming the
formation of hematite nanoparticles. (B) Shows the diffraction pattern mesoporous silica ellipsoid (black) confirming the successful removal of the
iron oxide core. (C) Spherical mesoporous silica nanoparticles, indicating the presence of amorphous silica. (D) Presents the pattern for a-Fe,O3
nanocubes (black) indicating the formation of hematite nanocubes. (E) Core—shell SiO,@Fe,O3z with the addition of a broad peak, representing the
incorporation of amorphous material. (F) Mesoporous silica cubes confirming the removal of the iron oxide core.

all three cases. Tamoxifen loading studies revealed that nano-
cubes showed the highest drug entrapment efficiency of 84%,
nanospheres showed 56% entrapment efficiency, whereas
nanoellipsoids showed the lowest entrapment efficiency of
23% (Fig. 9). Since the size of nanoellipsoids is larger than
nanocubes, the difference in loading capacity can also be due
to the difference in surface area.*®*?*° Our results demonstrate
that nanocubes are superior drug-loaded carriers as com-
pared to other carriers due to their large surface and pore
volume as calculated by BET analysis (Fig. 6). In the case of
spheres, it was observed that spherical mSiO, exhibited
higher drug encapsulation efficacy compared to ellipsoid
which signifies the role of morphology in encapsulation.
This difference can be explained by the higher pore
volume of spheres (0.08 cm® g™') as compared to ellipsoids
(0.05 cm® g™"). Moreover, the small size of spheres (60 nm)
compared to ellipsoids (200 x 100 nm) leads to a higher
surface-to-volume ratio which would provide a larger surface
area for the drug molecules to adhere.

The drug release profile of these nanocarriers showed that
within 6 h, the majority of the drug was completely released
from all nanocarriers (Fig. 9B). This necessitates a sealant
layer that can prolong the drug release time and avoid un-
controlled drug release since a sustained release is ideal
for achieving optimal distribution of the drug in the
bloodstream.

This journal is © The Royal Society of Chemistry 2024

To withhold the drug in mSiO, carriers, a lipid coating was
applied, and drug release efficiency was studied under the
influence of pH stimuli by varying the pH (7.4 and 5.4) at
37 °C (Fig. 10). A pH-dependent release behavior was evident
in all cases with lipid-coated mSiO, carriers. Upon monitoring
drug release profiles for 72 h, it was observed that at pH 5.4
(acidic), 75% of drug release occurred. In the case of basic
media (pH 7.4), up to 30% release was observed. This selective
release at pH 5.4 is attributed to the protonation of the lipid
coating at acidic pH, which disrupts the lipid matrix, increas-
ing its permeability. Consequently, the loosened structure
facilitates the diffusion of the encapsulated drug out of the
nanocarriers. Such pH sensitivity allows the nanocarriers to
release their drug payload specifically in the acidic tumor
microenvironment to possibly achieve higher drug concen-
trations in the tumor tissues while minimizing exposure to
healthy tissues.**™**

Influence of molecular weight and hydrophobicity of drugs.
To optimize the drug release profile of hydrophobic drugs, the
influence of molecular weight (MW) and hydrophobicity of
drugs are important considerations. Therefore, drug entrap-
ment on mSiO, nanospheres using a series of hydrophobic
drugs with different molecular weight and hydrophobicity was
conducted using tamoxifen (MW: 371 Da), dasatinib (MW: 488
Da), bosutinib (MW: 530 Da) and everolimus (MW: 958 Da).
The above-selected compounds represent clinically approved

Nanoscale, 2024, 16, 1274-11289 | 11277
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Fig. 4 Surface groups analysis by FTIR: (A) spectra of mSiO, indicate the removal of surfactant (CTAB) after HCl treatment. (B) Spectra after conju-
gation of OTMS highlights the disappearance of hydroxyl groups. While lipid-coated mesoporous silica nanocarriers show additional bands for —NH
and C=O0O present in the lipid molecule. (C) a-Fe,Oz nanocubes (black), SiO,@Fe,O3 core-shell cubes (red), and mesoporous silica cubes after
a-Fe,O3z removal (blue). (D) a-Fe,Os ellipsoid template (black), SiO,@Fe,O3z core—shell ellipsoid (red) indicates the incorporation of silica shell, and

mesoporous ellipsoid (blue) showcases a decrease in Fe—O characteristic peak at 526 cm™ indicating the removal of the iron core.

