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ABSTRACT

Mesoporous silica nanoparticles are currently being
explored as drug delivery systems, but are not
optimized yet for a wide variety of drugs. In this
project, we propose the use of multi-shelled
periodic mesoporous organosilica (PMO) spheres
as a novel and improved drug delivery system. We
hypothesized that by optimizing the PMO
synthesis, a more suitable nanoparticle for drug
delivery could be created in comparison to
conventional PMQOs. PMOs with one or two layers
were synthesized via sol-gel synthesis, guided by a
surfactant template. Hydrothermal treatment
resulted in a structural transformation to hollow-
core PMOs. The morphology was analyzed using
physicochemical analysis. The PMOs had a
diameter ranging between 200 and 300 nm.
Mesoporosity was confirmed using nitrogen
sorption analysis. In water, all PMOs were stable,
with a high negative zeta potential. However, in
other media, hollow-core PMOs had a higher
tendency to agglomerate. Additionally, cytotoxicity
was assessed after 24 hours of exposure. Single-
shell PMOs did not alter cell viability significantly.
Cells exposed to double-shell PMOs showed a
slight increase in metabolic activity, ROS
production, and LDH release at higher
concentrations when compared to non-exposed
cells. Although further studies on stability,
functionalization, and loading are needed, these
PMOs are shown to be promising candidates as a
drug delivery system due to their easy and tunable

synthesis, large mesoporous volume for drug
loading, and biocompatibility.

INTRODUCTION

Silicon dioxide (SiO2), most commonly
referred to as silica, is a frequently used material in
many fields. It occurs in either a crystalline or an
amorphous form (1). Whereas crystalline silica is
naturally prevalent in quartz, tridymite, and
cristobalite, amorphous silica is mostly present in
obsidian and opals (1, 2). Besides being a naturally
occurring product, synthetic silica is also produced
in many industries. Due to it being a biocompatible
and biodegradable material in its amorphous form,
the use of silica in the medical field has been
increasing, with examples including bone and tooth
implants, scaffolds, and as a candidate for
therapeutics and diagnostics (2-4). At the
nanoscale, silica nanoparticles (SiNPs) gain
additional attractive properties compared to their
larger bulk counterpart. Nanoparticles are generally
defined by their size within the nanometer range,
which leads to a higher surface-to-area ratio and a
higher surface reactivity (1, 3, 4). SiNPs in
particular have been used in many industries, most
notably as an additive to cosmetics and varnishes to
prolong their lifetime (1). These SiNPs can be
formed via multiple techniques, e.g. Stober
synthesis, sol-gel synthesis (a modified version of
the Stober method), reverse microemulsion, and
flame synthesis (5, 6). The resulting SiNPs are
either solid or mesoporous, with the latter being
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characterized by a tunable pore size varying
between 2 and 50 nm (3, 7). These mesoporous
silica nanoparticles (MSNs) were first described
by the Mobil Research and Development
Corporation in 1992 as Mobil Composition of
Matter 41 (MCM-41), a part of the “ordered
mesoporous molecular sieves” family (6, 8, 9).
These MCM-41 were synthesized using a liquid
crystal templating mechanism, which is similar to
the aforementioned sol-gel method (8, 9). Many
MSNs have shown to be rather useful in
biomedical applications. They are generally used
as scaffolds for tissue engineering (3), as imaging
agents due to their loading capacity and stability in
bioimaging (10), and as a drug delivery system in
stem cell research and cancer research (3).
Currently, these MSNs are also being investigated
as nanocarriers, with promising results. They can be
loaded with various substances, such as imaging
agents (10) but also therapeutic agents (3, 11). The
silica surface is however hydrophilic, resulting in
difficulties when trying to load these MSNs with
hydrophobic agents (3). Consequently, a higher
dose of the loaded MSNs would have to be
administered to a patient to elicit the desired
therapeutic effect (3). There is thus a clear need for
optimized drug delivery systems. In our research,
we propose the use of multi-shelled periodic
mesoporous organosilica (PMO) hollow spheres
as a novel and improved drug delivery system.
PMQOs are organic-inorganic nanocomposites,
consisting of inorganic siloxane domains
covalently linked by organic functional groups (12-
14). These PMOs can be formed either by a single-
step or a multi-step process. The latter gives more
control over the synthesis of each layer, allowing
the formation of various morphologies optimized
for the desired application. The PMOs in this
project will be synthesized via a multi-step sol-gel
method (Fig. 1), using the silica precursors
tetraethoxysilane (TEQS) and
bis(triethoxysilyl)ethane  (BTSE), with the
surfactant  cetyltrimethylammonium  bromide
(CTAB) as a structure-directing agent (15-17). This
bottom-up, wet-chemical technique is an easy-to-
use and quick method that allows great control of
the synthesis properties (2). As mentioned
previously, this method is a modified version of the
Stober synthesis. In the Stober synthesis, silica
precursors are hydrolyzed in alcohol. The formed
ethoxysilanols undergo a condensation reaction,
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leading to cross-linking of the hydrolyzed
precursors (6, 18). In the modified Stdber synthesis,
surfactants are added as structure-directing agents
(6). The surfactants are dissolved in water and/or
alcohol and will form micelles, serving as a
template during the synthesis. Next, precursors will
be added to the mixture to form the nanoparticle
around the surfactant template via hydrolysis and
condensation. Afterwards, the nanoparticles can be
treated hydrothermally to create hollow-core
PMOs. The template can be removed via either
solvent extraction or calcination. It should be noted
that the use of calcination can result in the removal
of the organic groups within the structure, and can
only be used when these groups are thermally
stable. Additional layers are created by repeating
the addition of the precursors before exposing the
PMOs to a hydrothermal reaction to transform the
layers into hollow shells. The combination of both
TEOS and BTSE is favored, as using either of them
on their own would not result in the desired
nanoparticle morphologies. Only using TEOS
would result in a particle without a hollow core,
which would readily dissolve during the
hydrothermal treatment due to its low condensation
degree (15, 19). The use of solely BTSE would
result in a solid particle, lacking the desired hollow
cavity (15).

The surface of each shell can be
functionalized during the synthesis itself or by
post-synthesis modifications (20). This way, a
nanoparticle suitable for the desired loading of a
drug can be created. Whereas synthesis using the
proposed precursors will result in hydroxylated
(-OH) end groups, different silica precursors can be
used during the synthesis to incorporate other
functional end groups on the silica layers, a process
called co-condensation (21-23). Examples of these
silica  precursors include  (3-aminopropyl)-
triethoxysilane  (APTS),  (3-mercaptopropyl)-
trimethoxysilane (MPTS), and vinyltriethoxysilane
(VTES), which all can be incorporated during the
synthesis to functionalize the silica surface,
resulting in amino- (R-NHzs), thiol- (R-SH), and
alkene (R=CHy) groups respectively (20, 22, 24).
Functionalization of the surface can further be
achieved post-synthesis via grafting or surface
modifications (21). If the desired surface modifiers
are not compatible with the synthesis chemistry,
grafting is preferred as a functionalization strategy
(21, 23, 25). This method can also be used to coat
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the surface with the previously mentioned
precursors. The major downsides of this strategy
are the inhomogeneous coating of the surface, as
well as only coating of the outer surface and not
functionalization of the whole structure (23). The
other method of functionalization is the
modification of the surface with various coating
molecules, the most common being polyethylene
glycol (PEG). PEG-coatings can be introduced onto
the nanoparticle surface by either covalent bonds,
physical adsorption, or within the surface (21).
These type of coatings are generally used to
increase the stability in biological fluids, as it
reduces aggregation, improves biocompatibility,
and increases the circulation time of nanoparticles
(21, 23).

