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Abstract: Overcoming the blood–brain barrier (BBB) remains a significant challenge with regard to
drug delivery to the brain. By incorporating targeting ligands, and by carefully adjusting particle
sizes, nanocarriers can be customized to improve drug delivery. Among these targeting ligands,
transferrin stands out due to the high expression level of its receptor (i.e., transferrin receptor) on
the BBB. Porous silicon nanoparticles (pSiNPs) are a promising drug nanocarrier to the brain due
to their biodegradability, biocompatibility, and exceptional drug-loading capacity. However, an
in-depth understanding of the optimal nanoparticle size and transferrin surface density, in order
to maximize BBB penetration, is still lacking. To address this gap, a diverse library of pSiNPs was
synthesized using bifunctional poly(ethylene glycol) linkers with methoxy or/and carboxyl terminal
groups. These variations allowed us to explore different transferrin surface densities in addition to
particle sizes. The effects of these parameters on the cellular association, uptake, and transcytosis in
immortalized human brain microvascular endothelial cells (hCMEC/D3) were investigated using
multiple in vitro systems of increasing degrees of complexity. These systems included the following:
a 2D cell culture, a static Transwell model, and a dynamic BBB-on-a-chip model. Our results revealed
the significant impact of both the ligand surface density and size of pSiNPs on their ability to penetrate
the BBB, wherein intermediate-level transferrin densities and smaller pSiNPs exhibited the highest
BBB transportation efficiency in vitro. Moreover, notable discrepancies emerged between the tested
in vitro assays, further emphasizing the necessity of using more physiologically relevant assays, such
as a microfluidic BBB-on-a-chip model, for nanocarrier testing and evaluation.

Keywords: blood–brain barrier; nanoparticles; porous silicon nanoparticles; BBB-on-a-chip; ligand
density; organ-on-a-chip; nanomedicine; microfluidic model

1. Introduction

Neurological disorders are a global health challenge and the second leading cause of
mortality, with more than 10 million deaths reported globally in 2019 alone [1]. Diseases
associated with neurological disorders, such as Alzheimer’s disease, Parkinson’s disease,
and brain cancers currently affect over 349 million lives, sadly, with no effective treatments
on hand [1–3]. Although pre-clinical research has resulted in the discovery of multiple
promising drug candidates, clinical translation has trailed behind, as the presence of the
blood–brain barrier (BBB) prevents the delivery of most drugs to the brain [4–6]. The
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BBB is a highly efficient physical barrier that consists of endothelial cells and other cells,
such as pericytes and astrocytes [7]. The BBB functions as a vascular hurdle between the
blood and the brain, blocking most blood constituents from entering the brain, as the BBB’s
tight junctions prevent paracellular transport; moreover, pinocytic activity is also very
restricted [8,9].

Several strategies, such as focused ultrasounds [10], implantable reservoirs [11], and
convection-enhanced injections [12], have been reported to help therapeutic molecules cross
the BBB. Nevertheless, these technologies possess several limitations. For example, focused
ultrasounds display limitations with regard to the reproducibility of clinical procedures,
and brain implants are associated with infection risks due to invasive surgical procedures
and the implant materials used [13,14]. On the other hand, nanoparticles are a promising
technology as they promote BBB penetration, and they target diseased regions in the brain
while limiting side effects [15–18]. For example, so-called “sequential targeting interlocking”
nanoparticles were shown to cross the BBB and precisely target brain cancer [19]. This
system was developed using a ligand for the glucose receptor, GLUT1, to promote BBB
transcytosis, and it contained a pH-responsive linker to promote drug payload release in
the acidic tumor microenvironment.

In more general terms, nanoparticles have the potential to cross the BBB when dec-
orated with specific ligands, such as proteins and antibodies, that, upon binding to their
respective receptor, follow the receptor-mediated transcytosis pathway [20]. This pathway
enables more efficient and higher cargo transportation across the BBB compared with other
transport pathways [7,21]. Among others, transferrin, apolipoprotein, lactoferrin, and ra-
bies virus glycoproteins have been studied as BBB-crossing surface ligands due to the high
expression levels of their respective receptors, which are as follows: transferrin receptor,
low-density lipoprotein receptor, lipoprotein receptors, and acetylcholine receptors [22,23].
For example, transferrin receptors are expressed on the endothelial cells of brain capillaries,
with an extracellular receptor concentration of 0.13 fmol/µg cell protein; they are involved
in iron transport to the brain via receptor-mediated transcytosis [24]. This pathway has
been successfully exploited by transferrin-coated nanoparticles [20]. Recent studies show
that transferrin-decorated nanoparticles can also promote a higher cellular uptake in brain
cancer cells [25,26]. However, the nanoparticle surface ligand density differs between
published studies, and it is often not well characterized. For example, a study compared
liposomes with different surface transferrin antibody densities (0.15, 0.3, and 0.6 × 103

antibodies µm−2), and surprisingly, it was shown that the nanoparticles with the highest
density limited BBB crossing capabilities [27].

In addition, BBB transportation efficiency can be associated with the size of nanopar-
ticles, but the mechanism behind it remains ambiguous. Smaller nanoparticles generally
have greater BBB penetration capabilities compared with larger nanoparticles [28–30]; for
example, 100 nm poly-(lactic-co-glycolic acid) nanoparticles displayed longer blood circula-
tion times and greater BBB penetration capabilities than the larger (i.e., 200 and 800 nm)
nanoparticles in an in vivo mouse study [31]. In contrast, some other studies report that
the size of nanoparticles does not influence their BBB penetration capabilities [27,32,33].
And one in vitro study showed exactly the opposite trend; larger polystyrene nanoparticles
(500 nm) had greater BBB penetration capabilities than smaller nanoparticles (200 nm) [34].

pSiNPs nanoparticles exhibit immense potential as candidates for drug delivery pur-
poses due to properties such as their biodegradability, large surface area for drug loading,
and biocompatibility [35]. Recent studies have also demonstrated the potential of us-
ing pSiNPs for glioblastoma multiforme cancer targeting after crossing the BBB [26,36].
However, a clearer understanding of the optimal nanoparticle size and transferrin surface
content, in order to maximize BBB penetration capabilities, is still required. Therefore, a
systematic comparison of pSiNPs nanoparticular features, such as surface density and size,
with regard to BBB penetration, using well-defined assays, is urgently needed to advance
the development of this drug delivery platform for the treatment of central nervous system
diseases. Herein, we investigate the optimal surface and size influence of this delivery
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system for BBB penetration. Using bifunctional poly(ethylene glycol)-(PEG) linkers (with
either carboxyl or methoxy terminal group), we were able to tune the transferrin density on
pSiNPs. In addition, different sizes of nanoparticles were prepared using a centrifugation-
based size selection method. This pSiNP library was then assessed for their cell association
and cellular uptake by means of flow cytometry and confocal microscopy in 2D cell culture.
Afterward, the pSiNPs’ transcytosis efficiency was investigated using both a static in vitro
Transwell BBB model and a dynamic in vitro microfluidic BBB model (BBB-on-a-chip).

2. Materials and Methods
2.1. Materials

Silicon wafers used for the manufacturing of the nanoparticles were purchased from
Siltronix (Archamps, France). Luminescent cell viability assay and VivoGloTM Luciferin
were purchased from Promega. Cyanine5 amine (Cy5) was purchased from Lumiprobe. Hy-
drofluoric acid (HF, 49%) was purchased from J. T. Baker (Center Valley, PA, USA). Human
holo-transferrin, undecylenic acid (UA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
(EDC) hydrochloride, N-hydroxysulfosuccinimide (NHS), 2-(N-morpholino)ethanesulfonic
acid (MES) hydrate, ethanol (EtOH), dimethylformamide (DMF), dichloromethane (DCM),
and triethylamine (TEA) were purchased from Merck (Macquarie Park, Australia). All sol-
vents were of analytical grade. Water (HPLC grade) was obtained with a Milli-Q Advantage
A10 water purification system (Merck Millipore, Bayswater, Australia). α-Carboxyl-ω-
amino poly(ethylene glycol) 10 kDa (NH2-PEG-COOH) and methoxy poly-(ethylene glycol)-
amine 10 kDa (mPEG-NH2) were purchased from Advanced BioChemicals (Lawrenceville,
GA, USA). All other chemicals were purchased from Sigma-Aldrich (Macquarie Park,
Australia) unless stated otherwise.

2.2. Methods
2.2.1. Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR)

ATR-FTIR spectra of all nanomaterials were obtained using a Thermo Scientific Nicolet
6700. A diamond crystal was run in ATR configuration with a 2 mm diamond tip and a
deuterium triglycine sulfate detector. The spectra collected were averaged from 64 recorded
scans with a resolution of 8 cm−1. Background spectra were blanked using air. The data
were processed using OMNIC software (version 7.3).

2.2.2. Transmission Electron Microscopy (TEM)

Bright Field (BF) TEM images were used to measure the nanoparticle size and visualize
its morphological traits. TEM samples were prepared via drop casting the suspended
sample of interest (in either ethanol or PBS) onto copper grids. The samples were examined
using a Philips Tecnai 12 TEM at an operating voltage of 120 kV. Images were recorded
using a FEI Eagle 4 k × 4 k CCD camera. Low dose conditions (<10 e−/Å2) were used to
avoid damage to samples.

2.2.3. Dynamic Light Scattering (DLS)

A Malvern Instruments Zetasizer Nano instrument ZEN3600 was employed with a
4 mW 633 nm HeNe gas laser. An Avalanche photodiode detector measured the back scatter
light at an angle of 173◦ relative to the angle of the incident light beam. Samples were
dissolved in ethanol or PBS (pH 7.41). A single-use folded capillary cell commercialized by
Malvern Instruments (model DTS 1070) was used for measuring surface zeta potential.

2.2.4. Electrochemical Etching of Silicon Wafer

A highly boron-doped p-type silicon wafer (0.00055–0.001 Ω cm resistivity, 6-inch)
was anodically etched in a solution composed of 3:1 (v:v) of 49% aqueous HF: ethanol. The
etching waveform consisted of a square wave in which a lower current pulse of 0.6 A for
20 s was followed by a higher current pulse of 24 A applied for 0.2 s (the latter used to
form sacrificial layers). This waveform was repeated for 1000 cycles. The film was then
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lifted off from the silicon substrate by applying a current density of 24 A for 60 s in a
solution containing 1:1 (v:v) of 49% aqueous HF: ethanol [37]. The film was then stored in a
desiccator.

