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1 Introduction

Stable “snow lantern-like” aggregates of silicon
nanoparticles suitable as a drug delivery platform+

Hennie Marie Johnsen, {2 **P Seyvedmehdi Hossaini Nasr,© Ricardo De Luna, & ¢
Werner Filtvedt,® Michael J. Sailor, 2 € Jo Klaveness® and Marianne Hiorth?

Nanomedicine is a growing field where development of novel organic and inorganic materials is essential
to meet the complex requirements for drug delivery. This includes biocompatibility, suitability for surface
modifications, biodegradability, and stability sufficient to carry a drug payload through various tissues for
the desired timespan. Porous silicon nanoparticles (pSi NP) are shown to have several beneficial traits in
drug delivery in addition to a porous structure to maximize drug loading. The conventional synthesis of
pSi NP using electrochemical etching is costly, time-consuming and requires large quantities of highly
toxic hydrofluoric acid (HF). As such this research attempted a novel method to address these limitations.
Mesoporous silicon nanoparticles were prepared by centrifugal Chemical Vapor Deposition (cCVD)
without the use of HF. This process generated aggregates consisting of multiple primary particles fused
into each other, similar to snowballs fused together in a snow-lantern (snowball pyramid). Our results
demonstrated that the cCVD Si particles were versatile in terms of surface chemistry, colloidal stability,
degradability, minimization of acute in vitro toxicity, and modulation of drug release. Dynamic light scat-
tering, scanning electron microscopy, and cryogenic nitrogen adsorption isotherm measurements
confirmed the overall size (210 nm), morphology, and pore size (14-16 nm) of the prepared materials.
Agglomeration in phosphate-buffered saline (PBS) was minimized by PEGylation by a two-step grafting
procedure that employed a primary amine linker. Finally, the release rate of a model drug, hydrocortisone,
was evaluated with both PEGylated and pristine particles. Conclusively, these snow-lantern cCVD Si par-
ticles do indeed appear suitable for drug delivery.

mononuclear phagocyte system and overcome hemorheologi-
cal limitations, tissue penetration, and possibly cell membrane

Ever since Paul Ehrlich introduced the concept of the “magic
bullet” in 1907," researchers have strived to develop drug deliv-
ery platforms to enhance drug effectiveness and minimize side
effects for improving human health. As opposed to nonspecific
distribution of drug molecules, nanomedicines have been
designed using various organic and inorganic materials to
improve directional drug transport. However, the visions for
nanomedicine have yet to be realized in clinical translation
due to the complex biological barriers. In addition to require-
ments of biocompatibility and high drug capacity, the various
routes of administration set directions for rational design of
optimized drug delivery materials. For instance, after intrave-
nous administration the particles must avoid uptake by the
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internalization and endosomal escape.> The particles should
be biodegradable while displaying sufficient stability to deliver
their active ingredient in a manner appropriate for the specific
therapeutic indication. Emphasis on overcoming specific bio-
logical barriers also allows for accommodating individual vari-
ations for development of personalized or precision
nanomedicine.’

The base material, particle size, shape, surface charge and
coating will determine the in vivo fate of nanomedicines. For
instance, spherical and larger particles have been shown to
ensure longer circulation time while rod-shaped particles
penetrate blood vessels and tumor tissue more readily. Smaller
and positively charged particles more easily traverse mucosal
membranes.® Active targeting or biomimicry can be used to
avoid clearance, prolong circulation as well as adding specific
targeting to diseased tissue.” The properties of the particle
surface are of high importance to surmount several barriers,
and access to facile surface modifications of nanoparticles can
be beneficial. Additionally, precise control over drug release
kinetics can be achieved by various surface modifications.” To
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meet the demands of complex biological barriers a compre-
hensive toolset in nanomedicine design is essential. The bio-
logical complexity might complicate the nanoparticle design.
However, simplicity is important for achieving clinical trans-
lation in terms of scale-up, mass-production and regulatory
approval. Therefore, ongoing discovery of novel base nano-
materials suitable for drug delivery serves as a catalyst in
advancing the field of nanomedicine.

Mesoporous inorganic nanomaterials, like porous silicon
nanoparticles (pSi NP), provide new possibilities in nano-
medicine compared to the widely used organic materials due
to their versatile surface chemistries and their intrinsic pro-
perties that can enable new functions such as imaging.>® In
addition to drug delivery, pSi NPs have potential applications
in several fields including catalysis, energy storage, sensor
technology and chemical separations. Therefore, extensive
efforts have been directed to fabrication methods for nano-
structured Si materials to yield suitable size, shape, pore mor-
phology and surface chemistry for the intended applications.
These methods include top-down approaches such as photo-
lithography” or electrochemical etching of Si wafers® as well as
bottom-up approaches such as solution chemistry,”™" solid-
state synthesis'> and Chemical Vapor Deposition (CVD)."* One
of the most important pSi NPs synthesis routes involves
electrochemical etching of crystalline silicon wafers using
hydrofluoric acid (HF)-containing electrolytes. Parallel pores
form perpendicular to the wafer surface, forming a meso-
porous layer. Ultrasonic power is then employed to fracture the
mesoporous silicon wafer and form nanoparticles. The nano-
particles of the desired size can be gathered using a series of
centrifugation and washing steps.

