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ARTICLE INFO ABSTRACT

Keywords: Many drugs with anticancer potential fail in their translation to the clinics due to problems related to phar-
Porous silicon macokinetics. LEM2 is a new dual inhibitor of MDM2/mutp53-TAp73 interactions with interesting in vitro
Nanoparticle anticancer activity, which opens new hopes as an unconventional anticancer therapeutic strategy against cancers
I:\Zjicancer lacking p53 or with impaired p53 pathways. As others xanthone derivatives, LEM2 has limited aqueous solu-

bility, posing problems to pursue in vivo assays, and therefore limiting its potential clinical translation. In this
work, a mesoporous silicon (PSi)-based nanodelivery system was developed with folate functionalization
(APTES-TCPSi-PEG-FA) for targeted delivery, which successfully increased LEM2 solubility when compared to
bulk LEM2, evidenced in payload release study. Such effect was reflected on the increase of LEM2 cytotoxicity in
HCT116 and MDA-MB-231 cancer cells when treated with LEM2-loaded APTES-TCPSi-PEG-FA, by reducing cell
viability lower than 50% in comparison with bulk LEM2. Despite the reduced LEM2 loading degree, which still
limits its application in further in vivo assays, the results obtained herein recognize PSi-based nanodelivery
systems as a promising strategy to improve LEM2 anticancer activity and bioavailability, which will be relevant
for the potential use of this potent TAp73 activator in anticancer therapy.

Small molecule
Bioavailability

1. Introduction degradation or clearance and controlling drug release (Patra et al.,

2018). Considering the physicochemical property solubility, compounds

Despite the advances in drug discovery and development, many
small molecules fail during this process due to physicochemical prop-
erties, pharmacokinetic and/or toxicity-related problems, among others
(Waring et al., 2015). In this context, nanotechnology can offer the
opportunity to overcome drug-related limitations (Mirza, 2014), such as
masking the physicochemical properties of small molecules, increasing
efficacy and safety by tissue- or cell-targeted therapies, protecting from

with low solubility and high permeability (class II, Biopharmaceutic
Classification System (BCS)), or with low solubility and low perme-
ability (class IV, BCS) are eligible to nanodelivery system design (Ami-
don et al., 1995; Lipinski, 2002; Williams et al., 2013).

There is a myriad of nanomaterials from different sources to produce
nanocarriers for drug delivery, ie., lipidic (e.g., micelles, liposomes,
solid-lipid NPs), polymeric (e.g., dendrimers, polymer-drug conjugates,

Abbreviations: APTES, 3-aminopropyltriethoxysilane; DLS, dynamic light scattering; EE (%), entrapment efficiency in percentage; FA, folic acid; FR, folate re-
ceptor; LD(%), loading degree in percentage; NP, nanoparticle; PdI, polydispersity index; PEG, polyethylene glycol; RT, room temperature; TCPSi, thermally

carbonized porous silicon.
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nanospheres), cell membrane-derived (e.g. cancer cells, red blood cells,
macrophages), and inorganic (e.g., gold, mesoporous silicon, carbon
nanotubes) (Din et al., 2017). The selection of the most suitable nano-
material is based on the bio-physicochemical features of the drug (Patra
et al., 2018). The efficacy of these nanodelivery systems depends on
their size, shape, target selectivity, efficiency of uptake, drug concen-
tration and release kinetics, as well as on biological barriers and phys-
icochemical properties of the host environment (Misra et al., 2010).

Mesoporous stands for materials with pore diameter ranging from 2
to 50 nm (Sing et al., 1985), and are designed to allow high payloads of
drugs and protect them from premature release and degradation before
reaching the target site (Prestidge et al., 2007). Uppon loading it has
been reported that the drug suffers a transition to an amorphous state,
due to physical adsorption and physical confinement within the pore
(Makila et al., 2014). The amorphous form is associated with higher
internal energy with enhanced thermodynamic and kinetic properties
(solubility and dissolution rate) in opposition to the bulk drug that
presents a crystalline form (Hancock and Parks, 2000).

Mesoporous silicon (PSi)-based materials are attractive due to their
unique physicochemical properties and potential versatile biomedical
applications, specifically in cancer therapy and bioimaging (Shahbazi
et al., 2012). PSi nanoparticles (NPs), have been shown as drug delivery
vectors for a wide variety of chemotherapeutic agents, such as cisplatin,
doxorubicin, and sorafenib, which are drugs with anticancer activity but
suffering from poor cellular selectivity or undesirable side effects
(Anglin et al., 2008; Li et al., 2018). Likewise, PSi has proven to be
biodegradable, being dissolved into orthosilicic acid species, which are
known to be harmless to cells and easily excreted in urine (Hon et al.,
2012; Li et al., 2018). PSi NPs are characterized by high surface-to-
volume ratio, large specific surface area and pore volume, and a
robust framework with chemical, thermal, and mechanical stability
(Salonen and Lehto, 2008). The possibility to tune the pore size and
surface chemistry allows the PSi NPs to act as a selective storage while
taking into acount the size and hydrophobicity of drugs (Salonen et al.,
2008). Freshly produced PSi is reactive due to its surface hydride groups
being necessary further stabilization, as the case of thermally carbonized
(TC)PSi suitable for the loading of hydrophobic drugs (Santos et al.,
2014). In the present work, to further facilitate surface functionalization
reactions, TCPSi was treated with 3-aminopropyltriethoxysilane
(APTES) that confers an —NH,-terminated surface (Makila et al.,
2012). Therefore, PSi surface is amenable to be functionalized with
different biomolecules for targeted delivery of the cargo (Rosenholm
et al., 2012). For the interest of the present work, one promising strategy
for cancer cell targeting is the decoration of NPs with folic acid (FA), the
natural ligand of folate receptor (FR) that mediates NPs internalization.
FR is often overexpressed in cancer cells (when comparing to normal
non-proliferating cells) due to their intense proliferation, which con-
tributes to selectivity (Xia and Low, 2010).