drugs (tamoxifen) and kinase inhibitors (everolimus, bosuti-
nib, and dasatinib) for the treatment of breast cancer, polycys-
tic kidney disease (PKD), and Philadelphia chromosome-posi-
tive chronic myeloid leukemia (Ph + CML).****

The experimental data of drug entrapment showed that
with the increase in molecular weight, a decrease in encapsula-
tion efficacy was observed (Fig. 11A). This indicates that drug
size impacts the loading capacity since molecules with larger
molecular weight have reduced diffusion rates or encounter
higher steric hindrance (van der Waals), resulting in different
loading capacities with the change of molecular weight.

In addition to molecular weight, increased hydrophobicity
of drug molecules also results in increased loading efficien-
cies, which is consistent with the observation that hydro-
phobic coating on mSiO, can promote drug uptake due to
favorable hydrophobic-hydrophobic interactions (Fig. 11B).

1278 | Nanoscale, 2024, 16, 1274-11289

Nanocarriers and cell interactions

The cell uptake study conducted with immune cells revealed
that nanospheres exhibited the highest rate of cellular uptake
compared to ellipsoids and cubes (Fig. 12). Furthermore, viabi-
lity assays conducted with Peripheral Blood Mononuclear Cells
(PBMCs) demonstrated that nanospheres and ellipsoids main-
tained similar cell viability, with both demonstrating 85% cell
viability after 24 h incubation. In contrast, nanocubes showed
the highest rate of cell death and apoptosis, with a reduced
cell viability of 79% after the same duration (Fig. 13).
Nanocarrier uptake by cells predominantly occurs through
endocytosis, including phagocytosis, pinocytosis, and notably,
clathrin-mediated endocytosis. Clathrin-mediated endocytosis
is a specific form of receptor-mediated uptake, where nano-
particles first bind to cell surface receptors and are then

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Comparative analysis of pore size, surface area, and pore volume between nanospheres, nanocubes, and nanoellipsoids: nanospheres show
a higher pore size (4 nm) while nanocubes on the other hand exhibited the highest surface area and slightly less pore size than nanospheres. The
nanoellipsoids possess less surface area than cubes, however, they are larger than nanospheres. The pore volume for nanocubes (0.25 cm?® g‘l) is
highest while nanoellipsoids exhibit the smallest pore volume (0.05 cm® g7%).

internalized within clathrin-coated vesicles. This pathway is
especially significant for its selectivity and efficiency, facilitat-
ing the intracellular delivery of nanoparticle-bound thera-
peutics. The shape of the nanoparticles significantly influ-
ences this process. Small and spherical, nanoparticles are gen-
erally internalized more efficiently.*>*® Zhang et al. elucidate
the differential impact of nanocarrier morphology on cell
uptake and cytotoxicity through a computational study focus-

This journal is © The Royal Society of Chemistry 2024

ing on how shapes affect endocytosis. Their findings revealed
that spherical carriers were more efficiently internalized by
immune cells compared to non-spherical counterparts. This
enhanced efficiency is attributed to the compatibility of spheri-
cal shape with natural cellular intake processes, particularly,
clathrin-mediated endocytosis, which is significantly influ-
enced by the shape of particles.” Spherical nanocarriers, due
to their shape, facilitate a more straightforward wrapping by

Nanoscale, 2024, 16, 11274-11289 | 11279
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(A) Schematic pathways for the synthesis of lipid-coated mSiO,. Nanocarriers were modified with octadecyltrimethoxysilane. Further coating

these nanocarriers with a lipid layer offered protection from uncontrolled drug release and stable nanodispersion. (B) Dispersion of nanocarriers in
PBS (a) mSiO, were well dispersed in PBS (b) after surface conjugation linker molecule, the majority of the nanocarriers remained undispersed on
the surface of PBS, indicating their hydrophobic nature. (c) After lipid coating nanocarriers were effectively dispersed in PBS.

the cell membrane, aided by the self-assembly of clathrins, as
opposed to the more complex surfaces and angles of ellipsoids
and cubes.

