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ABSTRACT: Glioblastoma multiforme (GBM) is the most common and
aggressive malignant brain tumor characterized by poor prognosis and limited
treatment options. Despite current therapies combining surgery, radiotherapy,
and chemotherapy, GBM remains highly resistant to treatment, largely due to
the challenges of drug delivery across the blood−brain barrier (BBB).
Nanoparticles (NPs) have shown promise as drug carriers, but their clinical
translation is hindered by limited brain accumulation and rapid clearance by the
immune system. In this study, we explored the potential of GBM cell
membrane (CM)-coated NPs (G-NPs) as a strategy to improve GBM targeting
and, therefore, efficient treatments. We optimized the CM isolation protocol
using U87-MG human GBM cells and identified the Heidolph homogenizer as
the most effective technique for producing pure, enriched CM fractions,
proposing it as a standard method due to its high scalability. G-NPs were
extensively characterized, demonstrating excellent colloidal stability under
biological conditions. Flow cytometry revealed the enhanced uptake of G-NPs by U87-MG cells compared to non-coated NPs.
Notably, the specific homotargeting capability of G-NPs toward human glioblastoma cells was ultimately confirmed by
demonstrating a marked specificity of the glioblastoma CM coating when compared to human fibroblast CM-coated NPs,
highlighting selective tumor cell-type targeting. Additionally, the coating of NPs with GBM CMs not only did not impede the
physiological passage of NPs across the human in vitro BBB, but interestingly, increased the BBB permeability to G-NPs. These
findings highlight that biomimetic coating of NPs with GBM cells is a potential strategy to create platforms for the targeted
chemotherapy of GBM.
KEYWORDS: glioblastoma, nanoparticles, coating, cell membrane, blood-brain barrier

1. INTRODUCTION
Glioblastoma multiforme (GBM) originates from uncontrolled
cell proliferation of astrocytes, oligodendrocyte precursor cells,
or neural stem cells in the CNS.1 Among all kinds of central
nervous system (CNS) tumors, GBM is the most common,
aggressive, and devastating malignant brain cancer.2 Tradi-
tional treatment of GBM is based on surgery to remove the
neoplasm. Nonetheless, since GBM can originate or spread to
several parts of the brain, surgery is not always feasible, and
even when it is, the complete removal of the tumor mass is
impossible in the great majority of patients.3 For these reasons,
surgery events are commonly combined with radiotherapy and
chemotherapy. As for chemotherapy, drugs are frequently
targeted to prevent DNA replication of cells and tumor
angiogenesis, such as in the case of Temozolomide (TMZ, the
most common drug used against GBM). Several new chemicals
have recently emerged for the treatment of GBM; nevertheless,
they have only been able to delay the cancer progression
without improving the survival of patients.4 One of the main
limitations of low in vivo chemotherapeutic clinical efficiency is

the little accumulation of therapeutic agents within the nervous
parenchyma because of the existence of the blood−brain
barrier (BBB), composed of endothelial cells, pericytes, and
astrocyte end-feet. In fact, BBB prevents hydrophilic and
lipophilic molecules with a molecular weight greater than 400
Da from passing through it. Thus, BBB plays a crucial role in
GBM treatment and resistance,5 as only around 20% of
administered Temozolomide (TMZ, the most frequent drug
used in GBM chemotherapy) is able to pass from the blood to
the brain through the BBB. Therefore, developing new
strategies to enhance drug delivery across the BBB for effective
GBM treatment remains challenging.6
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In recent years, nanomaterials have emerged as tools of great
interest for drug delivery to the brain, both as free-nanoparticle
(NP) solutions able to cross the BBB as well as locoregional
nanobased implants for controlled drug release.7−9 However,
no NP formulation has so far been able to reach a relevant
therapeutic brain delivery of drugs, and CNS low-dose release
implants still need invasive surgery procedures.10 As of today,
two main strategies have been employed to enhance NP
passage across the BBB: (i) BBB permeability modulation by
ultrasound, phototherapy, radiation, and electromagnetic fields
(associated with the risk of compromising the BBB integrity
leading to considerable side effects), and (ii) NP surface
engineering and functionalization with biomolecules or
surfactants that could facilitate transcytosis through the
BBB.11−13 Some recent examples include liposomes decorated
with β-amyloid (Aβ) peptides (Aβ25−35)14 , and the
functionalization of NPs with transferrin15,16 or ApoE.17

Although these strategies showed a small enhancement in
BBB crossing, the specificity against GBM is still low, mainly
due to the absence of a targeted specific GBM molecule.
Moreover, the heterogeneity of CM proteins of tumor cells
varies among patients, making the translation of these therapies
into clinical practice difficult. Additionally, when NPs come
into contact with the bloodstream, the different proteins, lipids,
and carbohydrates bind onto their surface forming the
biomolecular corona (BC), which, through opsonins, can
activate the mononuclear phagocytic system (MPS) triggering
NP early clearance.18 The BC could also mask the surface
functionalization of NPs, modifying their ability to overcome
the BBB and target the tumor.18 To address these challenges,
over the past decade, cell membrane (CM)-coating nano-
technology has gained attention as an innovative strategy in

nanomedicine for creating stealth NPs19 and different cell lines
have been investigated, such as red blood cells, immune cells,
and cancer cells, as CM sources for coating.20 The CM-coated
NP preserves the original proteins, lipids, and carbohydrates
from the source cell, which improves its ability to interact with
biological environments. In particular, tumor-derived CM-
coated NPs inherit the complex and heterogeneous surface of
the original cancer CM, and the biomimetic layer offers several
advantages to the NPs21 such as improvement of their half-life
time by escaping the MPS, increased stability, and targeted
delivery also known as homotargeting. Cancer CM-coated NPs
have been proven to target the tumor by homologous self-
recognition mechanism between their biomimetic CM layer
and the CM of the tumor cells enhancing the efficacy of drug
delivery and improving therapeutic outcomes.21 This homo-
typic targeting could potentially reduce off-target effects and
address the challenge of interpatient variability, where the
surface heterogeneity of tumor cells often limits the
effectiveness of traditional therapies. Moreover, GBM cells
possess the intrinsic ability to pass through the BBB, a property
critical for therapeutic strategies aimed at targeting brain
tumors.22,23 Thus, by utilizing CM derived from GBM cells,
NPs may incorporate specific proteins and surface molecules
that participate in the translocation across the BBB, and this
could help NPs penetrate the BBB, increasing the accumu-
lation of the transported drug in the brain.

Although the use of this biointerface strategy has been
investigated for coating NPs with CMs from various cell lines,
its application for the targeting of GBM has been insufficiently
explored, and a standardized method for membrane extraction
has yet to be established, making the results not compara-
ble.24−27 Herein, in this study, we optimized the coating of

Figure 1. Cell membrane isolation protocols. (a) Western Blotting of CM P17 and P100 fractions obtained from the different CM isolation
protocols. The molecular weight marker (MW) is shown as well as the control sample (total cell lysate before centrifugation). The 100 kDa band
(within the red square) indicates the cell membrane marker (Anti-Na+/K+ ATPase antibody), the 75 kDa band shows the endoplasmic reticulum
marker (Anti-GRP78 antibody), the 55 kDa band shows the mitochondrial membrane marker (Anti-ATP5a antibody), the 37 kDa band shows the
cytosolic marker (Anti-GAPDH antibody), and the 17 kDa band shows the nucleus marker (Anti-Histone H3 (dimethyl K9) antibody). (b)
Quantitative measurement of 100 kDa bands (cell membranes, highlighted in a) from different CM isolation protocols represented as the mean
values of 3 different experiments ± SEM. The control density value was normalized to 1.
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model polystyrene NPs with CMs from a human GBM cell line
(U87-MG). GBM CM-coated NPs (G-NPs) were synthesized,
characterized, and tested in vitro against GBM human cells and
a human in vitro BBB model. First, we optimized the CM
isolation protocol by comparing three different cell disruption
techniques in order to obtain the purest and most enriched
GBM CM fraction. This first step is crucial for the final G-NP
assembly, and there is no agreement in the literature over the
best and most efficient CM isolation procedure. The resulting
G-NPs were extensively characterized in terms of size, surface
charge, and colloidal stability, and their interactions with serum
proteins and the subsequent formation of a protein corona
were evaluated. Flow cytometry studies and optical microscopy
were performed to assess the bionanointeractions between G-
NPs and U87-MG cells, and finally, the influence of G-NPs
coating with GBM CMs on the passage through a human in
vitro BBB model was evaluated.