The transcriptional factor p73 belongs to the p53 protein family.
There are several p73 isoforms with different biological meanings, being
that the N-terminal transactivation domain (TA)p73 isoform guarantees
cellular homeostasis and tumor suppression (Candi et al., 2014).
Although TAp73 is rarely mutated, its activity could be halted by
overexpression of negative regulators, particularly the murine double
minute 2 and 4 (MDM2/4) proteins, or by heterodimerization with
mutant p53, contributing for tumorigenesis (Ramos et al., 2020).
Therefore, TAp73 has been studied as an interesting target for cancer
treatment, particularly in mutant p53 or p53-null contexts, and different
strategies of drug development have been pursued regarding TAp73
activation (Gomes et al., 2021; Ramos et al., 2020). Particularly, the
small molecule LEM2, 1-carbaldehyde-3,4-dimethoxy-9H-xanthen-9-
one, which operates by disrupting protein—protein interactions between
tumor suppressive TAp73 isoform and mutant p53 or MDM2, is a
xanthone derivative with TAp73-dependent anticancer activity against a
wide panel of cancer cell lines, including colorectal carcinoma, breast
adenocarcinoma, and patient-derived neuroblastoma cells, without
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inducing genotoxicity (Gomes et al., 2019; Malta et al., 2021). However,
LEM2 has demonstrated low solubility in aqueous solutions, with values
lower than 0.1 mg/mL, being considered practically insoluble according
to European Pharmacopoeia solubility criteria (Council of Europe,
2022). This has limited the study of LEM2 in vivo, counteracting its
further development as an anticancer drug candidate.

Therefore, in order to improve LEM2 bioavailability, different ap-
proaches were endorsed, such as the development of nanostructured
lipid carriers envisioning topical administration for melanoma treat-
ment (Malta et al., 2021). The present study focus on the development of
an alternative nanodelivery system for LEM2 based on PSi NPs func-
tionalized with FA, envisioning oral or intravenous administration
routes for solid tumors treatment, such as colorectal carcinoma and
breast adenocarcinoma.

2. Material and methods
2.1. General

All chemicals and solvents used were purchased from Sigma-Aldrich
(Espoo, Finland). Purified water was obtained by Milli-Q® Integral 15
Water Purification System (Merck Millipore, Burlington, Massachusetts,
USA). NPs were dispersed with ultrasound either with bath sonication or
tip sonication (30% amplitude, 10 s), using a stepped microtip (no. 630-
0423, Sonics & Materials Inc., Newtown, Connecticut, USA) powered by
a VCX 750 ultrasonic processor (Sonics & Materials Inc.). Centrifuga-
tions were performed in L-70 Ultracentrifuge (Beckman, Brea, Califor-
nia, USA) or 5415D Centrifuge (Eppendorf AG, Germany, Hamburg).
RPMI-1640 medium, L-glutamine, non-essential amino acids (NEAA),
penicillin (100 IU/mL), streptomycin (100 mg/mL) and trypsin (2.5%)
were purchased from HyClone™ (GE Healthcare Life Sciences, Little
Chalfont, Buckinghamshire, UK). Heat inactivated fetal bovine serum
(FBS), Hank’s balanced salt solution (HBSS) 10x and Versene were from
Gibco® (ThermoFisher Scientific, Waltham, Massachusetts, USA).
Triton X-100 was purchased from Merck Millipore. 1-Carbaldehyde-3,4-
dimethoxy-9H-xanthen-9-one (LEM2) was synthesized and purified as
described in (Gomes et al., 2019).

2.2. Production of APTES-TCPSi NPs

The core of 3-aminopropyltriethoxysilane modified thermally
carbonized mesoporous silicon (APTES-TCPSi) NPs was produced as
described in (Makila et al., 2012). Briefly, the PSi structure was obtained
by electrochemical anodization of monocrystalline, boron-doped p*-
type Si(1 00) wafers with a resistivity of 0.01-0.02 Qcm with a 1:1 (v/v)
hydrofluoric acid (38%)-ethanol electrolyte. A multilayer structure
consisting of alternating low and high porosity layers was formed, where
the high porosity layers function as fracture planes. The multilayer was
finally released as a freestanding film using an electropolishing current.
The multilayer PSi free-standing films were then stabilized by thermal
carbonization (TCPSi) using a two-stage treatment at 500 and 820 °C, as
described in (Makila et al., 2012). To obtain APTES-TCPSi, the multi-
layer TCPSi films were pre-treated with 1:1 (v/v) aqueous hydrofluoric
acid (HF) (38%)-ethanol solution to partially reactivate the stabilized
surface by producing hydroxyl groups for silanization. The HF-treated
TCPSi films were immersed into a 10 vol-% APTES-anhydrous toluene
solution for 1 h at 25 °C. After the reaction, the excess silane was
removed by washing with copious amounts of anhydrous toluene and
ethanol. The silane was then condensed by placing the multilayer films
into 105 °C for 16 h. The films were milled in a 5 vol-% APTES-
anhydrous toluene solution. The excess silane was removed with
ethanol, after which the centrifugation was used to obtain the desired
particle size. The particles were stored in ethanol. The surface amine
groups belonging to the aminopropyl moiety, were used for further
modifications.
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2.3. Functionalization of NPs