Over 20 years of extensive research into the use of pSi NPs
in biomedical applications have identified methods that generate
biocompatible and biodegradable material, by dissolution into
orthosilicic acid under physiological conditions.>** The surface
area and pore dimensions can be adjusted during synthesis by
varying the current density to accommodate different sizes of pay-
loads, from small molecular drugs to larger biologics. Several
animal studies have demonstrated biocompatibility of pSi NPs as
well as therapeutic effects of the drug-loaded particles.'>"®
Chemical grafting of functional and targeting groups on the
porous Si surface enables control over the particles’ fate in vivo,
while surface polyethylene glycol (PEG) groups increase circula-
tion time by protecting against immune system recognition.'”'®
Nevertheless, pSi NP-based therapeutics can face challenges for
clinical translation due to the complex and costly fabrication
route, hazardous chemistry involving HF, and high material
losses during particle size refining.

This work presents an alternative approach for pSi NP pro-
duction using centrifugal Chemical Vapor Deposition (cCVD).
This scalable one-step method does not use HF or other hazar-
dous etching chemistries. The method yielded Si particles that
have the ability to produce therapeutic levels of hydrogen gas"®
and have shown promising biocompatibility measures.”® The
cCVD process allows control over synthesis parameters such as
temperature and growth time to regulate particle properties
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like primary and total particle size.>** A means to achieve
porous particles by controlled aggregation of small primary
particles into larger “snow lantern-like” particles using the
cCVD process, and its potential as a drug delivery material, is
documented in the present study. Surface modifications were
applied to wafer-derived and cCVD Si particles, to compare the
applicability to the two materials. Finally, the suitability of
cCVD Si particles for drug delivery was assessed by bio-
degradation, biocompatibility and drug loading studies.

2 Materials and methods
2.1 Materials

Aggregated cCVD Si particles were obtained from Dynatec
Engineering AS. Reference porous silicon flakes (L634 formu-
lation, prepared by electrochemical anodization of single-crys-
talline wafers, porosity: 80 + 10%, pore size: 10-20 nm) were
purchased from a commercial source, TruTag Technologies,
inc (https:/trutags.com/). These flakes were then processed
into particles as described below. For stability and degradabil-
ity studies, albumin from human serum (>96%, Sigma),
ethanol and isopropanol (prima, Antibac), methanol (VWR),
N,N-dimethylformamide (DMF, Thermo Scientific), dimethyl
sulfoxide (DMSO, Fisher Chemical) and phosphate buffered
saline (PBS) pH 7.4 tablets (ionic concentration ~0.15 M,
Sigma-Aldrich) were all used as-received, with no further puri-
fication. For the cellular studies, Dulbecco’s Modified Eagle
Media (DMEM), containing 4.5 ¢ L™" p-glucose supplemented
by 10% fetal bovine serum (FBS), 1% Penicillin-Streptomycin
and 0.5% r-glutamine and the required supplements were
obtained from Gibco. Black 96-well plates with transparent
bottoms were obtained from Corning Inc. AlamarBlue reagent
was purchased from Invitrogen, Thermo Scientific. For particle
oxidation and coating, hydrogen peroxide solution (H,O, 35%)
and sodium tetraborate decahydrate (Na,B,0, x 10 H,0) were
obtained from Merck. 3-Aminopropyl-dimethylethoxysilane
(APDMES) was purchased from Oakwood chemical. 2,2-
Dimethoxy-1,6-diaza-2-silacyclooctane (DMDASCP, 10% in
cyclohexane) was purchased from Gelest Inc. mPEG-silane (5k
Da) and maleimide (MAL)-PEG-silane (5k Da) were obtained
from Creative PEGWorks. mPEG-succinimidyl valerate (SVA, 5k
Da) and MAL-PEG-SVA (M,, 5k) were obtained from Laysan Bio
Inc. For drug loading and release studies hydrocortisone (HC)
and acetonitrile were purchased from Sigma-Aldrich, High-
Performance Liquid Chromatography (HPLC) grade water from
Thermo Scientific and trifluoroacetic acid from Merck.

2.2 Nanoparticles synthesis

2.2.1 ¢CVD Si particles synthesis. The cCVD Si particles
were obtained from Dynatec Engineering AS and were prepared
as previously described.'® Briefly, the custom-made stainless
steel cCVD reactor comprised of an inlet for monosilane gas
(SiH,), a heating chamber for thermal decomposition of SiH,,
a centrifuge element for controlling centripetal force and thus
particle size, and an outlet with a filter for collecting pure Si

This journal is © The Royal Society of Chemistry 2024
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particles.”>** By adjusting the growth conditions in the ¢cCVD
reactor, particles could be prepared as either isolated, single
particles or as aggregates. Absolute pressure, temperature, con-
centration, flow rate, turbulence intensity and centrifugal
force, as well as gradients of these parameters and the reactor
design influenced what kind of particles were produced.*!**>
The particles were produced at temperatures over 420 °C,
using a centripetal acceleration of 1000-100 000 g and pressure
of approximately 1 bar.

The complex thermal SiH, decomposition process includes
formation of different higher order silane species (Si H,) that
eventually grow into polymeric chains and rings, and the rings
finally stack into complexes.>®?” At this stage, the reactions are
exothermic and irreversible. To grow stable aggregate particles,
the reaction parameters were adjusted to maximize formation
of a large number of nuclei, such that each particle would
compete for the same precursor gas and thus be limited in
size. The temperature was maintained sufficiently low to allow
the formation of many intermediate SiH, species at the
surface of the particles to enhance the tendency of the par-
ticles to adhere to other particles during this stage. This
resulted in many particle-to-particle collisions and eventually
aggregated particles. It was important to terminate the process
at a consistent growth time, using a centripetal acceleration of
at least 1000 g, such that the aggregates achieved a narrow size
distribution. These ¢CVD Si particles were used as obtained
and handled in ambient air unless otherwise noted.

