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Abstract: The presence of the blood–brain barrier (BBB) limits the delivery of therapies into the brain.
There has been significant interest in overcoming the BBB for the effective delivery of therapies to
the brain. Inorganic nanomaterials, especially silica nanoparticles with varying surface chemistry
and surface topology, have been recently used as permeation enhancers for oral protein delivery.
In this context, nanoparticles with varying sizes and surface chemistries have been employed to
overcome this barrier; however, there is no report examining the effect of nanoscale roughness on BBB
permeability. This paper reports the influence of nanoscale surface roughness on the integrity and
permeability of the BBB in vitro, using smooth surface Stöber silica nanoparticles (60 nm) compared to
rough surface virus-like silica nanoparticles (VSNP, 60 nm). Our findings reveal that VSNP (1 mg/mL)
with virus-mimicking-topology spiky surface have a greater effect on transiently opening endothelial
tight junctions of the BBB than the same dose of Stöber silica nanoparticles (1 mg/mL) by increasing
the FITC-Dextran (70 kDa) permeability 1.9-fold and by decreasing the trans-endothelial electrical
resistance (TEER) by 2.7-fold. This proof-of-concept research paves the way for future studies to
develop next-generation tailored surface-modified silica nanoparticles, enabling safe and efficient
macromolecule transport across the BBB.

Keywords: virus-like silica nanoparticles; blood–brain barrier; brain drug delivery; glioblastoma;
surface roughness

1. Introduction

Drug delivery to the brain is extremely challenging due to the presence of the blood–
brain barrier (BBB). The BBB is a sophisticated and complex barrier made up of astrocytes,
endothelial cells, neurons, and microglia which control the entry of substances and protect
the central nervous system (CNS) [1]. Unlike other physiological barriers, the unique struc-
ture of the BBB, compromising tight junctions and the absence of any fenestrations, limits
the free movement of the majority of substances [2]. The presence of tight junctions is a
hallmark feature of the BBB. Tight junctions are highly specialised intercellular connections
between adjacent endothelial cells that form the BBB to regulate the selective passage of
substances into and out of the brain to maintain its homeostasis. The integrity of the BBB is
necessary in order to prevent any harmful substances from crossing the brain; however, this
presents a major challenge when it comes to delivering therapies for brain diseases [2–4].
For instance, while advances in cancer therapies have successfully been able to induce
remission for breast or lung cancer, brain cancers still have poor prognosis, owing to the
poor permeability of chemotherapies to the brain. Moreover, research suggests that the
presence of an intact BBB plays a significant role in the treatment failure of various brain
cancers such as Diffuse Intrinsic Pontine Glioma (DIPG) [5]. In fact, DIPG cells can directly
impact vasculature to make the BBB and brain tumour barrier (BTB) less permeable, thereby
reducing the effectiveness of therapies [5]. As such, there is a dire need to develop drug
delivery platforms that can improve penetration across the BTB and BBB [6,7].
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Nanotechnology-mediated drug delivery has made many advances in the last few
decades. Numerous nanomedicines are already being used clinically and discussed in
detail elsewhere [8–10]. There are significant advantages that nanomedicine offers which
facilitate permeation across the BBB. Firstly, the small size of nanoparticles eases the passive
transport across the BBB. Secondly, the surface of nanoparticles can be functionalized for
active transport across the BBB via a receptor-mediated pathway to deliver drugs inside
the brain. However, to date, no nanoparticle-based formulation to treat CNS diseases has
been approved for clinical use because of poor efficacy [2]. Developing safe and effective
nanoformulations for CNS applications requires meticulous consideration of various factors
including the physicochemical properties of nanoparticles, such as size, surface chemistry,
and stability. Given the challenges associated with treating CNS diseases and the lack
of FDA-approved nanoformulations for the CNS, there is a pressing need for innovative
approaches and the exploration of new strategies. By elucidating the factors contributing
to the limited success thus far, we can identify potential avenues for innovation and pave
the way for the development of safe and effective nanoformulations for the CNS.