The rationale to use PMOs stems from the use
of  multi-shell  nanoparticles.  Multi-shell
nanoparticles have been investigated with a wide
variety of materials, with many applications being
related to increasing energy storage, including solar
cells (26, 27), lithium-ion batteries (28, 29),
supercapacitors (30, 31), sensors (26, 32), and
photocatalysis (33, 34). These multi-shell structures
have a higher energy loading capacity compared to
their single-shell counterpart. It is worth looking
into if this increased loading capacity is also
translatable to drug loading, as this would make
them interesting candidates as a drug delivery
system. Hypothetically, the additional layers can
contribute to an increased loading capacity, as each
layer can be loaded with drugs and subsequently
increase the total drug taken up by the PMO. Initial
studies describe the synthesis of multi-shell
mesoporous silica nanospheres, as well as loading
them with the model drugs doxorubicin (35) and
ibuprofen (36).

There are various methods to load these
drugs within mesoporous nanoparticles. The most
common methods, e.g. adsorption, incipient
wetness, and solvent evaporation methods, make
use of an organic solvent, although methods exist
that do not rely on a solvent to load the
nanoparticles, e.g. physical mixing, melting, or co-
milling (37). In the adsorption method,
nanoparticles are immersed in a solvent containing
a known concentration of the desired loading drug.
The pores will be filled via capillary action, after
which the nanoparticles will be collected via
centrifugation and washed (37, 38). The choice of
solvent in this method has to be taken into account.
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For SiNPs, the use of non-polar solvents often
results in higher concentrations of the drug loaded
within the nanoparticles, as polar solvents tend to
compete for adsorption sites on the hydrophilic
silica surface and thus limit drug adsorption (37).
While this method is applicable to a wide variety of
drugs, a large amount of the drug is lost during the
centrifugation process (37, 38). Many common
drugs, e.g. the anticonvulsant drug Carbamazepine
(39), and the non-steroidal anti-inflammatory drugs
Ibuprofen (40) and salicylic acid (Aspirin) (41, 42),
have successfully been loaded within SiNPs using
this method. In the incipient wetness impregnation
method, a solution containing a known drug
concentration is added dropwise to the
nanoparticles. Capillary action then fills the pores
(37). This method uses a smaller amount of drug in
comparison to the adsorption method, making it
suitable for more expensive materials (37, 38).
Similar to the absorption method, the loading of
Carbamazepine (43) and Ibuprofen (44, 45) using
this method has been demonstrated before. Lastly,
in the solvent evaporation method, SiNPs are added
to a solution containing a known concentration of a
drug. The solvent used for this method has to be
volatile so it can be evaporated, resulting in loaded
nanoparticles (37). As with the previous methods,
Carbamazepine (46) and Ibuprofen (45) have been
loaded within SiNPs, as well as the loop diuretic
drug Furosemide (47). Most methods rely on the
migration of the drug in the mesopores of the
nanoparticles. This can result in premature release
of the drug within the body, as the drug can freely
migrate out of the particle if the right conditions are
met.

The ultimate goal of these PMOs is their
application as a drug delivery system. Drug
delivery systems are classified based on their
delivery routes, which include oral, transdermal,
and parenteral routes. The oral delivery route is
one of the most common routes, as this route allows
control over the delivery, ease of administration,
and compliance of the patient (48). In contrast,
delivery via the transdermal or parental route tends
to be less controlled or more invasive. Oral drug
delivery systems have to pass a wide variety of
barriers to be absorbed. The first major barrier is the
acidic environment in the stomach. The presence of
many digestive enzymes, in addition to the low pH,
may degrade the system and/or its content before it
reaches the intestine (48, 49). To ensure the system
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and its content stay intact, surface modification or
encapsulation can be explored to protect the system.
Another important barrier to cross is the uptake of
the particle by the intestinal cells. There are two
main routes by which a foreign body will be taken
up, the transcellular and paracellular routes. In the
transcellular route, particles are taken up by the
enterocytes, whereas in the paracellular route,
particles are transported through the tight junctions
between the cells (48, 49). Which route a particle
will take is dependent on its size and characteristics,
as larger particles like nanoparticles, vesicles, and
hydrophobic drug molecules prefer the transcellular
route, whereas small hydrophilic drug molecules
prefer the paracellular route (48, 50).

With the application of these PMOs as a drug
delivery system in mind, biosafety should be taken
into account. As mentioned previously, silica exists
in two main compositions, crystalline and
amorphous. Crystalline silica and its toxicological
effect have been studied extensively. Exposure to
this polymorph often occurs in occupations where
there is a high prevalence of fine silica particles, for
example in drilling or mining operations (51).
Health effects of this polymorph are associated with
silicosis, a fibrotic lung disease where phagocytosis
of the silica particles in the lung causes lysosomal
damage and triggering of an inflammatory
response, ultimately leading to fibrosis (51, 52), as
well as with lung cancer, chronic obstructive
pulmonary  disease = (COPD), pulmonary
tuberculosis, and other pulmonary-associated
diseases (1, 4). Amorphous silica, on the contrary,
is generally considered to be less harmful, although
exposure to this polymorph of silica is less studied
(1). The comprehensive review of Napierska et al.
(1) showed that the toxicological effect of SiNPs is
associated with their physicochemical properties.
These properties are the result of their synthesis
method, and as a result, may cause different
toxicological endpoints in vitro and in vivo (1, 4).
In vitro studies usually describe the cyto-, geno-,
immuno-, neurotoxicity effects, as well as the
effects on blood cells and endothelial dysfunction
of various SiNPs (4). Many studies show no
adverse effects at lower concentrations, although at
higher concentrations changes may occur (53-55).
In vivo studies can be classified by duration and
route of exposure. Acute exposure studies focus on
the distribution of the SiNPs within the subjects,
while chronic exposure studies aim to investigate
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the long(er) term health effects. As mentioned
previously, the main exposure routes can be divided
into oral, transdermal, and parental routes (4). For
every route, increased levels of SiNPs can be
observed in the lung and liver (4, 56). SiNPs
ingested orally may also lead to increased levels of
SiNPs in the kidney and spleen (57, 58). This
increased uptake is dependent on both the size and
aspect ratio of the nanoparticles, as smaller particles
are easier to be taken up by cells than larger ones
(57). Most studies report no significant change in
systemic toxicity (4, 56). However, there is still a
lot of uncertainty surrounding the safety of SiNPs.
Due to the number of studies being limited, the
results of the in vitro and in vivo studies may
contradict each other. The overall conclusion seems
to be that SiNPs were taken up by the system and
could induce an acute adverse effect, but no
significant long-term systemic toxicity was
observed. As the PMOs in this project are novel, we
decided to include an initial in vitro toxicity study.
A previous study by Teng et al. with similar triple-
shell PMOs showed no significant change in the in
vitro cell viability in human embryo kidney cells
with an administered nanoparticle concentration up
to 400 pg/ml (15). As the oral route is the most
common exposure route, we will be studying the
effect of PMOs in various concentrations on cell
viability in vitro in Caco-2 cells. These epithelial
cells are isolated from colon tissue and mimic a Gl
environment (59).

In summary, this project aims to optimize and
characterize these novel hollow-core PMOs, as well
as to assess their biosafety in vitro in comparison to
conventional PMOs. The presence of the hollow
core and the additional layers are expected to
increase both the size and the loading capacity of
the nanoparticles. Additionally, the PMOs are
expected to be biocompatible and elicit no
significant effect on cell viability in vitro.