2. RESULTS
2.1. Optimization of Cell Membrane Isolation. U87-

MG CM isolation was performed by carrying out and
comparing three different procedures all starting from a
previously described double centrifugation protocol28 (Figure
S1): (i) Dounce homogenizer, (ii) Heidolph homogenizer, and
(iii) sonication. The first pellet (P17 fraction) was obtained by
a first centrifugation at 17,000 × g and the second pellet (P100
fraction) by a second centrifugation at 100,000 × g. The
protein content of both pellets was quantified by a BCA kit
(see Materials and Methods). Of note, the total protein
content obtained by the BCA assay showed that the P100
fraction from Dounce homogenizer and Heidolph homoge-
nizer protocols was lower than the P17 fraction. On the
contrary, following the sonication protocol, the P100 fraction
yielded a higher protein content compared to the P17 one
(Table S1).

The purity and CM enrichment of both P17 and P100
fractions from each of the 3 tested protocols were then
compared to determine the most suitable methodology for CM
isolation. SDS-PAGE electrophoresis gel was run to identify
and semiquantify the different components of both fractions.
The total cell lysate before centrifugation used as the positive
control (control +) was also analyzed (Figures 1a and S2a,b).
Notably, all three protocols showed greater band intensity than
the control +, reflecting membrane isolation by centrifugation,
while the control represents cell lysis prior to this step. The
first detectable band (100 kDa) was identified as the CM
marker Na+/K+ ATPase; bands at 75, 55, 37, and 17 kDa were
instead identified as the endoplasmic reticulum, the mitochon-
drial membrane, cytosol, and nucleus, respectively.

The results from the sonication procedure displays a higher
number of detectable bands, both in the P17 and P100
fractions, likely indicating less pure CM content with
endoplasmic reticulum (70 kDa), mitochondrial (55 kDa),
and nuclear contamination (17 kDa). On the other hand,
bands obtained from the Dounce and Heidolph homogenizer
protocols suggested a greater purity of the isolated CM
fractions (CMF). The best results in terms of purity were
obtained from the P100 fraction of Dounce and Heidolph
homogenizer procedures, presenting a high CM content with
minimal mitochondrial and endoplasmic reticulum contami-
nation and no detectable bands for the nucleus. A semi-
quantitative analysis of P17 and P100 fraction bands was then
carried out (Figure 1b). Remarkably, all three CM isolation

protocols showed higher CM enrichment than the control
sample (total cell lysate before centrifugation). However, the
sonication procedure displayed the smallest amount of purified
CM compared to that of the Dounce and Heidolph
homogenizers, suggesting that homogenization is more
effective than sonication for CM purification. Although it
could be thought that the samples of the sonication protocol
contained a lower disrupted cellular content than the samples
of the Dounce and Heidolph protocols, it is important to
highlight that all the Western Blot samples were loaded at the
same protein concentration, as confirmed by the Coomassie
Blue-stained SDS-PAGE gel prepared simultaneously with the
Western Blot (Figure S2a).

Although P17 fractions from both Heidolph and Dounce
homogenizers displayed the highest CM levels (100 kDa
band), they also showed significant contamination with
endoplasmic reticulum and nuclei residues. Thus, we focused
on the P100 fraction as the purest CMF, and, in particular, the
P100 fraction obtained through a Heidolph homogenizer. In
fact, the Heidolph homogenizer protocol is characterized by a
higher reproducibility, since the cell disruption procedure is
automated, resulting in a promising approach for future
standardization of CM isolation protocols. For this reason, the
P100 fraction obtained from the Heidolph homogenizer
protocol was selected for subsequent NP surface coating.

2.2. Nanoparticle Surface Coating and Character-
ization. 2.2.1. Characterization of NP Coating. Fluorescein
(FITC)-loaded carboxylate polystyrene NPs (PS-NPs) with an
excitation/emission wavelength of 505/515 nm were used as
model NPs to investigate the coating with isolated CM from
the U87-MG cell line. Dynamic light scattering (DLS) was
performed to characterize CMF P100, bare PS-NPs, and GBM
CM-coated PS-NPs (G-NPs) in Milli-Q water. The measure-
ments included hydrodynamic diameter (DH), polydispersity
index (PDI), and surface charge (Z-potential). The results,
shown in Table 1 and Figure 2a, indicate a higher DH for G-

NPs compared to bare PS-NPs, with values of 153.3 ± 5.5 nm
and 119.9 ± 1.5 nm, respectively. This difference in size can be
attributed to the CM coating effect. In terms of Z-potential
(Table 1 and Figure 2b), the G-NPs exhibited a considerably
less negative charge than the PS-NPs (−26.2 ± 3.2 and −45.0
± 3.3 mV, respectively), which is consistent with a successful
coating process, considering the value of the Z-potential of the
CM fraction alone (−22 ± 4.0 mV). The PDI (Table 1) of G-
NPs is 0.16 ± 0.02, suggesting a monodisperse colloidal
system, although it is slightly higher than the PDI value of
commercial PS-NPs (0.06 ± 0.02). Due to the biological
variety of sizes of the proteo-lipid patches, the DH standard
deviation of CM was far higher than that of the PS-NPs and G-
NPs, as well as the PDI values. Overall, DLS results confirmed
the successful coating of G-NPs, as evidenced by the increase
in size and the change to a less negative surface compared to
bare PS-NPs, in agreement with previous findings.29 Finally, to

Table 1. Characterization of NP Coatinga

size (nm) PDI Z-potential (mV)

CMs 190.0 ± 40.0 0.66 ± 0.11 −22.0 ± 4.0
PS-NPs 119.9 ± 1.5 0.06 ± 0.02 −45.0 ± 3.0
G-NPs 153.3 ± 6.0 0.16 ± 0.02 −26.2 ± 3.0

aSize, PDI, and Z-potential of CMs, PS-NPs, and G-NPs. Data are
represented as the mean average of 4 independent replicates ± SEM.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c07306
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c07306/suppl_file/am5c07306_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c07306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


further validate the CM coating, TEM micrographs of PS-NPs
and G-NPs were acquired, and representative images are
shown in Figure 2c. The successful coating is clearly visible in
the G-NPs, where a thick, dense lipid layer wraps around the
entire NP (Figure 2c, G-NPs).
2.2.2. Colloidal Stability. The colloidal stability of both PS-

NPs and G-NPs was assessed by DLS along a pH range (from
pH 4 to pH 9) by measuring DH and Z-potential (Figure 3a,b).
Detailed data, including PDI values, are provided in Table S2.
The Z-potential of PS-NPs remained negative over the entire
pH range. In contrast, G-NPs shifted from positive Z-potential
values to negative surface charge at pH 5−6, identifying their
isoelectric point (IEP) at around pH 5 (Figure 3a).
Accordingly, DH measurements (Figure 3b) revealed an
increase in G-NPs size at their IEP (pH 5), presumably due
to aggregation under this specific environmental condition.
Nevertheless, at physiological pH (7.4), G-NPs size remained
unchanged, and their colloidal stability was preserved across
the pH spectrum. Additionally, as shown in Figure S3, the DH
of CMs remained stable throughout all of the pH solutions
tested.