Silica nanoparticles have gained significant prominence in recent years due to their
applications in the field of targeted drug delivery and diagnostics, as evidenced by testing
in numerous clinical trials [8]. Silica nanoparticles offer a key advantage due to their
relative ease in modulating their physiochemical properties including surface area, shapes,
size, and morphology [8,11–14]. The recent discovery of silica nanoparticles as novel
permeation enhancers opened many avenues for their use in overcoming biological barriers.
Silica nanoparticles open tight junctions in the gut by binding to the integrins on the cell
surface, stimulating a cascade of signalling pathways and consequently triggering their
rearrangement [15]. This effect is reported to be transient in nature, with particles showing
no sign of toxicity in their assays. A recent paper published by Cao et al. found that
silica nanoparticles with a rough surface and virus-like morphology further improved
this effect and enabled the oral delivery of protein [16]. Surface roughness refers to the
degree of variation or irregularity on the surface of the nanoparticle, which can be assessed
using techniques such as transmission electron microscopy [17]. We hypothesised that the
surface roughness of nanoparticles could possibly impact their interaction with the BBB in
multiple ways [18,19]. Firstly, it can influence the adhesion and binding of the nanoparticles
to the cells of the BBB [18]. Secondly, nanoparticles with a rough surface may exhibit a
greater surface area, resulting in more interactions with proteins and other biomolecules
in the bloodstream that could potentially interfere with their BBB transport [20]. Overall,
the surface roughness of nanoparticles is an important parameter that can impact their
interaction with the BBB and ultimately affect their ability to deliver therapeutic agents to
the brain. Therefore, optimising the surface properties of nanoparticles, including their
roughness, is a crucial step in developing effective nanomedicines for brain-related diseases.
Based on the above literature, we hypothesise that the surface roughness could enhance
nanoparticle interaction with the endothelial cells and transiently open tight junctions in
the BBB, leading to controlled trafficking of substances across the BBB [16]. In this paper,
we have evaluated the impact of virus-like silica on the transport of 70 kDa Dextran as a
macromolecule model across the BBB in vitro.

2. Materials and Methods
2.1. Materials

Cetyltrimethylammonium bromide (CTAB), Tetraethoxysilane (TEOS), ammonium
hydroxide, 3-Aminopropyltriethoxysilane (APTES), FITC-Carboxymethyl dextran 70 kD,
and fetal bovine serum (FBS) were purchased from Sigma-Aldrich (Melbourne, Australia).
Dimethyl sulfoxide (DMSO) was bought from Chem-supply (Adelaide, Australia). Cyanine
5 NHS ester (Cy5) dye was purchased from Lumiprobe Limited (Cockeysville, MD, USA,
Asia & Pacific). Dulbecco’s Modified Eagle Medium (DMEM), penicillin/streptomycin
(P/S), and 0.25% trypsin-EDTA were bought from Life Technologies (Brisbane, Australia).
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer was obtained from
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Gibco Australia. Pure ethanol was purchased from the University of Queensland Sci-
ence store.

The human brain endothelial cell line (hCMEC/D3) (lot#SCC066) was obtained from
Millipore Merck (Melbourne, Australia). Alamar Blue Assay Kit and cell staining dye were
bought from Thermofisher (Brisbane, Australia) and included: DAPI (4′,6-diamidino-2-
phenylindole), Alexa Fluor 594 conjugated anti-Zonula occludens-1 (ZO-1) antibodies, and
Alexa Fluor 488 conjugated anti-Claudin 5 antibodies.

2.2. Synthesis of Silica Nanoparticles
2.2.1. Virus-like Silica Nanoparticles (VSNP)

VSNP were synthesised using a previously optimised method [16]. Briefly, CTAB
(1000 mg) was mixed in water (50 mL) and NaOH (0.1 M, 0.8 mL) using a round bottom
flask. The mixture was heated to 60 ◦C and stirred at 1000 rpm. After 30 min, cyclohexane
(20 mL) with tetraethoxysilane (TEOS, 98%) (20 v/v %) was then added dropwise into the
round bottom flask and stirred for 48 h at 1000 rpm. Pellets were collected by centrifugation
at 24,700× g for 10 min and washed with water and ethanol three times. The obtained
particles were calcined using a muffle furnace (Thermo Scientific, Melbourne, Australia) at
550 ◦C for 5 h to remove any excess surfactants. CTAB was added as the structure-directing
agent which aids in shaping the spiky structure on the surface of silica nanoparticles [21].
CTAB molecules self-assemble in an aqueous solution to form micelles due to their am-
phiphilic nature. These micelles serve as scaffolds for the growth of VSNP. CTAB’s presence
directs the growth of “necks” on the silica nanoparticles to provide a virus-like morphology.
As CTAB is an organic compound and exposure to high temperatures of 550 ◦C for 5 h
causes it to decompose, which could remove CTAB molecules from the VSNP.