The process of clathrin-mediated endocytosis is highly sen-
sitive to the shape of nanocarriers, and the efficiency of cla-
thrin-mediated endocytosis as the shape anisotropy of the
nanocarriers increases. Ellipsoids and cubes do not align well
with the topology of clathrin structures, rendering them less
efficient for internalization.*®* It is well documented that the
rotation of nanocarriers during the endocytosis process influ-
ences their uptake affected by their orientation. Spherical
nanocarriers exhibit reduced susceptibility to orientation
issues due to their inherent isotropic symmetry. However,
ellipsoids and nanocubes require a specific orientation for

1280 | Nanoscale, 2024, 16, 11274-11289

efficient membrane wrapping, with rotations potentially hin-
dering the process. Additionally, encapsulating ellipsoids and
cubic nanocarriers within cell membranes and clathrin struc-
tures necessitates significant deformation, requiring more
energy, thus making the process less favorable for these
shapes compared to spherical nanocarriers.*”*°

This study provides a comprehensive overview of the pro-
perties of mesoporous silica nanocarriers and the effect of
their distinct morphologies on potential biomedical appli-
cations, as outlined in Table 1. Consequently, it concludes that
the careful selection and design of mesoporous silica nano-
carriers, tailored to their specific morphological features, are
imperative for enhancing therapeutic efficacy and achieving
superior clinical outcomes for various medicinal applications.

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Determination of drug loading capacity with an increasing concentration of surface-conjugated OTMS. (A) Hydrophobic silica carriers were
synthesized by conjugating different concentrations of OTMS onto the surface of silica carriers. (B) A variable amount of OTMS was tested to deter-
mine the optimal conc. of linker. (C) With an increase in conjugated linker conc. loading capacity of mSiO, increased up to 50 pl and a further
increase in conjugation of the linker decreased the entrapment efficacy. At higher linker concentrations the surface became saturated with func-
tional groups, consequently providing reduced space for drug incorporation.
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Fig. 9 Encapsulation efficiency of Tamoxifen in different HMSN: (influence of nanocarrier morphology). (A) Mesoporous cubes exhibited the
highest drug loading capacity as compared to spherical, and ellipsoids due to a higher surface volume for the drug molecules. The lower loading
capacity of spheres compared to the cubic shape can be due to their lower surface area as compared to cubes. The spherical nanoparticles have a
more compact structure with limited surface area available for drug entrapment. (B) The release percentage of Tamoxifen: indicating the release of
most of the drug within first six hours from all nanocarriers.

phate ((NH,),HPO,, 99+%) was procured from Merck.
Dimethylformamide (DMF) was obtained from Fischer
Scientific and poly(N-vinyl-2-pyrrolidone) MW = 55.000 (PVP)

Materials and methods

Chemicals

All chemicals used in this study were of analytical grade and
used without further purification. Iron(m) chloride hexa-
hydrate (FeCl;-6H,O, 97%), iron(m)nitrate nonahydrate (Fe
(NO3)3-9H,0), ammonium hydroxide 30% solution (NH,OH),
cetyltrimethylammonium bromide (CTAB), tetraethyl orthosili-
cate (TEOS), triethanolamine (TEA) and tamoxifen were pur-
chased from Sigma-Aldrich, di-ammonium hydrogen phos-

This journal is © The Royal Society of Chemistry 2024

from Acros Organics. Octadecyl-trimethoxysilane obtained
from TCI (Tokyo Chemical Industry). Everolimus, DPPC, and
DSPE-PEG-NH, were purchased from BLDpharm. Bosutinib
and dasatinib were purchased from Selleckchem. Phosphate-
buffered saline (PBS) was obtained from Gibco.
RPMI1640 medium, FBS, Penicillin/Streptomycin (Gibco);
Annexin V binding buffer, Annexin V-APC (Biolegend), DAPI.

Nanoscale, 2024, 16, 1274-11289 | 11281
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Fig. 10 Stimuli-responsive drug release study at different pH (7.4 and 5.4) (section Influence of nanocarrier morphology): (A—C) Tamoxifen release
study from lipid-coated silica nanocarriers. The drug release was continuous and gradual over the entire 72-hour release period, indicating that the

lipid coating effectively controlled the release of the loaded drugs.
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Influence of drug characteristics on encapsulation efficiency. (A) Drug entrapment decreases with the increase in molecular weight as

larger molecules have reduced diffusion rates or steric hindrance when attempting to penetrate the nanocarriers. (B) Increase in encapsulation
efficiency of drug molecules with the increase in hydrophobicity due to interactions between the drugs and the hydrophobic regions of

nanocarriers.