Moreover, we investigated how these systems respond
within representative biological media, including PBS, serum-
free culture media (SF-DMEM), and culture media completed
with 10% FBS (cDMEM). PS-NPs and G-NPs were incubated
with these media, and the size (DH) was measured by DLS at
24 and 72 h (Figure 3c,d). At 24 h, some aggregation occurred
in the G-NPs sample in SF-DMEM and PBS, as indicated by
the increase in their size (DH, Figure 3c and Table S3). This
aggregation was even more pronounced at 72 h, affecting both
PS-NPs and G-NPs and suggesting a time-dependent effect on
the stability of these systems (Figure 3d and Table S3). This
phenomenon is likely related to the ionic strength.

Measuring the size of NPs by DLS in cDMEM presents
challenges due to the polydispersity introduced by proteins. To
address this, we focused on the size corresponding to the peak
of the NP population rather than the average size of the entire
sample. Notably, both bare NPs and CM-coated NPs, which
were unstable in protein-free media and PBS, exhibited
stability over time in complete culture media. This finding
suggests that protein adsorption onto NP surfaces reduces
aggregation due to hydration forces, which arise from

Figure 2. Characterization of NP coating. (a) Size (nm) of CMs, PS-NPs, and G-NPs by DLS in Milli-Q water at RT. (b) Z-potential (mV) values
of CMs, PS-NPs, and G-NPs in water at RT. Data are represented as the mean average of 4 independent replicates ± SEM. (c) TEM micrographs
of PS-NPs and G-NPs showing the CM coating layers onto the G-NPs surface.
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interactions between the polar groups on the NPs and
surrounding water molecules, forming a repulsive hydration
shell.30

The final remarks of these data prompt us to confirm the
successful surface coating of G-NPs (based on the different
behaviors of such a system compared to bare PS-NPs in
different media and pH). Additionally, we found that G-NPs
remained stable in cDMEM, the medium utilized for in vitro
experiments with cells.
2.2.3. Evaluation of Biomolecular Corona Formation. The

BC that forms around NPs in physiological environments
critically influences their biological behavior, altering their
physicochemical properties and affecting cellular interactions,
uptake, distribution, and immune response. BC is typically
classified into two types: the soft corona, which consists of
loosely bound proteins that can exchange easily with the
surrounding medium, and the hard corona, which comprises
tightly bound proteins that are less likely to dissociate.31 Thus,
BC formation onto PS-NPs and G-NPs surfaces was then
evaluated. NPs were incubated with DMEM culture media
supplemented with 10% FBS, and the modification of the
original surface charge density due to the adsorption of

proteins was followed by Z-potential measurements. Both soft
and hard coronas were evaluated along pH ranging from 4 to 9,
and the results are shown in Figure 4. The Z-potential, size
(DH), and PDI data obtained are summarized in Table S4.

G-NPs and NP−protein complexes exhibited behavior
characteristic of proteins, with their Z-potential shifting from
positive at an acidic pH to negative at higher pH levels.
Regarding PS-NPs, the systems covered by either soft corona
or hard corona showed similar behavior, changing from a
positive to a negative surface charge at pH 5. In contrast, the
control bare PS-NPs displayed negative Z-potential values
throughout the entire pH range studied (Figure 4a). The size
(DH) measurements of soft-corona and hard-corona of PS-NPs
remained similar along the pH range, presenting a slight
increase at pH 4 and 5, where the IEP was found (Figure 4b).
On the contrary, bare G-NPs, as well as G-NPs with soft and
hard coronas, showed a consistent trend in both Z-potential
and size values along the tested pH range (Figure 4c,d). The Z-
potential switched from positive to negative values at around
pH 5 for all three conditions, presenting an increase in size due
to the aggregation of G-NPs at pH 5. Although the binding of
proteins onto the NP surface triggers a more positive charge at

Figure 3. Colloidal stability of PS-NPs and G-NPs. (a) Z-potential and (b) size of PS-NPs and G-NPs across a pH range from 4 to 9. (c) Size of
PS-NPs and G-NPs in cDMEM, SF-DMEM, and PBS after 24 and (d) 72 h of incubation. The standard deviation ± is displayed (3 replicate
measurements).
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acidic pH, soft and hard-corona PS-NPs displayed a less
positive charge compared to G-NPs and G-NPs−protein
complexes. These results confirm the successful coating of G-
NPs and suggest that G-NPs were able to avoid the protein
corona formation event to a greater extent than PS-NPs due to
the coating with CMs in agreement with previous findings.32

Moreover, the presence of either loosely bound or tightly
bound proteins does not notably alter the surface charge
characteristics of the NPs within this pH context. While the
composition of the protein corona may differ, the overall
impact on the physicochemical properties remains consistent.
However, the distinction between soft and hard coronas may
still be crucial in shaping biological interactions. Moving
forward, proteins from the NP−protein complexes were
separated by SDS-PAGE to assess differences in corona
composition (Figure S4a).33 Similar banding patterns were
observed for both PS-NPs and G-NPs incubated with complete
DMEM, indicating the adsorption of comparable protein
species. In contrast, G-NPs coated with U87-MG cell
membranes (prior to incubation with complete DMEM)
displayed a distinct banding pattern compared with Ps-NPs,
likely reflecting the presence of membrane-associated proteins.

Since no major differences in band intensity were observed
qualitatively by SDS-PAGE, the total amount of protein in the
corona was quantified using a BCA assay (Figure S4b). After
subtraction of background values obtained from G-NPs not
incubated with proteins (used as a control), G-NPs showed a
slightly higher protein content; however, this difference was
not statistically significant. It is worth highlighting that, despite
no significant differences in the amount and species of proteins
adsorbed onto PS-NPs and G-NPs, their biological behavior
differed markedly in terms of uptake by U87-MG cells (Figure
5 and Section 2.3), underscoring the crucial and specific role of
the CM coating in cell-type targeting, recognition, and uptake.

2.3. Assessment of PS-NPs and G-NPs In Vitro
Targeting Abilities. To assess the in vitro GBM targeting
abilities of G-NPs, flow cytometry was carried out to quantify
the bionanointeractions between G-NPs and U87-MG cells,
comparing the results with those of bare PS-NPs. Flow
cytometry analysis was performed at different times (1, 3, 5,
and 24 h) for both PS-NPs samples and G-NPs samples in
cDMEM (Figure 5a). Since flow cytometry detection cannot
distinguish between CM-adhered particles and internalized
ones, we additionally performed epifluorescent microscopy

Figure 4. Assessment of biomolecular corona formation. (a) The Z-potential and the (b) size of PS-NPs are shown along a pH range, comparing
bare PS-NPs, soft corona PS-NPs, and hard corona PS-NPs. (c) The Z-potential and the (d) size of G-NPs are shown along a pH range, again
comparing bare PS-NPs, soft corona PS-NPs, and hard corona PS-NPs. The standard deviation is displayed (3 replicate measurements).
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Figure 5. PS-NPs and G-NPs bionanointeractions with U87-MG cells measured by flow cytometry and confocal microscopy. (a) Flow cytometry.
Statically significant differences (T-student mean comparison test p < 0.05) are highlighted with “*”. The SEM is displayed (4 independent
replicates). (b) (c) PS-NPs and G-NPs bionanointeractions at 1 and 24 h (d, e) and their orthogonal views (XZ and YZ) under confocal
microscopy. Confocal microscopy samples were stained with Hoechst (blue nucleus), phalloidin (red cytoskeleton), and FITC- (green NPs).
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(Figure S5) and fluorescence laser scanning confocal
microscopy (CLSM) to better visualize and discriminate G-
NPs interactions with glioblastoma U87-MG cells (Figure 5).