EXPERIMENTAL PROCEDURES

Materials -  Cetyltrimethylammonium
bromide (CTAB), and Tetraethoxysilane (TEQS),
were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Ethanol (EtOH, absolute and 96%), and
concentrated ammonia aqueous solution (NHsqg),
25 wt%) were purchased from VWR Chemicals
(Radnor, PA, USA). Bis(triethoxysilyl)ethane
(BTSE), Phosphate-Buffered Saline (PBS),
Dulbecco's Phosphate-Buffered Saline (DPBS),
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Sol-Gel Proce-ss*
(24 h, 35°C)
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Created in BioRender.com bio

Fig. 1. Sol-gel synthesis of PMOs. Silica precursors (TEOS and BTSE) were added to a solution containing CTAB
in water (H20), ethanol (EtOH), and ammonia (NH3). After 24 hours, the product either underwent a hydrothermal
treatment in water, a solvothermal treatment in ethanol, or was left as is. The CTAB templates were removed by

calcination in N2. Created with BioRender.com.

Dulbecco's Modified Eagle Medium (DMEM),
Fetal Bovine Serum (FBS), CYQUANT™ Lactate
Dehydrogenase (LDH) Cytotoxicity Assay Kit, and
Invitrogen™ Image-IT Live Green Reactive
oxygen species detection kit were purchased from
Thermo Fisher Scientific (Waltham, MA, USA).
MTT Cell Proliferation Assay (30-1010K) was
purchased from ATCC (Manassas, VA, USA).
PMO Synthesis — PMOs were created using a
sol-gel process guided by a surfactant template
(Fig. 1). CTAB (0.16 g) was dissolved in a solution
containing water (75 ml, Millipore), EtOH (30 ml,
absolute) and NHsag (1.0 ml, 25 wt%). After
stirring (1 h, 750 rpm, 35°C), varying amounts of
TEOS and BTSE in a 1:1 volume ratio were added
to the mixture, after which the mixture again was
left to stir (24 h, 750 rpm, 35°C). Additional layers
were created by repeating the addition of
TEOS/BTSE, followed by an additional stirring

period (24 hours, 35°C). The product was collected
via centrifugation (10 min, 10,000 rpm, 20°C),
washed twice using EtOH (96%, 30 ml), and left to
dry overnight. Next, the product was exposed to a
solvothermal or hydrothermal treatment. The
product was dispersed in EtOH (solvothermal,
60 ml) or H,O (hydrothermal, 80 ml, Millipore),
transferred to a Teflon-lined hydrothermal reactor,
and subsequently heated (5 h, 150°C). To create
conventional PMOs, this thermal treatment was
skipped. Lastly, the product underwent calcination
in N2 with a heating rate of 10°C/min, followed by
heating (5h, 550°C) to remove the CTAB
surfactant template. Samples will be referred to as
followed: [C/S/H]# of 1ayers; With C indicating
conventional PMOs, S indicating PMOs exposed to
a solvothermal treatment, and H indicating PMOs
exposed to a hydrothermal treatment.
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Characterization — Transmission electron
microscopy (TEM) images were obtained using a
FEI Tecnai G2 Spirit Twin at 120 kV. Dry
nanoparticle  samples  were  ultrasonically
suspended in ethanol and supported onto a carbon-
coated copper grid. Images were analyzed using the
Fiji (ImageJ®) software (60). Nitrogen (N2)
sorption isotherms were obtained using a
Micromeritics TriStar 1l 3020 analyzer. Dry
nanoparticle samples were degassed with N, gas
(overnight, 150°C) before analysis. The specific
surface area (Sger) was estimated with the
Brunauer-Emmett-Teller (BET) method and the
total pore volume (Vwwm) Was estimated with
Barrett-Joyner-Halenda (BJH) analysis using data
at a relative pressure (p/p°) of >0.99. The pore size
distributions were calculated using the density
functional theory (DFT). Dynamic light scattering
(DLS) analysis was obtained by using a
Brookhaven ZetaPALS analyzer and a Malvern
Zetasizer Ultra to determine the hydrodynamic
diameter and polydispersity index (PDI) of the
nanoparticle samples. Dry nanoparticle samples
were suspended in various media (1 mg/ml) and
ultra-sonicated (30 min) before analysis. Each
sample measurement was repeated 5 times and
averaged. The zeta potential of the PMOs was
measured using a Brookhaven ZetaPALS analyzer.
Dry nanoparticle samples were suspended in water
(Millipore, 1 mg/ml) and ultra-sonicated (5 min)
before measuring. Fourier transform infrared
spectroscopy (FTIR) spectra were collected on a
Bruker Vertex 70, using KBr pellets of the solid
sample.

In vitro Cytotoxicity — Caco-2 cells were
seeded into 96-well culture plates at a density of
8,000 cells/well and incubated (4-5 days, 37°C, 5%
CO,) to obtain a monolayer. The culture medium
was replaced with DMEM culture medium (FBS
/phenol red?) for all assays. To obtain stock
solutions, PMOs were suspended in filtered and
autoclaved Millipore water. Stock solutions were
further diluted in DMEM culture medium (FBS
/phenol red’). PMOs were exposed to the cell
culture (for 24 h, 37°C, 5% CO,). For the MTT
assay (MTT Cell Proliferation Assay, 30-1010K,
ATCC, USA), MTT Reagent (10 pl) was added to
the medium, and the culture was incubated again
(37°C, 5% COq, in the dark) until the formazan
product was visible (2-4 hours). Afterwards,
Detergent Reagent (100 pl) was added to the
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medium and was left to incubate (overnight, at
room temperature, in the dark). For the LDH assay
(Lactate Dehydrogenase (LDH) Cytotoxicity Assay
Kit, CyQUANT™, USA), a lysis buffer was added
to several control wells 40 min before performing
the assay to determine the maximum LDH release.
After incubation, 50 ul of each sample medium was
transferred to a clear 96-well plate, to which
Reaction Mixture (50 pul) was added. The mixture
was incubated (30 min, at room temperature, in the
dark) before Stop Solution (50 pl) was added. For
the H.DCFDA assay (Image-IT Live Green
Reactive  oxygen  species  detection  Kit,
Invitrogen™, USA), carboxy-H2DCFDA solution
(25 pl) was added to the cell culture medium, after
which the cells were left to incubate (40 min, 37°C,
5% CO,). Next, the cells were washed twice with
DPBS before measurement. All plates were
measured using a FLUOstar Omega Microplate
Reader. The absorbance of the MTT assay was read
at 570 nm, the absorbance of the LDH assay was
read at 490 nm, and the background at 680 nm. The
fluorescence of the H,DCFDA assay was read at an
excitation and emission of 485nm and 520 nm
respectively. Technical replicates of the MTT assay
were performed in duplicate, while technical
replicates of the LDH and H,DCFDA assays were
performed in triplicate.

Statistical analysis — All data were statistically
processed using the JMP® Pro 16.2.0 software
(SAS Institute Inc., Cary, NC, 1989-2021). In vitro
cytotoxicity results were analyzed using a Kruskal-
Wallis H test with a post hoc Dunnett’s test.
Statistical significance was set at *p < 0.05.

