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Nanocarrier lipid systems (NLSs) have emerged as versatile platforms for diagnostic and therapeutic appli-
cations, including drug delivery, gene therapy, and vaccine development. Recent advancements highlight
their potential in targeting infectious diseases and treating pathological conditions like tumors, largely due
to their ability to effectively encapsulate and deliver therapeutic agents. This study focuses on the syn-
thesis and characterization of NLSs with varying lipid compositions to understand their physicochemical
and mechanical properties, which are crucial for their performance in biomedical applications. NLSs were
prepared using a solvent displacement method, resulting in formulations with different ratios of olive oil
and stearic acid. These formulations were characterized to determine their size, polydispersity index, and
surface charge. Dynamic Light Scattering and Nanoparticle Tracking Analysis revealed that the size of the
NLSs increased with higher stearic acid content. The NLSs demonstrated stability across a range of pH
levels and in cell culture medium. The biomolecular corona formation and its impact on surface charge
were also evaluated, showing significant effects on NLS stability. Mechanical properties, including rigidity
and deformability, were assessed using Atomic Force Microscopy and rheological tests. The study found
that increasing stearic acid content enhanced NLS rigidity and adhesion strength, which is crucial for their
behaviour in biological systems such as blood circulation, tumor targeting, and cellular uptake. Biological
evaluations demonstrated that these mechanical properties significantly influenced bio-interactions.
Softer NLSs with a pure olive oil core displayed enhanced translocation across an in vitro blood—brain
barrier model, underscoring their potential for drug delivery to the brain. Conversely, glioblastoma cell
uptake studies revealed that the more rigid NLSs were internalized more efficiently by U87-MG cells,
suggesting a role for stiffness in cellular entry. These findings provide insights into optimizing NLSs for
specific therapeutic applications, particularly in overcoming barriers like the blood—brain barrier and tar-
geting cerebral diseases.

Introduction

Nanocarrier lipid systems (NLSs) have emerged as a crucial
platform in modern diagnostic and therapeutic applications,
revolutionizing drug delivery, gene therapy, and vaccine devel-
opment." Their versatility has been particularly evident in tack-
ling infectious diseases, notably in mRNA-based vaccines
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demonstrate great potential in oncology and other pathological
conditions,* owing to their exceptional ability to encapsulate
and effectively transport therapeutic agents. Additionally, their
cost-effectiveness and scalability make them an attractive
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option for widespread medical applications.> Beyond their
potential as robust delivery tools, NLSs present extremely low
toxicity, offering high biocompatibility and biodegradability
due to their lipid-based composition.®” Their components are
generally classified as GRAS or FDA-approved, ensuring a high
safety profile for NLSs.

Depending on the lipid composition, NLSs can take various
forms, such as solid lipid nanoparticles (SLNs), nano-
structured lipid nanocarriers (NLCs), and liquid lipid nano-
particles (LLNs), each offering distinct properties and advan-
tages. LLNs enable the ability to carry large quantities of
hydrophobic drugs in the dispersed phase and protect them
from degradation but may face drug leakage.”® Conversely,
SLNs offer exceptional stability, allowing for long-term storage
and controlled agent release, making them an attractive choice
for drug delivery.” However, the crystalline structure of the
lipid core can be a drawback, as the crystallization during the
synthesis sometimes results in low drug encapsulation and
loading efficiency. Finally, NLCs consist of a matrix made from
a combination of solid and liquid lipids. Compared to SLNs,
NLCs offer the advantage of a higher capacity for loading
active compounds.® Despite the promising outlook, a compre-
hensive understanding of how the mechanical properties of
NLSs might influence their biological interactions with living
systems, such as cellular uptake and transport across biologi-
cal barriers, still needs to be fully explored. The mechanical
properties of nanoparticles (NPs) play a pivotal role in deter-
mining their behaviour within biological systems influencing
blood circulation, tumor targeting, biodistribution, tumor
penetration, accumulation, and cellular internalization."’