A cCVD Si particle batch of primary (SEM) and aggregate
(DLS) particle size of approximately 30 and 210 nm, respect-
ively, were used for all the experiments herein except for the
cell viability studies. A particle batch of identical chemical
composition but with approximately 60 and 350 nm primary
and aggregate particle size, respectively, was used for the cyto-
toxicity studies. The cCVD particles were used as obtained and
after exposure to ambient air unless otherwise noted.

2.2.2 TruTag Si particles synthesis. The particles referred
to in this work as “TruTag Si particles” were prepared from
porous silicon flakes obtained from the commercial supplier.
These silicon flakes were ultrasonically fractured in absolute
ethanol for ~18 hours followed by centrifuge treatment at low
and high speeds to prepare a fraction of particles of the appro-
priate size. First, the sample was centrifuged at 15 000 rpm for
10 min and the supernatant was discarded. The remaining
pellet was redispersed by ultrasonication in ethanol and the
process was repeated. Then, the pellet was re-suspended in
ethanol and centrifuged at 2500 rpm for 5 min. The pellet
resulting from this step was discarded. The nanoparticles
remaining in the supernatant at this stage were of the desired
size, and they were stored in ethanol until further use.

2.3 Oxidation and surface modifications

The cCVD Si particles were oxidized by one of the following
methods to perform surface chemistry via surface silanol
groups: one month exposure to ambient air, chemical oxi-
dation by two-day immersion in either H,O,: EtOH (1:1) or
2 mM Na,B,0-, followed by water and ethanol wash, or by heat
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treatment (50 °C min~" up to 700 °C for 90 min). TruTag Si
particles were oxidized by two hours immersion in H,O,.
Immersion in H,O, was the standard oxidation treatment used
unless otherwise noted.

To functionalize the surface of Si cCVD NPs with amine
groups, different chemistries were tested. For APDMES graft-
ing, 1 mL EtOH and 15 pL of the APDMES solution was added
to 1 mg particles before redispersion by ultrasonication fol-
lowed by two hours of vortex shaking. For DMDASCP grafting,
800 pL DMF and 200 pL of DMDASCP solution was added to
1 mg particles before redispersion and placing on a spinning
wheel overnight. All samples were then washed with water and
ethanol. As a control, particles prepared from TruTag were
aminated using the same chemistries.

The surface of the cCVD Si NPs was decorated with PEG
using two different approaches, (a) direct PEGylation through
the reaction of PEG-silane with Si and (b) by amide bond for-
mation between an amine-functionalized Si (APDMES or
DMDASCP) and SVA-PEG moieties. For each method mPEG
and MAL-PEG were used. The PEG chemicals (10 mg for 1 mg
Si) were dissolved in 1:9 DMSO : EtOH before adding to the Si
samples. The samples were then redispersed and left on a
spinning wheel overnight before washing with water and
ethanol. The same procedures were applied to TruTag NP as a
control study.

2.4 Characterization

2.4.1 Dynamic light scattering. Dynamic Light Scattering
(DLS) measurement for particle size and charge determination
was carried out by dispersing a small particle sample in puri-
fied water by ultrasonication, unless otherwise noted. A
Zetasizer Nano ZS (ZEN3600, Malvern Instruments Ltd) instru-
ment, with detection of scattered light from a laser at an angle
of 90° or backscattered at 173°, was used with refractive index
and viscosity of pure water as constant parameters. The
Zetasizer software (version 8.01) fitted the data to the autocor-
relation function and calculated the hydrodynamic diameters.
The mean size (Z.average) and the polydispersity index (PDI)
were calculated as the average of three measurements of each
sample aliquot. The same settings were used for zeta potential
(surface charge) measurements, but a separate cuvette was
used, allowing for application of an electric field. The zeta
potential was measured in water and calculated by the software
from the electrophoretic mobility, using the Smoluchowski
approximation. The results were given as an average of five
measurements.

2.4.2 Scanning electron microscopy. Scanning electron
microscopy (SEM) was used to image the ¢cCVD Si NPs. The
particles were dispersed in ethanol and the sample was trans-
ferred to a 3 mm copper TEM grid with lacey carbon films and
allowed to dry in air before analysis. The sample was then
imaged using a JEOL JSM-7900F field emission scanning elec-
tron microscope with 30 kV accelerating voltage in secondary
electron scanning mode.

2.4.3 X-ray diffraction. The crystal structure of the cCVD Si
particles was characterized by X-ray diffraction (XRD) using Cu
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K-o radiation from a Bruker D2 Phaser diffractometer with a
theta/theta goniometer and a LynxEye XE-T 1D detector. The
analysis was carried out at an angle (26) from 10° to 80° with a
step size of 0.2°. The particles were dispersed in ethanol and a
thin layer was transferred to a Si zero diffraction plate that was
dried before measurement.