2.2.2. Stöber Silica Nanoparticles

Stöber nanoparticles were synthesised using a previously optimised method [16].
Briefly, a mixture containing water (6.8 mL), ethanol (17.6 mL), and ammonium hydroxide
(0.7 mL) was prepared in a 100 mL Schott bottle. Then, a premixed TEOS (1.4 mL) in
ethanol (22.2 mL) was added dropwise to the Schott bottle. The mixture was stirred for
13 h at 500 rpm and the temperature was maintained at 60 ◦C. The Stöber nanoparticles
were collected by centrifugation at 24,700× g for 10 min and subsequently washed thrice
with water and ethanol. The obtained particles were calcined at 550 ◦C for 5 h.

2.3. Fluorescent Dye Cy5 Labelling on Silica Nanoparticles

First, the VSNP and Stöber nanoparticles were amine functionalised by adding
corresponding nanoparticles (100 mg) in 30 mL water-free toluene and then refluxed
at 115 ◦C using our previously established methods [16,22–25]. After 1 h, 100 µL 3-
aminopropyltriethoxysilane (APTES) was added to the mixture, followed by further re-
fluxing for 18 h. Nanoparticles were collected by centrifugation at 24,700× g for 10 min
and then washed with ethanol and water 3 times to remove access unreacted silane. The
product was obtained by drying in the oven for 24 h at 60 ◦C.

Cy-5 labelling of silica nanoparticles was performed using previously established
methods [16,23,24,26]. The Cy5 dye solution (0.6 mL, 1 mg/mL in DMSO) was added to
30 mg amino-functionalized nanoparticles (suspended in DMSO 10 mg/mL) and stirred
for 2 h. The final product was collected by centrifugation (24,700× g, 5 min), washed five
times with ethanol, and vacuum dried for 24 h at room temperature.

2.4. Physiochemical Characterisation of Nanoparticles

The prepared VSNP and Stöber nanoparticles were characterised by their physio-
chemical properties. The shape and size of the nanoparticles were assessed using the
Transmission Electron Microscopy (TEM) HITACHI HT7700 machine at a voltage of 80 kV
(Tokyo, Japan). A carbon-coated copper grid was used to prepare the samples and the
nanoparticles (1 mg/mL sonicated for 10 min in ethanol) were added dropwise and air-
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dried prior to imaging. The Zeta potential of the nanoparticles was quantified using a
Dynamic light scattering (DLS) Nano series ZS instrument (Malvern Panalytical, Birming-
ham, UK) by suspending nanoparticles in water (0.01 mg/mL), and the experiment was
performed in triplicate.

The surface area of the nanoparticles was measured by nitrogen absorption–desorption
at 77 K using a Micromeritics Tristar II 3020 system (Micrometrics Tristar II, United King-
dom), and was then calculated using the Brunauer–Emmett–Teller (BET) method. Around
60 mg of nanoparticle was degassed (60 ◦C) for 24 h using vacuum drying (300 mBar) and
analysis was conducted under liquid nitrogen.

2.5. Cell Culture

Cells were maintained as per the previous methods [23,26]. For the in vitro BBB
transwell model, the human brain endothelial hCMEC/D3 cell line was selected and
grown with an EndoGRO-MV Complete Culture Media Kit enhanced with 1 ng/mL FGF-2.
Cells were grown on collagen-coated tissue culture flasks (Gibco Collagen Type I Rat Tail
(150 µg/mL) diluted in acetic acid (10 mL, 20 mM)). Cells were passaged using 0.25%
trypsin−EDTA every 2–3 days. When they reached 80–90% confluence and were kept
under conditions of 37 ◦C, 5% CO2, and 95% humidity. hCMEC/D3 endothelial cells with
passage numbers between 7 and 10 were used for experiments.