Softer NPs remain longer in blood circulation than stiffer
counterparts because of their distinct phagocytosis profile:
their ability to deform under macrophage-induced forces
reduces susceptibility to sequestration into the macrophages,
extending circulation time."® Furthermore, their deformability
enables them to traverse pores and fenestrations typical of the
vascular endothelium structure (paracellular pathway), while
maintaining structural integrity. In contrast, stiffer NPs, with
limited deformability, tend to accumulate in the spleen,
leading to shorter circulation."" Efforts to enhance tumor tar-
geting suggest that reducing NP elasticity might minimize
macrophage uptake, thereby improving tumor accumulation.?
The malleability of NPs also plays a critical role in tumor pene-
tration. More elastic NPs exhibit enhanced penetration capa-
bilities, as their superior deformability allows them to navigate
intercellular spaces and penetrate deeper into tumor regions.
Conversely, stiffer NPs, with limited deformability, tend to
remain confined to the tumor periphery.'*> Finally, cell
adhesion is primarily driven by ligand-receptor interactions
between NPs and cell membranes. Softer NPs display a heigh-
tened propensity for multivalent binding than stiffer counter-
parts due to their ability to deform into a flattened configur-
ation, enhancing adhesion.**'*

Thus, understanding, regulating, and optimizing the
mechanical properties of NPs is crucial for developing
advanced nanomedicine tools for theranostics. The physical
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and mechanical characteristics of NPs significantly influence
their interaction with cells and their ability to cross biological
barriers.'® In particular, rigidity plays a key role in determining
cellular uptake and biodistribution, as well as the ability to
navigate biological environments. More deformable NLSs can
more effectively cross membranes and withstand mechanical
forces, enhancing their potential for targeted delivery.
However, despite extensive research on NP mechanics, a com-
prehensive comparative study on how the mechanical pro-
perties of NLSs affect cell uptake and barrier translocation
remains lacking. Addressing this knowledge gap is crucial, par-
ticularly for applications requiring NLS to traverse biological
barriers like the blood-brain barrier (BBB) to target brain dis-
eases such as glioblastoma multiforme (GBM). The BBB, a
highly selective barrier safeguarding the central nervous
system, presents a major challenge for brain drug delivery.
Developing NLSs with optimized mechanical properties to
enhance BBB crossing while efficiently encapsulating high
drug concentration remains a critical goal.

This study aimed to obtain NLS systems with tuneable
rigidity by adjusting the ratio of liquid and solid lipids in the
core (olive oil and stearic acid, respectively). We conducted a
comprehensive characterization of their physicochemical and
mechanical properties to better understand their behaviour
and stability over time and in complex biological media.
Additionally, we investigated their in vitro cellular uptake and
transport across a human in vitro BBB model to assess their
potential as efficient drug delivery carriers. The findings of our
study contribute to the advancement of NLS-based drug deliv-
ery systems, particularly for targeting cerebral diseases such as
GBM. We confirmed that lipid core composition significantly
influences the physicochemical properties of NLS, with stearic
acid-only cores exhibiting instability, whereas olive oil-based
cores demonstrated promising biological potential, especially
for BBB crossing. Additionally, cellular uptake studies revealed
that slightly stiffer particles containing a small percentage
(10%) of stearic acid in the core were taken up more efficiently.
These findings highlight the importance of selecting an appro-
priate lipid composition based on the intended application, as
it directly affects NLS biointeractions. Protocol standardization
and surface functionalization may pave the way for innovative
therapies, ultimately advancing precision medicine and
improving treatment outcomes for challenging medical
conditions.

Results and discussion
Nanocarrier lipid systems preparation and characterization

As detailed in the Materials and methods section, five
different NLS formulations were synthesized by modifying a
well-established solvent displacement protocol.” The NLSs are
composed of a mixture of phospholipids, Pluronic F-68, and
varying proportions of olive oil and stearic acid, resulting in
the following formulations: 100:0, 90:10, 70: 30, 50: 50, and
0:100 (Fig. 1A). In these ratios, the 100:0 formulation con-
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Fig. 1 Characterization of the NLSs. (A) Schematic representation of the five NLSs with varying proportions of olive oil and stearic acid. (B)
Hydrodynamic mean diameter (Dy) and polydispersity (PDI) of the five systems. (C) Z-Potential of the different NLSs in Milli-Q water. (D)
Hydrodynamic mean diameter (Dy) of NLSs in different buffers. (E) Z-Potential of NLSs in different buffers data are represented as the average of 3

independent replicates + SD.

tains only olive oil as the core, while the 0:100 formulation
contains only stearic acid. The various ratios of olive oil to
stearic acid in the NLS compositions were thoroughly investi-
gated through extensive physicochemical characterization in
different aqueous solutions.