APTES-TCPSi functionalization to obtain APTES-TCPSi-PEG-FA was
based on 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)/N-
hydroxysuccinimide (NHS) amine crosslinking chemistry in aqueous
buffer solution. To avoid unspecific crosslinking among polyethylene
glycol (COOH-PEG5K-NH;) molecules under EDC/NHS activation, the
PEG-primary amine was protected via reaction with di-tert-butyldicar-
bonate (BOC),0 (Yan et al., 2017). For this, COOH-PEG-NH, was dis-
solved in dichloromethane (DCM; 2 mlL), followed by addition of
triethylamine (TEA) in a 1:6 M ratio (PEG:TEA), stirring in ice for 10
min. Then, (BOC),0 was added in a 1:3 M ratio [PEG:(BOC)»0], stirring
in ice for 30 min, and let to react overnight at room temperature (RT).
Reaction mixture was dried by compressed air and the crude was dis-
solved in Milli-Q water, dialyzed for 24 h, and COOH-PEG-NH-BOC was
obtained by lyophilization. The activation of carboxylic acid groups was
allowed to occur in 12 mL of 2-(N-morpholino)ethanesulfonic acid
(MES) buffer (pH 5.2) with 24 mg (0.1 mmol) of NHS and 31.98 pL (0.2
mmol) of EDC, at 300 rpm, for 90 min, protected from light. APTES-
TCPSi NPs (6 mg) were dispersed in the previously prepared solution
of activated COOH-PEG-NH,-BOC, with a final ratio of 1.5:1 (w/w)
(polymer:NPs). APTES-TCPSi-PEG-NH-BOC NPs were rinsed with Milli-
Q water followed by ethanol with intercalated centrifugations. The BOC
group was removed by adding DCM (3 mL) and trifluoracetic acid (1 mL)
(Lundt et al., 1978), stirred for 30 min in ice, dried, washed with ethanol
and Milli-Q water. As final step, APTES-TCPSi-PEG-NH; NPs were added
to a previously prepared solution of activated FA (EDC/NHS cross-
linking reaction as described above) with a final ratio of 1.5:1 (w/w)
(ligand:NPs). NPs were rinsed, centrifuged and stored in Milli-Q water at
1.5 mg/mlL, at 4 °C, for further experiments.

2.4. Physicochemical characterization of NPs

2.4.1. Pore volume and diameter, and specific surface area of unmodified
NPs

The porous structure of the nanoparticles was analyzed with nitrogen
sorption at — 196 °C using TriStar 3000 instrument (Micromeritics Inc.,
USA) (Bimbo et al., 2010; Makila et al., 2012).

2.4.2. Size, dispersity, surface charge and surface chemistry of NPs

The functionalization success of NPs was confirmed through
different methods by comparing APTES-TCPSi-PEG-FA with APTES-
TCPSi, as follows: hydrodynamic diameter (Z-average), polydispersity
index (PdI) and zeta ({)-potential of NPs dispersed in Milli-Q water, at
10 pg/mL, were characterized by dynamic and electrophoretic light
scattering (DLS and ELS) using a Zetasizer Nano ZS (Malvern In-
struments Ltd, Malvern, UK). NP size and morphology were also inves-
tigated by transmission electron microscopy (TEM). Droplets of NP
suspension in Milli-Q water were placed on top of carbon-coated copper
TEM grids and dried at RT. Micrographs were recorded using JEM-1400
transmission electron microscope (JEOL Ltd., Tokyo, Japan) operating
at 80 kV. NP functionalization was also analyzed using Fourier trans-
form infrared (FTIR) spectroscopy. KBr pellets were prepared with 1 mg
of lyophilized NP samples and analyzed using a Nicolet iS10 spec-
trometer (ThermoFisher Scientific, Waltham, MA, USA) with Smart
OMNI-Transmission accessory. FTIR spectra were recorded using a res-
olution of 4 cm™! at RT using OMNIC™ 8.3 software (ThermoFisher
Scientific).

2.5. LEM2 loading into NPs

Drug loading was performed by the immersion method (Salonen
et al., 2008). APTES-TCPSi or APTES-TCPSi-PEG-FA NPs (200 pg) were
dispersed and immersed in 250 pL of LEM2 solution in dichloroethane
(DCE) at 5 mg/mL with stirring at 300 rpm for 2 h, protected from light
at RT. Loaded NPs were collected by centrifugation at 16,110g for 10
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min and washed with 50 pL of ethanol to remove the excess of unloaded
drug and DCE remains. Loaded NPs were then dispersed in 1 mL of DCE
and stirred for 1 h, protected from light. After that, NPs were centrifuged
and the amount of LEM2 in the supernatant was analyzed using high-
performance liquid chromatography (HPLC, Agilent 1 260, Agilent
Technologies, Santa Clara, CA, USA). The HPLC method was established
using a C18 column (4.6 x 150 mm, 5 um, Supelco Discovery, USA) with
a mobile phase of methanol/water (70:30) in isocratic system, at RT.
The injected volume was 20 pL, the flow rate was 0.7 mL/min, and the
absorbance was measured at 240 nm wavelength. A calibration curve of
LEM2 (0.047-48.5 pg/mL) in DCE was established in triplicate, and the
quantification of LEM2 was based on the total area under the curve
(Supplementary material, Fig. S1). The loading degree, LD (%), and
encapsulation efficiency, EE (%), were calculated based on the following
Egs. (1) and (2):