2.6. Cell Viability

Human brain endothelial hCMEC/D3 cells were plated in Corning 96-well plates at
a cell density of 10,000 cells per well and subsequently incubated for 24 h. Nanoparticles
dispersed in media with different concentrations (10 µg/mL, 100 µg/mL, and 1000 µg/mL)
were then added to the cells. After 4 h of incubation, the cells were rinsed with PBS to
remove the particles. Fresh media mixed with 10% Alamar Blue was added to the cells
and measured for fluorescence on a spectrophotometer (FLUOstar Omega, BMG Labtech,
Melbourne, Australia) at an excitation wavelength of 544 nm and an emission wavelength of
590 nm after 1 h incubation with Alamar Blue. Results were analysed as per manufacturers’
guidelines using the following formula:

FI 590 of test agent dilution
FI 590 of untreated control

× 100

where FI 590 represents the fluorescent intensity at an emission wavelength of 590 nm.

2.7. Cellular Uptake

Human brain endothelial hCMEC/D3 cells were plated for 24 h on 12-well plates
(Cellvis glass bottom). Then, Cy5-labelled VSNP and Stöber nanoparticles were, respec-
tively, mixed in the cell culture media (10 µg/mL and 100 µg/mL) and the treatments
were left for 24 h prior to analysis. The cells were first fixed using PFA (4%, 20 min),
followed by washing with ice-cold PBS (4 ◦C) 3 times and the addition of Triton-X100 (0.2%,
5 min). Cell staining solution Alexa Fluor™ 488 Phalloidin was added (30 min) as per the
manufacturer’s advice, followed by the addition of DAPI (3 µM, 5 min). Cellular uptake of
Cy5-labelled nanoparticles onto hCMEC/D3 cells was observed using the laser scanning
confocal microscope Olympus FV3000 at 40×magnification.

2.8. In Vitro Transwell BBB Model

A previously developed in vitro BBB transwell model using human brain endothelial
hCMEC/D3 cell lines was utilised, as shown in Figure 1A [26,27]. Briefly, the transwell
plate (12 wells) was first collagen-coated (200 µL, 150 µg/mL) for 1 h. Cells were then
plated in the apical chamber of the transwell (2.5 × 104 cells/cm2) and grown for 7 days.
Media in both the apical and basolateral sides was replaced every 2 days. Then, VSNP and
Stöber nanoparticles were, respectively, mixed with cell culture media (concentration range
10 µg/mL to 1000 µg/mL) and added to the apical chamber of the in vitro transwell BBB
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model. The corresponding TEER values were recorded hourly. After 4 h of treatment, the
apical chamber was rinsed with PBS to remove the nanoparticles and replaced with culture
media to assess the tight junction recovery. The experiment was performed in triplicates.
The effect of nanoparticles interacting with the tight junction in vitro transwell BBB was
assessed (Figure 1B).
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monolayers. (A) Schematic diagram of the hCMEC/D3 monolayers’ layout and the tight junctions
that control paracellular permeability in the transwell system. (B) Illustration of the influence of
nanoscale roughness on the BBB permeability by inducing the relaxation of tight junctions. Created
with BioRender.com.

Trans-endothelial electrical resistance (TEER) and the phenotypic expression of tight
junction zonula occludens-1 (ZO-1) and claudin-5 (CLD-5) present on the BBB monolayer
were evaluated to ensure the integrity of the barrier was achieved. TEER was measured

BioRender.com
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using an EVOM volt-ohmmeter (World Precision Instruments, Sarasota, FL, USA) and ex-
periments were performed at ≥50 Ω.cm2. Separate in vitro BBB monolayers were prepared
to measure TEER or tight junction staining using confocal microscopy.