RESULTS AND DISCUSSION

Effect of the precursor content on PMO
morphology — PMOs were synthesized with a
varying total precursor content in a 1:1 volume ratio
and subsequently exposed to a solvothermal
treatment. These PMOs will be denoted as Sy
layers]_[total precursor content (ul)]-

Transmission electron microscopy (TEM)
images (Fig. 2) showed spherical structures. The
average diameter of the single- (Fig. S1) and
double- (Fig. S2) layer PMOs was determined
based on a minimum of 100 PMOs. Single-layer
PMOs with a total precursor content of 250 pl per
layer (S1_2s0) did not have a hollow core (Fig. 2b)
and had an average size of 234 £ 17 nm. With an
increasing number of layers, the size of the
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200 nm

Fig. 2. Transmission electron microscopy (TEM) images of PMOs exposed to a solvothermal treatment. (a-c)
Single-, and (d-f) double-layer PMOs were synthesized using the sol-gel method with exposure to a solvothermal
treatment in ethanol. A total precursor content of 150 pl (left), 250 ul (middle), or 350 ul (right) per layer was
used.

nanoparticles also increased to 291 + 36 nm for
Sz 250 PMOs. The inner layer of the double (Fig. 2e)
layer PMOs with a similar precursor content per
layer were again not hollow. This was the result of
exposing the PMOs to a solvothermal treatment,
instead of a hydrothermal treatment. Networks
containing TEOS have a low condensation degree,
and will easily dissolve when reacting with water,
leading to small defects in the silica structure.
These defects tend to form more within the middle
parts of each nanoparticle layer. Meanwhile, the
networks based on BTSE have a higher
condensation degree and will act as a nucleation
center for the dissolved organosilica composites,
resulting in a separation of the nanoparticle into a
core and a shell structure (15, 19). As there was no
hydrothermal treatment of the PMOs, just a
solvothermal treatment, this core and shell structure
was not formed. As for why these defects formed in
the core and not the outer layer, we hypothesized
that due to the low condensation degree of TEOS,

this precursor will hydrolyze more quickly than
BTSE. This subsequently results in more TEOS
being present in the core than in the outer region. In
future research, the addition time of the precursors
can be changed, e.g. adding BTSE first, followed
by TEOS after 30 minutes, to investigate this
hypothesis. Changing the precursor content per
layer influenced the size of the PMOs. An increase
in precursor content was paired with an increase in
size. At the lowest precursor content of 150 pl per
layer (Si1s0, Fig. 2a), the PMOs had an average
diameter of 177 = 12 nm, whereas increasing the
precursor content up to 250 pl (S1 250, Fig. 2b) or
350 pl (S1_s3s0, Fig. 2c) per layer resulted in PMOs
with a diameter of 234 17 nm or 253 + 34 nm
respectively. Similarly, the diameter of double-
layer PMOs increased from 279+ 13nm to
291 + 36 nm and 351 £ 16 nm when increasing the
total precursor content from 150 pl (Fig. 2d) to
250 pl (Fig. 2e) and 350 pul (Fig. 2f). This increase
could be explained by the higher precursor content
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added. As the precursors are added to the solution
containing the CTAB micelles, they are hydrolyzed
and condensed around the micelles to form the
PMOs (15). As long as there are precursors present
in the solution, this reaction can proceed, thus more
precursors present will result in the reaction being
able to go on longer, and consequently, a larger
PMO will be formed. As the double-layer PMQOs
were not hollow, there was no inner shell of which
the thickness could be determined. The thickness of
the second layer slightly decreased with an
increasing precursor content, changing from
25+ 1 nmfor S; 150 PMOs to 22 + 2 nm (S _2s0) and
22+£3nm (Sz23s0). As the precursor content
increased, the thickness of the layer did not vary.
The size of the initial layer however did vary
depending on the precursor content, as mentioned
previously. S; 150 PMOs had an initial core size of
222 + 14 nm, increasing up to 238 £ 32 nm and
290+34nm for Sz and Sz 350 PMOs
respectively. The resulting void space between the
initial and second layer in the S, 250 PMOs (Fig. 2e)
was 5+ 2nm. Increasing the precursor content
resulted in a larger void space of 9 = 3 nm (Fig. 2f),
whereas decreasing the precursor content resulted
in almost no void space of 3 + 1 nm (Fig. 2d). This
could again be attributed to the change in precursor
content. More precursors available will result in a
larger initial layer (15). The void space may be
influenced by the condensation degree of the
precursor. We hypothesized that the TEOS network
will hydrolyze and condensate quicker than the
BTSE network, forming an initial layer around the
first layer. Due to the exposure to water during the
synthesis process, this TEOS would then again
dissolve, creating a larger void if more TEOS is
present (e.g. a higher precursor content). In future
research, changing the precursor content of the
second layer while keeping the precursor content of
the initial layer the same could give further insight
into the formation of the PMOs.

Nitrogen sorption isotherms indicated the formed
PMOs were mesoporous. The isotherms (Fig.
S3a,b) were of type IV, characterized by a
hysteresis loop in the p/p° range between 0.4 and
1.0 according to the IUPAC recommendations (61).
This hysteresis can be assigned to the capillary
condensation of N in the mesopores. The loops of
PMOs with a lower precursor content per layer
resembled an H4 hysteresis loop, indicating narrow,
slit-like pores (61). On the contrary, PMOs with a
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higher precursor content per layer or the presence
of multiple layers had a defined H2 hysteresis loop,
indicating the presence of ‘ink bottle’ shaped pores
(61, 62). The beginning of the isotherm resembled
a type Il curve, which could be explained by the
micropores present in the formed silica structure
itself (61, 62). The specific surface area (Sger)
ranged between 919 and 1192 m?/g, and between
946 and 1066 m?/g for the PMOs with one or two
layers respectively, varying by their initial
precursor content (Table S1). There was no
significant difference in Sger values for all PMOs.
The total pore volume (Vo) ranged between 0.97
and 1.08 cm®/g, and between 0.89 and 0.96 cm®/g
for the PMOs with one or two layers respectively,
again varying by their initial precursor content
(Table S1). With an increasing number of layers,
the total pore volume slightly decreased. The pore
size distributions (Fig. S3c,d) showed characteristic
peaks within the 10 to 20 A (1 to 2 nm) and the 20
to 50 A (2 to 5 nm) ranges, indicating micropores
and mesopores  respectively. Interestingly,
additional peaks around 60 A (6 nm), 90 A (9 nm),
and 140 A (14nm) were observed in the
distributions of the double-layer PMOs (Fig. S3d).
Initially, these peaks were thought to be derived
from the void space between the layers, however,
these sizes did not match. As they were present in
all samples exposed to a thermal treatment, we
believed these pores were present in the silica
network of the PMOs due to this exposure. This was
further confirmed by the pore size distribution of
untreated C; PMOs (Fig. 4b), as these peaks were
not observed in this distribution. The void space
between the layers could not be individually
observed due to their small size, resulting in an
overlap with the mesopores sizes in the silica
network.

Dynamic light scattering (DLYS)
measurements showed an increased
hydrodynamic diameter with an increasing number
of layers. Additionally, the DLS measurements
showed an increased hydrodynamic diameter with
increasing precursor content. Single-layer PMOs
diameters ranged from approximately 200 to
290 nm (Fig. S1) when the total precursor content
was increased from 150 pl to 350 pl. Similarly,
double layer PMO diameters ranged from 320 to
550 nm (Fig. S2). Larger hydrodynamic diameters
present in the distribution of the S, 350 PMOs (Fig.
S2c¢) indicated agglomeration of the PMOs in
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Table 1. Synthesis parameters of selected nanoparticles.

[TEOS+BTSE]

Nanoparticle per layer (uil) Number of layers Treatment
Ci 250 1 No
Sz 250 2 Solvothermal
Hi 250 1 Hydrothermal
H> 250 2 Hydrothermal

TEOS: Tetraethoxysilane; BTSE: Bis(triethoxysilyl)ethane

water. The polydispersity index (PDI) of the
samples was relatively low (< 0.05), indicating
monodispersed samples (63). When observing the
solutions for a week, sedimentation (Fig. S4)
occurred at higher precursor content, as well as at
an increase in layers. Both a higher precursor
content and an increase in the number of layers
increased the PMO size. Increasing the size resulted
in heavier individual PMQOs which were more prone
to sediment.