2.2.5. Thermal Hydrocarbonization of Porous Silicon Film

The freshly etched pSi film was placed in a ceramic boat into a quartz tube under a
stream of constant N2 flow at 2 L min−1 for 45 min at room temperature (RT). Then a 1:1
N2-acetylene mixture flow was introduced into the tube at RT for 15 min, with the quartz
tube being placed into a preheated furnace at 525 ◦C for 14.5 min under a continuous flow
of 1:1 N2-acetylene, followed by 30 s with N2 only. After that, the tube was allowed to cool
down to RT under N2 flow [36]. The thermal hydrocarbonized silicon film was stored in
ethanol and analyzed by ATR-FTIR.

2.2.6. Fractioning of Silicon Wafer by Ultrasonication

The pSi film was shattered via shaking and then transferred into a 15 mm diameter
Pyrex Quickfit glass test tube. The bottom of the test tube was filled with the shattered
pSi film and then topped up with 6 mL ethanol. The mixture was then continuously
ultrasonicated using a QSonica sonifier probe (Model CL-188) at 25% amplitude for 24 h in
an ice bath with ice changed every 8 h. The thermal hydrocarbonized pSiNPs (THC-pSiNPs)
were stored in ethanol [37].

2.2.7. Size Selection and Functionalization of pSiNPs with Undecylenic Acid (UDA)

Size selection was carried out using a bespoke centrifuge-based protocol. First, the
dispersion of nanoparticles was centrifugated at 2000× g for 15 min, and the supernatant
was collected. This step was repeated once to remove all large nanoparticles. Afterward,
the combined supernatants were centrifugated at 19,000× g for 45 min to remove the
remains of the sacrificial layers. The remaining precipitates were then redispersed in
ethanol and centrifugated at 3500× g for 15 min to further narrow the size distribution, and
supernatants were kept. The last two steps were repeated once respectively to improve the
yield of selected medium-sized (170–180 nm in diameter) particles. These are referred to as
the small (S) pSiNPs throughout the manuscript.

The larger pSiNPs (L, around 403 nm diameter) were selected by collecting the pellets
from the first two centrifugation steps (i.e., 2000× g for 15 min), redispersing these in
ethanol, and then collecting the supernatants after centrifugation at 1000× g for 15 min to
remove very large particles.

Afterward, these two size-selected particles were divided into several Eppendorf
tubes and centrifugated at 21,000× g for 10 min to remove ethanol. Pellets were then
dispersed in 2% HF in ethanol for 5 min to remove any oxidation and washed thoroughly
with ethanol three times. Next, the dispersion was transferred into a 20 mL glass vial,
sealed with a rubber septum, and dried under N2 flow. Next, 5 mL of undecylenic acid
was prepared in another glass vial sealed with a rubber septum and sparged with N2 for
30 min in a warm water bath. The deoxygenated undecylenic acid was then transferred
to the dried particle-containing glass vial via a cannula under N2 flow. The nanoparticles
in undecylenic acid were sonicated to redisperse and reacted at 140 ◦C in an oil bath for
16 h [36]. Afterward, the unreacted undecylenic acid was removed by washing it with
ethanol five times. The UDA-functionalized pSiNPs (UDA-pSiNPs) were stored in ethanol
and analyzed via ATR-FTIR.

2.2.8. Preparation of Cy5-Labeled Transferrin and PEG-Conjugated Nanoparticles

Cy5, bifunctional PEG, and transferrin were all covalently conjugated to the carboxylic
acid groups of the UDA-pSiNPs via EDC/NHS reaction. Briefly, pSiNPs were first washed
three times with DMF to remove ethanol. Afterward, EDC and NHS (concentration of
10 mg/mL DMF) were added directly to UDA-pSiNPs (concentration of 4 mg/mL) with
final concentrations of 10 mM and 5 mM, respectively. These reaction components were well
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mixed and allowed to react for 2 h at RT. After the NHS ester activation, the reaction mixture
was washed with DMF and MES buffer to remove excess EDC and NHS. The activated
UDA-pSiNPs were kept in low protein-binding tubes for direct surface conjugation.

For the two different sizes of NH2-PEG-COOH and transferrin-coated pSiNPs, Tf-
PEG-pSiNPs(S) and Tf-PEG-pSiNPs(L), 3 µL of Cy5-NH2 (10 mg/mL in DMSO) and 500 µL
of NH2-PEG-COOH (10 mg/mL) in phosphate-buffered saline (PBS, pH 8) were added to
1 mg of two different sizes of activated UDA-pSiNPs. The mixtures were sonicated for 0.5 h
and agitated for 1 h at RT. Afterward, the reaction mixture was washed three times in DMF
and once in PBS (pH 7.4) to remove any free Cy5 and PEG linker. To conjugate transferrin
to Cy5-labeled nanoparticles, these samples were reactivated with EDC (2.5 mM) and NHS
(1.25 mM) in 500 µL of MES buffer for 20 min at RT followed by two times washing in MES
buffer and once in PBS (pH 7.4). Afterward, 500 µL of transferrin (2 mg/mL) in PBS (pH 7.4)
was added to 1 mg of the reactivated nanoparticles, followed by sonication for 0.5 h and
agitation overnight at RT. The final products were washed four times in PBS (pH 7.4) to
remove unreacted and non-covalently associated transferrin, where supernatants were
collected and measured using a bicinchoninic acid assay (BCA) assay [38] to indirectly
determine the amount of transferrin conjugated onto the nanoparticles.

For two different ratios of NH2-PEG-COOH/mPEG-NH2 and transferrin-coated
pSiNPs (Tf-PEG/mPEG(1:9)-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S), 3 µL of Cy5-
NH2 (10 mg/mL in DMSO) and 50 µL or 5 µL NH2-PEG-COOH (10 mg/mL in PBS (pH 8)
and 450 µL or 495 µL of mPEG (10 mg/mL) in PBS (pH 8) were added to 1 mg of activated
UDA-pSiNPs, respectively. The mixtures were sonicated for 0.5 h and agitated for 1 h at
RT. Afterward, these samples were treated using the same procedure in terms of trans-
ferrin conjugation and washing steps as mentioned above in the Tf-PEG-pSiNPs(S) and
Tf-PEG-pSiNPs(L).

Finally, for mPEG-coated pSiNPs, briefly, 3.6 µL of Cy5-NH2 and 500 µL of mPEG-
NH2 (10 mg/mL) in PBS (pH 8) were added to 1 mg of activated UDA-pSiNPs followed
by sonicating for 0.5 h and agitating for 1 h at RT. Constantly sonicating and mixing the
sample is the key step to fabricating mPEG-pSiNPs(S). Afterward, the reaction mixture
was washed three times in DMF and one time in PBS (pH 7.4) to remove any free Cy5 and
mPEG-NH2.

To prepare a positive control sample, transferrin-modified pSiNPs (Tf-pSiNPs), the pro-
cedure was followed from the previous report [36]. Briefly, 2.4 µL of Cy5-NH2 (10 mg/mL
in DMSO) was added to 1 mg of activated UDA-pSiNPs in 500 µL of PBS (pH 8), sonicating
for 0.5 h and agitating for 1 h at RT. Afterward, these samples were treated using the same
procedure in terms of transferrin conjugation and washing steps as mentioned above in
Tf-PEG-pSiNPs(S) and Tf-PEG-pSiNPs(L).

2.2.9. Cell Culture

Immortalized human brain microvascular endothelial cells (hCMEC/D3) were pur-
chased from Merck. The hCMEC/D3 cell line was maintained with endothelial cell growth
basal medium-2 (EBM-2, Lonza) with supplements of 5% fetal bovine serum (FBS) and
growth factors as previously reported [39]. Cells were cultured on a collagen-coated
(150 µg/mL) T-75 tissue culture flask at 37 ◦C in 5% CO2 in the passage of 28 to 35 accord-
ing to the supplier’s protocol. The cell culture medium was changed every 2 to 3 days
before reaching confluency. The cell culture procedure in the BBB-on-a-chip model was
followed as previously reported [40].

2.2.10. Cell Viability in Contact with pSiNPs

The biocompatibility of modified pSiNPs on the hCMEC/D3 cell line was determined
using a CellTiter-Glo® luminescent cell viability assay (Promega, Alexandria, Australia).
Briefly, hCMEC/D3 cells were seeded onto a 96-well white opaque polystyrene microplate
(Sigma-Aldrich, Macquarie Park, Australia) at a density of 10,000 cells per well and main-
tained in the cell culture medium for 1 day. Subsequently, cells were treated with different
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concentrations (5, 10, 25, 50 µg/mL) of surface-modified pSiNPs. Cells without any treat-
ment were used as control, and each condition was triplicated. After incubating cells for
48 h, a CellTiter-Glo® luminescent cell viability assay was used to evaluate the cell viability.
Briefly, 100 µL of the solution of the assay kit was added to 100 µL of the medium in each
well, and the plates were gently shaken at RT for 15 min. Finally, the luminescence intensity
of each sample was obtained using a PerkinElmer EnSpire multimode plate reader, and
data were expressed as the mean and standard deviation of 3 replicates.

2.2.11. Cellular Association and Uptake of pSiNPs via Flow Cytometry and Confocal
Microscopy

Flow cytometry was used to confirm the cellular association of pSiNPs in hCMEC/D3.
Briefly, hCMEC/D3 was seeded onto a 24-well plate at the density of 1.2 × 105 cells per
well and cultured overnight. The cells were then washed twice in PBS and incubated with
5 µg/mL of Cy5-labeled surface-modified pSiNPs for 1 h at 37 ◦C supplied with 5% CO2.
Afterward, the cells were washed 3× with PBS to remove any unattached pSiNPs, and
the cells were harvested via trypsin and centrifugation for 3 min at 180× g. The resulting
cell pellets were dispersed in cold PBS and stained with propidium iodide (PI) (5 µg/mL)
for 5 min to assess cell viability. Samples were then analyzed using flow cytometry (BD
FACS Canto II) for Cy5 and PI fluorescence signals. Cellular association percentage was
calculated as the number of cells that displayed fluorescence signals compared to untreated
cells (Cy5 negative).