2.4.4 Surface area and porosity measurement. Brunauer—
Emmett-Teller (BET) theory from nitrogen adsorption
measurements was used for quantification of the surface area
of the cCVD Si particles. Nitrogen adsorption/desorption data
was obtained using the Micrometrics ASAP 2020 instrument
(and ASAP 2020 software) and measuring the relative pressure
(P/P,) with nitrogen as the adsorptive gas. The particle sample
was degassed over 300 min at 80 °C under vacuum before
analysis.

2.4.4 Analysis of surface chemistry and coating. Particle
surface chemistry was characterized by Fourier Transform
Infra-red (FTIR) absorbance, Thermogravimetric analysis
(TGA), Raman spectroscopy and zeta potential measurements
(described in 2.4.1). FTIR absorbance spectra with Attenuated
Total Reflectance (ATR) analysis were recorded using a Nicolet
iS50 FTIR Spectrometer (Thermo Fisher) and OMNIC software.
Smart iTX Accessory with Diamond Crystal was used and 16
scans were taken for each sample. All particle samples were
dried under vacuum for at least three hours before analysis.
TGA was done using a SDT650 (TA Instruments). The particle
samples were added to 90 pL ceramic alumina pans, with a
minimum sample mass of 1 mg. Each sample was heated from
room temperature to 1000 °C at a ramp rate of 5 °C min™" and
ran in triplicate with oxygen (100 mL min~") as the purge gas.
The data were analyzed by the TRIOS software and mass tran-
sitions were assigned organic content around the corres-
ponding mass transition temperatures. Raman spectra were
captured using an inVia Raman Microscope (Renishaw) with a
532 nm (100 mW) laser and 1800 gr mm ™" diffraction grating.
A 20x objective was used on the microscope. The samples were
tested in three different locations with 10% laser power. A
higher laser power and a different laser (785 nm, 200 mW
laser with a 1200 gr mm ™" grating) were seen to damage the
sample. The system was calibrated on the 520 + 1 cm ™" lattice
mode of a single-crystal silicon reference. The Raman spectra
are presented as the Stokes shift in wavenumbers from the
excitation laser frequency.

2.5 Stability evaluations

The colloidal stability of pristine cCVD Si particles was studied
in PBS and in other conditions including 4% albumin
solutions, at room temperature or 37 °C and with or without
magnetic stirring (~200 rpm). After 5 hours or 4 days, the
particle samples (5 mg mL™") were diluted with water and
either shaken by hand or ultrasonication treated before size
was measured by DLS (as described in 2.4.1). A 24-hour stabi-
lity study of pristine and PEGylated cCVD Si particles (mPEG
and DMDASCP-mPEG) was conducted in water and PBS at
200 pg mL ™. The dispersions were placed on a spinning wheel
and samples were withdrawn after 30 min, 2, 4, 8, and
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24 hours and diluted in the same medium before size analysis
by DLS. No ultrasonication treatment was used before
measurement. The shelf-life stability of dry powder in room
temperature and ambient air was measured monthly over
4 months by DLS (as described in 2.4.1). FTIR spectrum was
captured for fresh cCVD Si particles and after one month
storage in room temperature.

2.6 Invitro biodegradation assay

In vitro dissolution of ¢cCVD Si particles was investigated in
PBS pH 7.4 with a concentration of 100 pg mL™", temperature
of 37 °C and under constant stirring at 100 rpm. Samples were
withdrawn after 30 min, 1, 2, 4, 8 and 24 hours and centri-
fuged (15 min at 14k rpm) to remove remaining particles. The
supernatants were analyzed for dissolved silicon content using
inductively coupled plasma-optical emission spectrometry
(ICP-OES, Ultima2, Horiba Scientific, Jobin Yvon).
Quantification of silicon was done by comparing the signal at
A =251 nm to a standard curve. The experiment was done in
triplicate.

2.7 Invitro cytotoxicity studies

The AlamarBlue bioassay was used for in vitro cytotoxicity
studies of non-coated cCVD Si particles of primary and aggre-
gate size of approximately 60 and 350 nm. Autoclave treatment
(121 °C for 15 min) was used for sterilizing the particles before
added to the cells. The pancreatic ductal adenocarcinoma
murine cell line KPC was maintained in DMEM cell culture
medium and incubated in 37 °C and 5% CO, atmosphere. For
viability studies, the cells were seeded at a density of 3000 cells
per well in 96 well plates. Growth medium containing the par-
ticles of concentrations from 62.5 to 500 pg mL™" (n = 8 for
each concentration) were added the cells, and then incubated
before measuring viability after 24 and 48 hours. The plates
were rinsed twice with PBS, then 100 pL AlamarBlue solution
and 900 pL growth medium was added to each well followed
by two hours incubation. The fluorescence was measured with
the spectrophotometer SpectraMax i3x (Molecular Devices)
with excitation at 560 nm and detection at 590 nm. Cell viabi-
lity was calculated by dividing the fluorescence intensity of the
treated wells by the fluorescence intensity of the control wells.
Assay interference between the Si particles and AlamarBlue
assay components was tested to verify no interference with the
viability results (data not shown), which has also been
described for Si NPs in literature.”® Immediately after viability
measurements (48 h), optical bright field microscopy images
were taken for assessing visual changes in cell density and
morphology using an inverted light optical microscope
(Eclipse TS100 (Nikon)) and a camera (Zyla 4.2 sCMOS (Andor,
Oxford Instruments)) with a 40x magnification lens.