Characterization of selected PMOs — Based on
the previous morphologies, a total precursor
content of 250 pul was selected for all further
synthesis. PMOs with a lower precursor content did
form no or very small void spaces between the
additional layers, as visualized by TEM, which was
expected due to exposure to a solvothermal
treatment instead of a hydrothermal treatment.
PMOs with a higher precursor content tended to
agglomerate and sediment in water, evident from
the DLS measurements. As for the pore size, Sger
and Vi results were similar for all precursor
contents. Larger batches of the PMOs could be
synthesized by upscaling the synthesis. PMOs were
exposed to a hydrothermal treatment during the
synthesis, instead of a solvothermal treatment,
resulting in a transformation of each layer into a
hollow shell variant. C; PMOs were synthesized
without any additional treatment as a reference. S,
PMOs were included as a non-hollow core
comparison for the double-shell hollow-core

PMOs. An overview of the different PMOs
synthesized is given in Table 1.

TEM images showed spherical nanoparticles.
C1 PMOs (Fig. 3a) had a diameter of 202 + 10 nm.
S» PMOs (Fig. 3d) again did not have a hollow core.
They were larger with a diameter of 272 £ 39 nm
and an initial layer size of 222 +36 nm. The
thickness of the second layer was 21 + 3 nm, with a
void space of 5 =2 nm. These results were similar
to the previously described results. Likewise, this
indicated the successful scalability of the synthesis.
PMOs exposed to a hydrothermal treatment with
one (Fig. 3b) or two (Fig. 3e) shells did have a
hollow core structure. H; PMOs had a diameter of
245 £ 13 nm, while H, PMOs were larger with a
diameter of 332 £ 13 nm and an initial shell size of
271 £ 12 nm. H; PMOs had a shell thickness of
35+ 6 nm. H, PMOs had a slightly thicker initial
shell of 41 + 5 nm, however, the second shell was
thinner, with a thickness of 14 + 2 nm. The void
space between both shells was 17 £2nm.
Interestingly, the size of the hollow cores of these
PMOs increased from 175+15nm (H:) to
189 + 14 nm (H.), whereas the hollow-core size of
another batch of unreported PMOs decreased from
189 + 16 nm to 177 £ 19 nm with the addition of a
second shell. The PMQOs of the other batch had an
initial shell size of 255+ 18 nm and 265 + 15 nm
respectively. An increase in size of the initial shell
was thus paired with a larger inner hollow-core
size. PMOs with exposure to a hydrothermal
treatment were notably larger. This was attributed
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Fig. 3. Transmission electron microscopy (TEM) images and Fourier transform infra-red (FTIR) spectra of selected
nanoparticles. (@) TEM image of C; PMOs. (b) TEM image of H; PMOs. (c) FTIR spectra of single-layer
nanoparticles (C; and H; PMOs). (d) TEM image of S; PMOs. (e) TEM image of H, PMOs. (f) FTIR spectra of

double-layer nanoparticles (S and H, PMOs).

to the exposure to the hydrothermal treatment. As
mentioned previously, networks containing TEOS
have a lower condensation degree than those
containing BTSE and will dissolve when exposed
to a hydrothermal treatment, resulting in small
defects in the silica network. The dissolved
organosilica composites then react with the
nucleation centers, forming the shell structure (15,
19). This further explained the thinner outer shell,
as well as the larger void space when comparing the
double-shell PMOs, as the TEOS composites
between both shells will react with both the inner
and outer shell. The thickness of the shells can be
further adjusted by adjusting the temperature of the
reaction. A lower temperature will result in a
smaller shell, whereas a higher temperature will
lead to a thicker shell (15).

Fourier transform infra-red (FTIR)
spectra of the PMOs (Fig. 3c, f) showed peaks in
the functional groups’ region around 2900 cm™ and
2980 cm™. These peaks are characteristic of the

stretch vibrations between the alkane bonds (C — H)
within the silica network itself. It could be argued
these peaks were derived from the CTAB template
not being fully removed by the calcination,
contaminating the sample. However, CTAB would
show an additional peak around 1470 cm, which
was absent in these samples (64). Additionally, our
FTIR spectra matched the spectra of similar PMOs,
in which solvent extraction was used to remove the
CTAB template (15). This confirmed the successful
removal of CTAB by calcination. Next, a broad
C - O stretching band between 1000 cm? and
1350 cm?® could be observed, indicating the
presence of hydroxyl groups. This was further
confirmed by a broad O-—H stretch between
3200 cm? and 3590 cm™. Lastly, the peak in the
fingerprint region at 1414 cm™ could be assigned to
the bending vibration of the C — H bond.

Nitrogen sorption isotherms indicated the
formed PMOs were mesoporous (Fig. 4a). The
isotherms were again of type IV with a
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Fig. 4. Nitrogen sorption analysis of the selected
nanoparticles. (a) Nitrogen sorption isotherms. (b)
Pore size distributions.

characteristic hysteresis loop in the p/p® range
between 0.5 and 1.0 (61). Whereas C; PMOs had a
hysteresis loop resembling an H1 loop, indicating
narrow, uniform mesopores, H, PMOs had an H4
loop, indicating narrow, slit-like pores (61). Loops
of both double-layer PMOs resembled an H2
hysteresis loop, indicating ink-bottle-shaped pores
(61, 62). Additionally, the start of the isotherm
again resembled a type Il isotherm, indicating the
micropores in the silica layers themselves. The
specific surface area (Sger) of the PMOs was
1090 m?/g (C4), 1015 m?/g (Sz), 517 m?/g (H.), and
617 m?/g (H.) (Table S3). S, PMOs had a similar
specific surface area as previously described.
Hollow-core PMOs were shown to have a lower
specific surface area than both C; and S, PMOs.
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This specific surface area was also lower than
reported for comparable PMOs, as an Sger of up to
975 m?/g for hollow single-shell PMOs was
reported (19). The total pore volume (Vtow) Was
0.79 cm®g (C1), 0.91 cm®g (Sz), 0.62 cm®/g (Ha1),
and 0.92 cm®/g (H.) (Table S3). S, PMOs again
were comparable to the previously described
PMOs. Pore size distributions (Fig. 4b) again
showed characteristic peaks between 10 A and
20 A and between 20 A and 50 A, indicating
micropores and mesopores respectively. However,
a notable shift of the mesopores peak was observed
when comparing conventional PMOs (C,) to all
other samples. We hypothesized this shift was the
result of exposing the PMOs to a thermal treatment,
consequently slightly changing the structure of the
silica network, forming larger pores. Additional
peaks around 60 A (6 nm) and 90 A (9 nm) were
present. As mentioned previously, we assumed
these peaks to belong to pores formed due to the
thermal treatment. This suspicion was further
enhanced by the change in isotherm hysteresis, as
there was a notable change in pore shape.