The flow cytometry experiment analyzed the mean
fluorescent intensity of U87-MG cells exposed for 1, 3, 5,
and 24 h to 20 μg/mL PS-NPs and G-NPs in cDMEM, with
mean fluorescence intensity data normalized to a PS-NP FITC
mean fluorescence intensity of 1.00 at 1 h (Figure 5a). The
results display a significant difference between PS-NPs and G-
NPs at all the time points tested showing higher fluorescence
for G-NPs, thus suggesting a higher interaction with GBM
cells. These results were confirmed by confocal microscopy
and fluorescence microscopy (Figures 5b−e and S5). The
images display PS-NPs and G-NPs in green, cell nuclei in blue,
and the cell cytoskeleton (phalloidin staining for actin
filaments) in red. Confocal cross-sections and lateral section
images show PS-NPs and G-NPs internalization in U87-MG
cells, strengthening the flow cytometry data by displaying
active targeting of G-NPs towards GBM cells. Furthermore,
images obtained from confocal microscopy acquisition were
analyzed by plotting the Z-axis profile (Figure S7; Z-axis

fluorescence analysis). The orthogonal and lateral views
showed that both PS-NPs and G-NPs were localized either
on the cell surface (especially at early time points, Figure 5b,c)
and inside the GBM cells (at later time point, Figure 5d,e),
with high accumulation in the perinuclear area. Accordingly,
the Z-axis fluorescence analysis at 24 h of exposure (Figure S7)
revealed that both PS-NPs and G-NPs were located more
centrally on the Z-axis compared to the cell cytoskeleton,
which is consistent with cell internalization and, therefore, cell
uptake events.

Altogether, these results reveal that G-NPs were successfully
able to enhance the biointeractions with the glioblastoma U87-
MG cells in vitro compared to bare PS-NPs. This effect is most
probably related to self-recognition mechanisms between the
U87-MG CM layer that covers the G-NPs and the surface
receptors and biomolecules of GBM cells. Thus, the results
proved a higher and more specific targeting and uptake of G-
NPs by GBM cells. To further validate this outcome and
exclude any random effect of the biological coating, NPs
coated with CMs extracted from the human MRC-5 fibroblast
cell line were prepared (F-NPs) and exposed to U87-MG cells

Figure 6. Transport Study of PS-NPs and G-NPs across the in vitro BBB model. (a) Schematic representation of the passing assay across the in
vitro BBB model (created in BioRender.com). (b) Normalized Transported Mass and Apparent Permeability of PS-NPs and G-NPs through the in
vitro BBB model at 5h. Mean ± standard deviation is displayed (9 replicate measurements). Statically significant differences (T-student mean
comparison test p < 0,05) are highlighted with “*”.
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and MRC-5 cells (Figure S6). Both G-NPs and F-NPs were
tested against the U87-MG cell line (Figure S6b). F-NPs were
first characterized for their hydrodynamic diameter and Zeta-
potential in Milli-Q water to confirm the presence of the
coating. F-NPs exhibited a DH of 233.4 ± 7.8 nm, a PDI of
0.381 ± 0.028, and a Z-potential of −27 ± 1 mV. Similar to G-
NPs, F-NPs showed a reduced Z-potential compared to the
non-coated PS-NPs (−45.0 ± 3.0 mV), indicating the
successful incorporation of the fibroblast cell membrane
coating. The results presented in Figure S6a demonstrate
that F-NPs were more efficiently internalized by MRC-5 cells
compared to G-NPs at all time points examined. In contrast, F-
NPs showed lower uptake by U87-MG cells than G-NPs, with
the exception of the 24 h time point (Figure S6b). Although
the presence of a cell membrane coating enhances cellular
uptake (both F-NPs and G-NPs are internalized to a greater
extent than non-coated PS-NPs), our results suggest that the
tissue origin of the membrane coating is crucial for specific
recognition mechanisms or homotargeting.

2.4. Evaluation of PS-NPs and G-NPs Passage
through an In Vitro Human Blood−Brain Barrier
Model. The transport of G-NPs across a human in vitro
BBB model was assessed in order to explore whether the
coating of NPs with GBM CMs affects the ability of NPs to
overcome this biological barrier. The transport study was
performed using a transwell system where a hCMEC/D3 (a
human brain microvascular cell line) monolayer was grown for
8 days. G-NPs and PS-NPs were loaded in the apical
compartment at a concentration of 20 μg/mL and their
accumulation in the basolateral chamber after 5 h of incubation
was quantified by measuring the fluorescence intensity (as
detailed in the Materials and Methods section and Figure 6a).
The transendothelial electrical resistance (TEER) was also
monitored before and after the G-NPs and PS-NPs exposure to
evaluate the monolayer integrity and exclude NP passage due
to barrier disruption. The in vitro BBB displayed good TEER
values, in line with the already published ones for the same cell
line,34 which is consistent with the assembly of a functional
and resistant brain endothelium (Figure S8). Moreover, these
values remain unaltered after G-NPs and PS-NPs exposure,
suggesting the very high biocompatibility of such systems.

The transport study of PS-NPs and G-NPs across the in
vitro BBB model is shown in Figure 6b. The data do not show
statistical differences at 5 h between PS-NPs and G-NPs
crossing, which confirmed that the coating of G-NPs with
GBM CMs does not prevent G-NPs from passing through the
BBB, even though they are endowed with a larger size.
Remarkably, a significant tendency was observed for G-NPs to
show greater apparent permeability (Papp) compared to PS-
NPs. These results take on even greater importance if we
consider that the passage of PS-NPs at 5h through empty
transwells (control samples) was slightly higher compared to
G-NPs (49.1 ± 13.5 and 43.7 ± 9.9, respectively; Figure S9).
In this regard, the coating of G-NPs with GBM CM shows a
promising effect for BBB crossing and GBM targeting, and it
does not compromise the passage of NPs. In contrast, PS-NPs
cores were not able to successfully cross the in vitro BBB
model as results revealed, with a passage of 4.4 ± 1.6%, which
was much smaller compared to the results obtained from
control samples.

In summary, even if G-NPs were not able to significantly
enhance the passage through the in vitro BBB model under
physiological conditions, the successful coating of G-NPs did

not impair the normal passage of PS-NPs across the in vitro
BBB, and showed a trend of G-NPs toward higher permeability
despite the larger size. These results confirmed that coating of
G-NPs with GBM CMs is a powerful tool for GBM targeting.

3. DISCUSSION
Due to the difficulties in successful GBM treatments and drug
accumulation in the brain, it is essential to employ new
strategies and methods that allow the survival of patients. In
this regard, biomimetic nanotools show promising results for
the specific targeting and drug delivery to cancer cells. Coating
with CMs has been widely studied and employed with many
cell types as donors. Tumor-derived CM-coated NPs were seen
to inherit cancer cells’ escape immunity properties and develop
an extraordinary capacity to target the tumor area through a
homologous self-recognition mechanism.35 Additionally, they
possess specific tumor antigens, which are presented by
specialized antigen-presenting cells and, consequently, trigger
patients’ immune response.36 However, this new biomimetic
approach is still being investigated for brain tumors and central
nervous system pathologies, where only a few studies have
been presented so far.21 Based on the above evidence, we
explored in this work innovative G-NPs using GBM CMs to
target GBM cells and overcome the BBB.

One of the limiting and key steps to fabricating successful
biomimetic NPs for tumor targeting is the pureness and
integrity of the isolated CM then used to cover the NP surface.
Cell membrane coating nanotechnology involves three main
stages: cell lysis and membrane fragmentation, membrane
isolation, and NP coating. CM isolation is a delicate step in
which the techniques used have a high influence on the
integrity of the membrane proteins that NPs inherit.28 To date,
a wide variety of methods have been employed for the
predisruption of cells before the CM isolation, such as
homogenization, sonication, and freeze−thawing, commonly
combined with the foregoing hypotonic lysis. Usually, the
disruption technique is not affected by the cell source but
rather by the available materials and the previous experience of
the research group.37 The lysate is then subjected to
centrifugation at 400 to 1000 g to obtain the postnuclear
supernatant (PNS) fraction, free from nuclei and cell debris.
Following this, the literature describes three main different
centrifugation protocols to isolate CMs from the PNS. The
simplest method involves differential centrifugation of the PNS
at 14,000 to 20,000 g for 20−30 min, after which the pellet
(referred to here as the P17 fraction) is collected as the
isolated CMs.24 However, another protocol found in the
literature discards this first pellet and further ultracentrifuges
the supernatant at 100,000 g for 30−60 min (referred to here
as the P100 fraction).38 A third method is based on a
centrifugation (28,000 g for 30−45 min) in a discontinuous
sucrose gradient (55−40−30% w/v sucrose).39

Since no standardized protocol for CM isolation has been
described, the technique used could lead to different results. In
a previous study, we focused on the step of membrane isolation
following cell lysis, comparing different centrifugation proto-
cols.32 However, a comparative study of the protocols for cell
membrane fragmentation was lacking.