The tight junction proteins ZO-1 and CLD-5 were stained and their expression was
assessed using confocal microscopy to image the in vitro hCMEC/D3 monolayer as per
previous methods [26]. Briefly, the in vitro BBB monolayer was washed thrice with ice-cold
PBS (containing Ca2+ and Mg2+ ion 0.1 g/L) to ensure the cell remained attached during
subsequent treatments and washing procedures. Then, cold methanol (4 ◦C) was used
to fix the cell at −20 ◦C. After 20 min, the monolayer was washed three times with PBS,
then TritonX-100 (0.1% in PBS) was added and washed after 5 min with PBS three times.
Non-specific antibody binding was blocked by adding the BSA (0.2% in PBS) for 1 h at
room temperature. Immunostaining of ZO-1 and CLD-5 (20 µg/mL) was then added and
stored at 4 ◦C overnight. Unreacted stains were washed with PBS and DAPI (3 µM for
5 min) was added and washed with PBS before analysis under the laser scanning confocal
microscope Olympus FV3000 at 40×magnification.

2.9. Modulation of In Vitro BBB Model for Transport of Macromolecules

We used 70 kDa FITC dextran molecules to assess whether the in vitro modulation of
the BBB using rough nanoparticles can be utilised for the transport of macromolecules. First,
VSNP and Stöber were added (1000 µg/mL) to transiently open the BBB tight junctions. Af-
ter 1 h, 70 kDa FITC dextran was added (200 µg/mL) to the apical chamber of the transwell.
The control group was not given nanoparticles or dextran. TEER was measured every
hour and a media sample (100 µL) was collected from the basolateral chamber to measure
the permeation of 70 kDa FITC dextran. Fluorescein isothiocyanate (FITC) is a derivative
of fluorescein. Due to its remarkable quantum efficiency and stable conjugate, FITC is
widely employed as a fluorescent labelling reagent in a wide range of applications [28,29].
The experiment was performed in triplicate. The fluorescence intensity values of dextran
were measured (excitation wavelength: 493 nm; emission wavelength: 517 nm, FLUOstar
Omega, BMG). Fluorescence intensity values were compared between the control (dextran
alone) and treatment of VSNP with dextran or Stöber with dextran.

2.10. Statistical Analysis

GraphPad Prism 9.0 software was used for all statistical analyses (GraphPad Software,
San Diego, CA, USA). Changes in fluorescence intensity in vitro in the BBB model were
analysed by a two-way ANOVA method, whereas TEER values were analysed by one-
way ANOVA.

3. Results and Discussion
3.1. Synthesis, Functionalization, and Characterization of Nanoparticles

Stöber silica nanoparticles and 60 nm sized VSNP were synthesised as per previous
reports [16]. Both nanoparticles showed a monodispersed and uniform particle size and
shape, as evidenced by TEM images and DLS data (Figure 2A–C and Table 1). As expected,
a larger size is measured by DLS when compared to TEM due to the presence of a hydrody-
namic layer, and this phenomenon has been extensively documented and corroborated by
numerous researchers in the field of nanomedicine [23,24,30]. The adsorption–desorption
isotherms for nitrogen are shown in Figure S1. The surface area of Stöber was found to be
78 m2/g compared to 117 m2/g for VSNP (Table 1), which can be attributed to the rough
morphology of VSNP, and this effect has been reported in the literature [17].
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Figure 2. Representative transmission electron microscope images of (A) 60 nm Stöber silica nanopar-
ticles and their enlarged image (inset) and (B) 60 nm virus-like silica nanoparticles (VSNP) and their
enlarged image (inset). The scale bar is 100 nm. (C,D) Size distribution of Stöber and VSNP measured
by dynamic light scattering (n = 3). (E) Zeta potential of the Stöber and VSNP (n = 3).

Table 1. Physical characterisation of silica nanoparticles, Stöber and VSNP. The average size was
calculated by measuring the diameter of 100 nanoparticles using TEM images and analysed by Image
J software (version 1.53t). The surface area of the nanoparticles and the zeta potential as measured by
Brunauer–Emmett–Teller (BET) and DLS instruments, respectively.

Sample Average Size nm (Measured via TEM) BET Surface Area (m2g−1)

Stöber 59 ± 6 78

VSNP 62 ± 10 117

Next, amino functionalization was first performed on particles by the covalent attach-
ment of APTES. Specifically, a post-synthesis grafting method was used under anhydrous
conditions, employing organosilane surface modifier APTES molecules which react with
hydroxyl groups found on the surface of silica nanoparticles. This was demonstrated
by the change in the zeta potential of the particles from negative to positive (Figure 2E).
The fluorescent dye Cy5 was then covalently attached to the amino group of nanoparti-
cles via standard EDC/NHS-coupling chemistry. The amino-functionalized nanoparticles
remained positively charged after the attachment of Cy5 (Figure 2E).