For visualizing the cellular association and uptake, confocal microscopy was used.
hCMEC/D3 cells were seeded onto an 8-well chamber (Ibidi) at the density of 1 × 105 cells
per well and allowed to attach and were cultured for 1 day. The cells were washed twice
in PBS and then treated with Cy5-labeled surface-modified pSiNPs (5 µg/mL). After 1 h,
the wells were washed twice in PBS and fixed in 4% paraformaldehyde (PFA) for 15 min
at RT followed by permeabilization with 0.1% Triton-X-100 in PBS for 5 min RT. The cells
were then washed twice using PBS and incubated with Hoechst 33342 (5 µg/mL, Thermo
Fisher Scientific, Scoresby, Australia) and Alexa Fluor™ 488 Phalloidin (5 µg/mL Thermo
Fisher Scientific, Scoresby, Australia) for 30 min. Afterward, the cells were washed three
times with PBS, and the images were taken using confocal microscopy (Leica TCS SP8,
Leica Microsystems, Macquarie Park, Australia). Fluorophores were excited via 405, 561,
and 647 nm laser lines. The laser powers and gains for each channel were adjusted against
untreated controls to minimize sample autofluorescence.

2.2.12. BBB Transwell Model Preparation for Nanoparticles Assessment

Transwell inserts (3 µm pore size, polyester membrane, Sigma-Aldrich, Macquarie
Park, Australia) were first coated with 100 µL collagen-I (Sigma-Aldrich, Macquarie Park,
Australia) in a concentration of 150 µg/mL in the incubator for 1 h and were seeded with
hCMEC/D3 at a density of 1.65 × 105 cells/mL in 200 µL of cell medium. The bottom
compartment was filled with 600 µL of cell medium. The cell culture medium was changed
every two days until a monolayer formed. The transendothelial electrical resistance (TEER)
was assessed every day for 7 to 10 days using a Millicell ERS-2 voltammeter EVOM2 and
an STX02 chopstick electrode (Merck Millipore, Bayswater, Australia).

FITC-dextran (10 kDa) was used to confirm the BBB integrity formed on the Transwell
culture insert after 7 days. Briefly, 200 µL of FITC-dextran (50 µg/mL) in complete cell
culture media was added to the top compartment with a bottom compartment filled with
600 µL of complete culture media. Inserts were then incubated at 37 ◦C, 95% humidity, and
5% CO2 for 6 h. A 200 µL aliquot was collected every hour to measure FITC fluorescence
signals in the microplate reader, which was replaced with fresh 200 µL of complete cell
culture medium. The concentration of dextran at each time point was calculated using a
standard curve of dextran. The apparent permeability coefficients (Papp), as the indication
of the integrity of BBB, were calculated according to the following equation [41]:

Papp = dC/dt · Vr/(A · C)
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where Vr (mL) is the volume of the lower compartment, dC/dt is the slope of the cumulative
concentration of the dextran in the lower compartment over time, A (cm2) is the surface
area of the inset and C (µg/mL) is the initial concentration of dextran that was placed into
the top compartment [34].

To investigate the BBB barrier integrity through examination of the cell surface protein
expression levels, a confluent monolayer of brain endothelial cells was cultured in an 8-well
Nunc Lab-Tek II Chamber Slide System. This confluent monolayer barrier was washed
with PBS twice and incubated with 4% paraformaldehyde (PFA) at RT for 10 min. Fixed
cells were then washed with PBS to remove PFA and permeabilized with 0.2% Triton X-100
in PBS for 10 min. Permeabilized cells were then washed with PBS three times and blocked
with 2.5% BSA for 60 min at RT. After blocking, the cells were washed with PBS three
times and incubated with anti ZO-1 (Cell Signaling Technology, Danvers, MA, USA D6L1E,
rabbit mAb) (1:100 primary antibody diluted in 2.5% BSA PBS buffer) at 4 ◦C overnight.
Cells were washed with PBS 2× before the secondary antibody goat anti-rabbit Alexa Fluor
488 antibody (Thermo Fisher, Scoresby, Australia) was added and incubated for 1 h at RT.
Finally, the slides were rinsed with PBS 3×, and ProLong Diamond Antifade Mountant
with DAPI (Thermo Fisher, Scoresby, Australia) was added. Samples were cured for 2 h at
RT in the dark and tight junction expressions were imaged using a confocal fluorescence
microscope (Leica TCS SP8, Leica Microsystems, Macquarie Park, Australia).

For assessment of nanoparticle performance in Transwells, on day 7 of monolayer
culturing, diverse types of pSiNPs (50 µg/mL) were incubated at the top compartment (in
200 µL completed culture medium) and the lower compartment was filled with 600 µL
of complete culture media and further incubated at 37 ◦C and 5% CO2 for 48 h. After
that, a 200 µL aliquot was collected from the bottom compartment and measured via the
fluorescence microplate reader for the fluorescence intensity (assessing the Cy5 signal).
The concentration was determined using a calibration curve of different concentrations
of nanoparticles in the cell medium. The percentage of nanoparticles in the bottom com-
partment was calculated as the fluorescence intensity from the bottom compartment was
divided by the original fluorescence intensity of nanoparticles that were placed in the top
compartment.

2.2.13. BBB-on-a-Chip Model Establishment and Nanoparticles Assessment

The BBB-on-a-chip models were prepared as described previously [40]. Briefly, the
design includes three main channels (blood/brain/medium). Each channel is 500 µm
wide, 100 µm high, and 2.0 cm in length. An array of microchannels (3 µm width, 80 µm
length, and 3 µm height) connects the blood channel with the brain channel. Additional
microchannels (50 µm in width, 80 µm length, and 3 µm height) are present between the
brain channel and medium channel to facilitate the supply of nutrients.

After cells formed a monolayer in the blood channel, Matrigel (Corning, Mulgrave,
Australia) was added to the brain channel to facilitate visualization of nanoparticles that
cross the blood channel. Three control experiments were conducted before the nanoparticle
assessment. Firstly, after forming a cell monolayer in the blood channel of BBB-on-a-chip,
cells were subjected to immunofluorescence analysis (same procedures as mentioned before
for the Transwell protein expression) using a confocal microscope (Leica TCS SP8, Leica
Microsystems, Macquarie Park, Australia). Secondly, 10 kDa FITC-dextran (25 µg/mL)
was diluted in EBM-2 medium and flowed through the blood channel in cell-seeded chips
and blank chips (without cells seeded) at a flow rate of 5 µL/min using a programmable
syringe pump (Harvard Apparatus, Inc, Holliston, MA, USA.). Afterward, these chips
were subjected to the confocal microscope (Leica TCS SP8, Leica Microsystems, Macquarie
Park Australia) to quantify the permeation of FITC-dextran to the brain channel. Lastly,
Tf-pSiNPs were diluted in EBM-2 medium to a concentration of 10 µg/Ml and flowed
through chips in which the blood channel (previously seeded with cells or left empty).
Afterward, these chips were rinsed with PBS and subjected to confocal microscopy.
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To assess nanoparticles in BBB-on-a-chip, nanoparticles and 10 kDa FITC-dextran were
diluted in EBM-2 medium to the concentrations of 10 µg/Ml and 25 µg/Ml, respectively,
and flowed through the blood channel at a flow rate of 5 µL/min using a programmable
syringe pump (Harvard Apparatus) for 4 h. The BBB-on-a-chip models were kept inside
an incubator (37 ◦C supplied with 5% CO2). After stopping the flow, the chips were
detached from the syringe pump and carefully rinsed with PBS to remove any unbonded
nanoparticles. Afterward, cells in the chips were fixed with 4% PFA, stained with DAPI,
and subjected to confocal microscope (Leica TCS SP8, Leica Microsystems, Macquarie
Park, Australia). FITC-dextran penetration in each sample was assessed. All experiments
were triplicated using independent BBB-on-a-chip. The relative fluorescence intensity
of nanoparticles in the microchannels of chips was further analyzed using ImageJ (NIH,
Bethesda, MD, USA) and plotted using GraphPad Prism 7.

3. Results and Discussions
3.1. Preparation of pSiNPs with Various Ligand Surface Densities and Sizes

In brief, the pSiNPs were fabricated as followed. Initially, a multilayered porous silicon
film was prepared through electrochemical etching of a silicon wafer in an ethanolic HF
solution, followed by thermal hydrocarbonization (THC) [36,42]. This surface modification
was conducted to enhance the stability of the pSiNPs and prevent any particle degradation
during in vitro experiments which might complicate data analysis. ATR-FTIR spectroscopy
confirmed the successful THC modification, as demonstrated by the existence of a C-
H stretching absorption band from 2800 to 3000 cm−1 and a Si-C band at 1063 cm−1

(Figure S1). The THC-modified porous silicon film was then fractured into THC-pSiNPs
through ultrasonication. Two different sizes of pSiNPs, referred to as small (S) and large
(L), were subsequently prepared using a bespoke centrifuge-based size selection protocol.

Transmission electron microscope (TEM) images revealed that THC-pSiNPs(S) had
an irregular, plate-like shape [37], with an average particle size of 199.8 ± 40.3 nm in
length and 86.3 ± 12.6 nm in thickness, along with a pore size of 21.8 ± 5.3 nm. The
average hydrodynamic diameter, as determined via dynamic light scattering (DLS), was
180.9 ± 63.2 nm, with a relatively low polydispersity index (PDI) of 0.11 (Figure S2). The
larger porous silicon nanoparticles, THC-pSiNPs(L), exhibited an average particle size of
427.4 ± 144.2 nm in the x-y dimension, 177.6 ± 83.2 nm in the z dimension, and a pore
size of 26.8 ± 7.5 nm. Their average hydrodynamic diameter was 291.6 ± 88.4 nm, with a
PDI of 0.22 (Figure S2). The inconsistency between DLS and TEM measurements can be
attributed to the plate-like shape of the particles.

The surface of the two types of nanoparticles was then modified with functional car-
boxyl groups through hydrosilylation of surface silicon hydride groups with 1-undecylenic
acid (UDA) to generate UDA-pSiNPs (Figure S1) [43]. ATR-FTIR spectra confirmed this
surface modification as demonstrated by the emergence of a C=O band at 1716 cm−1 at-
tributed to the carbonyl bond in UDA. Furthermore, more pronounced absorption bands
emerged between 2800 cm−1 and 3000 cm−1 corresponding to C-H stretching vibrations
from the aliphatic chains in UDA (Figure S1). The UDA modification did not significantly
alter particle or pore size, as confirmed via TEM and DLS (Figure S2).