LD(%) = (%) x 100 o))
mnps + MLEM2
EE(%) _ <(minilial LEM2 — (mfrcc LEM2 T Mwashed LEM2) ) ) « 100 )
Minitial LEM2

where myps and my gm2, in pg, are the masses of the nanoparticles and the
drug, respectively.

2.6. LEM2 release profile

LEM2 payload release study was carried out as described elsewhere
(Shahbazi et al., 2015). Briefly, LEM2-loaded APTES-TCPSi or APTES-
TCPSi-PEG-FA NPs (200 pg) were gently dispersed in 5 mL of 10 mM
HBSS-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
(pH 7.4) or 10 mM HBSS-MES (pH 6.5), at 37 °C, 300 rpm, for 3 h. Al-
iquots of 100 pL were taken at several time-points and replaced by pre-
warmed buffer solutions to maintain the release volumes. To quantify
the released LEM2, samples were then centrifuged at 16,110g and the
supernatants were analyzed using HPLC as described in Section 2.5. Bulk
LEM2 (corresponding to the amount of the highest LD (%)) was
dispersed in the same buffers and was used as a control.

2.7. Stability study

The stability of NPs in cancer cell culture medium was studied as
described in (Bauleth-Ramos et al., 2017). For that, 100 pg of the bare
APTES-TCPSi or APTES-TCPSi-PEG-FA NPs were dispersed in 750 uL of
RPMI 1640 with 10% FBS, and stirred for 2 h at 37 °C. Aliquots of 100 pL
were taken at several time-points and diluted in 900 uL Milli-Q water.
Thereafter, the hydrodynamic diameter, PdI, and {-potential were
analyzed by DLS and ELS using Zetasizer Nano ZS.

2.8. Human cancer cell lines

Human breast adenocarcinoma MDA-MB-231 and colon adenocar-
cinoma HCT116 cell lines from ATCC (Rockville, Maryland, USA) were
cultured in RPMI 1640 with 10% FBS, 1% NEAA, 1% L-glutamine and
1% penicillin-streptomycin in 25 cm? flasks. Cells were incubated in a
BB 16 gas incubator (Heraeus Instruments GmbH, Hanau, Germany) at
37 °C, 5% CO; and 95% relative humidity.

2.8.1. Invitro cytocompatibility and cytotoxicity studies

The cytocompatibility of bare NPs and the cytotoxicity of LEM2-
loaded NPs, were assessed by CellTiter-Glo® Luminescent Cell
Viability assay, as described in (Santos et al., 2010). MDA-MB-231 and
HCT116 cancer cells were seeded in a 96-well microplate with flat
bottom (Corning Inc. Life Sciences, New York, USA) at 5 x 10° cells per
well. Cells were allowed to attach for 24 h at 37 °C. Bare or LEM2-loaded
NPs were dispersed in a cell culturing medium and serial dilutions were
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made. Cells were incubated with 100 pL of NP suspension in each well.
Final concentrations of bare NPs ranged from 37.5 to 600 pg/mL. LEM2-
loaded NPs’ final concentration treatments corresponded to 0.3 and
0.625 pM of LEM2, accordingly with obtained LD (%). Also, serial di-
lutions of bulk LEM2 (stock solution at 5 mM in DMSO) were made in
cell culturing medium and cells were treated with final concentrations
ranging from 0.3 to 5 uM. Cell culturing medium and 1% Triton X-100
were used as controls. Treated cancer cells were incubated for 48 h at
37 °C. Afterwards, the cancer cells were washed with 10 mM HBSS-
HEPES (pH 7.4), and 100 pL of the CellTiter-Glo® Luminescent Cell
Viability assay reagent was added into each well to lyse the cells. The
cell viability assay reagent was allowed to react for 15 min with plate
shaking, protected from light. The percentage of viable cells was
determined by measuring the luminescence, using a Varioskan Flash
multimode reader (Thermo Fisher Scientific).

2.8.2. Invitro NP cellular uptake study

Evaluation of qualitative NP cellular uptake and attachment on the
cell membrane was performed using TEM. To this end, 13 mm round
shape coverslips were placed on the bottom of 24-well plate (Corning
Inc. Life Sciences) and MDA-MB-231 and HCT116 cancer cells were
seeded at 1 x 10° cells per well (500 L) in RPMI 1640 supplemented
with 10% FBS. Cells were allowed to attach for 24 h at 37 °C. Culture
medium was removed and 500 pL of bare APTES-TCPSi or APTES-TCPSi-
PEG-FA NPs (dispersed in 10 mM HBSS-HEPES, pH 7.4, at 50 pg/mL), or
only dispersion medium (negative control), were added into each well.
Treatments were performed for 3 h at 37 °C, followed by removal of NP
suspension and washing the cells with 10 mM HBSS-HEPES (pH 7.4).
Next, the cells were fixed with glutaraldehyde for 15 min, washed,
dehydrated with ethanol and embedded in epoxy resin, followed by
slicing into 60 nm thick sections. The sections were transferred on
carbon-coated copper grids for TEM imaging and were analyzed. Mi-
crographs were acquired using Jeol JEM-1400 TEM operating at the
acceleration voltage of 80 kV.