The hydrodynamic diameter (Dy) of the 100:0, 90:10,
70:30, 50:50, and 0:100 NLSs was determined by dynamic
light scattering (DLS) as 151 + 9, 158 + 10, 166 + 9, 258 + 52,

This journal is © The Royal Society of Chemistry 2025

and 527 + 38 nm, respectively (Fig. 1B and Table S17). These
results are consistent with previous reports for distinct nano-
emulsions synthesized using the solvent displacement
technique.'®"” Furthermore, the Polydispersity Index (PDI)
values for all five NLSs were detected as 0.12 + 0.05, 0.16 *
0.04, 0.17 + 0.08, 0.36 = 0.11, and 0.34 + 0.05, as shown in
Fig. 1B and Table S1.} These results display no significant size
differences among the 100:0, 90:10 and 70: 30 systems, indi-
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cating that the proportions of olive oil and stearic acid tested
did not affect NLS dimensions. Additionally, 100:0, 90: 10,
and 70:30 NLSs all exhibit low polydispersity index (PDI <
0.2), suggesting that they are monodisperse systems when ana-
lyzed immediately after synthesis. The size of these three NLSs
falls within the optimal range of size (<200 nm) for biomedical
applications, as they could extravasate into tumor tissues,
enabling effective concentration and delivery of therapeutic
cargo through the enhanced permeability and retention (EPR)
phenomenon."® In contrast, the 50:50 and 0:100 NLSs show
a significant increase in particle size, with the 0:100 formu-
lation (composed solely of stearic acid) having the largest dia-
meter. Additionally, 50:50 and 0:100 NLSs have a PDI > 0.3,
indicating a polydisperse distribution and suggesting the poss-
ible presence of particle aggregation. Table S11 summarizes
the diameters of all the NLSs synthesized and Fig. S11 graphi-
cally represents the size distributions obtained through
Nanoparticle Tracking Analysis (NTA). The comparison
between DLS and NTA data confirmed that, as the proportion
of stearic acid in the lipid core increased, a notable rise in par-
ticle size was observed. No differences in dimensions were
observed for the 100:0, 90:10, and 70:30 NLSs, while the
50:50 and 0:100 NLSs showed an increase in size in both
DLS and NTA measurements. In the case of the 0:100 NLSs,
the hydrodynamic diameter determined by NTA is expressed
as the weighted average diameter (Fig. S1BY), although distinct
populations are observed in this nanosystem. One population
shows a similar Dy to the 100:0 system but with a broader
peak, and two additional populations exhibit higher Dy; values
compared to the other NLSs.

Although some NPs could still be considered acceptable for
drug delivery applications, this system is the most polydis-
perse, which could interfere with its in vitro and in vivo per-
formance. The slight variations in diameter values from DLS
and NTA can be attributed to the different methodologies and
algorithms employed by these techniques. Finally, a compara-
tive analysis of the surface charge of the NLSs (Z-potential)
revealed no significant differences among the synthesized
NLSs, with values being strongly negative (>—40 mV) (Fig. 1C
and Table S1f). This suggests that variations in lipid pro-
portions within the NLS core do not influence the surface
charge. Therefore, the observed Z-potential is primarily attribu-
ted to the surfactants used in NLS preparation, which play a
crucial role in stabilizing the NLSs and imparting electrical
charge. Notably, these results are consistent with those
reported by Sanchez-Moreno et al.'® when working with NLSs
composed of olive oil in the core and the same surfactants. We
then implemented the characterization of NLSs by conducting
an exhaustive evaluation of the Dy and Z-potential at different
pH values, ranging from pH 4 to pH 8 (Fig. 1D and E). All
NLSs exhibited a negative Z-potential in the pH range investi-
gated, and the dimension of NLSs was found to be stable at all
pHs. Once again, as the percentage of stearic acid in the syn-
thesis increased, the Dy of the NLSs also raised, indicating a
direct relationship between the composition of the NLS core
and their size/aggregation state. These results imply high col-
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loidal stability of all NLSs at physiological pH, with a
Z-potential exceeding 30 mV (in absolute value).”® A common
pattern was observed in Z-potential values for all NLSs,
wherein an increase in pH led to a more negative Z-potential, a
typical characteristic of colloidal particles with weak acid
groups.'®'® This behaviour can be attributed to the surface-
charged groups of Epikuron 145 V. Previous studies have also
reported a similar trend in Z-potential measurements,
showing lower absolute values at acidic pH, with an increase at
neutral and basic pH."