As shown in Figure 1, UDA-pSiNPs were conjugated with varying ratios of mPEG-
NH2 and NH2-PEG-COOH (with an average molecular weight 10 kDa). This conjugation
process aimed to fabricate pSiNPs with distinct surface densities of the functional carboxyl
group. Simultaneously, the pSiNPs were co-labeled with Cy5 fluorophores to enable direct
comparison between the nanoparticles in subsequent assays. Following activation of
the carboxylic groups with NHS, an excess of transferrin was added to ensure maximal
conjugation. This led to the creation of a library of Cy5-labeled PEGylated pSiNPs featuring
diverse transferrin surface densities. Notably, the larger nanoparticle, pSiNP(L), was only
modified with NH2-PEG-COOH.
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Figure 1. Schematic diagram of fabrication of a nanoparticle library with different transferrin ligand
densities using different ratios of mPEG-NH2 and NH2-PEG-COOH.

ATR-FTIR was used to investigate the success of these modification steps
(Figures 2C and S3). For ease of comparison, all spectra were normalized to the Si-C/Si-O
signal (1000–1100 cm−1). After modification with either mPEG-NH2 or NH2-PEG-COOH,
a distinct vibration band appeared at 1100 cm−1 (C-O) adjacent to the Si-C/Si-O signal
(1000–1100 cm−1). Moreover, stronger signals from C-H stretching bands in the 2800
to 3000 cm−1 range were present too. Compared to mPEG-modified pSiNPs (mPEG-
pSiNPs(S)), the transferrin-modified pSiNPs exhibited more pronounced C=O amide bands
at 1657 cm−1, indicating the successful conjugation of the amide-rich transferrin (Figure 2C).
Moreover, the absence of the carboxyl C=O signal at 1716 cm−1 from UDA indicated suc-
cessful amidation of PEG-COOH with transferrin. After transferrin and mPEG-NH2
modification, the edges of these nanoparticles appeared less distinct—suggesting the pres-
ence of an organic coating, i.e., PEG and transferrin (Figures S4 and S5). DLS showed that
the transferrin and PEG-modified pSiNPs(S) maintained a similar hydrodynamic diameter
of around 170.1 ± 55.1 nm with low PDI values ranging from 0.07 to 0.11 (Figure 2A). Con-
versely, the larger nanoparticles (Tf-PEG-pSiNPs(L)) exhibited a hydrodynamic diameter
of 299.3 ± 82.8 nm. Importantly, the PEG modification significantly improved the colloidal
stability of the nanoparticles, as UDA-pSiNPs(S) precipitated immediately in water.

The amount of transferrin in different samples was determined indirectly using a BCA
assay, measuring unconjugated transferrin present in the supernatant that was collected
during the washing steps (Figure 2D). The amount of conjugated transferrin for the three
different NH2-PEG-COOH and mPEG-NH2 ratios (1:50, 1:9, and 1:0)—represented as
Tf-PEG/mPEG(1:50)-pSiNPs(S), Tf-PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(S) and
Tf-PEG-pSiNPs(L))—was determined, using the BCA assay, to be 2.10 ± 0.79, 3.83 ± 0.34,
4.92 ± 0.31, 5.03 ± 0.54 nmol per mg of nanoparticles, respectively. This unit (nmol per
mg of nanoparticles) was used to express the ligand surface density, avoiding potential
inaccuracies arising from attempting to convert it to a number of ligands per nanoparticle
due to the porous and irregular morphology of the pSiNPs. These calculated transferrin
amounts were as expected as the number of functional carboxyl groups available for
transferrin conjugation increased for each sample. Notably, the larger transferrin-coated
nanoparticles (Tf-PEG-pSiNPs(L) displayed a similar transferrin amount (around 5 nmol
per mg of nanoparticles) compared to the smaller Tf-PEG pSiNPs(S), as both particles
possess similar surface areas due to their inherent porosity. The ζ-potential of solely mPEG-
coated pSiNPs was less negative than that of UDA-pSiNPs(S) (−20 mV) due to the neutral
charge of the mPEG linker upon conjugation (Figure 2B). Some residual negative charge
was expected as not all carboxyl groups can react, due to steric hindrance caused by the
PEG linker (10 kDa). All transferrin-PEG-modified samples also showed slightly negative
surface charges, ranging range from −10 mV to −15 mV. These charges resulted from the
combination of neutral mPEG, the slight negative charge of transferrin, and potentially
remaining surface carboxyl groups, as described above.
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Figure 2. Physicochemical characterization of different surface-modified pSiNPs. (A) Particle hy-
drodynamic diameter (z-average) and PDI measurements by DLS; (B) ζ-potential; (C) ATR-FTIR
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mean ± standard deviation, N = 3. The two different sizes of pSiNPs are referred to as small (S) and
large (L).

3.2. Evaluation of pSiNPs in Brain Microvascular Endothelial Cells

The brain microvascular endothelial cells (hCMEC/D3) were incubated with varying
concentrations of modified pSiNPs for 48 h, followed by assessment using an ATP activity-
based luminescence assay (Figure S5). Across all samples, no significant toxicity was
observed up to a concentration of 50 µg/mL. At the highest concentration of 50 µg/mL
for some of the pSiNPs samples, a slight decrease in cell viability was noted, ranging from
83.6 ± 12.6% to 89.0 ± 1.7%. Furthermore, the permeability of the hCMEC/D3 monolayer
in Transwell assays was not affected after incubation with 50 µg/mL of modified pSiNPs
for 48 h, as determined by their TEER values (described in Section 3.3). Hence, we carried
out all in vitro assays using concentrations no higher than 50 µg/mL.

Confocal microscopy and flow cytometry were used to investigate the interaction of
different surface-modified nanoparticles with hCMEC/D3 cells. It is important to note that
all pSiNP samples exhibited similar Cy5 intensities on a per mass basis, allowing for direct
comparisons in subsequent measurements (Figure S6). The confocal images of particle
association and uptake are presented in Figure 3A. Notably, all transferrin-conjugated
nanoparticles showed higher Cy5 fluorescence signals within the cells compared to solely
mPEG-modified particles. This finding is in alignment with previous reports illustrating the
role of transferrin in nanoparticle association with brain endothelial cells. Our prior study,
for instance, demonstrated that BSA-coated pSiNPs showed a lower cell association than
Tf-coated pSiNPs and that Tf-coated pSiNPs were predominantly taken up via clathrin and
caveolae-mediated endocytosis [44]. Nanoparticle internalization and uptake into the cells
were confirmed by z-stack scanning confocal microscopy (Figure S7). These images showed
that Tf-PEG-pSiNPs(S) were located within the cells, providing evidence of successful
uptake and internalization.
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Figure 3. (A) Confocal fluorescence microscopy images of hCMEC/D3 cells after incubation with
mPEG-pSiNPs(S), Tf-PEG/mPEG(1:50)-pSiNPs(S), Tf-PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(L)
and Tf-PEG-pSiNPs(S) (blue = nucleus, green = F-actin, red = Cy5 in nanoparticles, scale bars = 50 µm);
(B) flow cytometry analysis of hCMEC/D3 cellular association of different modified pSiNPs. His-
togram and the geometric mean of Cy5 positive hCMEC/D3 cells by treating different modified
samples. The geometric mean values are shown by mean ± sd, N = 3.

Flow cytometry was employed to quantitatively assess the impact of transferrin
surface density on cell association in hCMEC/D3 cells (Figure 3B). All transferrin-modified
nanoparticles presented higher geometric fluorescence mean intensity (GMF) in comparison
to the mPEG-pSiNPs(S) sample, consistent with the observations from confocal imaging.
Furthermore, differences in cell association were discernable among nanoparticles with
varying transferrin surface densities. Although the lowest transferrin surface density,
Tf-PEG/mPEG(1:50)-pSiNPs(S), displayed only a slightly higher cellular association than
mPEG-pSiNPs(S), Tf-PEG/mPEG(1:9)-pSiNPs(S) (boasting a higher ligand density) showed
a significant increase, approximately doubling the GMF compared to Tf-PEG/mPEG(1:50)-
pSiNPs(S) and mPEG-pSiNPs(S). Interestingly, no further increase in cell association was
observed with the highest transferrin ligand density (Tf-PEG-pSiNPs(S)). This suggests
a non-monotonic positive relationship between the range of transferrin surface density
and its relative association and uptake for our pSiNP system. It is important to note that
this phenomenon extends beyond pSiNPs; for example, Song et al. reported that higher
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ligand densities did not necessarily lead to increased uptake for transferrin-decorated
micelles [45]. In addition, the larger Tf-PEG-pSiNPs(L) exhibited a notably lower GMF than
Tf-PEG-pSiNPs(S) despite a similar transferrin coverage. This difference in GMF indicates
that the size of nanoparticles also plays a critical role in the cellular association and uptake.