2.9. Statistical analysis

The experiments were performed in triplicate (n = 3) and the data is
presented as mean + standard deviation (SD; in NP physicochemical
characterization, stability, loading and release assays) or mean =+ stan-
dard error of the mean (SEM; in cellular assays). Data were analyzed
statistically by applying two-way ANOVA (cells viability assay) followed
by Dunnet’s multiple comparisons using the GraphPad Prism 7 software
(GraphPad Software, California, USA). Considered levels of significant
differences were set at probabilities *p < 0.05, **p < 0.01, and ***p <
0.001.

3. Results
3.1. Functionalization and physicochemical characterization of the NPs

The core of the PSi NP used in the present work was produced by a
top-down procedure (Makila et al., 2012), its surface was stabilized by
thermal carbonization and followed by modification with APTES to
provide amine functionalization. The obtained APTES-TCPSi NPs pre-
sented a specific surface area of 352 + 3 m?/g, pore volume of 0.76 +
0.03 cm®/g and pore diameter of 8.6 = 0.4 nm.

Cellular membrane FR has been reported as an appealing target for
anticancer targeted drug delivery by decorating the nanosystems with
the natural ligand FA (Cheung et al., 2016). Herein, surface function-
alization of APTES-TCPSi core with FA was designed. To this end, since
FA is a small ligand, to increase the blood circulation half-time of NPs by
preventing opsonization, a polymer of 5 kDa (COOH-PEG-NH;) was
added between NP and the FA (Knop et al., 2010). The aromatic amine
of FA is necessary for receptor recognition (Chen et al., 2013). There-
fore, PEG dually functionalized with a carboxylic acid and a primary
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amine was chosen to ensure the subsequent conjugation of the carbox-
ylic acid of FA with the NH-terminal of PEG, which maintained the
aromatic amine of FA free for interaction with the receptor. Fig. 1 A
shows the design strategy of the NP functionalization. The reactions of
NPs with polymer and ligand were performed using EDC/NHS cross-
linking chemistry under aqueous conditions (Hermanson, 2013). Since
PEG contains primary amine, its protection with BOC was necessary to
avoid unspecific crosslinking during the -COOH activation.

To confirm the success of the NP functionalization with FA, {-po-
tential, size, and PdI were measured using DLS and ELS (Table 1).
Indeed, it was possible to identify differences in surface charge between
the unmodified (APTES-TCPSi) and the modified (APTES-TCPSi-PEG-
FA) NPs. The unmodified NPs presented a positive charge due to -NHy/
NH3 groups from the APTES moiety, which shifted to negative/neutral
values after FA conjugation (Table 1), since the FA aromatic amine may
be in its free state (folic acid pK, of 3.5 and 4.3) (NIH-PubChem, 2019).
Regarding the PdI, the representation of the size distribution of particles,
both unmodified and modified NPs were moderately polydisperse in
solution (PdI 0.1 < x < 0.4) (Table 1) (Danaei et al., 2018). Modified NPs
presented slightly higher PdI values, evidencing the chemical change on
the NP shell due to functionalization (Table 1).

The analysis of the newly functionalized NPs was performed by FTIR
spectroscopy. Comparing the spectra of the unmodified and modified
NPs with the reference spectrum of FA revealed that the NPs were suc-
cessfully functionalized with FA (Fig. 1 B). The differences detected
were in the fingerprint region. NPs modified with FA spectrum showed
new bands at 1680 cm ™! (a; C=0 secondary amide stretch), 1597 cm !
(b; N—H amide bend), 1546-1476 cm™! (¢; C=C aromatic stretch,
multiple bands), 1380 em™! (d; C—H CHj; bend), and 1280 em™! (e;
C—N amine stretch) wavelengths, which correspond to FA reference
bands (Fig. 1 B) (Coates, 2006; Tonbul et al., 2021). Furthermore, TEM
analysis was performed to investigate NP morphology (Fig. 1 C). In
general, the appearance of unmodified and modified NPs was similar,
and the size is in accordance with the values obtained by DLS.

3.2. LEM2 loading, in vitro release profile, and stability of NPs

After NP functionalization, it was important to investigate the
amount of LEM2 (Fig. 2 A) that the NPs could carry and deliver to the
target cells. For that, the LEM2 LD (%), EE (%) and payload release
profile were performed. Drug loading was performed using the immer-
sion method (Salonen et al., 2008), in which the unmodified and
modified NPs were dispersed in a concentrated LEM2 solution in DCE,
allowing the incorporation of the compound within the pores. The
compound is loaded due to its higher affinity with the surface of NP
pores than to the solvent through physical adsorption and physical
confinement contributing to drug amorphization (Makila et al., 2014).
Among other solvents tested (i.e., ethanol, methanol, acetonitrile,
DMSO, diethyl ether, n-hexane and ethyl acetate, data not shown), DCE
showed to be the best solvent, reaching the concentration of LEM2 at 5
mg/mL. The obtained LD (%) values were 2.33 + 0.94% and 1.99 +
0.97% with APTES-TCPSi and APTES-TCPSi-PEG-FA, respectively. The
calculated entrapment efficiency (EE (%)) was higher for both nano-
particles, 21.89 + 8.97 % and 22.48 + 10.94 %, respectively. The EE
(%) calculation took into consideration the washing step needed to
remove solvent reminiscences, after NP immersion in drug solution, to
allow NP dispersity in aqueous solution for in vitro assays. Different
factors may affect the differences observed between EE (%) and LD (%),
such as, the affinity of the drug to the NP surface, hydrophobicity of the
NP surface, drug solubility in the solvent and drug molecules interaction
(Karavelidis et al., 2011). Interestingly, the NP surface modification did
not interfere in drug loading or entrapment efficiency.