In this scenario, our first objective was to compare and
describe three different CM disruption protocols and identify
the most reproducible and effective approach. Specifically, we
explored Dounce (manual) and Heidolph (automated)
homogenizer and sonication protocols. Then, pellets obtained
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after 1 (P17 fraction) or 2 steps of centrifugation (P100
fraction) were analyzed to identify the best in terms of CM
purity. The results obtained showed that the Dounce
homogenizer and Heidolph homogenizer protocols were able
to obtain a purer and more enriched P100 fraction than the
sonication protocol, which presents P100 CM levels similar to
those of the control (total cell lysate before the centrifugation
procedure). Thus, sonication produces more impure CMFs
than manual or automated homogenization. Nonetheless, both
the Dounce and Heidolph homogenizer protocols were able to
achieve not only a pure P100 fraction but also a great
enrichment in CM (although, as expected, the protein content
of P17 is higher due to cellular compartment contamination).

Evaluating the purity and enrichment of isolated CMs is
essential for achieving an effective biomimetic coating on NP
surfaces. We have demonstrated that the CM fraction obtained
from P17 contains a high level of intracellular antigens, which
may hinder the ability of the NP to evade the immune system.
In contrast, the P100 fraction produced by using the
automated Heidolph homogenizer has proven to be the
optimal choice for establishing standardized CM isolation
protocols. This technique was chosen for NP coating due to its
purity and reproducibility compared to manual Dounce
homogenization.

After successful GBM U87-MG CM isolation, G-NPs were
assembled, and the coating was confirmed by TEM and DLS.40

From the data obtained, we can speculate that the orientation
of the CM onto the G-NPs is likely physiologically correct.
Indeed, the negative surface charge values of G-NPs are very
similar to those of CMs and significantly less negative than
those of the PS-NPs. Moreover, it has been proved that surface
coating of negatively charged NPs with negatively charged
CMs (as in our case) is far more successful than coating
positively charged NPs.41 This can be explained by the
presence of negatively charged sialic acid moieties in the outer
side of the CMs that lead the negatively charged PS-NPs to
perform electrostatic interactions with the intracellular side of
the CMs, presumably generating the right orientation of the
CMs onto the finally assembled G-NPs.41

The colloidal stability of the G-NPs is a critical parameter. If
the system exhibits low stability, it could compromise the
evaluation of its targeting ability, passage across the BBB, and
potential applications in vivo. If G-NPs aggregate, their
behavior changes, impairing their interaction with the cell
surface, their cellular uptake, and, ultimately, their ability to
escape from the mononuclear phagocytic system, triggering
their early clearance from the bloodstream. G-NPs synthesized
here were seen to be extremely stable in the pH range 6 to 9,
which includes the important physiological pH of 7.4. This
behavior is typical of negatively charged nanosystems that, due
to the repulsion forces actuating, do not aggregate.42 However,
if the surface charge tends to a neutral value, then the
attraction strengths take place, triggering NPs aggregation.
Indeed, G-NPs reached their IEP at pH 5 and experienced an
increase in size due to aggregation. The higher change in G-NP
surface charge, compared with control PS-NPs, along the pH
range can be explained by the different protonation states of
the CM proteins covering the G-NP surface. At acidic pH,
proteins are protonated, and G-NP Z-potential is positive. On
the contrary, proteins are not protonated at basic pH, turning
the G-NP surface charge negative. These results are also
relevant in terms of biocompatibility and cytotoxicity of the G-
NPs since their negative surface charge was proved to be not

toxic to cells in the uptake and transport studies (Figures 5, S5,
and S8).43,44 Moreover, the protonation effect can also be seen
once BC formation is mimicked (Figure 4a). When NPs come
in contact with biological media, they immediately absorb
proteins and other biomolecules onto their surface,45 forming a
BC. The presence of such corona could modify the NP
colloidal characteristics, such as active targeting, stability and,
in the case of G-NPs, could mask the surface proteins of the
CM layer inherited avoiding their homotypic targeting to GBM
cells. Therefore, it is essential to know how our colloidal
system behavior is in the presence of all these molecules,46 not
only looking for translational applications but also when
carrying out in vitro experiments.

Our results demonstrated that G-NPs remain stable in
cDMEM for up to 72 h, the maximum period tested. In
contrast, they aggregate in SF-DMEM. The difference is due to
the presence of proteins in cDMEM covering the G-NPs
surface that provide a more hydrophilic layer, improving the
hydration/solvation of G-NPs and stabilizing the colloidal
system.47 All biological experiments were conducted at 24 h,
the point at which G-NPs were confirmed to be highly
monodisperse and stable. This time frame was chosen because
the pharmacokinetics of CNS-targeted NPs are generally much
faster than 72.48 Indeed, the high homotargeting ability and
BBB crossing of G-NPs were demonstrated in vitro. Finally, as
for the acidic microenvironment of GBM, one might think that
G-NPs would aggregate upon reaching the tumor due to the
observed aggregation at pH 5, but it must be considered that
tumor microenvironment has a large amount of proteins that
would maintain their colloidal stability.49−51

Due to the complex biological environment that G-NPs
must face, the evaluation of BC formation was also carried out,
distinguishing between soft and hard corona at different pHs.
The BC formation was extremely clear in the PS-NPs, which
switch from a negative Z-potential along the whole pH range
for free corona PS-NPs to a positive−negative surface charge
for soft- and hard-corona PS-NPs, with an IEP around pH 5.
These results are similar to soft and hard corona G-NPs and
consistent with the binding of proteins onto the PS-NPs
surface, which is similar to the NP coating event, since
proteins, among other molecules, constitute the CM layers of
G-NPs. On the contrary, the behavior of free-corona G-NPs
was very similar to that of soft- and hard-corona G-NPs. We
recently demonstrated that CM coating reduces protein
adsorption compared to commonly used alternatives, such as
PEGylation and chitosan coatings.52 Additionally, CM coating
offers advantages over PEG or albumin coatings, which can
trigger immune responses and inhibit interactions between
NPs and cell membranes, respectively.53,54 The ability of G-
NPs to prevent BC formation is also crucial to achieving their
intended purpose: active targeting through a self-recognition
mechanism between the G-NP membrane layer and CM
proteins on the tumor. This approach bypasses the protein
heterogeneity limitations of traditional ligand-based targeting
methods.55−57

As a matter of fact, we proved by flow cytometry and
confocal microscopy that bionanointeractions between G-NPs
and U87-MG cells are enhanced, compared to those performed
with PS-NPs. Flow cytometry revealed significant differences
between PS-NPs and G-NPs bionanointeractions at times of 1,
3, 5, and 24 h (Figure 5a). These data are extremely relevant
since it is proven the G-NP capability of quickly reaching the
targeted tumor, possibly avoiding their clearance by the
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mononuclear phagocytic system, their liver accumulation, and
improving the treatment specificity in vivo. Moreover, in the in
vitro context, where all of the above-mentioned biological
barriers are not present, it is noteworthy that free G-NPs
interact to a significantly greater extent with GBM cells
compared to PS-NPs, suggesting a very strong biological effect
of the GBM CM coating for active tumor homotargeting.
Finally, the improved bionanointeraction between G-NPs and
U87-MG cells was also visualized and confirmed by confocal
microscopy (Figure 5b−e) and fluorescence microscopy
(Figure S5). Since flow cytometry does not directly assess
the cellular uptake, we explored G-NP cell internalization by
imaging. Epifluorescence microscopy confirmed that a greater
amount of G-NPs interacts with GBM cells compared to PS-
NPs. Additionally, confocal microscopy displayed that both
PS-NPs and G-NPs are internalized by GBM cells through z-
stack image acquisition and orthogonal views, once again
showing higher accumulation for G-NPs compared to that of
control bare PS-NPs. To investigate homotargeting further,
NPs were coated with membranes from a non-GBM cell line
using a human fibroblast cell line to extract the membranes and
generate F-NPs. When exposed to fibroblasts, F-NPs exhibited
specific recognition, showing higher uptake compared with
both PS-NPs and G-NPs. In contrast, when the nanosystems
were incubated with GBM cells, the results were reversed, with
G-NPs displaying significantly greater interaction compared to
those of both F-NPs and PS-NPs. In summary, the enhanced
bionanointeractions observed between G-NPs and U87-MG
cells confirmed that CM coating is an extremely promising
approach to specifically target GBM cells. This was made
possible since the U87-MG CMs were isolated through an
automated protocol preserving their integrity and were
correctly wrapped onto G-NP surface, reducing the BC
formation and promoting G-NP homotypic targeting toward
GBM cells.