Antibodies (Biolegend): Anti Human CD3-APC/Cy7, Anti
Human CD14-PE/Cy7, Anti Human CD20-PE. PBMCs from
three healthy donors. Flow cytometer MACSQuant X (Mitenyi
Biotec), analysis software Kaluza (Beckman Coulter).

Synthesis of mesoporous silica nanospheres

Mesoporous silica nanospheres (mSiO,-nanospheres) were syn-
thesized using a modified Stober method.’*? Typically, a
mixture of cetyltrimethylammonium bromide (CTAB) (1.852 g)
and triethanolamine (TEA) (0.24 g) was added to 80 mL of
water and heated to 80 °C in a flask fitted with a reflux conden-
ser for 30 minutes. Subsequently, tetraethyl orthosilicate TEOS
(1 mL) was added dropwise to the solution, resulting in a
noticeable bluish-white color change. The reaction was
allowed to proceed at 80 °C for 2 h and then cooled down to
room temperature. The resulting white precipitate was separ-
ated by centrifugation at 11 000 rpm for 20 minutes, followed

1282 | Nanoscale, 2024, 16, 11274-11289

by washing with water and ethanol (3x) to obtain the meso-
porous silica nanospheres.

Synthesis of iron oxide cubes

Iron oxide nanocubes were synthesized following a solvo-
thermal reduction pathway published elsewhere.’*>* Briefly,
0.8 g polyvinylpyrrolidone (PVP) was dissolved completely in
10 mL of N,N-dimethylformamide (DMF). PVP act as a stabil-
izer to regulate nucleation and growth uniformly across all
axes preventing particle aggregation and kinetically controlling
the growth of specific facets by binding onto others.>**® To
the solution of PVP, iron nitrate nonahydrate dissolved in
14 mL of DMF was added and stirred until a homogeneous
mixture resulted. The resulting mixture was then transferred to
Teflon tubes and subjected to solvothermal treatment at a
temperature of 180 °C for 30 h. After the solvothermal reac-
tion, reddish precipitate was collected by centrifugation at

This journal is © The Royal Society of Chemistry 2024
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Fig. 12 Cell uptake analysis of different mSiO, shapes: the bar graphs depict the fold increase in cell uptake for mSiO, of different shapes (spheres,
cubes, and ellipsoids) under two experimental conditions: (A and B) with consistent FITC concentration (0.1 pg mL™) for all three nanocarriers after
2 h and 4 h respectively. (C and D) and by standardizing the concentration of nanocarriers (20 pg mL™) for 2 h and 4 h respectively. All results
showed a statistically significant higher fold increase in cell uptake for spheres compared to cubes and ellipsoids highlighting the influence of nano-

carrier shape on cellular internalization efficiency.
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Fig. 13 Comparative analysis of cell death and apoptosis induced by
different morphologies of mSiO, quantified through DAPI and Annexin V
staining, respectively. Among the different shapes (ellipsoid, spheres,
and cubes), mSiO,-cubes have a notably higher capacity to induce cell
death and apoptosis, as evidenced by increased levels of both DAPI-
positive and Annexin V-positive cells. Following the cubes, mesoporous
spheres exhibit intermediate effects, while ellipsoids are associated with
the lowest level of toxicity. These results underscore the significant role
that nanocarrier shape plays in biological interactions.

11000 rpm for 30 minutes and washed with ethanol and
acetone (5x) to remove any residual impurities. The obtained
reddish nanoparticles were dried at 60 °C in a vacuum oven for
further analysis.

Synthesis of iron oxide nanoellipsoids

Iron oxide nanoellipsoids were synthesized using a literature-
reported method.’* In brief, 1.3 g of iron chloride hexahydrate
was dissolved in 204 mL of water with stirring until complete

This journal is © The Royal Society of Chemistry 2024

dissolution. To this iron chloride solution, ammonium hydro-
gen phosphate (13.2 mg) was added and stirred for 30 minutes
to ensure complete mixing. The addition of ammonium hydro-
gen phosphate imparts directional growth, favoring elongation
primarily along one axis, and adjusts the pH, influencing the
condensation reactions of iron nitrate, and determining the
final morphology and aspect ratio of the particles.>”**

The resulting mixture was then transferred to Teflon tubes
and heated at 220 °C for 6 h. Following the reaction, reddish
precipitates were obtained by centrifugation at 11 000 rpm for
20 minutes. The collected precipitates were then washed with
water and ethanol (4 x) to remove any impurities and dried in
an oven kept at 60 °C for further analysis and characterization.