The LEM2 payload release study indicated that a pH-independent
burst release of LEM2 occurred immediately within the first minutes
after the NP dispersions were placed in the buffer solutions, with no
significant increase in cumulative concentration of LEM2 between 0.5 h
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Table 1
The {-potential, size, and PdI of unmodified and modified NPs.

APTES-TCPSi APTES-TCPSi-PEG-FA

{-potential (mV) 16.0 +£ 0.7 -5.7 £ 16.5
Size average (d. nm) 332. £ 8 333 + 94
PdI 0.19 + 0.03 0.26 + 0.07

Presented data are mean + SD (n = 3).

and 3 h (Fig. 2 B). Additionally, the concentration of LEM2 remained
constant between 3 h and 24 h with no detection of drug degradation
(data not shown). On the contrary, bulk LEM2 in its crystalline form
remained undetectable throughout the experiment up to 3 h, due to its
low solubility/dissolution rate in aqueous solution, being detectable
only at 24 h at concentrations lower than the lowest concentration of the
calibration curve (<0.047 ug/mL, Supplementary material, Fig. S1).
Although the same LEM2 payload release profiles were obtained both at
pH 7.4 and 6.5, for unmodified and modified NPs, higher release was
obtained for APTES-TCPSi-PEG-FA (>90%) than for APTES-TCPSi (20 to
30%) (Fig. 2 B). Although the obtained LDs (%) were low comparing to

other drug payloads (Prestidge et al., 2007), the results obtained in the
release studies were promising, as they indicated an improvement in
LEM2 solubility.

Next, the NP stability in cell culture medium was assessed. The
C-potential, size, and PdI of NPs were measured for 2 h, in RPMI 1640
supplemented with 10% FBS at 37 °C. NPs were shown to be stable
throughout the experiment, with no surface charge alteration (constant
-potential) or aggregation, with unchanged size average and PdI (Fig. 2
C). This evidence showed that the NP stability in cell culture medium
was suitable for further in vitro studies using cancer cells.

3.3. Invitro bare NP cytocompatibility, LEM2-loaded NP cytotoxicity and
uptake studies

Bare NPs cytocompatibility and LEM2-loaded NPs cytotoxicity was
evaluated by cell viability based on quantification of the total amount of
ATP of metabolically active cells (Crouch et al., 1993). HCT116 and
MDA-MB-231 cancer cells were chosen due to the known cytotoxicity of
LEM2 against these cells (Gomes et al., 2019), and due to their over-
expression of FR (Chen et al., 2012). Bare NPs were analyzed to
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Fig. 2. Release profile of LEM2-loaded NPs and stability of bare NPs. (A) LEM2, 1-carbaldehyde-3,4-dimethoxy-9H-xanthen-9-one, chemical structure. (B) Release
profiles of LEM2-loaded modified and unmodified NPs (200 pg) in 5 mL of HBSS-HEPES (pH 7.4, simulating the physiological pH) and HBSS-MES (pH 6.5, simulating
the pH in tumor microenvironment) during 3 h, at 37 °C. Bulk LEM2 (in the same amount of LEM2 loaded in NPs calculated based on the highest LD (%)) was used as
control. The amount of LEM2 released is presented in cumulative % and data are mean + SD (n = 3). (C) Bare NPs (100 pg) stability in 750 pL of RPMI 1640 with
10% FBS culture medium during 2 h, at 37 °C, was assessed by (-potential, size average and PdI. Presented data are mean + SD (n = 3).

investigate whether they could be per se cytotoxic against these human
cancer cells. To determine the highest non-toxic concentration of bare
NPs, cells were treated with a NP concentration ranging from 37.5 to
600 pg/mL. The concentration range of NPs was chosen considering two
concentrations above and two concentrations below 150 pg/mL (this
value corresponds to the amount of bare NPs required to attain 5 pM
LEM2, according to the lowest LD (%)). The results showed that un-
modified and modified NPs exhibited a concentration-dependent cyto-
toxic effect in both cancer cell lines. In general, NPs revealed to be
cytotoxic at the highest concentrations (150, 300, and 600 pg/mL), with
cell viability lower than 60% in both cancer cell lines (Fig. 3 A). In
general, the two lowest NP concentrations of 37.5 and 75 pg/mL showed
to be cytocompatible, with cell viability values higher than 90% in both
tested cancer cell lines (Fig. 3 A).