Nevertheless, the GBM in vivo targeting is far more
challenging, and the main obstacle to overcome to successfully
deliver drugs to the brain is the BBB. G-NPs were designed in
order to get over this biological barrier through the
homotargeting property acquired by the CM coating.
Biomimetic nanotools have been very poorly investigated so
far and mostly in murine models or using CM from various
neural tissues, including the endothelium of the BBB, neuron
CM, or astrocyte CM.58 In contrast, GBM-based biomimetic
tools, such as the one here explored, could not only enhance
homologous targeting to GBM cells but also successfully
preserve the integrity of the BBB, as shown by the TEER
results before and after G-NPs exposure. Therefore, G-NPs
show promise as a safe tool to potentially transport drugs
across the BBB in a safe way. In this first in vitro BBB-G-NPs
interaction evaluation, both transport and apparent perme-
ability of G-NPs were investigated and compared to standard
control PS-NPs. Both systems were able to cross the in vitro
BBB model in the first 5 h of exposure, emphasizing that the
GBM CM coating of the G-NPs is not impeding or decreasing
their ability to accumulate in the brain. On the contrary,
apparent permeability data displayed a faster kinetics of G-NPs
compared to PS-NPs in crossing the BBB model. It is relevant
that the normal passage of PS-NPs through the in vitro BBB
model is extremely low (4.4 ± 1.6%), which could be acting as
a real limitation to G-NP coating performance. Moreover, the
polystyrene NP core of G-NPs was used only as a model to
characterize and validate the coating of PS-NPs with GBM

CMs as a potential tool for the targeting of GBM. Thus,
although we demonstrated that GBM CM coating improves
the permeability of PS-NPs, the choice of NP core and NP
dimension is crucial for the fabrication of successful
biomimetic nanotools to target GBM. Future research will be
focused on NP physicochemical parameter combination and
CM coatings to create the best biomimetic tools for drug
delivery to the brain.

4. CONCLUSIONS
G-NPs were successfully prepared by coating the NP surface
with U87-MG CM (GBM cells) and extensively characterized.
We first identified an extremely reproducible CM isolation
protocol; we subsequently proved that G-NP colloidal stability
at physiological pH 7.4 and in biological media is high.
Moreover, the synthesized G-NP were able to prevent BC
formation, leaving the inherited proteins of their surface
available to target GBM cells and likely avoiding the in vivo
early clearance of NPs. Indeed, G-NPs established improved
biointeractions and accumulation in GBM cells in vitro
through a homologous self-recognition mechanism. This active
targeting approach is potentially essential in vivo to overcome
the clearance of G-NPs by the immune system. Furthermore,
homologous targeting will overcome the barrier of surface
heterogeneity of GBM cells among patients and will enhance
the G-NP access to the tumor site. Lastly, G-NPs showed
promising results to cross the BBB, based on the data obtained
by apparent permeability assays through a human in vitro BBB
model. Future tests will explore the delivery of drugs loaded
into G-NPs to brain tumor through the powerful homologous
self-recognition mechanism against GBM. In this scenario,
once the coating of NPs with GBM cells is validated, it is
necessary to carry out new studies in order to assemble a G-NP
core able to load the drug against GBM, looking forward to in
vivo assays and to treat the most devastating tumor of the
CNS. Finally, this standardized biomimetic strategy offers the
added advantage of potentially enabling the development of
personalized coatings derived from a patient’s own tumor
tissue. Such an approach could enhance homotargeting of the
primary tumor while minimizing immune responses commonly
associated with current antitumor therapies.

5. MATERIALS AND METHODS
5.1. Cell Culture. U87-MG human GBM cell line was obtained

from the American Type Culture Collection (ATCC). It was cultured
using the PAN Biotech Dulbecco's Modified Eagle's Medium
(DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum
(FBS, Gibco) and 1% penicillin−streptomycin solution (PS, Gibco)
to avoid cell culture contamination. FBS was inactivated at 56 °C for
30 min. The cell line was incubated in an atmosphere with 5% CO2
and 95% humidity at 37 °C.

hCMEC/D3 human microvascular endothelial cell line from CNS
was purchased from Cedarlane USA. These cells are able to form an
in vitro brain endothelium that exhibits a polarized structure, contact
inhibition at the confluence, and other features of the BBB as tight
and adherence junctions. hCMEC/D3 was cultured in T-25 Flasks
coated with a thin layer of Rat Collagen I (Cultrex Rat Collagen I
lower, Sigma-Aldrich). After 1 h incubation at 37 °C, cells were
seeded in supplemented EBM-2 Endothelial basal medium (Lonza)
containing 5% v/v FBS, 1% PS, 1,4 μM hydrocortisone, 5 μg/mL
ascorbic acid, 1% chemically defined lipid concentrate, HEPES, and
10 mM of human basic fibroblast growth factor (bFGF). hCMEC/D3
cells were incubated in an atmosphere with 5% CO2 and 95%
humidity at 37 °C.
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The human fibroblast cell line MRC-5 was cultured in Opti-MEM
Reduced Serum Medium (Gibco) supplemented with 3% fetal bovine
serum (FBS). Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2.

5.2. Isolation of Cell Membranes. The isolation of U87-MG
CMs was carried out by a double centrifugation isolation protocol as
previously described.28 Briefly, cells were first grown in eight T-75
Flasks until complete confluence, which allowed up to 100 million
GBM cells to be collected for each CM isolation. Cells were detached
from the culture flask using EDTA-Trypsin solution (PAN-Biotech)
at 0.05% concentration to preserve membrane protein integrity. Then,
cells were recollected and washed in a PBS solution by centrifugation
at 1500 rpm for 5 min. The pellet was resuspended in a hypotonic
solution containing Tris−HCl, KCl, MgCl2, sucrose, 10 μg/mL
DNase, and 10 μg/mL RNase at physiological pH 7.4. For cell
disruption, three different methods were tested, all under ice-cold
conditions. In the first protocol, cells were lysed using a traditional
Dounce homogenizer (D9063 KIMBLE Dounce tissue grinder set 7
mL, Sigma-Aldrich). The second technique was performed by
adopting Heidolph homogenizer DIAX 900 (Heidolph, Germany)
at 66% power for 4 min, and last, the third method was based on a
previously described sonication protocol.59 For sonication, the power
setting of the Branson SFX550 Sonifier (Branson Ultrasonics, USA)
was tested at 16%, with on-and-off cycles of 0.5 s for 1 min and
intervals of 30 s among three repetitions. Under these three different
cell lysis techniques, the cell lysate was centrifuged at 1500 rpm for 5
min (Beckman Coulter Allegra 21R Refrigerated Centrifuge, USA).
The supernatant was recovered and stored under ice-cold conditions,
while the obtained pellet was additionally subjected to the same
homogenization technique in order to obtain a more concentrated cell
lysate supernatant. The supernatant was then stored as a total cell
lysate control sample.