3.3. Assessment of pSiNPs Using Transwell Assay

The hCMEC/D3 transcytosis of the pSiNPs was first investigated using a Transwell
model (Figure 4A). This model comprises two compartments, with an hCMEC/D3 mono-
layer cultured on an insert that separates the two compartments. The TEER value, a marker
for BBB barrier tightness, was measured daily to confirm the presence of a confluent mono-
layer (Figure 4B). TEER values reached approximately 10 Ω × cm2 on day 4, increasing to
around 26 Ω × cm2 by day 6. Afterward, TEER values remained stable, ranging between 25
and 27 Ω × cm2, comparable to literature values [34]. We also confirmed the presence of the
tight-junction-associated protein, ZO-1, which is mostly expressed at the interface of cell-
to-cell contact [34] (Figure 4C). The integrity of the BBB in the Transwell model was further
assessed using 10 kDa FITC-labeled dextran. This yielded an apparent permeability value
of 2.37 ± 0.38 × 10−6 cm/s (N = 3) on day 6, consistent with findings in other studies [46].
The TEER values obtained, the expression of ZO-1 protein, and the low permeability of
FITC-dextran collectively affirm the integrity of the BBB formed on the Transwell inserts.
As a control experiment, blank Transwells with inserts devoid of an hCMEC/D3 monolayer
were treated with transferrin-coated pSiNPs to examine nanoparticle diffusion through
the porous membrane without a functional BBB. This control revealed that 69–74% of the
nanoparticles accumulated in the bottom compartment after 48 h, consistent with free
diffusion of pSiNPs across both compartments, considering the volume of the bottom com-
partment accounted for 75% of the total volume. This control experiment also confirmed
that the nanoparticles did not interact with the insert. Consequently, this Transwell model
proved suitable for evaluating the permeability and thus transcytosis potential of the Cy-5
labeled nanoparticle library in an hCMEC/D3 monolayer.
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Figure 4. (A) Schematic representation of a BBB Transwell model that was formed by a monolayer of
hCMEC/D3 cells over an insert with 3 µm sized pores; (B) TEER value of hCMEC/D3 monolayer
over 9 days of culture, N = 3. The TEER value increased over time and reached a plateau on day 6.
pSiNPs were applied to the Transwell insert on day 7; (C) Characterization of ZO-1 expression by the
hCMEC/D3 monolayer (scale bar = 50 µm); and (D) percentage of accumulated nanoparticles in the
bottom compartment of the Transwell after applying nanoparticles in the top compartment for 48 h,
N = 3, one-way ANOVA test, * p < 0.1, ** p < 0.01, *** p < 0.001. All data are shown by mean ± sd.
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All five nanoparticle types (mPEG-pSiNPs(S), Tf-PEG/mPEG(1:50)-pSiNPs(S), Tf-
PEG/mPEG(1:9)-pSiNPs(S), Tf-PEG-pSiNPs(S), and Tf-PEG-pSiNPs(L)) were evaluated
using the Transwell assay, and each experiment was done in triplicate. Among these,
mPEG-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S) displayed the lowest average trans-
port percentage (13.7% and 15.0%) to the bottom compartment. This is in accordance
with them displaying their lowest association in the previous flow cytometry experiment.
Tf-PEG/mPEG(1:9)-pSiNPs(S) and Tf-PEG-pSiNPs(S) both showed higher average accu-
mulations of 24.4% and 23.6%, respectively, with no significant differences between them.

Transferrin-modified nanoparticles can cross the BBB by binding to transferrin re-
ceptors on endothelial cells. This binding initiates a process known as receptor-mediated
transcytosis, which involves three key steps: (i) attachment of protein-coated nanoparticles
to receptors on the endothelial cells, (ii) internalization and sorting of the nanoparticles
within the cell, and (iii) release of the nanoparticles on the other side of the endothelial
cells. Intuitively, one might expect that higher levels of transferrin on the nanoparticle
surface would lead to a greater likelihood of attachment to the cells and BBB crossing. How-
ever, in the Transwell assay, nanoparticles with varying transferrin amounts, specifically,
3.83 ± 0.34 nmol per mg (Tf-PEG/mPEG(1:9)-pSiNPs(S)) and 4.92 ± 0.31 nmol per mg
(Tf-PEG-pSiNPs(S)) presented similar transport levels. This reveals that there may be an
optimal surface ligand density on pSiNPs, and an increase in transferrin surface density on
the nanoparticles might not necessarily increase or could even diminish their penetration
ability across the BBB. This could be caused by several factors: a higher transferrin density
might result in an overly strong affinity to transferrin receptors, potentially preventing
release [47] or possibly inducing lysosomal sorting and degradation, thus preventing trans-
portation [48]. Interestingly, similar trends have been reported in nanoparticle delivery
systems, where an excessively high ligand density hindered BBB penetration [27,49]. For
example, gold nanoparticles with excessively high transferrin density exhibited reduced
entry into the brain parenchyma in mice [49]. Similarly, liposomes with the lowest den-
sity of antibody exhibited comparable low levels of BBB transport as nanoparticles with
the highest density of antibody, while the intermediate-density antibody nanoparticles
exhibited the highest accumulation [27]. Our result demonstrated that the pSiNP delivery
system shares some universal characteristics with other nanoparticles system. Specifically,
an optimal surface ligand density appears crucial for efficient BBB penetration of pSiNPs.

The effect of the pSiNP size on BBB penetration was investigated by comparing
two different sized nanoparticles with comparable ligand density, i.e., Tf-PEG-pSiNPs(L)
(around 420 nm) and Tf-PEG-pSiNPs(S) (around 203 nm). Tf-PEG-pSiNPs(L) presented an
average transport percentage of 17.5 ± 3.9%, while the smaller Tf-PEG-pSiNPs(S) showed
a significantly higher average transport percentage of 23.6 ± 1.4%. This result aligns
with their performance in cellular association and uptake in 2D cell culture experiments,
suggesting that an increase in pSiNP size, while maintaining the same surface ligand
density, can have a detrimental effect on BBB transport. Despite the unique physical
structure of pSiNPs (porous and irregular), this outcome is consistent with observations in
other nanoparticle systems [30,50].

3.4. Assessment of pSiNPs Using BBB-on-a-Chip Model

Although the Transwell assay is commonly used to assess nanoparticle transcytosis
potential, it lacks the presence of hemodynamic shear stress that plays an essential role
in endothelial cell phenotype and function. This factor is essential for achieving a more
accurate physiological representation [51,52]. Moreover, flow conditions also influence
the binding of nanoparticles to receptors and, consequently, cellular uptake [53]. Hence,
we wanted to investigate if this factor would affect the trends observed for our set of
pSiNPs. To address this, a dynamic model known as a BBB-on-a-chip was used to examine
how flow affects the ability of nanoparticles to penetrate the BBB (Figure 5A) [40]. In
the model, two main channels were constructed, representing the “brain” and “blood”
compartments. The blood channel was constructed as a simplified version of the BBB,
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while the brain channel was used to assess nanoparticle penetration. Several validation
experiments were performed to confirm the presence of a confluent physical monolayer on
the chip. First, like the Transwell model, clear protein expression of ZO-1 was observed
at the intercellular junctions of the seeded hCMEC/D3 chips, indicating the presence of
tight connections in the monolayer (Figure 5B). Second, the integrity of the formed BBB
layer was examined using 10 kDa FITC-labeled dextran, with a characteristic permeability
value of 5.61 ± 1.48 × 10−6 cm/s (N = 3) [40]. Confocal microscopy further confirmed
these findings as a much lower dextran fluorescence intensity was observed in the brain
channel of the chips where the blood channel was seeded with cells compared to blank chips
(Figure S8A,B). The average relative fluorescence intensity value (RFU) of randomly selected
regions of interest in the brain channel was four times lower in seeded chips compared
to blank chips (Figure S8C). In addition, we compared the penetration of nanoparticles in
seeded BBB-on-a-chip versus blank chips, and as expected, significantly fewer nanoparticles
were able to cross to the brain compartment in a seeded BBB-on-a-chip (Figure S9).
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Figure 5. (A) Schematic of the BBB-on-a-chip model consisting of two channels. The blood channel
was formed by a monolayer of hCMEC/D3 cells over 3 µm microchannels under a fluidic environ-
ment. (B) Characterization of ZO-1 expression by the hCMEC/D3 monolayer (scale bar = 50 µm).
(C) Corresponding RFU of pSiNPs crossing blood channel in BBB-on-a-chip. N > 3, one-way ANOVA
test, * p < 0.1, ** p < 0.01, *** p < 0.001, **** p < 0.0001. The values are shown by mean ± sd.

As a quality control measure, all microfluidic chips used for the assessment of the
nanoparticle library were treated with FITC-dextran to ensure the presence of a functional
barrier before experimentation (Figure S8D). Although the overall trend for the nanoparticle
penetration remained consistent with the results from the Transwell assay, some intriguing
differences emerged. mPEG-pSiNPs(S) and Tf-PEG/mPEG(1:50)-pSiNPs(S) again showed
the lowest and second-lowest RFU (i.e., BBB crossing potential) (Figure 5C). In contrast,
Tf-PEG/mPEG(1:9)-pSiNPs(S) presented the highest RFU, followed by Tf-PEG-pSiNPs(S)
and Tf-PEG-pSiNPs(L).

The impact of the various transferrin surface densities was more pronounced in the
BBB-on-a-chip model compared to the Transwell assay. For example, a clear increase in BBB
penetration could be observed for nanoparticles with the lowest transferrin ligand density
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(Tf-PEG/mPEG(1:50)-pSiNPs(S)) when compared to mPEG-pSiNPs(S). This increase was
not as apparent in the Transwell assay. Moreover, whereas the Transwell assay showed a
67% improvement in BBB crossing for nanoparticles with intermediate transferrin ligand
density (Tf-PEG/mPEG(1:9)-pSiNPs(S)) when compared to those with low transferrin
ligand density (Tf-PEG/mPEG(1:50)-pSiNPs(S)), the BBB-on-a-chip model demonstrated
a much higher increase of approximately 300%. Of particular interest, in the BBB-on-a-
chip model, nanoparticles with the highest transferrin density, Tf-PEG-pSiNPs(S), showed
nearly a 40% lower BBB crossing potential compared to those with intermediate transferrin
density (Tf-PEG/mPEG(1:9)-pSiNPs(S)). In contrast, these two variants had a similar BBB
penetration in the Transwell assay. This confirms that the highest transferrin density on
the pSiNPs does not necessarily translate to the highest BBB penetration. Notably, this
observation becomes more prominent under the physiologically relevant conditions of the
BBB-on-a-chip model. The observed differences between the Transwell and BBB-on-a-chip
assays may be attributed to the influence of fluid flow on nanoparticle association and
consequent transcytosis. Lin et al. investigated the difference in human aortic endothelial
cellular association with nanoparticles, comparing those with targeted moieties (i.e., platelet
glycoprotein Ibα), to those without, under both flow and static environments [54]. In their
study, the cellular uptake of nanoparticles with targeting moieties was significantly higher
under flow conditions than those without targeting moieties. Similarly, Zukerman et al.
demonstrated that under shear stress, nanoparticles with higher ligand surface coating
density exhibited significantly increased adhesion when compared to nanoparticles with
lower ligand surface densities [55]. However, it is noted that the range of ligand densities
on nanoparticles plays an important role in their cellular association. In some cases, an
excessive number of ligands on the nanoparticle surfaces can hinder their selectivity and
adhesion [56].