2.8 ¢CVD NP drug encapsulation study

2.8.1 Drug loading. Loading of hydrocortisone (HC) was
done by the impregnation method. Both pristine and two-step
PEGylated (DMDSCAP-mPEG) cCVD Si particles were loaded by
mixing 1:1 Si:HC in DMF (HC concentration below 30 mg

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr05655d

Open Access Article. Published on 18 April 2024. Downloaded on 11/30/2025 5:28:19 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

ml™") followed by drying under vacuum overnight at 60 °C.
The following day, the samples were washed three times with
cold water followed by drying under vacuum overnight at
60 °C. Drug loading was quantified by extraction of HC by
immersion of loaded particles in methanol overnight, in three
parallels. HPLC analyses of the samples were compared to a
standard curve and %mass load (%M.l.) was calculated by
dividing the mass of HC with the total mass of the loaded par-
ticles (x100%). As a reference sample of the free drug, HC was
treated the same way by dissolving in DMF (without particles)
and dried overnight.

2.8.2 Drug release. Release of HC from the loaded particles
and dissolution of the free HC reference sample was moni-
tored in 30 ml of PBS solution pH 7.4 in a 37 °C water bath
with magnetic stirring at 100 rpm. The maximum HC concen-
tration was kept below 0.1 mg mL™'. Samples were withdrawn
at pre-determined time-points and centrifuged at 14k rpm for
10 min to remove the particles. The amount of drug was deter-
mined by HPLC analysis of the supernatant at each time point,
using the extracted amount as the reference for 100% release.
Three parallel release experiments for each particle type were
conducted. Statistical analyses were done using the student
t-test for calculating p-values (statistical significance at p <
0.05), assuming a normal distribution.

2.8.3 HPLC analyses. Reversed phase HPLC analyses were
done using the Finnigan Surveyor HPLC system (Thermo). A
Kinetex C18 100 x 2.1 mm (2.6 pm particle size, Phenomenex)
column was used with isocratic elution with 20% B phase and
80% A phase. A was water with 0.1% formic acid (for pH
control) and B was acetonitrile with 0.1% formic acid. A flow
of 200 pL. min~" was used with photo-diode array (PDA) detec-
tion of wavelengths between 200-400 nm. Quantification of
HC was done by filtering the signal at 4 = 247 nm (the observed
peak absorbance). The sample concentrations were calculated
from the area under the peak at retention time around
4.4-4.6 min as the average of three analyses of each sample.
The signal intensities were compared to a standard curve of
HC in the linear concentration range of 0.0001-0.05 mg ml™*
(R? = 0.999). Samples of higher concentration were diluted to
fall within this range.

3. Results

3.1 Characterization of stable snow lantern-like particles

The ¢cCVD method generated Si aggregate “snow lantern” par-
ticles composed of smaller “snowballs”, as shown by the par-
ticle characteristics. Si particles obtained from this method
displayed surface areas ranging from 9 to 90 m”> g~'. The par-
ticle size (hydrodynamic diameter) typically varied between
150 nm and 500 nm. The particle batch studied herein for
surface modification, stability and drug delivery properties
exhibited a monodisperse size distribution with hydrodynamic
diameter of 210 nm, a surface charge of —37 mV, and an amor-
phous (Fig. SI11) and mesoporous structure with BET surface
area of 60 m”> g~ ' (Table 1). The nitrogen sorption isotherm
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Table 1 DLS (measured in H,O) and BET characteristics of the same
cCVD Si particle batch

Hydrodynamic diameter + s.d. 210 + 0.9 nm
Polydispersity index + s.d. 0.18 £ 0.01
Zeta potential -37.3+0.5 mV
BET surface area 59.8 m* g7!
Pore size adsorption 13.7 nm

Pore size desorption 16.4 nm

BJH pore volume 0.32 cm®g™!

S.d. = standard deviation. BJH = Barrett-Joyner-Halenda (pore volume
analysis).

data included in Fig. SI1} indicates large mesopores, as would
be expected for interparticle spaces. SEM images (Fig. 1)
revealed a spherical morphology of the primary particles and a
more irregular shape for the aggregated particles. The calcu-
lated particle diameter based on the surface area was 43 nm
(ESI section 1.1 and Table SI1}), smaller than the observed
DLS size of the aggregate particles, but larger than the SEM
primary particle size (approximately 20-40 nm). Aggregated
particles of 200 nm (DLS) and primary particle size of
20-40 nm (SEM) correspond to aggregation of about 5 x 5 x 5
primary particles. As such these data confirm that the studied
cCVD particles consist of aggregates and possess a meso-
porous structure.

The SEM images showed larger aggregated particles compared
to DLS measurements, likely due to assumptions of spherical par-
ticles in DLS analysis and agglomeration (reversible) of the aggre-
gate particles (irreversible) during SEM sample preparation. SEM
was done on dry powder and DLS in suspension, thus the imaged
particles likely contained multiple aggregate particles of the
single particles observed in DLS.

The aggregated cCVD particles formed a stable colloid,
maintaining their integrity and not disassembling into
primary particles, when dispersed in aqueous solutions with
variations in salts, temperature, and protein content (Fig. 1),
as well as in organic solvents like ethanol, isopropanol, and di-
methylformamide (data not shown). An increase in particle
size and size distribution (PDI shown in Fig. SI2t) was seen in
PBS solutions. This was further increased at 37 °C and under
stirring. The observed size increase is attributed to particle
agglomeration, and the clumping of particles could be par-
tially reversed by ultrasonication. The tendency to agglomerate
in these media was reduced by addition of 4% albumin.
Furthermore, a shelf-life study of the cCVD Si particles in
ambient air showed minimal changes in particle size, size
distribution and surface charge over a period of 4 months
(Fig. 1). The particles remained stable when stored at room
temperature, although the formation of native oxide over time
might have contributed to a slight increase in particle size and
a change in zeta potential from —37 mV to —30 mV.