In summary, the results indicate that while the NLSs main-
tain a negative Z-potential and exhibit colloidal stability across
a wide pH range, only the formulations with lower stearic acid
content (100:0, 90:10, and 70:30) have sizes suitable for
drug delivery applications. In contrast, the 50:50 and 0:100
nanosystems, despite maintaining their size across different
pH levels, including physiological pH, are not appropriately
sized for such applications. Since 50:50 and 0:100 NLSs
exhibited some aggregation associated with high PDI values
(Fig. 1B), only 100: 0, 90: 10, and 70 : 30 NLSs were selected to
continue with the following experiments.

Colloidal stability over time, critical coagulation concentration
(CCC) and critical stabilization concentration (CSC)

Colloidal stability over time is a crucial factor when evaluating
the suitability of a nanosystem for biomedical applications.
Aggregation over time compromises its bioavailability, trans-
port capacity, and therapeutic response. Therefore, ensuring
long-term colloidal stability is essential to guarantee predict-
able and safe behaviour in biological environments. Thus, the
colloidal stability of the NLSs was explored in Milli-Q water
and phosphate-buffered saline (PBS) (Fig. 2A and B). The
70:30 NLSs exhibited a significant increase in size over time
compared with the 100:0 and 90:10 systems after 10 days in
water with the aggregation being even more pronounced in
PBS. These findings suggest that NLSs may undergo changes
in size over time, which become more pronounced when the
ionic strength increases, as in the case of PBS. The proportion
of olive oil and stearic acid influences the extent of this
change, as demonstrated by the fact that the 100:0 and 90: 10
formulations, which have a higher concentration of olive oil in
the core, were more stable than the 70 : 30 formulation in both
the media investigated.

For a complete understanding of the behaviour of colloidal
particles, it is necessary to explore the conditions under which
the NLSs initiate coagulation and start forming aggregates.
The NLS critical coagulation concentration (CCC) and critical
stabilization concentration (CSC) were determined, which are
fundamental parameters in colloidal stability studies. The
CCC value is associated with destabilization processes and
indirectly provides information on the surface charge density
of the NPs; thus, a low CCC indicates low stability due to a low
surface charge density. Conversely, the CSC value - defined as
the minimum salt concentration at which the system begins to
re-stabilize upon increasing salinity - is related to surface
hydrophilicity. This re-stabilization phenomenon at high salt

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Colloidal stability of the NLS. (A) Evaluation of hydrodynamic mean diameter (Dy) over time in Milli-Q water (B) Evaluation of hydrodynamic
mean diameter (Dy) over time PBS. In A and B data are represented as the average of 3 independent replicates + SD. (C) Assessment of critical
coagulation concentration (CCC) and critical stabilization concentration (CSC) of the NLS in NaCl and CaCl,. *N/A.

concentrations is well-known in hydrophilic colloidal systems
and is governed by hydration forces.>! Thus, NLS stability was
evaluated in the presence of a monovalent salt (NaCl) and a
divalent salt (CaCl,) and the CCC and the CSC were deter-
mined using visible light spectrophotometry. The summarised
results are presented in Fig. 2C. Interestingly, all NLSs exhibi-
ted stability in NaCl, indicating their ability to withstand
coagulation even at salt concentrations exceeding 500 mM.
These findings suggest that the electrostatic repulsion between
the particles was sufficient to maintain a satisfactory dis-
persion, preventing aggregation and the formation of larger
structures. The observed stability under high salt concen-
tration is a promising characteristic for the potential appli-
cations of NLSs in biomedicine, where the biological environ-
ment is rich in ionic species. Furthermore, the ability to avoid
coagulation ensures the integrity of the NLSs and their poten-
tial functionality, which is crucial for their performance as
drug delivery carriers. CCC and CSC were then measured in
the presence of CaCl, The decreasing CCC with increasing
stearic acid concentration indicates a lower stability of the
NLSs, likely due to the reduced surface charge density associ-
ated with the larger particle sizes. This trend highlights the
significant impact of stearic acid concentration on the col-

This journal is © The Royal Society of Chemistry 2025

loidal stability and aggregation behaviour of the NPs. In
addition, in systems with higher amounts of olive oil (100: 0
and 90 :10), CSC values were observed (88 and 85 respectively),
indicating that the system re-stabilizes at higher salt concen-
trations. This behaviour is associated with a more hydrophilic
surface. The increased presence of hydrophilic molecules,
such as the hydrophilic segments of the Pluronic F68 in the
smaller systems likely contributes to this effect. The larger
surface area of these systems, due to their smaller particle
size, provides more opportunities for the hydrophilic mole-
cules to interact with the surrounding aqueous environment,
enhancing the system’s ability to re-stabilize. This correlation
suggests that as the amount of olive oil increases, the system
becomes more hydrophilic and better able to maintain stabi-
lity in high-salinity conditions.