DLS measurements of the PMOs in water
(Table S2) showed a hydrodynamic diameter of
260 £ 3nm (Cy), 304+ 31nm (S2), 350+ 15nm
(Hy), and 478 +£5nm (H,). The polydispersity
index (PDI) of these samples was relatively low
(< 0.2), indicating monodispersed samples (63). As
the number of layers increased, the hydrodynamic
diameter also increased. Hollow-core PMOs were
again larger than nanoparticles without a hollow
core. These results were in line with the TEM
analysis of the PMOs. Hydrodynamic diameters
were larger than the actual diameter determined by
TEM analysis, due to the interaction of the PMOs
with the aqueous environment. Additionally,
hollow-core PMOs showed some agglomeration,
which was accompanied by a slightly higher PDI,
in comparison to PMOs without a hollow core.
When exposed to other media than water, the
hydrodynamic diameter of the PMOs changed due
to the presence of other ions or proteins in the
liquid. PBS is a commonly used buffer in
biomedical research as the ion concentrations
mimic those in the human body. In addition to
water, it commonly contains ions derived from
NaCl, KCI, Na;HPOs, and KH:PO, (65, 66).
DMEM cell culture medium contains vitamins,
amino acids, and glucose among other things,
which aid the growth of cells (66, 67). FBS is
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commonly added to the cell culture medium to
further improve cell proliferation. It contains
additional growth factors, hormones, lipids,
transport proteins, etc. (67). All these ions and
proteins may interact with the PMOs, resulting in a
protein corona surrounding the PMO, increasing its
size and consequently its interactions with the
environment and other PMOs. Dispersing the
PMOs in PBS resulted in increased agglomeration
by all PMOs (Fig. S6). The hydrodynamic diameter
of an individual PMO also increased up to
approximately 450 nm for Hi, Hz, and S; PMOs.
C:PMOs had an even larger hydrodynamic
diameter of 750 nm. The introduction of proteins in
DMEM cell culture medium resulted again in
agglomeration of the PMOs, although slightly less
than when the PMOs were exposed to just PBS. The
hydrodynamic diameters of the individual PMOs
stayed relatively similar to when they dispersed in
PBS. C; PMOs had a hydrodynamic diameter of
280 nm, whereas H; PMOs had a hydrodynamic
diameter of 440 nm. Interestingly, both double-
layer PMOs had a hydrodynamic diameter of
450 nm. The addition of FBS to the culture medium
resulted in even less agglomeration of the PMOs
compared to PBS or purely DMEM. Individual
hydrodynamic diameters were similar to the
double-layer PMOs, averaging at 450 nm. For
single-layer PMOs, the hydrodynamic diameter
was reduced to 240 nm (C;) and 350 nm (H.)
compared to the culture medium without FBS. As
mentioned previously, biological media contain
many different ions and proteins. In water, the PMO
surface will be negatively charged due to the
dissociation of the silanols, resulting in electrostatic
repulsion between the particles, and consequently,
agglomeration is less likely to occur. The ions and
proteins present in biological media will interact
with the surface, forming a protein corona, which in
turn reduces these electrostatic forces, resulting in
increased agglomeration of the PMOs. Besides the
presence of ions and protein, the pH of the solution
may also play a part in agglomeration (71, 72). At
a low pH, silica nanoparticles are relatively stable,
however, they tend to coagulate at a higher pH (66).
As most biological media have a pH of around 7.4,
the observed agglomeration was expected. For the
media enriched with FBS, reported results are
conflicting. Some studies report C; remaining
stable (68, 69), whereas others showed
agglomeration (69, 70), depending on their surface
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functionalization. When the PMO solutions were
measured after 24 hours (Fig. S6), most solutions
showed similar amounts of agglomeration as the
previous day. However, in PBS, more
agglomeration could be observed for all PMOs,
indicated by a shift of the distribution to larger
sizes. Interestingly, after 24 hours, peaks at very
small sizes could be observed. These peaks were
thought to be due to the degradation of the silica
network. This process generally occurs at a higher
pH. It has been shown that exposing silica
nanoparticles to a wide variety of media can result
in degradation (66, 71). In water, the nanoparticle
surfaces are attacked by hydroxyl groups,
converting the siloxane groups into silanols groups.
As a result, silicic acid is released, resulting in a
slow degradation of the surface (72). This
degradation is further enhanced when additional
ions are present in the medium, as is the case with
PBS, since these ions can adsorb onto the surface
and weaken the siloxane bonds or enhance silanol
deprotonation (66). It has been reported that in PBS,
MSNs with a diameter of 200 nm showed full
degradation within 6 hours (73). Larger (1,500 nm)
and smaller (80 nm) MSNs showed similar results
(73). For cell culture medium enriched with FBS,
the results again vary. A study by Hao et al. showed
no degradation in the absence of FBS, while the
presence of FBS showed partial degradation (74).
Zeta potential measurements (Fig. 5) of the
PMOs in water showed the PMOs were negatively
charged, with zeta potentials of -23+ 1 mV (C1),
274 mV (Sy), -32+2mV (Hy), and -30 £ 1 mV
(H2). Absolute zeta potential values of hollow-core
PMOs were larger than those of their filled
counterpart when initially brought into a solution.
Large zeta potentials, either negative or positive,
indicated a rather high degree of electrostatic
interactions between the PMOs, leading to
repulsion (75). The PMOs were not likely to form
large agglomerates, as indicated by the
hydrodynamic diameters and PDI obtained via DLS
measurements. It should however be noted that the
pH of the initial solution changed based on the type
of PMO added to it. C; PMO solutions had a pH of
5.8, while H: PMO solutions had a pH of 5.2 and
were slightly more acidic. Double-layer PMOs both
had a pH of 6.3. As the size of a nanoparticle
increased, although the total surface area increased,
the surface-to-volume area decreased.
Additionally, as single-layer PMOs were smaller
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Fig. 5. Zeta potential (mV) in function of the pH of
the selected PMOs.

than double-layer PMOs, they were lighter than
their double-layer counterparts. A solution with the
same concentration (e.g. 1 mg/ml), did contain
more PMOs if they were smaller and/or lighter.
More PMOs present in the solution, combined with
an increased particle surface area containing more
silanol groups, lead to a slightly more acidic
environment of the sample. A similar result has
been observed in other metal oxides, including
titanium dioxide (TiO,) (76). The pH was adjusted
using HCI and NaOH solutions. At a low pH, which
mimics the gastric environment a PMO would cross
when being used as an oral drug delivery system,
all PMOs were unstable, with zeta potentials
between 0 and +10 mV. At a pH of 7.2-7.4, which
equals the pH of the intestinal environment, the
PMOs were relatively stable with zeta potential
around -30 mV. Both C; and H; PMOs again had an
absolute zeta potential value slightly larger than the
double-layer PMOs. Similarly, hollow-core PMOs
had an absolute zeta potential value larger than
PMOs without a hollow core. Furthermore, by
adjusting the pH, the isoelectric point (IEP) of each
sample could be determined. This point indicates
the pH at which the samples have a zeta potential of
zero. For the selected PMOs (Table S2), this point
was 3.0 (C1), 3.0 (S2), 3.5 (H1), and 5.1 (Hy). Silica
nanoparticles generally have an IEP at a pH lower
than 2, although varying pHs between 1 and 4 have
been reported (66, 77). An increase in the number
of layers showed an increase in IEP. IEPs of
hollow-core PMOs were also higher than those of
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PMOs without a hollow core. The higher IEP of the
hollow-core  PMOs possibly explains their
agglomeration observed in the DLS measurements.
It has been shown before that, if the IEP of other
nanoparticles (e.g. TiO,) was close to the pH of the
medium, agglomeration tends to occur (78). As the
zeta potential at this point was zero, electrostatic
repulsion between the particles no longer occurred,
resulting in agglomeration. A slight change in
solution pH consequently changed the zeta
potential of the PMOs, and as a result, their
interactions with their environment and other
nanoparticles.

In summary, PMOs with(out) a hollow core
and with multiple layers were successfully created.
The presence of a hollow core, as well as an
increased number of layers, increased the PMO
size, as evident from TEM and DLS analysis.
Nitrogen sorption showed that hollow-core PMOs
had a smaller Sger and Vi compared to PMOs
without a hollow core. Lastly, hollow-core PMOs
were more stable than PMOs without a hollow core
when initially brought into a solution, but quickly
became less stable, and were more likely to

agglomerate as  demonstrated by DLS
measurements  paired with zeta potential
measurements.