3.2 Surface chemistry of snow-lantern particles

Chemical modification of the particle surface to introduce
functional groups suitable for various applications was suc-
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aqueous media measured by particle size/DLS, measured after hand shaking or ultrasonication treatment after 5 hours (5h) and 4 days (4d) incu-
bation (bottom left). Dashed line indicates control sample in water (diameter = 210 nm and PDI = 0.2). Alb. = human serum albumin. Storage stability
of cCVD Si particles (bottom right) by DLS analyses measured monthly after storage in ambient air (top line — Z.average, middle line — zeta potential,
bottom line — PDI). Averages of at least three measurements are shown with error bars showing standard deviations.

cessfully carried out using silane chemistry on surface silanol
groups. The required oxidation of the particle surface was
done using different techniques, resulting in different degrees
of surface oxidation. The FTIR spectrum (Fig. SI31) showed
that all the chemically and native oxidized samples had at
least one of the following peaks, corresponding to the Si-O
stretching modes: 1180, 1060 and 795 cm™". Freshly prepared
pristine ¢cCVD particles had a peak at 2100 cm™" from Si-H
stretching for the hydrogen-terminated surface, which was
absent in the surface oxidized samples. The non-oxidized
cCVD particles possessed a lower level of surface oxide, in
comparison to the non-oxidized TruTag particles. The Raman
spectrum (Fig. SI41) showed similar trends as the FTIR, with
Si-Si lattice modes visible for all samples. The Trutag particles
displayed a Raman shift of ~520 cm™", corresponding to the
lattice mode of crystalline Si, while the cCVD Si particles dis-
played a broader and slightly red-shifted band assigned to
amorphous silicon.”*° Oxidation caused a reduction in inten-
sity of the Si-Si lattice signal and/or an increase in intensity of
the Si-O stretching band at ~400 cm™" for the Na,B,0,, H,0,
and heat-oxidized cCVD particles, as compared to the non-oxi-
dized material.

9904 | Nanoscale, 2024, 16, 9899-9910

To illustrate functionalization possibilities and control
surface charge, a primary amine group was introduced to both
non-oxidized and oxidized Si particles. The two reagents used
for amination, APDMES and DMDASCP, gave 0.4% and 1.9%
organic content (weight%, Fig. SI5 & Table SI2f) and both
resulted in a change in zeta potential which confirmed altera-
tions in surface chemistry. Prior to amination, the surface
charge of cCVD Si particles ranged from —22 to —32 mV, while
for TruTag particles, it varied from —38 to —43 mV, as depicted
in Fig. 2. After APDMES grafting, a drastic change in zeta
potential occurred, resulting in surface charges ranging from
—4 to 21 mV. DMDASCP grafting yielded even higher surface
charges, between 33 and 43 mV due to higher surface
coverage.

The three approaches used for PEG grafting intended for
biomedical applications resulted in varying surface coverage.
TGA showed a total organic content of 0.4%, 2.9% and 7.9%
for H,0, oxidized one-step mPEG-silane, two-step APDMES-
mPEG and DMDASCP-mPEG samples, respectively (Fig. SI5 &
Table SI2t). Following mPEG-silane grafting, the surface
charge approached neutrality but still ranged between —17 and
—32 mV for all particles. APDMES-mPEG particles exhibited a

This journal is © The Royal Society of Chemistry 2024
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particles modified by oxidation, amination (APDMES or DMDASCP) or PEGylation (one- or two-step). Stability shown by hydrodynamic diameter
(bottom) measured by DLS in either water (left) or PBS (right). All the data are shown as an average of three measurements with error bars showing

standard deviations.

narrower charge range of 11 to 21 mV, while DMDASCP-mPEG
modification yielded higher surface charges between 31 and
39 mV. FTIR measurements showed a peak around 2900 cm™"
for the PEGylated samples which corresponds to C-H stretch-
ing (Fig. SI6T). This peak was larger for DMDASCP-mPEG than
for mPEG-silane modified sample, confirming a higher
PEGylation coverage for the former. In water, the colloidal
stability of the unmodified (H,O, oxidized), the one-step
mPEG-silane and the two-step DMDASCP-mPEG modified par-
ticles remained consistent when observed over a 24-hour
period. However, both the unmodified and mPEG-silane modi-
fied particles quickly agglomerated in PBS, whereas the
DMDASCP-mPEG modified particles maintained stability over
24 hours (Fig. 2). PDI data displayed similar trends (Fig. SI7T).

This journal is © The Royal Society of Chemistry 2024

Improved colloidal stability observed in DMDASCP-mPEG
modified particles confirmed successful surface grafting.
Successful grafting of other functional groups through one- or
two-step conjugation, such as the PEG-MAL, was confirmed by
observed changes in particle charge (Fig. SI8t).