The BBB crossing efficacy of the two differently sized pSiNPs (Tf-PEG-pSiNPs(S) and
Tf-PEG-pSiNPs(L)) showed a consistent pattern in both assays (Figure 5C) where the smaller
nanoparticle size exhibited slightly higher BBB penetration than their larger counterparts.
The reason why we did not observe more significant differences between these two pSiNP
sizes in the chips, may be the higher cytoadhesion of larger nanoparticles under flow
conditions [31,57]. Larger nanoparticles tend to adhere and marginate closer to the channel
wall than smaller nanoparticles due to their larger contact area [31,58,59]. However, it
must be noted that size also affects biodistribution. For example, larger nanoparticles are
more likely to be cleared by the spleen and liver, a factor that is currently not replicable
in a dynamic BBB-on-a-chip model [60]. In addition, in vitro models lack other intricate
complexities present in in vivo situations, such as the mononuclear phagocyte system
and the wider immune system. On the other hand, ex vivo models allow a personalized
medicine approach, allowing the study of cells from human pathologies. In general, ex
vivo and humanized in vitro models hold superiority over rodent models [61].

In summary, the BBB-on-a-chip model revealed notable differences in the BBB crossing
efficacy between pSiNPs with varying transferrin surface densities. Specifically, in this assay,
pSiNPs with intermediate transferrin density exhibited the highest penetration efficacy,
suggesting an optimal transferrin level for maximizing the BBB penetration performance
for pSiNPs. The BBB results of the two sizes of pSiNPs are in agreement with the Transwell,
indicating that smaller pSiNPs had a better BBB transportation.

4. Conclusions

PSiNPs were synthesized with two different sizes (average size of 203 and 420 nm)
and decorated with different densities of transferrin by adjusting the ratio of bifunctional
PEG linkers. We evaluated the effect of transferrin density and size on the hCMEC/D3 cell
association and BBB transport of pSiNPs in both static and dynamic models. The results
revealed that the surface density of transferrin on pSiNPs affects their hCMEC/D3 cell
association, where increasing transferrin content from 0 nmol/mg to 3.8 nmol/mg enhances
hCMEC/D3 association. The surface density of transferrin also affects the BBB transport
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of pSiNPs in the static Transwell assay. Here, the intermediate transferrin surface density
showed the highest BBB transport. The use of a dynamic BBB-on-a-chip model resulted
in more pronounced differences between the various surface ligand densities, where the
intermediate transferrin surface density again showed the highest level of BBB crossing.
These findings indicate that there is an optimal transferrin ligand density to maximize
pSiNP delivery across the BBB, which could be influenced by their affinity to the transferrin
receptor and underscore the role of flow in nanoparticle assessment. Furthermore, the
smaller pSiNPs showed a consistently higher BBB penetration potential than the larger
pSiNPs in all tested models, indicating that the size of pSiNPs significantly affects their BBB
performance. Overall, our study demonstrated that surface density and size are important
parameters in designing pSiNPs for crossing the BBB. Further in vivo experiments may
provide additional validation of the BBB-on-a-chip results. In addition, the designed Tf-
coated pSiNPs may have potential applications for the improved delivery of hydrophobic
anti-cancer drugs such as doxorubicin and camptothecin to brain cancers like glioblastoma
multiforme.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics15092271/s1, Figure S1: ATR-FTIR spectra of
THC-pSiNPs and the subsequent hydrosilylation with undecylenic acid (UDA-pSiNPs). Figure S2:
Characterization of THC-pSiNPs(S), UDA-pSiNPs(S), THC-pSiNPs(L) and UDA-pSiNPs(L). Figure S3:
ATR-FTIR spectra of mPEG-NH2 and NH2-PEG-COOH in comparison with UDA-pSiNPs(S) and
Tf-PEG/mPEG(1:50)-pSiNPs(S). Figure S4: BFTEM images Tf-PEG-pSiNPs(S) and Tf-PEG-pSiNPs(L)
and their length (x-y dimension), thickness (z-dimension), and pore size. Figure S5: Cell viability
results for hCMEC/D3 cells treated with different concentrations (5, 10, 25, 50 µg/mL) of modified
pSiNPs for 48 h. Figure S6: Cy5 intensity of all modified pSiNPs on a per mass basis. Figure S7:
Cellular uptake of Tf-PEG-pSiNPs(S) in hCMEC/D3 with z-stack scan. Figure S8: Validation of
BBB-on-a-chip model. Figure S9: Transportation of Tf-pSiNPs from blood to brain channels after
flowing for 4 h.

Author Contributions: Conceptualization, L.E., Z.T. and N.H.V.; methodology, W.Z., L.E, Z.T., B.P.
and N.H.V.; validation, W.Z., L.E. and B.P.; formal analysis, W.Z. and X.C.; investigation, W.Z., D.Z.,
B.P. and L.E.; resources, L.E. and N.H.V.; data curation, W.Z.; writing—original draft preparation,
W.Z.; writing—review and editing, L.E., X.C., Z.T. and N.H.V.; visualization, W.Z.; supervision, L.E,
Z.T. and N.H.V.; project administration, W.Z., L.E., Z.T. and N.H.V.; funding acquisition, L.E. and
N.H.V. All authors have read and agreed to the published version of the manuscript.

Funding: This research was co-funded by a Commonwealth Scientific and Industrial Research
Organisation (CSIRO) PhD top-up scholarship.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the paper or supplementary information.

Acknowledgments: This work was performed in part at the Melbourne Centre for Nanofabrication
(MCN) in the Victorian Node of the Australian National Fabrication Facility (ANFF).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Ding, C.; Wu, Y.; Chen, X.; Chen, Y.; Wu, Z.; Lin, Z.; Kang, D.; Fang, W.; Chen, F. Global, regional, and national burden and

attributable risk factors of neurological disorders: The Global Burden of Disease study 1990–2019. Front. Public Health 2022, 10,
952161. [CrossRef]

2. Iqbal, K.; Liu, F.; Gong, C.-X. Tau and neurodegenerative disease: The story so far. Nat. Rev. Neurol. 2016, 12, 15–27. [CrossRef]
[PubMed]

3. Omuro, A.; DeAngelis, L.M. Glioblastoma and other malignant gliomas: A clinical review. JAMA 2013, 310, 1842–1850. [CrossRef]
4. Chu, C.; Jablonska, A.; Lesniak, W.G.; Thomas, A.M.; Lan, X.; Linville, R.M.; Li, S.; Searson, P.C.; Liu, G.; Pearl, M.; et al.

Optimization of osmotic blood-brain barrier opening to enable intravital microscopy studies on drug delivery in mouse cortex. J.
Control. Release 2020, 317, 312–321. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/pharmaceutics15092271/s1
https://www.mdpi.com/article/10.3390/pharmaceutics15092271/s1
https://doi.org/10.3389/fpubh.2022.952161
https://doi.org/10.1038/nrneurol.2015.225
https://www.ncbi.nlm.nih.gov/pubmed/26635213
https://doi.org/10.1001/jama.2013.280319
https://doi.org/10.1016/j.jconrel.2019.11.019
https://www.ncbi.nlm.nih.gov/pubmed/31751635


Pharmaceutics 2023, 15, 2271 17 of 19

5. Huang, L.-K.; Chao, S.-P.; Hu, C.-J. Clinical trials of new drugs for Alzheimer disease. J. Biomed. Sci. 2020, 27, 18. [CrossRef]
6. Cirotti, C.; Contadini, C.; Barilà, D. SRC Kinase in Glioblastoma: News from an Old Acquaintance. Cancers 2020, 12, 1558.

[CrossRef]
7. Anthony, D.P.; Hegde, M.; Shetty, S.S.; Rafic, T.; Mutalik, S.; Rao, B.S.S. Targeting receptor-ligand chemistry for drug delivery

across blood-brain barrier in brain diseases. Life Sci. 2021, 274, 119326. [CrossRef]
8. Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3–14. [CrossRef] [PubMed]
9. Swissa, E.; Serlin, Y.; Vazana, U.; Prager, O.; Friedman, A. Blood–brain barrier dysfunction in status epileptics: Mechanisms and

role in epileptogenesis. Epilepsy Behav. 2019, 101, 106285. [CrossRef]
10. Burgess, A.; Shah, K.; Hough, O.; Hynynen, K. Focused ultrasound-mediated drug delivery through the blood–brain barrier.

Expert Rev. Neurother. 2015, 15, 477–491. [CrossRef]
11. Hersh, D.S.; Wadajkar, A.S.; Roberts, N.; Perez, J.G.; Connolly, N.P.; Frenkel, V.; Winkles, J.A.; Woodworth, G.F.; Kim, A.J. Evolving

Drug Delivery Strategies to Overcome the Blood Brain Barrier. Curr. Pharm. Des. 2016, 22, 1177–1193. [CrossRef]
12. Furtado, D.; Björnmalm, M.; Ayton, S.; Bush, A.I.; Kempe, K.; Caruso, F. Overcoming the blood–brain barrier: The role of

nanomaterials in treating neurological diseases. Adv. Mater. 2018, 30, 1801362. [CrossRef]
13. Conen, A.; Raabe, A.; Schaller, K.; Fux, C.A.; Vajkoczy, P.; Trampuz, A. Management of neurosurgical implant-associated infections.