In vitro Toxicity Study — To study the in vitro
toxicological effect of the PMOs, a pilot study was
included, in which Caco-2 cells were seeded and
incubated with various concentrations of the PMOs
for 24 h. After incubation, various assays were
performed, including an MTT, an H,DCFDA, and
an LDH assay. Using the MTT assay, the relative
metabolic activity of the cells could be determined,
as the metabolic enzymes of living cells reduce the
3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) to formazan.
Living cells will contribute to higher metabolic
activity than dead cells, thus the MTT assay
indirectly provides information about the cell
viability. For this assay, the cells were incubated
with PMOs at concentrations between 10 and
500 pg/ml (Fig. 6a). As the sample size was small
(n=2), definitive conclusions should be
formulated with caution. At lower PMO
concentrations  (10-250 pg/ml), no significant
change in metabolic activity compared to the
control was reported, although a slight increase
could be observed. However, at a higher PMO
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Fig. 6. In vitro cytotoxicity of Caco-2 cells incubated
with various types of PMOs. Non-exposed controls
were represented by the gray bar on the left. (a) Relative
metabolic activity (%) of Caco-2 cells was determined
by an MTT assay. n = 2. (b) Relative ROS production
(%) of Caco-2 cells was determined by an H,DCFDA
assay. n = 3. (c) Relative LDH release (%) by Caco-2
cells was determined by an LDH assay. n=3. All
results were represented as mean + SD.
*p<0.05 compared to the control.
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concentration (500 pg/ml), an increase in metabolic
activity compared to the control could be observed
for both S; and H, PMOs. Although exposure to H
PMOs resulted in increased metabolic activity as
well, due to a high standard deviation, this increase
could present itself due to an external factor and not
solely due to the PMO exposure. In the H.DCFDA
assay, 2',7'-dichlorodihydrofluorescein diacetate
(H.DCFDA) was taken up by living cells, where it
was deacetylated by cellular esterases and
subsequently oxidized by reactive oxygen species
(ROS) to 2', 7'-dichlorofluorescein (DCF). The total
amount of DCF oxidized can be used to determine
ROS production. The cells were exposed to either a
low (50 pg/ml) or high (500 pug/ml) concentration
of PMOs (Fig. 6b). Exposure to a high
concentration of H, PMOs resulted in an increased
ROS production by the cells. A slight increase in
ROS production could be observed when the cells
were exposed to a low concentration of S, PMOs,
however, at a higher concentration, this increase
was no longer observed. Again, these results should
be looked at with caution due to the small sample
size (n=3). Lastly, in the LDH assay, lactate
dehydrogenase (LDH) released in the cell medium
by cells with a damaged plasma membrane converts
lactate to pyruvate by reducing NAD* to NADH.
This NADH is then used by diaphorase to reduce a
tetrazolium salt (INT) to formazan. The cells were
again exposed to either a low (50 pg/ml) or high
(500 pg/ml) concentration of PMOs (Fig. 6c).
Exposure to both a high concentration of H, PMOs
and a low concentration of S, PMOs resulted in an
increased LDH release compared to the non-
exposed control. All other concentrations resulted
in a slightly reduced LDH release, indicating no
damage to the cell membrane, and subsequently,
more living cells.

Based on these initial findings, C, and H;
PMOs did not alter the cell viability significantly,
which is a first step towards biocompatibility, but
further testing is still necessary due to the small
sample size, the absence of biological replications,
and other parameters including genotoxicity,
immunogenicity, mutagenicity, and carcinogenicity
(4). Exposure to high concentrations of S, or H.
PMOs indicated an enhanced cell growth. These
results were unexpected, as the MTT assay,
although a commonly used cell viability assay, is
known to overestimate the cytotoxicity of MSNs
(79). Consequently, slightly reduced (79, 80) or
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unchanged (15, 81) levels of metabolic activity
were expected at lower concentrations, as
concentrations as high as 500 pg/ml have not been
reported yet. A common byproduct of these
metabolic reactions in cells is ROS. These
chemicals play a role in cell signaling, but can also
be harmful to the cell if a surplus is present in the
cell due to increased production or failed
elimination, leading to oxidative stress (82). Many
studies describe the induction of ROS when cells
were exposed to various types of silica
nanoparticles (55, 83). Additionally, exposure of
cells to silica nanoparticles specifically formed by
a Stober synthesis was correlated with the induction
of oxidative stress within these cells (54). However,
it is not fully clear yet how the silica nanoparticles
induce ROS (55). At exposure to a low
concentration of S; PMOs or a high concentration
of H2 PMOs, increased ROS levels could be
observed. This could just be the result of the
increased metabolic activity, with no major
cytotoxic consequences for the cell. Therefore, we
decided on including an LDH assay to assess
membrane damage, and subsequently, cytotoxicity.
A large amount of ROS present in cells is known to
induce apoptosis, resulting in cell death and
consequently increased levels of LDH. Similar to
the H,DCFDA assay results, exposure to a low
concentration of S, PMOs or a high concentration
of H, PMOs lead to increased levels of LDH
release. This release was assigned to reduced
membrane integrity of the cells, indicating a
decrease in cell viability (81). A study by
Alkhammash et al. suggested that larger silica
nanoparticles adhered to vesicular lipid bilayers,
resulting in membrane rupture, whereas smaller
nanoparticles got engulfed by the vesicle (84).
However, this membrane damage did not have to be
the direct consequence of the elevated ROS levels.
Cytotoxicity without the presence of oxidative
stress has been reported before, with a possible
mechanism being the disturbance of membrane
integrity, although this effect is still poorly
understood (81, 85). Gehrke et al. speculated that
the disturbance of the membrane integrity was due
to the silica nanoparticles interfering with the
structural integrity of the membrane proteins (81).

Other factors influencing these results were the
different morphologies of the PMOs, as well as
their interactions with their environment. Our
PMOs, as synthesized, had a diameter between
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200 nm and 350 nm determined by TEM analysis
(Fig. S5), increasing up to 500 nm in size when
exposed to a liquid environment (e.g. water or
DMEM cell culture medium), as evident from the
DLS analysis (Fig. S6). Before being taken up by
the cells, nanoparticles first have to sediment. This
sedimentation is dependent on many factors,
including size, density, and shape (86, 87). While
all PMOs were of a similar spherical shape, S, and
H, PMOs were notably larger than C; and Hi
PMOs, while also showing more agglomeration
when exposed to cell culture media (Fig. S6). This
size difference could lead to increased gravitational
sedimentation of the particles, resulting in an
uneven exposure of the cells on the surface (86).
After exposure, the nanoparticles can be taken up
passively or actively by cells via many routes (88).
Silica nanoparticles are generally internalized by
endocytosis, more specifically via the clathrin-
mediated endocytotic pathway (88, 89). However,
the optimal size for uptake via this pathway lies
within the 120-150 nm range (88). The PMOs may
thus be internalized by the cells using various routes
depending on their size, leading to a variation in the
number of PMOs taken up.

In summary, while this study only included an
initial toxicological study with limited testing, the
following trends could be observed based on these
results. Exposure to single-layer PMOs could be
regarded as biocompatible, however, exposure to
double-layer PMOs resulted in at least some
cellular agitation, indicated by increased metabolic
activity, ROS production, and LDH release.

Future outlooks — Based on the previously
discussed results, many outlooks for further
research arise. Synthesis-wise, it could be
interesting to look at the formation of the core and
shell structure by taking samples during the
synthesis and hydrothermal treatment at various
points in time. This is however very labor-intensive
and time-consuming. Next, adjusting the synthesis
to create smaller double-layer PMOs could give us
an idea of whether the observed cytotoxicity is
indeed size-dependent. Lastly, the degradation of
the PMOs is worth looking into. As evident from
the DLS measurements, degradation may occur
within 24 hours. It is uncertain if this degradation is
due to the breakdown of the silica network,
resulting in organosilica composites, or the
degradation of the network, resulting in silicic acid.
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This leads to another question, namely, are the
trends noticeable in the in vitro study solely the
result of PMO exposure, or are there other
influences present? Depending on these results,
additional functionalization could be introduced to
the nanoparticle surface to increase stability and
biocompatibility.