3.3 Snow-lantern particles as carrier for drug delivery
application

The cCVD Si particles hold potential for drug delivery appli-
cations based on the biodegradability and biocompatibility
assessment. In PBS solution at 100 pg m1™", the particles dis-
played chemical degradation over 24 hours (Fig. 3). After 1, 2,
and 8 hours in PBS pH 7.4, more than 50%, 75%, and nearly
95% of the Si content had degraded, respectively. In terms of

Nanoscale, 2024, 16, 9899-9910 | 9905
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Fig. 3 Assessment of the drug delivery properties of the cCVD Si particles. In vitro degradation kinetics in PBS pH 7.4 at 37 °C, by ICP measurement
of dissolved Si (top left, n = 3). Cell viability assay on KPC cell line using the AlamarBlue reagent (top right, n = 8). Cumulative release of HC from
pristine and PEGylated (DMDASCP-mPEG) cCVD Si particles and dissolution rate of free HC in PBS at pH 7.4 and 37 °C (bottom, n = 3).

in vitro toxicity response, cCVD Si particles with a hydrodyn-
amic diameter of 350 nm (consisting of 60 nm primary par-
ticles) exhibited low toxicity at concentrations of 125 pg ml™
and below (>88% cell viability). After 24 hours, the cell viability
remained above 80% for all tested concentrations. However,
after 48 hours, the viability decreased to 69% and 66% for con-
centrations of 250 pg mL™' and 500 pg mL™"', respectively
(Fig. 3). Microscopy images showed no change in cell mor-
phology after 48 hours, but the cell density correlated with the
viability data (data not shown). The images also suggested that
reduced viability at higher concentrations may be attributed to
physical adsorption of particles to the cell membrane, which
could potentially impede vital cell mechanisms.

The HC loaded particles (Table 2), both pristine and
DMDASCP-mPEG modified, had a similar particle size and
size distribution compared to before loading (Table 1) but pos-
sessed different release properties. The two-step PEGylation
method via DMDASCP exhibited high surface grafting, improved
dispersibility in PBS, and was therefore utilized in HC release
studies. The zeta potential remained unchanged for the pristine
particles but was lower for the PEGylated particles after loading
compared to before loading. A mass load of 31% was achieved for

9906 | Nanoscale, 2024, 16, 9899-9910

Table 2 DLS and mass load (M.l.) characteristics of HC loaded cCVD Si
particles with and without PEGylation (DMDASCP-mPEG)

Si-HC Si-PEG-HC
D (nm) + s.d. 196 + 0.8 216 + 4.0
PDI + s.d. 0.24 £ 0.01 0.26 £ 0.03
Z.p. (mV) +s.d. —37.0+2.4 11.8+0.7
%M. + s.d. 31+6.0 27 £13.5
D = hydrodynamic diameter. Z.p. = Zetapotential. S.d. = standard

deviation.

the pristine particles and 27% for the PEGylated particles. In
terms of drug release, both types of particles demonstrated a
faster release compared to the dissolution of the free drug (stat-
istically significant <4 h). An increased release rate was seen for
the PEGylated particles compared to the pristine particles (statisti-
cally significant <1 h) (Fig. 3). At one hour, both particle types
achieved a release of 88%, compared to free drug dissolution of
the same amount after 4 hours. After 4 hours, the free HC dis-
solved slowly and after 24 hours a maximum of 96 + 5.2% was
achieved.

This journal is © The Royal Society of Chemistry 2024
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4 Discussion

The main finding of this study describes biocompatible and
stable, yet degradable, aggregated Si particles with a porous
snow-lantern structure produced by ¢cCVD method with the
ability to add different surface modalities, load drugs and alter
the release rate. The present part moves on to discuss these
findings in three different sections. The first section is about
the cCVD aggregate particles’ inherent properties. The second
section discusses surface chemistry and the possibilities
therein. The third and final section evaluates the drug delivery
applicability of this material.

4.1 Stable aggregate snow-lantern particles

Herein, we introduced a novel etching-free synthesis method
of porous silicon nanoparticles with high surface area using
the one-step cCVD approach. This fabrication method allows
for tailoring particle properties and producing a large quantity
of homogeneous material. Porosity was created by smaller
primary particles connected in a controlled process to form
stable aggregated particles. A high surface area is crucial for
various applications of porous nanomaterials, particularly for
drug carriers requiring significant drug adsorption. The
surface area of the aggregate cCVD particles can be controlled
by adjusting the primary particle size. With 10 nm primary
particles, the aggregate surface area could reach >200 m* g™*
(Table SI1t), which is a typical value seen for pSi NPs prepared
from electrochemical etch in HF electrolytes.

The primary particles were connected by covalent bonds
formed during synthesis, enabling their stability in dispersed
solutions. High surface charge and ionic repellant interactions
kept the particles stable in water. Stability was compromised
in PBS due to charge neutralization by salts.> However,
addition of 4% albumin to the PBS solution improved stability
possibly due to the hydrophobic nature of albumin and the
hydrophobic-hydrophobic interactions forming a coating
around the particles, promoting dispersion by steric hin-
drance. This demonstrates the potential of coating, whether
through adsorption or covalent bonding, to enhance particle
stability. On the other hand, as seen from albumin’s affinity
for the cCVD particle surface, the absorption of biomolecules
and protein corona formation can affect the nanoparticles’ fate
in vivo as well as affecting the function of the biomolecules.
Cellular responses primarily reflect the nanoparticle surface,
and thus the dynamic protein corona, rather than the nano-
material itself. However, there is a potential in controlling or
limiting the protein corona by particle coatings, such as
PEGylation.?**?