Subsequently, the supernatant was centrifuged at 17,000 × g for 30
min at 4 °C, and then the pellet was resuspended in 200 μL of Milli-Q
water and stored at −20 °C as the P17 fraction (P17). Then, the
supernatant was recentrifuged at 100,000 × g for 60 min at 4 °C, and
the pellet enriched in U87-MG CMs was resuspended in 200 μL of
Milli-Q water and stored at −20 °C as the P100 fraction (P100).
Lastly, the membrane content of P17 and P100 fractions was analyzed
indirectly by quantifying their protein content using a BCA Kit
(Pierce BCA Protein Assay Kit, Thermo Fisher).

MRC-5 cell membranes were isolated using the same Heidolph
homogenization protocol and double centrifugation procedure
described above, with the final P100 fraction collected and stored
as the membrane-enriched sample.

5.3. Western Blotting. Western blotting was carried out using a
Membrane Fraction WB Cocktail (ab140365, Abcam), which
contains several antibodies targeting proteins of different compart-
ments of cells: Na+/K+ ATPase (CM), GRP78 (endoplasmic
reticulum), ATP5a (mitochondrial membrane), GAPDH (cytosolic
marker), and HISTONE H3 (nuclear marker). Furthermore, this
cocktail includes an HRP-conjugated secondary antibody for
chemiluminescent development. Therefore, for SDS-PAGE, a mixture
of each sample and loading buffer containing bromophenol blue,
sodium dodecyl sulfate (SDS), glycerol, Tris-HCl, and water was
prepared. Samples were boiled for 3 min for protein denaturation, and
16 μg of each sample (protein content) as well as 6 μL of a molecular
weight marker (Thermo Scientific Page-Ruler Plus Prestained Protein
Ladder) were loaded into a Bio-Rad 4−20% Mini-PROTEAN® TGX
Precast Protein Gels. For the running of SDS-PAGE, a constant field
of 100 V for 60 min was applied by using a PowerPac HC High-
Current Power Supply and a Mini-PROTEAN Tetra Vertical
Electrophoresis Cell (Bio-Rad). The gel electrophoresis was trans-
ferred onto a Bio-Rad PVDF membrane (Trans-Blot Turbo Mini 0,2
μm PVDF Transfer Packs) using a Trans-Blot Turbo Transfer System
(BioRad) for 30 min. The membrane was blocked in 5% milk-PBS-
Tween 0.1% solution for 45 min at room temperature (RT) and
incubated in primary antibody overnight at 4 °C. Then, the
membrane was washed in PBS-Tween 0.1% solution and incubated
with the secondary antibody for 60 min at RT. Finally, the membrane

was rewashed and developed with Immobilon® Western Chem-
iluminescent HRP Substrate (Millipore). Additionally, to verify that
each sample was loaded on the gel at the same protein concentration
(Figure S3), another SDS-PAGE sample was simultaneously prepared
to be stained with Coomassie Blue and compared with the transferred
gel, which was also stained to assess its successful transfer. Finally,
semiquantification was performed using ImageJ software. Thereby,
the gel plot lane tool was employed to obtain representative values for
each band corresponding to the CM marker.

5.4. G-NPs and F-NPs Assembly. Carboxylate-modified micro-
sphere FluoSpheres® (PS-NPs, Invitrogen) were used as the core of
the CM coated-NPs. The PS-NPs were coated with the isolated U87-
MG CMs, according to a previously described protocol,60 and the
resulting nanosystems were named as G-NPs. P100 CMF from U87-
MG cells was diluted to a 1 mg/mL concentration in Milli-Q water
(protein concentration from BCA assay). Thus, a ratio of 1:1,
consisting of P100 CMF (1 mg/mL) and PS-NPs (1 mg/mL), was
mixed under ice-cold conditions inside a glass jar. The mixture was
then subjected to bath sonication for 3 min at a frequency of 50/60
Hz (JP Selecta 3000513). Therefore, binding between the PS-NPs
and U87-MG CMs was achieved through electrostatic interactions.
Subsequently, the mixture was centrifuged at 20,000×g for 40 min.
The pellet containing the G-NPs was saved and resuspended in a low-
ionic buffer at pH 7 to achieve a concentration of 1 mg/mL.
Simultaneously, the same protocol was performed with the PS-NPs,
without P100 CMF U87-MG, using a 1:1 ratio of PS-NPs and Milli-Q
water to compare the results of the subsequent characterization
between the bare NPs (PS-NPs) and the G-NPs. Finally, fibroblast-
coated nanoparticles (F-NPs) were prepared following the same
protocol used for G-NPs, substituting the U87-MG P100 membrane
fraction for the P100 fraction isolated from MRC-5 cells.

5.5. Physicochemical Characterization. The physicochemical
characterization of both PS-NPs and G-NPs was performed by
measuring the hydrodynamic diameter (DH), surface zeta potential
(Z-potential), and polydispersity index (PDI) through dynamic light
scattering (DLS) with a Malvern Zetasizer Nano ZS (Malvern
Instrument) at a concentration of 20 μg/mL in Milli-Q water.
Additionally, these parameters were evaluated across a pH range of
low anionic buffer solutions (pH 4−9) to assess the pH-colloidal
stability of both nanosystems. Low anionic buffer solutions were used
to reduce the influence of ions on the stability behavior of the
colloidal systems. Furthermore, the colloidal stability of both
nanosystems was studied by measuring the DH in different biological
media (DMEM supplemented with 10% FBS and 1% PS, serum-free
DMEM, and PBS) at 24 and 72 h. All the measurements were
performed at a fixed temperature of 25 °C on the Malvern Zetasizer,
with light scattering detected at an angle of 173° and taking 3
replicate measurements each time. F-NPs were characterized by
measuring their DH, PDI, and Z-potential at a concentration of 20 μg/
mL in Milli-Q water.

In addition, the BC formation of both PS-NPs and G-NPs was
investigated. NPs were incubated in supplemented DMEM for 1 h at
37 °C under agitation using a Thermo Shaker (ISTHBLCTS, Ohaus).
Subsequently, the soft and hard corona formation was assessed by
performing three centrifugations at 20,000xg and 4 °C. Briefly,
incubated NPs were centrifuged for the first time and resuspended in
low anionic buffer pH 7. This first centrifugation allowed the NPs to
be cleared off by biomolecules that had not bound to their surface.
Nevertheless, biomolecules that are bound onto NPs remained
attached. Therefore, this first centrifugation allowed us to determine
soft corona formation. On the other hand, to determine the hard
corona formation, NPs were centrifuged and resuspended in low
anionic buffer pH 7 two additional times. Lastly, soft and hard BC
formation of both PS-NPs and G-NPs was characterized by measuring
DH, Z-potential, and PDI by DLS along a pH range.

BC formation was also investigated by SDS-PAGE and quantified
by a BCA assay. After incubation of NPs with supplemented DMEM
and centrifugation at 20000g and 4 °C, the pellets (containing NPs-
protein complexes) were collected and labeled as PS-NPs.C and G-
NPs.C.). A positive control (total cell lysate of U87-MG) and two
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negative controls (bare Ps-NPs and G-NPs not incubated with
proteins) were included in the experiment. Subsequently, a mixture of
each sample and loading buffer was prepared. Samples were boiled for
3 min for protein denaturation, and 16.8 μg of each sample (NP
concentration) as well as 6 μL of a molecular weight marker (Thermo
Scientific Page-Ruler Plus Prestained Protein Ladder) were loaded
into a Bio-Rad 4−20% Mini-PROTEAN® TGXTM Precast Protein
Gels. For the running of SDS-PAGE, a constant field of 100 V for 60
min was applied using a PowerPacTM HC High-Current Power
Supply and a Mini-PROTEAN Tetra Vertical Electrophoresis Cell
(Bio-Rad). Lastly, SDS-Page was revealed with Coomassie Blue.
Samples were also characterized for total protein content using the
bicinchoninic acid (BCA) assay, following the manufacturer’s
instructions.