Swiss Med. Wkly. 2020, 150, w20208. [CrossRef] [PubMed]
14. Gandhi, K.; Barzegar-Fallah, A.; Banstola, A.; Rizwan, S.B.; Reynolds, J.N.J. Ultrasound-Mediated Blood–Brain Barrier Disruption

for Drug Delivery: A Systematic Review of Protocols, Efficacy, and Safety Outcomes from Preclinical and Clinical Studies.
Pharmaceutics 2022, 14, 833. [CrossRef] [PubMed]

15. Bastiancich, C.; Danhier, P.; Préat, V.; Danhier, F. Anticancer drug-loaded hydrogels as drug delivery systems for the local
treatment of glioblastoma. J. Control. Release 2016, 243, 29–42. [CrossRef] [PubMed]

16. Saraiva, C.; Praça, C.; Ferreira, R.; Santos, T.; Ferreira, L.; Bernardino, L. Nanoparticle-mediated brain drug delivery: Overcoming
blood–brain barrier to treat neurodegenerative diseases. J. Control. Release 2016, 235, 34–47. [CrossRef]

17. Anselmo, A.C.; Mitragotri, S. Nanoparticles in the clinic: An update. Bioeng. Transl. Med. 2019, 4, e10143. [CrossRef]
18. Portioli, C.; Bovi, M.; Benati, D.; Donini, M.; Perduca, M.; Romeo, A.; Dusi, S.; Monaco, H.L.; Bentivoglio, M. Novel functional-

ization strategies of polymeric nanoparticles as carriers for brain medications. J. Biomed. Mater. Res. Part A 2017, 105, 847–858.
[CrossRef]

19. Wu, H.; Lu, H.; Xiao, W.; Yang, J.; Du, H.; Shen, Y.; Qu, H.; Jia, B.; Manna, S.K.; Ramachandran, M. Sequential targeting in
crosslinking nanotheranostics for tackling the multibarriers of brain tumors. Adv. Mater. 2020, 32, 1903759. [CrossRef]

20. Zhang, W.; Mehta, A.; Tong, Z.; Esser, L.; Voelcker, N.H. Development of Polymeric Nanoparticles for Blood-Brain Barrier
Transfer-Strategies and Challenges. Adv. Sci. 2021, 8, 2003937. [CrossRef]

21. Pulgar, V.M. Transcytosis to Cross the Blood Brain Barrier, New Advancements and Challenges. Front. Neurosci. 2019, 12, 1019.
[CrossRef] [PubMed]

22. Mi, P.; Cabral, H.; Kataoka, K. Ligand-Installed Nanocarriers toward Precision Therapy. Adv. Mater. 2020, 32, 1902604. [CrossRef]
[PubMed]

23. Zhou, A.L.; Swaminathan, S.K.; Curran, G.L.; Poduslo, J.F.; Lowe, V.J.; Li, L.; Kandimalla, K.K. Apolipoprotein A-I Crosses the
Blood-Brain Barrier through Clathrin-Independent and Cholesterol-Mediated Endocytosis. J. Pharmacol. Exp. Ther. 2019, 369,
481–488. [CrossRef] [PubMed]

24. Visser, C.C.; Voorwinden, L.H.; Crommelin, D.J.A.; Danhof, M.; de Boer, A.G. Characterization and Modulation of the Transferrin
Receptor on Brain Capillary Endothelial Cells. Pharm. Res. 2004, 21, 761–769. [CrossRef] [PubMed]

25. Abdalla, Y.; Luo, M.; Mäkilä, E.; Day, B.W.; Voelcker, N.H.; Tong, W.Y. Effectiveness of porous silicon nanoparticle treatment at
inhibiting the migration of a heterogeneous glioma cell population. J. Nanobiotechnol. 2021, 19, 60. [CrossRef] [PubMed]

26. Sheykhzadeh, S.; Luo, M.; Peng, B.; White, J.; Abdalla, Y.; Tang, T.; Mäkilä, E.; Voelcker, N.H.; Tong, W.Y. Transferrin-targeted
porous silicon nanoparticles reduce glioblastoma cell migration across tight extracellular space. Sci. Rep. 2020, 10, 2320. [CrossRef]

27. Johnsen, K.B.; Bak, M.; Melander, F.; Thomsen, M.S.; Burkhart, A.; Kempen, P.J.; Andresen, T.L.; Moos, T. Modulating the antibody
density changes the uptake and transport at the blood-brain barrier of both transferrin receptor-targeted gold nanoparticles and
liposomal cargo. J. Control. Release 2019, 295, 237–249. [CrossRef]

28. Kulkarni, S.A.; Feng, S.-S. Effects of Particle Size and Surface Modification on Cellular Uptake and Biodistribution of Polymeric
Nanoparticles for Drug Delivery. Pharm. Res. 2013, 30, 2512–2522. [CrossRef]

29. Chen, Y.P.; Chou, C.M.; Chang, T.Y.; Ting, H.; Dembélé, J.; Chu, Y.T.; Liu, T.P.; Changou, C.A.; Liu, C.W.; Chen, C.T. Bridging
Size and Charge Effects of Mesoporous Silica Nanoparticles for Crossing the Blood-Brain Barrier. Front. Chem. 2022, 10, 931584.
[CrossRef]

30. Meng, Q.; Meng, H.; Pan, Y.; Liu, J.; Li, J.; Qi, Y.; Huang, Y. Influence of nanoparticle size on blood–brain barrier penetration and
the accumulation of anti-seizure medicines in the brain. J. Mater. Chem. B 2022, 10, 271–281. [CrossRef]

31. Nowak, M.; Brown, T.D.; Graham, A.; Helgeson, M.E.; Mitragotri, S. Size, shape, and flexibility influence nanoparticle transport
across brain endothelium under flow. Bioeng. Transl. Med. 2020, 5, e10153. [CrossRef] [PubMed]

32. Talamini, L.; Violatto, M.B.; Cai, Q.; Monopoli, M.P.; Kantner, K.; Krpetić, Ž.; Perez-Potti, A.; Cookman, J.; Garry, D.; Silveira, C.P.;
et al. Influence of Size and Shape on the Anatomical Distribution of Endotoxin-Free Gold Nanoparticles. ACS Nano 2017, 11,
5519–5529. [CrossRef] [PubMed]

https://doi.org/10.1186/s12929-019-0609-7
https://doi.org/10.3390/cancers12061558
https://doi.org/10.1016/j.lfs.2021.119326
https://doi.org/10.1602/neurorx.2.1.3
https://www.ncbi.nlm.nih.gov/pubmed/15717053
https://doi.org/10.1016/j.yebeh.2019.04.038
https://doi.org/10.1586/14737175.2015.1028369
https://doi.org/10.2174/1381612822666151221150733
https://doi.org/10.1002/adma.201801362
https://doi.org/10.4414/smw.2020.20208
https://www.ncbi.nlm.nih.gov/pubmed/32329803
https://doi.org/10.3390/pharmaceutics14040833
https://www.ncbi.nlm.nih.gov/pubmed/35456667
https://doi.org/10.1016/j.jconrel.2016.09.034
https://www.ncbi.nlm.nih.gov/pubmed/27693428
https://doi.org/10.1016/j.jconrel.2016.05.044
https://doi.org/10.1002/btm2.10143
https://doi.org/10.1002/jbm.a.35961
https://doi.org/10.1002/adma.201903759
https://doi.org/10.1002/advs.202003937
https://doi.org/10.3389/fnins.2018.01019
https://www.ncbi.nlm.nih.gov/pubmed/30686985
https://doi.org/10.1002/adma.201902604
https://www.ncbi.nlm.nih.gov/pubmed/31353770
https://doi.org/10.1124/jpet.118.254201
https://www.ncbi.nlm.nih.gov/pubmed/30971477
https://doi.org/10.1023/B:PHAM.0000026425.69874.8e
https://www.ncbi.nlm.nih.gov/pubmed/15180331
https://doi.org/10.1186/s12951-021-00798-4
https://www.ncbi.nlm.nih.gov/pubmed/33637089
https://doi.org/10.1038/s41598-020-59146-5
https://doi.org/10.1016/j.jconrel.2019.01.005
https://doi.org/10.1007/s11095-012-0958-3
https://doi.org/10.3389/fchem.2022.931584
https://doi.org/10.1039/D1TB02015C
https://doi.org/10.1002/btm2.10153
https://www.ncbi.nlm.nih.gov/pubmed/32440560
https://doi.org/10.1021/acsnano.7b00497
https://www.ncbi.nlm.nih.gov/pubmed/28558193


Pharmaceutics 2023, 15, 2271 18 of 19

33. Voigt, N.; Henrich-Noack, P.; Kockentiedt, S.; Hintz, W.; Tomas, J.; Sabel, B.A. Surfactants, not size or zeta-potential influence
blood–brain barrier passage of polymeric nanoparticles. Eur. J. Pharm. Biopharm. 2014, 87, 19–29. [CrossRef] [PubMed]

34. Brown, T.D.; Habibi, N.; Wu, D.; Lahann, J.; Mitragotri, S. Effect of Nanoparticle Composition, Size, Shape, and Stiffness on
Penetration Across the Blood–Brain Barrier. ACS Biomater. Sci. Eng. 2020, 6, 4916–4928. [CrossRef]

35. Li, W.; Liu, Z.; Fontana, F.; Ding, Y.; Liu, D.; Hirvonen, J.T.; Santos, H.A. Tailoring porous silicon for biomedical applications:
From drug delivery to cancer immunotherapy. Adv. Mater. 2018, 30, 1703740. [CrossRef]

36. Luo, M.; Lewik, G.; Ratcliffe, J.C.; Choi, C.H.J.; Mäkilä, E.; Tong, W.Y.; Voelcker, N.H. Systematic Evaluation of Transferrin-
Modified Porous Silicon Nanoparticles for Targeted Delivery of Doxorubicin to Glioblastoma. ACS Appl. Mater. Interfaces 2019, 11,
33637–33649. [CrossRef]

37. Zhang, D.-X.; Tieu, T.; Esser, L.; Wojnilowicz, M.; Lee, C.-H.; Cifuentes-Rius, A.; Thissen, H.; Voelcker, N.H. Differential Surface
Engineering Generates Core–Shell Porous Silicon Nanoparticles for Controlled and Targeted Delivery of an Anticancer Drug.
ACS Appl. Mater. Interfaces 2022, 14, 54539–54549. [CrossRef]

38. Cortés-Ríos, J.; Zárate, A.M.; Figueroa, J.D.; Medina, J.; Fuentes-Lemus, E.; Rodríguez-Fernández, M.; Aliaga, M.; López-Alarcón,
C. Protein quantification by bicinchoninic acid (BCA) assay follows complex kinetics and can be performed at short incubation
times. Anal. Biochem. 2020, 608, 113904. [CrossRef]

39. Weksler, B.; Subileau, E.; Perriere, N.; Charneau, P.; Holloway, K.; Leveque, M.; Tricoire-Leignel, H.; Nicotra, A.; Bourdoulous, S.;
Turowski, P. Blood-brain barrier-specific properties of a human adult brain endothelial cell line. FASEB J. 2005, 19, 1872–1874.
[CrossRef]

40. Peng, B.; Tong, Z.; Tong, W.Y.; Pasic, P.J.; Oddo, A.; Dai, Y.; Luo, M.; Frescene, J.; Welch, N.G.; Easton, C.D. In situ surface
modification of microfluidic blood–brain-barriers for improved screening of small molecules and nanoparticles. ACS Appl. Mater.
Interfaces 2020, 12, 56753–56766. [CrossRef]