Characterisation of mechanical properties of NLSs via atomic
force microscopy

The mechanical properties of NLSs are crucial for their bio-
medical applications, particularly in drug delivery and cellular
uptake. In this study, atomic force microscopy (AFM) in force
spectroscopy mode was employed to map the nanomechanical
properties of NLSs formulated with different proportions of

Nanoscale, 2025, 17,12187-12203 | 12191
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olive oil and stearic acid. The use of AFM in this context is
critical, as it allows for precise characterization of mechanical
properties at the nanoscale level, offering a unique advantage
in understanding how lipid composition modulates NLS rigid-
ity. These insights are pivotal for optimizing NLS formulations
tailored to specific therapeutic applications, such as crossing
the blood-brain barrier or improving tumor targeting.
Previous studies have demonstrated that the rigidity of
nanocarriers plays a crucial role in their ability to penetrate
biological barriers and resist mechanical deformation during
circulation, both of which are essential for drug delivery
efficacy.>>*

Fig. 3A shows the AFM topographical images of NLS formu-
lations (100: 0, 90: 10, 70 : 30). These images reveal significant
morphological differences as the lipid composition varies. The
NLSs with higher stearic acid content (90:10 and 70:30)
exhibit a more compact and rigid structure compared to the
100:0 formulation, which shows more dispersed and softer
characteristics. This qualitative observation is supported by
the quantitative nanomechanical measurements discussed
below.

View Article Online
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As seen in Fig. 3B and C, the mechanical properties of NLSs
exhibit a clear trend correlated with stearic acid content. The
elastic modulus, which measures the rigidity of the particles,
increases from 4.8 N m~? in the 100: 0 formulation to 5.8 N
m™2 in the 70 : 30 formulation, indicating a marked increase in
rigidity as the proportion of stearic acid increases. Similarly,
adhesion forces, which are indicative of how the NLSs interact
with surfaces, increase from 13.1 nN in the 100: 0 formulation
to 17.0 nN in the 70:30 formulation. These increases in both
elastic modulus and adhesion strength suggest that the incor-
poration of stearic acid significantly alters the mechanical pro-
perties of the NLSs, making them stiffer and more adhesive.

Our findings, which demonstrate an increase in both rigid-
ity and adhesion of nanocarrier lipid systems (NLSs) with
higher stearic acid content, align with the work of Hui et al.*°
They showed that greater nanoparticle rigidity enhances circu-
lation stability by reducing premature clearance. This suggests
that the increased rigidity observed in our NLS formulations
may indeed improve stability in the bloodstream, prolonging
circulation time. However, as Hui et al. also noted, excessive
rigidity can hinder tumor tissue penetration, underscoring the
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Fig. 3 Characterization of NLS mechanical properties. (A) Topographic images of NLS (100: 0, 90: 10, and 70 : 30). The z-range of the AFM images
is indicated on the colour bar. (B) Elastic modulus and (C) adhesion of the NLSs measured by Atomic Force Spectroscopy (AFM) in Pin-point mode.
One-way ANOVA followed by Tukey's post hoc test showed significant differences between all groups (p < 0.05) n = 30.
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need to balance mechanical properties to optimize nano-
particle performance for specific biomedical applications.
Thus, our results highlight the importance of tailoring the
rigidity and elasticity of NLSs to the targeted biological
environment. For instance, while increased rigidity may
improve blood circulation, it could limit cellular uptake in
some contexts. Achieving an optimal balance between these
properties is crucial for enhancing the therapeutic efficacy of
nanocarriers. Studies further support that softer nanoparticles
may improve tumor penetration, whereas stiffer particles can
ensure  prolonged  circulation and  better tissue
accumulation.'®**?> Moreover, although anticancer drugs
were not encapsulated in the present formulations, these
systems are designed for potential application as drug delivery
vehicles, making it essential to consider that drug incorpor-
ation may alter the physicochemical characteristics of the
SLNs. The incorporation of therapeutic agents, particularly
hydrophobic drugs such as temozolomide (TMZ) used in brain
cancer treatment, might significantly modulate the physico-
chemical and mechanical properties of NLSs, influencing para-
meters such as rigidity, adhesion strength, and colloidal stabi-
lity. For instance, Jeitler et al.>® demonstrated that drug incor-
poration modifies the crystallinity and mechanical strength of
nanostructured lipid carriers, impacting their biological inter-
actions, while Beloqui et al.”” reported changes in particle elas-
ticity that affect mucosal adhesion and systemic distribution.
Therefore, it is essential to consider the impact of drug encap-
sulation on NP behavior in future formulations and to charac-
terize the NLSs after drug loading to ensure an accurate assess-
ment of their functional properties and therapeutic potential.