CONCLUSION

The use of nanomaterials in biomedical
research is increasing quickly over the last few
years. In our project, we set out to optimize PMOs
as a novel and improved drug delivery system. Our
PMOs showed no major differences in stability
compared to conventional PMOs, however, a
problem arising in all nanoparticle solutions was
the agglomeration in biological media. Exposure to
single-shell hollow-core PMOs did not alter cell
viability significantly, indicating their
biocompatibility, whereas exposure to multi-shell
PMOs did result in some cellular agitation.
Although  further  studies on  stability,
functionalization, and loading are definitely
needed, these PMOs are shown to be promising
candidates as a drug delivery system due to their
easy and tunable synthesis, large mesoporous
volume for drug loading, and biocompatibility. As
a follow-up study, we propose studying the
degradation of the PMOs, as well as creating
smaller multi-shell PMOs to determine if the
reported toxicological outcomes are indeed size-
dependent.
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Supplementary Information

In vitro cytotoxicity

Metabolic activity (%) in the MTT assay and ROS production (%) in the H.DCFDA assay were determined

relative to a non-exposed control using the following formulas:

Absorbanceexposed cells

Relative metabolic activity (%) = 100 X
Absorbancecontrol cells

Fluorescencegxposed cells

Relative ROS production (%) = 100 X
Fluorescencecontrol cells

Cytotoxicity (%) in the LDH assay was determined by the following formula:

Absorbanceexposed celts — Absorbance ontroi ceis

Cytotoxicity (%) = 100 x
Absorbance,qximum LDH release celis — ADSOTbance oniroi ceils

and subsequently compared to the non-exposed control to obtain relative cytotoxicity values (%):

Cytotoxicityexposed cells
Cytotoxicity control cells

Relative cytotoxicity (%) = 100 x
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Fig. S1. TEM images of the single-layer PMOs exposed to a solvothermal treatment in ethanol. Various precursor
contents of (a) 150, (b) 250, or (c) 350 pl/layer were used during the synthesis. The diameter of the PMOs was
determined based on a minimum of 100 particles per sample as visualized by TEM. The average diameter (nm) for
each sample was 177 + 12 nm, 234 + 17 nm, and 256 * 37 nm respectively. The hydrodynamic diameter (nm) was
determined using DLS of the sample dispersed in water (Millipore, 1 mg/ml). The hydrodynamic diameter with the
highest intensity for each sample was 204.3 nm, 247.1 nm, and 278.0 nm respectively, averaging at a hydrodynamic
diameter of 200 £ 20 nm, 247 £ 1 nm, and 278 + 1 nm respectively. The PDI for each sample was 0.036, 0.005,

and 0.036 respectively.
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Fig. S2. TEM images of the double-layer PMOs exposed to a solvothermal treatment in ethanol. Various precursor
contents of (a) 150, (b) 250, or (c) 350 pl/layer were used during the synthesis. The diameter of the PMOs was
determined based on a minimum of 100 particles per sample as visualized by TEM. The average diameter (nm) for
each sample was 279 + 13 nm, 276 + 39 nm, and 352 + 41 nm respectively. The hydrodynamic diameter (nm) was
determined using DLS of the sample dispersed in water (Millipore, 1 mg/ml). The hydrodynamic diameter with the
highest intensity for each sample was 301 nm, 350 nm, and 561 nm respectively, averaging at a hydrodynamic
diameter of 300 =1 nm, 350 + 2 nm, and 554 + 49 nm respectively. An additional high intensity peak can be
observed in (c) at 2287 nm, indicating agglomeration of the PMOs. The PDI for each sample was 0.005, 0.017, and
0.270 respectively.
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Fig. S3. Nitrogen sorption isotherms (a-b) and pore size distribution (c-d) are given for the (a,c) single, and (b,d)
double-layer PMOs, exposed to a solvothermal treatment.
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Table S1. Nitrogen sorption results.

Sample Sget (M?Q) Vota (CM3/Q) V adsorption (CM3/g) Vpesorption (CM3/g)
S1 350 1192 1.08 0.78 0.92
Si1 250 1147 1.08 0.76 0.90
S1 150 919 0.97 0.62 0.73
S2_350 946 0.95 0.71 0.92
S2_250 1066 0.96 0.72 0.89
S2_150 969 0.89 0.67 0.79

Sger was estimated using the Brunauer-Emmett-Teller (BET) method, Vieta Was estimated with Barrett-Joyner-
Halenda (BJH) analysis using data at a relative pressure (p/p°) > 0.99.
Sample: Sy tayers]_[total precursor content (ul)]-

Sger: specific surface area; Vrow: total pore volume.

24



»» |UHASSELT| Senior internship - 2" master BMW

[TEOS+ 2 Layer
BTSEtotal Day 1 Day 2 Day 3 Day 7
150 pl
/layer
H e N Lo B | -
250 pl
/layer
| A e dl 48 J | |
350 pl
/layer
“ e } L d

Fig. S4. Nanoparticle sedimentation of PMOs with exposure to a solvothermal treatment. The PMOs were dispersed
in water (Millipore, 1 mg/ml) and left to sediment for a week. On day 1 all solutions were turbid. Solutions
containing PMOs with more layers and/or a higher precursor content per layer became less turbid over multiple
days, indicating sedimentation, while other solutions stayed relatively turbid, indicating dispersed samples.
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Fig. S5. (a) TEM image and size distribution of C1 PMOs. The C; PMOs had a diameter of 202 £ 10 nm and a
hydrodynamic diameter of 260 + 3 nm. (b) TEM image and size distribution of H1 PMOs. The PMOs had a diameter
of 245 + 13 nm and a hydrodynamic diameter of 350 + 15 nm. (¢) TEM image and size distribution of S, PMOs.
The PMOs had a diameter of 272 £ 39 nm and a hydrodynamic diameter of 304 + 31 nm. (d) TEM image and size
distribution of H, PMOs. The PMOs had a diameter of 332 = 13 nm and a hydrodynamic diameter of 478 + 5 nm.
The diameter of the nanoparticles was determined based on a minimum of 100 particles per sample as visualized
by TEM. The hydrodynamic diameter (nm) was determined using DLS of the sample dispersed in water (Millipore,
1 mg/ml).
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Table S2. Size of the selected nanoparticles as determined by TEM and DLS.

Hydrodynamic

Sample Diameter (nm) Diameter (nm) PDI IEP
Ci 202+ 10 260 + 3 0.045 3.0
S2 272 +39 304 +31 0.066 3.0
Hi 245 £ 13 350 £ 15 0.190 35
H> 332+13 4795 0.102 5.0

Diameters (nm) were determined using TEM and are given as mean + SD; hydrodynamic diameters (nm) were
determined using MADLS and are given as mean + SD; IEPs were determined based on the zeta potential
measurements of the two lowest pH measurements.

TEM: transmission electron microscopy; MADLS: multi-angle dynamic light scattering; PDI: polydispersity
index; IEP: isoelectric point.

Table S3. Nitrogen sorption results of selected nanoparticles.

Sample Sget (M?/Q) Vrotal (CM®/g) Vadsorption (€M*Q)  Vbesorption (CM?/Q)
Ci 1090 0.791 0.237 0.370
Sz 1015 0.907 0.689 0.855
H, 517 0.618 0.338 0.385
H, 617 0.922 0.406 0.849

Sger Was estimated using the Brunauer-Emmett-Teller (BET) method, Vi Was estimated with Barrett-Joyner-
Halenda (BJH) analysis using data at a relative pressure (p/p°) > 0.99.
Sger: surface area; Vot pore volume.
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Fig. S6. Hydrodynamic diameter (nm) distribution of (a) C; PMOs, (b) Hi PMOs, (¢) Sz PMOs, and (d) H, PMOs
in various media (H-O, PBS, cell culture medium without FBS, and cell culture medium with FBS). Distributions

with a solid line were measured immediately after ultra-sonication. Distributions with a dotted line were measured
24 hours after the initial measurement.
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