Additionally, proteo-lipid patch membranes (P100) were analyzed
for their DH, Z-potential, and PDI prior to NP coating. This analysis
was conducted to assess the success of the coating process by
comparing the differences in size and surface charge between PS-NPs
before and after they were wrapped with the P100 membranes to
form G-NPs. P100 CMF was sonicated for 3 min before
physicochemical characterization, similar to the process employed
for the coating. Moreover, the colloidal stability of P100 was also
assessed along the pH range.

Ultimately, the CM coating was confirmed by analyzing the
morphologies of PS-NPs and G-NPs by high-resolution transmission
electron microscopy (HR-TEM, HAADF FEI TITAN G2) operating
at 300 kV. TEM imaging samples were prepared by incubating 25 μL
of PS-NPs and G-NPs for 5 min on carbon-coated grids, followed by
washing with ultrapure H2O. Negative staining was performed using
uranyl acetate following the standard protocol described in.61

5.6. Flow Cytometry. The bionanointeractions in vitro between
PS-NPs or G-NPs and U87-MG cells were analyzed by flow
cytometry (BD AccuriTM C6 Plus Personal Flow Cytometer). U87-
MG cells (1,5 × 105) were cultured in 12-well plates, and 24 h later,
they were incubated with 20 μg/mL of the different fluorescent
nanosystems for 1, 3, 5, and 24 h. For each time point, three control
wells (untreated cells) were included. DMEM was subsequently
removed, and cells were detached from each well and washed with
PBS. The intensity of FITC was measured by flow cytometry. The
measurements of three wells were analyzed as replicates. Additionally,
F-NPs and MRC-5 fibroblasts were included to assess the specificity
and potential homotypic targeting of the membrane-coated nano-
particles. Bionanointeractions of PS-NPs, G-NPs, and F-NPs with
both MRC-5 and U87-MG cells were evaluated using the same flow
cytometry protocol and experimental conditions.

5.7. Fluorescence and Confocal Microscopy. PS-NPs or G-
NPs and U87-MG cells in vitro bionanointeractions were further
investigated using fluorescence and confocal microscopy (Leica DMI
3000 B Manual Inverted Microscope with a K5 sCMOS Microscope
Camera, Leica DMI 6000 inverted fluorescence microscope). U87-
MG cells (1.5 × 105) were seeded onto tissue culture coverslips and
incubated with 20 μg/mL of PS-NPs and G-NPs for 1 and 24 h.
Afterward, the DMEM was removed, and the coverslips were washed
with PBS and fixed with a 4% paraformaldehyde solution (PFA) for
15 min at RT. Subsequently, the samples were subjected to the
fluorescent staining protocol. Hoechst-33342 dye (Thermo Scientific
Hoechst Solution 33342) was employed to stain the cell nucleus and
Alexa Fluor 647 Phalloidin (Invitrogen) was used to label the F-actin
of the cell cytoskeleton. The visualization of PS-NPs and G-NPs
under fluorescence microscopy was possible due to the employment
of commercial NPs loaded with Fluorescein (FITC), as previously
detailed. Lastly, the ImageJ Software was used to perform an
orthogonal view and a plot Z-axis profile in order to evaluate NP
cellular uptake.

5.8. Blood−Brain Barrier Assembly and Transport Study.
5.8.1. Blood−Brain Barrier Assembly and Integrity Character-
ization. A human BBB in vitro model was assembled to assess the
passage of PS-NPs and G-NPs across it. hCMEC/D3 cells were
seeded onto polycarbonate membrane on the apical side of a transwell
system (Costar Transwell Permeable Supports 12 mm Diameter

Insert 3 μm Polycarbonate Membrane) as previously described.9

Before the seeding of hCMEC/D3 cells, each polycarbonate
membrane was covered with a thin layer of Rat Collagen I (Cultrex
Rat Collagen I lower, Sigma-Aldrich) to better mimic the presence of
the in vivo basal lamina. 150 μg/mL Rat Collagen I was added to the
upper compartment of each well and incubated at 37 °C for 1 h.
Then, the upper compartment (apical chamber) was washed 3 times
with Milli-Q water and 5 × 104 hCMEC/D3 cells were seeded in 0.5
mL of supplemented EBM-2 medium (LONZA). The lower
compartment (basolateral chamber) was filled with 1.5 mL of
supplemented EBM-2 medium. Transwell systems were then
incubated for 7 days in an atmosphere with 5% CO2 and 95%
humidity at 37 °C, changing the supplemented EBM-2 medium at 1,
4, and 7 days. Barrier integrity was assessed at 8 days to ensure that
the in vitro BBB model had formed correctly. The transendothelial
electrical resistance (TEER) was determined by using automated
cellZscope equipment (nanoAnalytics). Once the integrity of the
barrier was confirmed, the NP transport studies were performed by
adding 20 μg/mL of them in the upper compartment (apical
chamber), as detailed in the next paragraph.
5.8.2. PS-NPs and G-NPs Transport Study across the In Vitro BBB

Model. The transported mass percentage of PS-NPs and G-NPs was
determined across the in vitro BBB model. The passage of PS-NPs
and G-NPs through the BBB model (hCMEC/D3 monolayer) was
evaluated at day 8 at different experimental time points (1, 3, and 5
h). As a control experiment, the passage of PS-NPs and G-NPs across
an empty polycarbonate monolayer (without hCMEC/D3 mono-
layer) was also evaluated. Specifically, PS-NPs and G-NPs were
diluted in supplemented EBM-2 medium at a concentration of 20 μg/
mL and added to the upper compartment (apical chamber). 1.5 mL
portion of supplemented EBM-2 medium was also added to the lower
compartment (basolateral chamber) of each well. After 1, 3, and 5 h,
100 μL from the basolateral chamber was removed and stored for
later fluorescence analysis. At the same time, 100 μL of fresh medium
was added to the basolateral chamber to maintain the apical/
basolateral volume ratio. The entire experiment was carried out under
restiveness using an ES-20 Orbital Shaker-Incubator at 37 °C and 50
rpm (Biosan, LVA). Lastly, PS-NPs and G-NPs fluorescence from the
basolateral chamber sampling was determined using a UV−vis−NIR
HORIBA QuantaMaster-8000 (QM-8000) (Horiba, JPN) with an
excitation/emission wavelength of 505/515 nm. The final transported
mass percentage of PS-NPs and G-NPs through the in vitro BBB
model was determined by evaluating the concentration of PS-NPs or
G-NPs in the basolateral chamber at each experimental time. Serial
dilutions of PS-NPs and G-NPs in the range of 0−3.91 μg/mL in
EBM-2 were prepared to obtain a calibration curve. Linear regression
was applied to define the correlation between the fluorescence
intensity and PS-NPs and G-NPs mass concentration and used to
determine the total mass of PS-NPs and G-NPs in the basolateral
chamber. The apparent permeability (Papp) was then determined
using the equation:

P
A

C
Q
t

1 d
dapp 0=

where A represents the surface area of the membrane in cm2, C0 is the
initial concentration of PS-NPs and G-NPs in the apical compartment
(μg/mL), and dQ/dt is the amount of PS-NPs and G-NPs that
appears in the basolateral compartment in the given time period (μg/
min). For every time point, 9 wells were designated for each
experimental condition (3 controls to evaluate the passage of PS-NPs
and G-NPs without barrier and 9 wells to assess the passage of PS-
NPs and G-NPs through the cell barrier). This way, the measure-
ments of 9 wells were analyzed as replicates.

Furthermore, the barrier integrity was measured by TEER after 5 h
of PS-NPs and G-NPs exposure.

5.9. Statistical Analysis. The results are presented as the mean of
at least 3 different replicates with either standard deviation or
standard error, unless otherwise stated. All statistical analyses were
performed by IBM SPSS Statistics and Origin software for graph
generation.
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