Characterization of mechanical properties of NLSs through
rheology

In this study, rheology tests were performed to characterize the
viscoelastic properties of NLSs in suspension, representing a
significant advancement in understanding the mechanical
behaviour and flow characteristics of NLSs.

The shear stress (o) as a function of the shear rate (y) is pre-
sented in Fig. 4A. From these data and those of Fig. 4B, it can
be concluded that the three analyzed systems show similar
shear-thinning rheological behaviour. It is important to note
that the presence of stearic acid in the core of the particles
affects the flow behaviour of the whole system, with changes
becoming more pronounced as its concentration increases. In
order to have a quantitative comparison between the three
plotted curves, they were fitted using the empirical Herschel-
Bulkley equation for non-Newtonian fluids:

6 = 6o+Ky"

where o, is the yield stress, K is the consistency index, and n
the flow index. This equation is only valid for values of the
stress higher than 6, (6, < 6).®*° The values of the parameters
obtained from the fittings model are shown in Table 1.

The mentioned changes in the rheological behaviour are
reflected in the value of ¢,, which increased with a higher pres-
ence of stearic acid. Considering that the surface of the particle
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does not change when the stearic acid is included, it seems that
the changes in the flow are caused by differences in the mechani-
cal properties of the particles, as presented in AFM measure-
ments. In fact, the effect of particle softness on the rheology of
particulate suspensions was studied by Mewis et al. (1989),*°
using suspensions of PMMA particles with a grafted poly
(12-hydroxystearic acid) layer of varying relative thickness to core
diameter as model systems. They found that the maximum
packing density of the particles increased with particle softness,
which affected the viscosity of the suspensions at high volume
fractions (>0.4). Since we are studying similar volume fractions in
the present work, it is evident that the differences observed in
Fig. 4 may be due to the mechanical properties of the particles.
Furthermore, in the three cases n < 1 that is characteristic of
shear-thinning materials. It is important to note the obvious
differences in the parameters between the three studied systems,
which reflect the effect of the presence of the stearic acid on the
overall properties of the dispersion and the particle itself.

The viscosity behaviour of the three NLS systems, presented
in Fig. 4B, also shows the aforementioned shear thinning
behaviour with a monotonic decrease in viscosity as the shear
rate increases. The 70:30 system exhibits a higher flow resis-
tance than the 90:10 and 100:0 systems, corroborating the
effect of the stearic acid on the properties of the NLS and
thereby of the suspension. Fig. 4C illustrates the relationship
between the modulus of the complex viscosity (*) and the
shear strain amplitude (y), for the three NLS systems. The
complex viscosity characterizes the flow behaviour of the
system under oscillatory shear, being, in this case, a visco-
elastic liquid.”®> The 90:10 and 70:30 systems exhibited
higher values of this parameter, contrasting with the 100:0
system, which translates into higher values of the viscoelastic
moduli when the stearic acid is present. Fig. 4D shows the
viscoelastic moduli G' and G” as a function of the angular fre-
quency, where the 100: 0 has the typical tendency of a liquid-
like polymeric solution (G” > G', with G” proportional to w, and
G’ to w2) while 90:10 and 70 : 30 have a more exotic behaviour
with both moduli exhibiting a similar tendency with @.*" In all
cases, however, G" > G, as typical for a liquid-like sample.
Also, in agreement with the trends previously discussed for
shear stress and viscosity, the magnitudes of both G’ and G”
increase from the 100:00 to the 70:30 systems as the stearic
acid concentration increases, further corroborating the
enhancement of rigidity with stearic acid content. These
results underscore the relevance of lipid composition in deter-
mining the rheological performance of NLSs, aligning with
previous studies highlighting lipid components’ influence on
lipid nanoparticles’ mechanical properties.>**>