3.2. Cell Viability and Cellular Uptake

The cell viability of hCMEC/D3 was measured after treatment with different concen-
trations of Stöber and VSNP. The human brain endothelial cell hCMEC/D3 is a primary
cell line isolated from human temporal lobe microvessels. It is important to use a dose
of silica nanoparticles that does not induce cytotoxic effects. It was found that after treat-
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ment with either Stöber or VSNP in different concentrations (10, 100, and 1000 µg/mL),
the hCMEC/D3 had above 80% cell viability, demonstrating a low cytotoxic potential of
nanoparticles (Figure S2). Similar findings have been observed on other cell lines using
these silica nanoparticles [16].

Next, investigations were carried out to determine if the differences in surface rough-
ness had an impact on the cellular uptake of silica nanoparticles in the hCMEC/D3 cell line.
Nanomaterials with topological structures mimicking viruses have garnered significant
interest [31]. Certain viruses, such as the SARS-CoV-2 virus responsible for COVID-19,
have spike proteins on their surface that have been shown to play a crucial role in cellular
uptake [32]. These spike proteins lead to the characteristic virus-like-topology, facilitating
the attachment of the virus to the surface of host cells, enabling cellular uptake, and ul-
timately initiating infection [21,33]. It has been reported that nanotopographic materials
exert specific biophysical cues that modulate tight junctions and ultimately can influence
their barrier function [15,16,31]. In this experiment, the hCMEC/D3 cells were exposed to
varying concentrations of Stöber and VSNP to elucidate the influence of surface roughness
on cellular uptake. Owing to their relatively small size, both Stöber and VSNP were taken
up by the endothelial cells (Figure S3). However, it was found that VSNP had better
interaction and cellular uptake when compared to Stöber nanoparticles (Figure S3). Even
at low concentrations of 10 µg/mL, VSNP are taken by hCMEC/D3 cells, but this is not the
case for Stöber (Figure S3). The differences in cellular uptake can be explained by differ-
ences in surface morphology; the mimicry of the virus-like structure of VSNP along with a
comparatively higher surface area is more likely to have better cellular interaction [21].