4.2 Surface chemistry

The cCVD particles were shown to be suitable for chemical
modification by forming covalent bonds over oxidized Si
groups. Oxidation was confirmed by FTIR and Raman and
covalent coating with primary amine groups was confirmed by
TGA and a change in surface charge from negative to positive.
DMDASCP grafting exhibited higher density of amine groups

This journal is © The Royal Society of Chemistry 2024
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and correspondingly higher zeta potential compared to
APDMES grafting, consistent with literature findings that
cyclic silane chemistry achieves greater reaction efficiency and
surface coverage than monoethoxysilanes.>* Even mild air oxi-
dation was sufficient for DMDASCP grafting.

Blood circulation time, protein corona formation and elim-
ination through reticuloendothelial system (RES) of nanomedi-
cines can be improved by different PEGylation chemistries.>*
PEG is also used to control dispersibility for other appli-
cations. Steric repulsive interactions unaffected by charge
screening were introduced by PEG coating, stabilizing the par-
ticles in PBS similarly to the effect of albumin. Several tech-
niques for PEGylation of silicon and silica surfaces are dis-
cussed in literature.>*® In this study, the two-step PEGylation
method with DMDASCP-mPEG was successful and achieved
particle stabilization in PBS. The one-step PEGylated particles
were not stable in PBS, due to low surface coverage. Method
optimization of the one-step approach, however, may improve
its grafting coverage. Despite the wide clinical use of PEG in
drug-polymer conjugates and nanomedicines as well as in
numerous consumer products, concerns have been raised
about immunogenic and hypersensitive side-effects upon
repeated exposure.’*™*! Thus, there is a need for new alterna-
tive coatings that can retain the beneficial effects of
PEGylation in nanomedicine.*?

The surface modification techniques established herein can
be utilized to incorporate different functionalities to the cCVD
Si particles’ surface. Terminal amine groups serve as versatile
conjugation sites for grafting various compounds or facilitat-
ing electrostatic interactions and non-covalent adsorption, due
to the positive charge. The PEG-MAL terminus allows for con-
jugation with thiol and cysteine-containing molecules, making
it suitable for peptide or protein conjugations like for instance
the targeting ligand iRGD.*’ The surface chemistries tested
herein appear to be equally effective for the cCVD and TruTag
particles. Therefore, one can assume that the wide variety of
chemistries developed for electrochemically etched pSi can be
successfully applied to cCVD Si particles.

4.3 Drug delivery

The cCVD particle characteristics discussed in the two sections
above make them suitable for use as nanocarriers in drug
delivery in at least four aspects. They are colloidally stable and
have porous structure that can be loaded with different pay-
loads. Versatile chemical modifications of the cCVD Si par-
ticles allow for incorporation of bioactive molecules.
Additionally, the cCVD particles were shown to be non-toxic
and degraded in physiologic conditions at 100 pg mL™' and
below. These in vitro studies suggest safety of the cCVD Si par-
ticles without surface modifications, similar to the properties
of electrochemically etched pSi NP.> Varying toxicity for
different surface modifications of porous silicon materials has
been documented.?®****> Furthermore, depending on the
administration route, extensive in vivo studies and clinical
trials of an eventual final nanomedicine product are needed to
guarantee clinical safety.*®
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The release rate of drugs from nanocarriers depends on
several factors including the degradation rate of the carrier
material, the surface area available for adsorption and dis-
solution, the drug solubility and the hydrophilic-lipophilic,
electrostatic, or other interactions between the drug and
carrier. The HC release was faster from loaded particles com-
pared to free dissolution. This shows the potential of the cCVD
Si NPs to increase the dissolution rate of poorly water-soluble
drugs, similarly to observations made with electrochemically
etched pSi NP and other poorly soluble drugs.””*® A slower
release rate was seen from the non-PEGylated particles which
indicates that HC has a stronger affinity to the unmodified par-
ticle surface. The change in zeta potential of PEGylated par-
ticles after loading may indicate surface adsorption rather
than pore loading. Additionally, improved dispersibility
observed for PEGylated particles in PBS could provide a larger
exposed surface area resulting in a faster release of the drug
payload. These findings suggest that PEGylation and other
coatings can modify drug release kinetics from cCVD Si
particles.

5 Conclusion

Controlled aggregated snow lantern-like Si nanoparticles were
successfully prepared from the cCVD method. These particles
hold promise as drug carriers, being stable aggregates with a
mesoporous structure, biocompatible, degradable at physio-
logical conditions, and versatile for surface modifications.
SEM and BET revealed sub-50 nm primary particle size, while
DLS confirmed aggregate size of 210 nm. Surface area
measurements supported aggregate formation and showed
porosity. The cCVD synthesis parameters can be tuned to
control the particle surface area and porosity which can be
useful for fitting different drug payloads. A variety of different
chemical modifications were applied on the oxidized cCVD Si
particle surface. Surface grafting with primary amine groups
was achieved using APDMES and DMDASCP, with higher graft-
ing observed with the latter. Two-step PEGylation via
DMDASCP gave 7.9 weight% organic content and ensured col-
loidal stability in PBS. Impregnation loading of a model drug,
hydrocortisone, gave a mass load of 27-31%. The release rate
from the loaded particles was enhanced compared to free
hydrocortisone. Thus, the cCVD Si particles have a potential
for use in drug delivery.
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