Synthesis of mesoporous silica ellipsoids

For the synthesis of mesoporous silica particles, ellipsoidal
iron oxide nanoparticles (72 mg) were used as hard templates.
To a dispersion of iron oxide nanoellipsoids in 104 mL of
water, freshly prepared silicic acid (720 pL), obtained by
mixing 650 pL of TEOS with 5 mL of acidic water, was added
and stirred for 10 minutes. Subsequently, 720 pL of
ammonium hydroxide solution was added, and the mixture
was stirred for an additional 10 minutes. This coating process
was repeated once more and stirred at room temperature for
3 h. The coated nanoellipsoids obtained were separated by
centrifugation at 9000 rpm for 15 minutes and washed with
ethanol (3x) to obtain coated capsules dispersed in 72 mL of
ethanol. TEOS (144 pL) was added dropwise to the dispersed
nanocapsules under continuous stirring followed by the
addition of 1.440 mL of ammonium hydroxide and stirring of
the reaction mixture for 10 minutes. This coating process was
repeated twice, and the resulting coated capsules were separ-
ated by centrifugation (11000 rpm for 20 minutes) and
washed with ethanol and water (3x). To remove the iron oxide
template and obtain mesoporous silica capsules, the coated

Nanoscale, 2024, 16, 1274-11289 | 11283
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Table 1 Characteristics and application of different silica-based nanocarriers

Concentration for
cellular assays
per mL

Size
nm

Surface area,
m2 g—l

Pore size,

Nanocarriers nm

Cell viability %

(24 h) Out come

Spheres 4 60 88 <50 pg

Cubes 581.477 <50 pg

Ellipsoid 4 200 X100 323.8 <300 pg

capsules were treated with 12 molar hydrochloric acid (HCI)
until the red color of the iron oxide completely disappeared.
The obtained nanoparticles were washed with water and
ethanol (3x) to remove HCI.

Synthesis of mesoporous silica cubes

A solution of CTAB (2 g) and triethylamine (20 mg) in water
(20 mL), stirred for 1 hour, was added to a dispersion of iron
oxide cubes (40 mg) in 10 mL of water. For the formation of
silica shells, TEOS was added dropwise, and the resulting
mixture was stirred at 80 °C for 1 hour. To obtain mesoporous
silica cubes, the iron oxide cores, and CTAB templates were
selectively removed by 12 molar HCI treatment until the dis-
appearance of the red color. The resulting nanocubes were
then collected via centrifugation (11 000 rpm for 20 minutes)
and washed with ethanol and water (3x).

Characterization

The characterization of the synthesized products involved a com-
prehensive analysis utilizing multiple analytical techniques.
Transmission Electron Microscopy (TEM) was conducted using a
JEOL 2100 HR~(S) TEM instrument with a LaB, electron source
operating at 200 kV, enabling nanoscale observation of the
samples to determine their morphology and size. Scanning
Electron Microscopy (SEM) measurements were performed using
a Zeiss Sigma 300 VP microscope to obtain surface imaging and
gather information regarding the surface morphology

The optical properties of the samples in the UV and visible
regions were examined using Ultraviolet-Visible Spectroscopy
(UV-vis). UV-Vis spectra were acquired employing a CARY 50
Scan UV-Visible spectrometer to analyze the samples’ absor-
bance properties. To investigate the functional groups,
Fourier-Transform Infrared Spectroscopy (FTIR) measurements
were recorded on a PerkinElmer FTIR spectrophotometer.
X-ray Diffraction (XRD) analysis was performed on a Philips
X'Pert diffractometer using Cu Ko radiation (1 = 1.504 nm)
with a scan rate of 0.05° s™* in the 20 range of 10°-80°. This
analysis enabled the determination of the crystalline structure of
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88.5 High drug encapsulation efficacy, low toxicity, high
cellular uptake

Suitable for drug delivery, as a diagnostic tool,
theranostic application

High loading efficacy but higher toxicity and lower
uptake compared to ellipsoids and spheres

Can be advantageous in the development of sensing
devices, in vitro diagnostics, biosensors for
pathogen detection, drug discovery, and
development

Low toxicity, efficient cell uptake and hight surface
area.