3.3. Effect of Silica Nanoparticles on the Integrity of the Blood–Brain Barrier In Vitro

The integrity of BBB is controlled by the presence of tight junctions—a type of protein
complexes involved in linking neighbouring endothelial cells to maintain a cellular strong
adhesion. In this work, we investigated the influence of the surface roughness of silica
nanoparticles on tight junctions, specifically the Zonula occludens-1 (ZO-1) and Claudin-
5 (CLD-5) [34]. Both the ZO-1 and CLD-5 have been reported to play a crucial role in
establishing and maintaining strong and tight contacts between adjoining endothelial
cells [35]. To ensure the in vitro transwell BBB model was representative of the physiological
conditions, the TEER was assessed as an indicator for strong BBB barrier integrity. After
the addition of Stöber and VSNP, the TEER value dropped. VSNP had a greater drop in
TEER when compared to Stöber at both concentrations (100 and 1000 µg/mL) (Figure 3A,B),
which could be attributed to their increased cell adhesion and ability to have multiple
contact points due to the spike shaped surface morphology [36]. The changes in TEER were
further corroborated by the reduced expression of ZO-1 and CLD-5 via confocal microscopy.
In the control group without nanoparticles, the presence of tight junctions between the cells
was evident from the fluorescent signal of both CLD-5 (green) and ZO-1 (red). However,
the fluorescent signal of CLD-5 (green) and ZO-1 (red) reduced after the treatment of VSNP
and Stöber, indicating the potential disruption of tight junctions [15,16]. When compared
to Stöber, the VSNP had a more pronounced effect on the tight junction disruption and less
fluorescent signal was observed at each concentration for both tight junctions (CLD-5 and
ZO-1) (Figure 3C). A reduction in fluorescent signal becomes noticeable as the concentration
of silica nanoparticles is increased. This phenomenon was particularly pronounced in the
1000 µg/mL dose group, wherein the ZO-1 and CLD-5 staining was barely visible in
the VSNP-treated group. The absence of staining for both ZO-1 and CLD-5 suggested
a disruption of tight junctions, resulting in weakened intercellular interactions and a
reduction in TEER measurements. More importantly, the recovery of the tight junction
can be observed from the TEER values and confocal images of all the treatment groups
after twenty-four hours (Figure 4), demonstrating that the influence of nanoparticles in
opening the tight junction is transient and reversible. The differences in surface morphology,
specifically the higher surface area of VSNP compared to Stöber, enabled a higher degree of
interaction with the in vitro BBB monolayer, which then led to transient relaxation of tight
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junctions. In addition to the higher surface area of VSNP, the higher degree interaction of
VSNP with the BBB monolayer can be attributed to the virus mimicking irregular surfaces
and the nanotopographics of VSNP, causing an increase in surface bio-adhesion to the
BBB monolayer [36]. This was evident by two different methods of analysis, i.e., physical
changes to the electrical resistance of the monolayer as measured by TEER and loss of
the fluorescent signal of ZO-1 and CLD-5, as measured by confocal imaging. Altogether,
the in vitro transwell BBB model demonstrated that the VSNP exhibited superior ability
compared to Stöber nanoparticles to temporarily disrupt the tight junctions.
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Figure 3. Influence of Stöber and VSNP on the integrity of the blood–brain barrier. Concentrations of
100 and 1000 µg/mL were added to the apical chamber of the in vitro BBB transwell model using
hCMEC/D3 endothelial cells. Changes in the TEER value after the addition of nanoparticles at
concentrations (A) 100 µg/mL, (B) 1000 µg/mL. After four hours the monolayers were washed, and
recovery of TEER was measured. (C) Confocal images showing the influence of Stöber and VSNP on
tight junctions of green Claudin-5 (CLD-5) and red Zonna-Occludin-1 (ZO-1) after four hours. Blue
DAPI represent nuclei. The scale bar is 100 µm. Experiments were performed in triplicate. Scale bar:
100 µm.

3.4. Transient Relaxation of Tight Junctions in the Blood–Brain Barrier for Macromolecule Delivery

Nanoparticles with sizes smaller than 40 nm have been reported to exhibit better
permeability on the BBB [37–39], but there are no studies on the effect of surface roughness
of nanoparticles across the BBB. Therefore, we next investigated if the surface roughness of
small silica nanoparticles could enhance the transport of macromolecule 70 kDa Dextran
across the in vitro BBB model.