41. Hubatsch, I.; Ragnarsson, E.G.; Artursson, P. Determination of drug permeability and prediction of drug absorption in Caco-2
monolayers. Nat. Protoc. 2007, 2, 2111–2119. [CrossRef]

42. Bimbo, L.M.; Mäkilä, E.M.; Raula, J.; Laaksonen, T.; Laaksonen, P.; Strommer, K.; Kauppinen, E.I.; Salonen, J.J.; Linder, M.B.;
Hirvonen, J.; et al. Functional hydrophobin-coating of thermally hydrocarbonized porous silicon microparticles. Biomaterials 2011,
32, 9089–9099. [CrossRef] [PubMed]

43. Riikonen, J.; Nissinen, T.; Alanne, A.; Thapa, R.; Fioux, P.; Bonne, M.; Rigolet, S.; Morlet-Savary, F.; Aussenac, F.; Marichal, C.; et al.
Stable surface functionalization of carbonized mesoporous silicon. Inorg. Chem. Front. 2020, 7, 631–641. [CrossRef]

44. Chang, J.; Jallouli, Y.; Kroubi, M.; Yuan, X.-B.; Feng, W.; Kang, C.-S.; Pu, P.-Y.; Betbeder, D. Characterization of endocytosis of
transferrin-coated PLGA nanoparticles by the blood–brain barrier. Int. J. Pharm. 2009, 379, 285–292. [CrossRef] [PubMed]

45. Song, X.; Li, R.; Deng, H.; Li, Y.; Cui, Y.; Zhang, H.; Dai, W.; He, B.; Zheng, Y.; Wang, X.; et al. Receptor mediated transcytosis in
biological barrier: The influence of receptor character and their ligand density on the transmembrane pathway of active-targeting
nanocarriers. Biomaterials 2018, 180, 78–90. [CrossRef]

46. Li, G.; Simon, M.J.; Cancel, L.M.; Shi, Z.-D.; Ji, X.; Tarbell, J.M.; Morrison, B.; Fu, B.M. Permeability of endothelial and astrocyte
cocultures: In vitro blood–brain barrier models for drug delivery studies. Ann. Biomed. Eng. 2010, 38, 2499–2511. [CrossRef]

47. Yu, Y.J.; Zhang, Y.; Kenrick, M.; Hoyte, K.; Luk, W.; Lu, Y.; Atwal, J.; Elliott, J.M.; Prabhu, S.; Watts, R.J.; et al. Boosting brain
uptake of a therapeutic antibody by reducing its affinity for a transcytosis target. Sci. Transl. Med. 2011, 3, 84ra44. [CrossRef]

48. Niewoehner, J.; Bohrmann, B.; Collin, L.; Urich, E.; Sade, H.; Maier, P.; Rueger, P.; Stracke, J.O.; Lau, W.; Tissot, A.C.; et al.
Increased brain penetration and potency of a therapeutic antibody using a monovalent molecular shuttle. Neuron 2014, 81, 49–60.
[CrossRef]

49. Wiley, D.T.; Webster, P.; Gale, A.; Davis, M.E. Transcytosis and brain uptake of transferrin-containing nanoparticles by tuning
avidity to transferrin receptor. Proc. Natl. Acad. Sci. USA 2013, 110, 8662–8667. [CrossRef]

50. Betzer, O.; Shilo, M.; Opochinsky, R.; Barnoy, E.; Motiei, M.; Okun, E.; Yadid, G.; Popovtzer, R. The effect of nanoparticle size on
the ability to cross the blood–brain barrier: An in vivo study. Nanomedicine 2017, 12, 1533–1546. [CrossRef]

51. Davies, P.F. Hemodynamic shear stress and the endothelium in cardiovascular pathophysiology. Nat. Clin. Pract. Cardiovasc. Med.
2009, 6, 16–26. [CrossRef]

52. Dessalles, C.A.; Leclech, C.; Castagnino, A.; Barakat, A.I. Integration of substrate- and flow-derived stresses in endothelial cell
mechanobiology. Commun. Biol. 2021, 4, 764. [CrossRef]

53. Shurbaji, S.; Anlar, G.G.; Hussein, E.A.; Elzatahry, A.; Yalcin, H.C. Effect of Flow-Induced Shear Stress in Nanomaterial Uptake by
Cells: Focus on Targeted Anti-Cancer Therapy. Cancers 2020, 12, 1916. [CrossRef] [PubMed]

54. Lin, A.; Sabnis, A.; Kona, S.; Nattama, S.; Patel, H.; Dong, J.-F.; Nguyen, K.T. Shear-regulated uptake of nanoparticles by
endothelial cells and development of endothelial-targeting nanoparticles. J. Biomed. Mater. Res. Part A 2010, 93, 833–842.
[CrossRef] [PubMed]

55. Zukerman, H.; Khoury, M.; Shammay, Y.; Sznitman, J.; Lotan, N.; Korin, N. Targeting functionalized nanoparticles to activated
endothelial cells under high wall shear stress. Bioeng. Transl. Med. 2020, 5, e10151. [CrossRef] [PubMed]

56. Zern, B.J.; Chacko, A.-M.; Liu, J.; Greineder, C.F.; Blankemeyer, E.R.; Radhakrishnan, R.; Muzykantov, V. Reduction of Nanoparticle
Avidity Enhances the Selectivity of Vascular Targeting and PET Detection of Pulmonary Inflammation. ACS Nano 2013, 7, 2461–
2469. [CrossRef] [PubMed]

https://doi.org/10.1016/j.ejpb.2014.02.013
https://www.ncbi.nlm.nih.gov/pubmed/24607790
https://doi.org/10.1021/acsbiomaterials.0c00743
https://doi.org/10.1002/adma.201703740
https://doi.org/10.1021/acsami.9b10787
https://doi.org/10.1021/acsami.2c16370
https://doi.org/10.1016/j.ab.2020.113904
https://doi.org/10.1096/fj.04-3458fje
https://doi.org/10.1021/acsami.0c17102
https://doi.org/10.1038/nprot.2007.303
https://doi.org/10.1016/j.biomaterials.2011.08.011
https://www.ncbi.nlm.nih.gov/pubmed/21864895
https://doi.org/10.1039/C9QI01140D
https://doi.org/10.1016/j.ijpharm.2009.04.035
https://www.ncbi.nlm.nih.gov/pubmed/19416749
https://doi.org/10.1016/j.biomaterials.2018.07.006
https://doi.org/10.1007/s10439-010-0023-5
https://doi.org/10.1126/scitranslmed.3002230
https://doi.org/10.1016/j.neuron.2013.10.061
https://doi.org/10.1073/pnas.1307152110
https://doi.org/10.2217/nnm-2017-0022
https://doi.org/10.1038/ncpcardio1397
https://doi.org/10.1038/s42003-021-02285-w
https://doi.org/10.3390/cancers12071916
https://www.ncbi.nlm.nih.gov/pubmed/32708521
https://doi.org/10.1002/jbm.a.32592
https://www.ncbi.nlm.nih.gov/pubmed/19653303
https://doi.org/10.1002/btm2.10151
https://www.ncbi.nlm.nih.gov/pubmed/32440559
https://doi.org/10.1021/nn305773f
https://www.ncbi.nlm.nih.gov/pubmed/23383962


Pharmaceutics 2023, 15, 2271 19 of 19

57. Doshi, N.; Prabhakarpandian, B.; Rea-Ramsey, A.; Pant, K.; Sundaram, S.; Mitragotri, S. Flow and adhesion of drug carriers
in blood vessels depend on their shape: A study using model synthetic microvascular networks. J. Control. Release 2010, 146,
196–200. [CrossRef]

58. Tan, J.; Shah, S.; Thomas, A.; Ou-Yang, H.D.; Liu, Y. The influence of size, shape and vessel geometry on nanoparticle distribution.
Microfluid. Nanofluidics 2013, 14, 77–87. [CrossRef]

59. Cooley, M.; Sarode, A.; Hoore, M.; Fedosov, D.A.; Mitragotri, S.; Sen Gupta, A. Influence of particle size and shape on their
margination and wall-adhesion: Implications in drug delivery vehicle design across nano-to-micro scale. Nanoscale 2018, 10,
15350–15364. [CrossRef]

60. Blanco, E.; Shen, H.; Ferrari, M. Principles of nanoparticle design for overcoming biological barriers to drug delivery. Nat.
Biotechnol. 2015, 33, 941–951. [CrossRef]

61. Williams-Medina, A.; Deblock, M.; Janigro, D. In vitro Models of the Blood-Brain Barrier: Tools in Translational Medicine. Front.
Med. Technol. 2020, 2, 623950. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jconrel.2010.04.007
https://doi.org/10.1007/s10404-012-1024-5
https://doi.org/10.1039/C8NR04042G
https://doi.org/10.1038/nbt.3330
https://doi.org/10.3389/fmedt.2020.623950
https://www.ncbi.nlm.nih.gov/pubmed/35047899

	Introduction 
	Materials and Methods 
	Materials 
	Methods 
	Attenuated Total Reflection-Fourier Transform Infrared Spectroscopy (ATR-FTIR) 
	Transmission Electron Microscopy (TEM) 
	Dynamic Light Scattering (DLS) 
	Electrochemical Etching of Silicon Wafer 
	Thermal Hydrocarbonization of Porous Silicon Film 
	Fractioning of Silicon Wafer by Ultrasonication 
	Size Selection and Functionalization of pSiNPs with Undecylenic Acid (UDA) 
	Preparation of Cy5-Labeled Transferrin and PEG-Conjugated Nanoparticles 
	Cell Culture 
	Cell Viability in Contact with pSiNPs 
	Cellular Association and Uptake of pSiNPs via Flow Cytometry and Confocal Microscopy 
	BBB Transwell Model Preparation for Nanoparticles Assessment 
	BBB-on-a-Chip Model Establishment and Nanoparticles Assessment 


	Results and Discussions 
	Preparation of pSiNPs with Various Ligand Surface Densities and Sizes 
	Evaluation of pSiNPs in Brain Microvascular Endothelial Cells 
	Assessment of pSiNPs Using Transwell Assay 
	Assessment of pSiNPs Using BBB-on-a-Chip Model 

	Conclusions 
	References