Targeted drug delivery

Biosensors

79.58

84.525

the samples, providing information about their crystallographic
phases. Adsorption-desorption measurements (N, at 77 K) were
performed to determine the porosity of all types of nanocarriers
using an AUTOSORB-1-MP (Quantachrome). Before the adsorp-
tion-desorption measurements, all samples were heated to
100 °C under vacuum (1 x 10~ mbar) for 20 hours to remove
any adsorbed solvent. The Brunauer-Emmett-Teller (BET)
surface area was calculated based on the pressure region P/P, =
0.05-0.25. To define the pore size distribution and volume, DFT
calculations were performed using the cylindrical/sphere pore,
NLDFT ads. model with a fitting error of 0.7%.

Surface functionalization of mSiO,,

The surface conjugation of all nanocarriers with a silane linker
was performed by dispersing 100 mg of nanocarriers in 50 mL
of ethanol under a nitrogen atmosphere at 60 °C.
Subsequently, the hydrophobic linker (1.40, 6.0, 12.01, 23.57,
47.13, 94.27, 118 mmol) was added to the nanocarrier dis-
persion, and the mixture was stirred at 60 °C for 48 hours.
Following this, the nanocarriers were collected by centrifu-
gation at 11 000 rpm for 15 minutes and washed with ethanol
to remove any unreacted linker and impurities.

Drug loading and release of silica nanocarriers

The drug-loading process for the nanocarriers involved a
diffusion-based approach.*® Specifically, tamoxifen-loaded silica
nanocarriers were prepared by creating a 6 mL stock solution
with a concentration of 0.151 mmol in ethanol. For bosutinib,
dasatinib, and everolimus-loaded nanocarriers, stock solutions
with the same concentration were prepared. After this step, the
supernatant was then carefully and the concentration of the free
drug in the supernatant was quantified using UV-Vis spec-
troscopy by utilizing a pre-established calibration curve of the
drug (Fig. S5T). The drug-loaded nanocarriers were washed with
ethanol using centrifugation (11000 rpm, 10 minutes) to
remove any drug molecules adsorbed on the surface. The encap-
sulation efficiency (EE) was calculated using the formula:

EE(%) = ((total drug — free drug)/total drug) x 100,

This journal is © The Royal Society of Chemistry 2024
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where ‘Total drug’ is the initial amount of drug used in the syn-
thesis, and ‘Free drug’ is the amount found in the supernatant.

Additionally, a drug release study was conducted under
physiological conditions to verify the encapsulation, compar-
ing the amount of drug released over time with the total
encapsulated drug. To initiate drug release, 6 ml of release
medium (ethanol:water (30:70)) was added to the drug-
loaded nanocarriers. The system was then stirred in a water
bath at a constant temperature of 37 °C for the desired dur-
ation of drug release. At various time intervals, the amount of
released drug was determined by separating the supernatant
(3 mL) through centrifugation (11 000 rpm, 10 minutes) and
measuring the absorption data using UV-vis spectroscopy. To
maintain a constant volume and obtain cumulative drug
release profiles, an equal volume of fresh-release medium was
added to the system.

Lipid coating on drug-loaded nanocarriers

An uncontrolled and abrupt release of drugs can be circum-
vented by coating the nanocarriers with a lipid layer. For lipid
coating, a mixture of dipalmitoyl phosphatidylcholine (DPPC),
cholesterol, and DSPE-PEG (2000)-NH, was prepared in a ratio
of 13:6: 1. The lipid mixture was then added to a suspension
of drugloaded nanocarriers in chloroform (1 mL).
Subsequently, the chloroform was evaporated, and the lipid-
nanocarriers mixture was dispersed in water (3 mL) and stirred
at 40 °C for 4 hours to facilitate lipid coating. The lipid-coated
nanocarriers were then purified by washing with water and
subjected to centrifugation (11 000 rpm for 20 minutes). This
washing process was repeated (3x) to ensure the removal of
any excess lipids and impurities.

For the drug release study, the lipid-coated nanocarriers
were dispersed in 6 mL of phosphate-buffered saline (PBS) and
stirred in a water bath at a constant temperature of 37 °C. To
investigate the drug release profile, the amount of released
drug was periodically determined by separating the super-
natant through centrifugation (11000 rpm, 10 minutes) and
measuring the absorption spectra using UV-Vis spectroscopy.
To maintain a constant volume and obtain cumulative drug
release profiles, an equal volume of fresh medium was added
to the system after each measurement.