As a large hydrophilic macromolecule with hydrodynamic radius of 6 nm, 70 kDa Dex-
tran does not usually permeate the BBB (reported Papp from literature ~1 × 10–6 cm/s) [26,27].
From the literature, it has been reported that smaller molecules such as 4 kDa dextran
typically have better permeabilities (Papp ~5–13 × 10–6 cm/s) [27]. Therefore, 70 kDa FITC
labelled Dextran was selected as a model substance for macromolecule transport across
the BBB. First, the VSNP and Stöber nanoparticles (1000 µg/mL) were added to the apical
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chamber of the in vitro BBB monolayer (Figure 5A). After 1 h, 70 kDa FITC labelled Dextran
was added to the apical chamber and its permeation across the in vitro BBB monolayer
was assessed. As anticipated, the TEER values dropped for both Stöber (35%) and VSNP
(76%), and the VSNP induced a significantly greater drop in the TEER value (Figure 5B).
Additionally, the amount of 70 kDa Dextran that permeated in the basal chamber was simul-
taneously examined at each time point as a function of its fluorescence intensity (Figure 5C).
VSNP treated BBB transwells showed a significant FITC fluorescence signal coming from
the 70 kDa dextran molecules when compared to control and Stöber nanoparticles at 2
and 3 h (Figure 5C) but not at 1 h. Our data demonstrated that compared to a smooth
surface the presence of a rough surface can enhance the in vitro BBB permeability of macro-
molecules such as 70 kDa dextran by promoting increased interaction and subsequently
inducing relaxation of tight junctions. This phenomenon was not seen in the control groups,
demonstrating the crucial interplay of the surface roughness in manipulating the tight
junction relaxation. Overall, it was found that when compared to Stöber, the VSNP had a
superior ability to transiently induce the relaxation of tight junctions, as demonstrated by
TEER changes, and thereby improve 70 kDa FITC dextran permeation across the BBB using
the in vitro transwell BBB model.
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Figure 4. Recovery of tight junctions present on the in vitro transwell blood–brain barrier. After
the removal of Stöber and VSNP, transwells were washed and placed in the incubator for 24 h.
Recovery of the integrity of the BBB can be observed, as evidenced by the presence of tight junctions
of green Claudin-5 (CLD-5) and red Zonna-Occludin-1 (ZO-1) post-treatment with Stöber and VSNP
nanoparticles in the confocal images. Scale bar: 100 µm.
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Figure 5. Influence of Stöber and VSNP on the transport of macromolecules across the in vitro
transwell blood–brain barrier. (A) Schematic showing the layout of the in vitro transwell system;
Stöber and VSNP were added into the apical chamber with 70 kDa FITC Dextran, respectively,
(B) TEER values measured as a function of time after exposure to 1000 µg/mL of either Stöber or
VSNP nanoparticles, n = 3. (C) The fluorescence intensity of FITC Dextran 70 kDa in the basal
chamber at different time points. ns: p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, n = 3.
Changes in fluorescence intensity in vitro BBB model were analysed by a two-way ANOVA method
whereas TEER values were analysed by one-way ANOVA.
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4. Conclusions

In conclusion, the surface roughness of silica nanoparticles plays a crucial role in
their interaction with the tight junction produced by brain endothelial cells (hCMEC/D3)
in vitro. In this work we report for the first time that the surface roughness of nanoparticles
can transiently affect the BBB permeability to enable the transport of macromolecules across
the BBB. When compared to the smooth surface of Stöber silica nanoparticles, the rough
surfaces of virus-like silica nanoparticles (VSNP) tend to have a greater effect on transiently
opening tight junctions present on the BBB to allow transport of macromolecules such as 70
kDa Dextran. The influence of surface roughness of silica nanoparticles on the BBB integrity
is attributed to the altered cellular interactions with tight junctions, which can be measured
directly by changes to trans-endothelial resistance (TEER) and difference in tight junction
phenotypic expression as assessed by confocal microscopy. Moreover, the findings suggest
that the effect of rough surface silica nanoparticles is transient and TEER was recovered
within 8 h. While our investigation did not compare anionic and cationic nanoparticles
directly, rough surface VSNP anionic nanoparticles have demonstrated notable permeation
enhancing ability, highlighting the significance of the anionic characteristics in facilitating
the transport of macromolecules. These findings can potentially be utilised in the future to
improve the drug delivery of large molecules which currently are unable to permeate the
BBB and have the potential to improve therapies for neurodegenerative diseases and brain-
targeted therapies. Nevertheless, further studies are required using more complex 3D and
preclinical animal models to comprehensively understand the underlying mechanisms and
to develop tailored surface modifications that promote safe and efficient macromolecule
transport across the BBB. Overall, the investigation into the influence of silica nanoparticle
surface roughness on the BBB represents a significant step towards advancing nanomedicine
and its applications in the field of brain drug delivery.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pharmaceutics15092239/s1, Figure S1: Nitrogen adsorption−desorption
isotherms of (A) Stöber and (B) VSNP; Figure S2: Cell viability was test in hCMEC/D3 brain
endothelial cell line. Cell treated with either Stöber and VSNP for 4 h (concentration from 10 µg/mL
to 1000 µg/mL) showed no significant toxicity and cell viability was above 80% at all concentrations.
AlamarBlue assay was performed to study the cytotoxicity, n = 5 for treatment groups and n = 10
for no treatment group; Figure S3: Uptake of Stöber and VSNP nanoparticles into human brain
endothelial cells hCMEC/D3 analysed by confocal microscopy. Scale bar, 100 µm. Blue DAPI staining
nuclei, green Phalloidin staining cytoskeleton and pink Cy5 labelled silica nanoparticles.
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