Thereafter, cancer cells were treated with bulk LEM2 and LEM2-
loaded NPs, with two concentrations of LEM2, 0.3 and 0.625 pM, for
which bulk LEM2 had no cytotoxicity (Fig. 3 B). The amount of NPs was
adjusted to both LEM2 concentrations for cell treatment, according to
previously obtained LD (%), corresponding to NPs concentrations
ranging from 3.7 to 8.9 ug/mL. Of note, these NP amounts were lower
than the lowest concentration of NPs tested with no impact on cell
viability (37.5 pg/mL, Fig. 3 A). LEM2-loaded APTES-TCPSi-PEG-FA
NPs increased LEM2 cytotoxicity at both concentrations tested of LEM2,
by reducing the viability of both cancer cell lines (Fig. 3 C). In HCT116
cancer cells, LEM2-loaded APTES-TCPSi-PEG-FA NPs, at 0.3 and 0.625
uM, revealed to induce a significant reduction of cell viability (21.0 +
12.7% and 11.9 + 4.3%, respectively) compared to bulk LEM2 (Fig. 3
C). MDA-MB-231 cancer cells showed to be less sensitive to LEM2
cytotoxicity (Fig. 3 B, C). Nevertheless, a similar profile was observed in
MDA-MB-231 cancer cells with a significant reduction of cell viability
for both concentrations of LEM2-loaded APTES-TCPSi-PEG-FA NPs
(46.8 + 2.2% at 0.3 pM and 30.8 + 2.4% at 0.625 pM) (Fig. 3 C).

It was also relevant to investigate if the modified NPs were uptaken
by cancer cells within the first hours of cell treatment. For this, cells
were treated with bare unmodified and modified NPs and analyzed by
TEM. TEM micrographs showed that both NPs were associated with cell
membranes and uptaken by HCT116 and MDA-MB-231 cancer cells,

being confined in large vesicles (with the size varying roughly from 200
to 1000 nm) within the cell cytoplasm (Fig. 4). In addition, it became
evident that some cells presented plasma membrane protrusions next to
NPs, as observed in APTES-TCPSi-PEG-FA treatment in both cancer cell
lines (Fig. 4, red arrows).

4. Discussion

Herein, PSi-based nanosystems were developed to overcome LEM2
low solubility to enable further in vivo studies. In general, PSi NPs
improve the solubility of poorly water-soluble drugs, reduce the pH-
dependency of the dissolution process, and the release is based on
faster diffusion than the bulk drug (Santos et al., 2014).

The functionalization of APTES-TCPSi NPs with PEG and FA suc-
ceeded well with the preparation of APTES-TCPSi-PEG-FA NPs using the
EDC/NHS crosslinking chemistry approach (Hermanson, 2013). LEM2
was loaded into the NPs by immersion, a simple and convenient method,
despite the low loading efficiency associated with this method (Li et al.,
2018; Salonen et al., 2008). In the immersion method, drug loading
occurs mainly by physical adsorption of the drug molecules on the
surface of PSi NP pores (Hillerstrom et al., 2014). Although high LD (%)
of drug payload can be achieved with PSi due to high porosity/pore
volume (Li et al., 2018), herein the obtained LD (%) was low. The ob-
tained EE (%) was higher than the LD (%). This can be attributed to a
higher affinity of LEM2 to the solvent than to the PSi, or to relatively low
concentration of the compound in solution (Salonen et al., 2008).
Despite this, it was not possible to obtain higher LD (%) with other
solvents, such as DMSO or acetonitrile, in which LEM2 solubility is
lower. As such, DCE rendered the best LD (%).

The payload release profile indicated that LEM2 was burst released,
which is in line with PSi NPs without sealed pores (Li et al., 2018; Makila
et al., 2014). This indicated that the unmodified and the modified NPs
increased the solubility and dissolution rate of LEM2 in aqueous buffers
when compared to undetectable amounts of bulk LEM2, suggesting that
drug amorphization could be taking place (Hancock and Zografi, 1997).
Interestingly, APTES-TCPSi NPs presented lower drug release than
APTES-TCPSi-PEG-FA. Lower drug release may be attributable to the
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Fig. 3. Bare NPs are cytocompatible at lower concentrations and LEM2-loaded modified NPs increase LEM2 cytotoxicity in human cancer cells. Cell viability in
HCT116 and MDA-MB-231 cancer cells was evaluated after co-incubation with (A) bare NPs (37.5-600 pg/mL), (B) bulk LEM2 (0.3 to 5 pM), or (C) LEM2-loaded
NPs, for 48 h. Cells treated with RPMI 1640 with 10% FBS or 1% Triton X-100 were used as negative and positive controls, respectively. The amount of LEM2-loaded
NPs was calculated through LD (%), to treat cells with the same amount of NP-loaded LEM2 corresponding to bulk LEM2 concentrations of 0.3 and 0.625 pM.
Treatment with bulk LEM2 was used as a negative control at the same concentrations. Presented data are mean + SEM (n = 3). Significant differences between means
(negative control vs NPs treatments) were statistically analyzed by two-way ANOVA with Dunnet’s multiple comparisons test (*p < 0.05, **p < 0.01, and ***p

< 0.001).

retention of a portion of the drug inside PSi NPs by the establishment of
stronger interactions between the cargo molecules and the PSi surface,
or due to small crystalline nuclei of drug blocking the pores (McCarthy
et al., 2018). However, in this case, the lower LEM2 release observed
with APTES-TCPSi NPs can be associated with problems in drug loading,
as the immersion method can have reproducibility problems (Salonen
et al., 2008), rather than to the establishment of covalent bonds among
LEM2 aldehyde group and APTES-TCPSi primary amines, since loading
occurs under catalyst-free organic solvent at RT and normal pressure. Of
note is that the pH showed not to be a critical factor in LEM2 release as
expected (Santos et al., 2014), showing that the LEM2 payload release is
adequate in physiological pH and tumor microenvironment. Addition-
ally, NPs were found to be stable in cell culture medium, maintaining
their dispersity, an important factor for cancer cell treatment.