Cell uptake assay

Fluorescein (FITC) was encapsulated in all nanocarriers as a
fluorescent dye to visualize the cells (Fig. S61). Given the
varying concentrations of FITC in different nanocarriers, cell
uptake analysis was conducted both by keeping the concen-
tration of nanocarrier consistent and as well by standardizing
the concentration of FITC. Peripheral Blood Mononuclear
Cells (PBMCs) were isolated from three healthy donors with
the Institutional Review Board approvals at the University
Hospital of Cologne no. 19-1559 (Buffy Coats) and no.
19-1438_1 and allowed to thaw for two hours before the treat-
ment. Cell counts were performed using a MACSQuant X flow
cytometer, followed by the dilution of cells to a concentration
of 2 million cells per mL in complete RPMI medium (RPMI1640

This journal is © The Royal Society of Chemistry 2024
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+ 10%FBS + 1% Penicillin/Streptomycin). For each assay, 50 puL
of the PBMC solution was added to individual wells in a 96-well
plate (10° cells per well). Dispersion of silica nanocarriers with
different shapes was prepared in complete RPMI medium.
These particles were then further diluted to final concentrations
of 40 pg mL™" for particles-based concentration and 0.2 pg mL ™
for FITC-based concentration. Subsequently, 50 pL of the nano-
carrier solution was incubated with PBMCs, creating a good
mixture with final concentrations of 20 ug mL™" for particles-
based concentration and 0.1 ug mL™" for FITC-based concen-
tration. All the tests were performed in duplicate for each
nanocarrier shape. Plates were incubated to allow cellular
uptake of nanocarriers, and after 2 hours and 4 hours, the
cells were subjected to flow cytometry, utilizing strong
vibration and a high-speed setting, with a uptake of 80 pL.
Data analysis was performed using Kaluza Analysis software,
targeting the identification of FITC-positive cells, and results
were graphed and statistically analyzed using GraphPad Prism
version 8, depicting the fold change in the uptake of the
different morphologies of nanocarriers by the PBMCs.

Cytotoxicity of nanoparticles

Immune cell-type PBMCs were isolated from three healthy
donors and seeded in 96 well plates (10° cells per well) and co-
incubated with nanocarrier suspension (50 pL, 1 mg per 1 mL)
of mesoporous spheres, cubes, and ellipsoid for 24 hours.
After 24 hours antibody solution containing Annexin V
binding buffer (10 pL per well), Annexin V APC (0.2 pL per
well), DAPI (0.002 pL per well) (1:50.000 dilution ratio), Anti-
human CD3-APC Cy7 (0.2 pL per well), Anti-human CD14- PE/
Cy7 (0.2 pL per well), Anti-human CD20-PE (0.2 pL per well)
was added to each well and incubate for 20 minutes. After
incubation time, flow cytometry was performed to identify
apoptotic and dead cells by using strong vibration, high speed,
with a volume of 80 pL. The data was then analyzed with
Kaluza Analysis software to detect Annexin V-positive and
DAPI-positive cells. This analysis was applied to the cells in
total and specific cell populations including CD3"(T cells),
CD20(B cells), and CD14" myeloid cells.

Conclusions

This study demonstrates the potential of mesoporous silica
nanocarriers modified with OTMS and sealed with a lipid layer
as a promising approach for enhanced storage and sustained
release of hydrophobic drugs over prolonged durations. The
morphology of nanocarriers was found to notably impact the
storage and entrapment of hydrophobic drugs, with meso-
porous nanocubes exhibiting superior loading capacity due to
their higher surface area and porosity compared to alternative
nanocarriers such as mesoporous nanoellipsoids, and nano-
spheres. Furthermore, achieving optimal drug entrapment
within the nanocarriers depends not solely on the nanocarrier
shape but also on the molecular weight and hydrophobic
nature of the drug. The high surface area and the optimal pore
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size of the cubic particles contribute to their highest drug-
loading capacity. While spherical nanocarriers showed the
highest biocompatibility and minimal toxicity against immune
cells, they also exhibited superior cellular uptake owing to
their uniform shape. These findings offer critical insights into
the design of nanocarrier-based drug delivery systems tailored
for hydrophobic drugs. Our findings underscore the impor-
tance of considering both nanocarrier morphology and drug
properties to achieve optimal drug loading capacities and
precise controlled release into the surrounding medium.
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