These findings provide valuable insights into the relation-
ship between lipid composition and the viscoelastic properties
of NLSs in suspension. Additionally, this study adds to the
growing body of literature supporting the potential of rheologi-
cal techniques for characterizing the mechanical properties of
nanoparticle systems.*® This research contributes to the com-
prehensive understanding of nanolipid behaviour by employ-
ing rheology as a tool for NLS characterization.
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Table 1 Parameter obtained from the fitting of the Herschel—Bulkley equation for each measured system

Parameter oo (Pa) K (Pas") n(-) R
100:0 0.1030 = 0.0014 0.01029 + 0.00004 0.9910 = 0.0007 1
90:10 0.229 + 0.004 0.0820 = 0.0008 0.8938 £ 0.0019 0.999
70:30 0.55 +0.03 0.256 + 0.012 0.607 + 0.009 0.998

Ultracentrifugation spin-down assay

This study introduces a pioneering assessment of the deform-
ability of NLS using the ultracentrifugation spin-down
method, inspired by the methodology proposed by Kong et al.
(Fig. 5A).>* This semi-quantitative assay allowed us to examine
the relative differences in NLS deformation quickly and acces-
sibly, which is particularly valuable for comparing various for-
mulations in a relevant environment of fluid suspension
under shear stress. Briefly, to simulate a biological barrier
(specifically an endothelium), we chose to employ filter tubes
with pore sizes based on the dimensions of discontinuous
endothelial junctions present in critical structures such as the
spleen and the blood-brain barrier (BBB), which range
between 200 and 500 nm.*>3® The results indicate that 100: 0

12194 | Nanoscale, 2025, 17,12187-12203

NLSs possess a higher degree of deformability, as reflected in
their superior ability to pass through the filter while 90: 10
and 70:30 systems showed a progressively more reduced
passage (Fig. 5B), and, therefore, less deformability. These
findings align with the results obtained from the AFM ana-
lysis, clearly suggesting a correlation between NLS mechanical
properties, such as deformability, and their capacity to pass
through membrane pores. This centrifugation spin-down assay
provides a valuable tool for researchers to gain deeper insights
into the nanoscale carriers’ physical characteristics, which in
turn enhances the design of more effective drug-delivery nano-
particles in complex biological environments. The ability of
NLSs to deform their structure and navigate through biological
barriers is crucial for their successful application in targeted
drug delivery and other biomedical applications.

This journal is © The Royal Society of Chemistry 2025
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Colloidal stability in biological media and biomolecular
corona

Before proceeding to in vitro testing, the first step was to
ensure that the NLSs remained stable in the culture medium
used for the experiments. Given the lack of long-term stability
exhibited by the 70:30 system (see colloidal stability section),
which limits its potential for translational applications, only
the 100:0 and 90:10 formulations were selected due to their
superior stability. These two systems differed in mechanical
properties and presented long-term stability, making them
ideal for investigating whether these properties could influ-
ence cellular uptake and passage through a blood-brain
barrier model while maintaining translational potential.
Therefore, the hydrodynamic diameter of the NPs was
measured in serum-free DMEM (SF-DMEM) and DMEM
(DMEM + FBS) supplemented with 10% FBS, and the results
are shown in Fig. 6A and B. Notably, 90:10 NLSs exhibited
little aggregation in serum-free DMEM during the studied time
points, whereas 100 : 0 NLSs experienced minimal aggregation
on the first day and remained stable until day 10. In line with
previous results (Fig. 2), the presence of stearic acid in the core
of the NLSs contributes to their increased instability. When
both formulations were dispersed in DMEM with 10% FBS,
aggregation did not occur, suggesting that protein adsorption
onto the surface of the NLSs provides colloidal stability, prob-
ably due to the hydration forces generated.”" The high stability
of the 100:0 and 90:10 nanosystems in DMEM + FBS is of
utmost importance, as it demonstrates that NLSs can maintain
their colloidal stability under physiologically relevant con-
ditions, thereby paving the way for their application in biome-
dicine. Then, the standard procedure to investigate the for-
mation of a biomolecular corona onto the NLS surface when
exposed to a biological milieu was pursued. The presence of
the biomolecular corona was analyzed by determining the

This journal is © The Royal Society of Chemistry 2025

Z-potential and monitoring it as a function of pH. Results are
shown in Fig. 6C and D. It is worth noting that, after incu-
bation in a biological medium for 1 h (DMEM supplemented
with 10% FBS), corona-NLSs complexes exhibited less negative
surface charge values compared to bare NLSs, which were
stably maintained across the entire pH range evaluated. Even
positive values were observed at pH 4 for both NLSs studied,
suggesting a bimolecular corona formation. This observation
clearly indicates that the formation of such layer onto the NLS
surface has a significant impact on the Z-potential. Moreover,
for both bare and corona-NLS complexes, the more basic the
pH, the more negative the Z-potential values. Our results align
with previous findings indicating that proteins present in the
medium can adsorb onto the surface of NPs, altering their
surface charge.’”*® With the perspective of applying NLSs for
biological applications, researchers need to consider that the
formation of the biomolecular corona will affect their stability,
hydrodynamic behaviour, and interaction capabilities with
cells and tissue.