The NPs developed herein exhibited concentration-dependent cyto-
toxicity, as demonstrated with PSi NPs in other studies (Bimbo et al.,
2012; Sarparanta et al., 2012) and are cytocompatible in cancer cells at
concentrations lower than 75 pg/mL. LEM2-loaded NPs increased LEM2
cytotoxicity by improving its solubility and delivering it intracellularly.
Indeed, LEM2-loaded NPs significantly decreased cancer cell viability

compared to bulk LEM2 at the same tested concentrations, with no NP-
associated cytotoxicity (NP concentrations were lower than the lowest
cytocompatible tested concentration). Of note is that cytotoxic selec-
tivity was evident among the LEM2-loaded modified and unmodified
NPs, with a stronger cytotoxic effect with APTES-TCPSi-PEG-FA NPs
treatment. As such, the observed cytotoxic selectivity could be associ-
ated with the lower cumulative release of the LEM2-loaded unmodified
NPs or with the FR-targeted cellular uptake by FA. Cellular membrane
FR is associated with the selective NP internalization via ligand-receptor
mediated endocytosis (Langston Suen and Chau, 2014). Several studies
have reported that the active targeting of mesoporous silica NPs with FA
is a successful strategy, by being selectively uptaken by cells and
increasing the potency of the carried drug comparing to unmodified NPs
(Chen et al., 2018; Porta et al., 2013; Tonbul et al., 2021). Therefore, NP
cellular uptake was investigated and was confirmed for 3 h of treatment,
but no evident cellular uptake selectivity was observed for the time
tested. Interestingly, Porta et al. reported that the selective uptake of FA-
NPs, by human cells, occurred at 6 h treatment, and Tonbul et al
observed the uptake difference at 2 h or 4 h, depending on the cell line
(Porta et al., 2013; Tonbul et al., 2021). Therefore, a kinetic uptake
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MDA-MB-231

Fig. 4. Modified and unmodified NPs are uptaken by cancer cells. TEM micrographs show NP internalization by HCT116 and MDA-MB-231 cancer cells after 3 h
treatment with modified and unmodified bare NPs at 50 ug/mL. Cell culture medium was used as negative control. Red arrows identify cellular protusions. From left
to right, the magnifications are as follows: first micrograph 500, second micrograph 4000x, and third micrograph 15,000x. The micrographs were recorded at an
acceleration voltage of 80 kV. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

study of the NPs developed in our work should be pursued. It was also
hypothesized that modified NPs could be internalized by both selective
and non-selective mechanisms, whereas unmodified NPs would be
internalized by non-selective mechanisms. The large intracellular vesi-
cles containing NPs and plasma membrane protrusions observed by
TEM, as well as the NP size around 330 nm, raises the possibility that
macropinocytosis could also occur (Behzadi et al., 2017). Therefore,
further uptake studies should be performed to better elucidate the up-
take pathway of these NPs, in these cancer cells.

PSi matrix exhibits biodegradability, by dissolving into orthosili-
cates, which rate is tuned by different factors, such as size, porosity,
morphology, surface chemistry, functionalization and medium/

environment conditions (Croissant et al., 2017). Specifically, bigger
pores favor PSi dissolution than smaller ones (Martinez et al., 2013),
thermally carbonized NPs showed to resist longer to biodegradation
than oxidized ones (Kovalainen et al., 2018) and functionalization with
PEG(5Kk) also prolonged the time of PSi dissolution (Godin et al., 2010).
Regarding the environment conditions, PSi dissolution is favored in
alkaline pH and presence of solubilizing nucleophilic species (Croissant
etal., 2017). Therefore, APTES-TCPSi-PEG-FA are expected to take some
weeks to fully dissolve. Regarding in vivo settings, several works have
been done, highlighting that PSi NPs had the ability to accumulate in the
spleen and in the liver, and then were cleared over time (Tanaka et al.,
2010b; Tzur-Balter et al., 2015). Also, PSi-based NPs in vivo safety doses
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and maximum tolerated doses have been reported (Nishimori et al.,
2009; Tanaka et al., 2010a; Yu et al., 2012) and to the interest of the
present work, the obtained LEM2 loading degree should be optimized in
APTES-TCPSI-PEG-FA to allow the administration of a NP dose bellow
the described concentrations (100 mg/kg).

Altogether, both the APTES-TCPSi and APTES-TCPSi-PEG-FA NPs
showed to be cytocompatible in cancer cells, improved LEM2 solubility
and cytotoxicity. LEM2-loaded APTES-TCPSi-PEG-FA NPs showed to be
more effective in enhancing the LEM2 anticancer activity and
bioavailability. Hence, the developed LEM2-folate decorated meso-
porous silicon nanodelivery system, described herein, paves new op-
portunities envisioning an optimized nanoformulation to pursue LEM2
in vivo studies.
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