Cellular uptake analysis using flow cytometry

Following an exhaustive characterization of the NLSs, their
direct interaction with biological systems was tested. First, we
investigated the cell viability of the NLSs to ensure they did not
produce any toxic effects. Cell viability was assessed after
1 hour and 24 hours of incubation with the human GBM cell
line U-87 MG, and the results are shown in Fig. 7A. No signifi-
cant impact on cell viability was observed. Then, we investi-
gated the cellular uptake of NLSs by GBM cells to evaluate
whether the different mechanical properties of the systems
could significantly impact cell entry and accumulation. To
enable NLS tracking and visualization, we performed all bio-
logical assays using fluorescently labelled NLSs by encapsulat-
ing coumarin 6, following the protocol detailed in the

Nanoscale, 2025,17,12187-12203 | 12195
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Materials and methods section. The successful encapsulation
of coumarin 6 was confirmed through fluorescent measure-
ments using a fluorometer, ensuring by DLS that the size and
electric charge of the NLSs remained unaltered. Briefly, for the
cellular uptake study, U-87 MG cells were exposed to the fluor-
escently labelled NLSs at a concentration of 1 x 10'° particles
per ml, and their intracellular accumulation was evaluated at
30 minutes, 1 hour, 3 hours, and 24 hours. The results of this
investigation are presented in Fig. 7B. Interestingly, 90:10
NLSs showed a higher uptake by the U-87 MG cells compared
to 100: 0 NLSs. This consistent trend was observed across all
time points, indicating the significance of lipid composition
in influencing cellular uptake behaviour. Given that both NLSs
possess the same diameter, the specific observed behaviour
can be attributed to their distinct mechanical properties, par-
ticularly the elastic modulus, suggesting that the amount of
stearic acid in their core plays a critical role in shaping NLS
cellular uptake characteristics. These results are in line with

12196 | Nanoscale, 2025, 17, 12187-12203

other publications that have studied the effect of rigidity on
glioblastoma uptake with different nanomaterials,*® as well as
various works that investigated different cell line behaviours.*®
When comparing these results with those obtained with the
spin-down assay (Fig. 5B) is seen that while 1000:0 NLSs
demonstrate higher permeability through the filter tube, flow
cytometry showed that 90 : 10 NLSs had higher uptake by cells.
Nevertheless, it is important to note that these two experi-
ments assess distinct biological effects: the centrifugation
spin-down assay evaluates the ability of NLSs to cross biologi-
cal barriers, while the flow cytometry experiment investigates
their efficiency in being internalized by cells. Moreover,
studies on how nanoparticle rigidity affects uptake efficiency
have yielded mixed results,**™** largely due to variations in the
cell types used. Additionally, deformability is influenced not
only by the bending modulus of nanoparticles but also by
their size and shape, making comparisons between nano-
particles with different dimensions and geometries more

This journal is © The Royal Society of Chemistry 2025
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complex.*®*>**7%7 In this regard, the system used in this study

provides an advantage by allowing a direct comparison
between two nanoparticles with similar size and shape but dis-
tinct mechanical properties.

In vitro blood-brain barrier transport assay

The two types of fluorescently-labelled NLSs (100:0 and
90:10) tested for cellular uptake were then exploited to evalu-
ate their transport across an in vitro human model of blood-
brain barrier (BBB). As detailed in Materials and methods, the
concentration of NLSs (in percentage) that crosses the BBB was
quantified according to time, making the measurement every
hour for an interval of 4 hours. As characterized in the pre-
vious sections, these nanomaterials present similar sizes and

This journal is © The Royal Society of Chemistry 2025

morphological features but different core lipid structures (olive
oil-stearic acid ratio) which results in different biomechanical
behaviour. The BBB model that we employed was a monolayer
culture of human brain microvascular endothelial cells
(hCMEC/d3).*®*° We followed the standard procedure of BBB
formation to ensure the persistence of the barrier functionality
and the tightness of the paracellular spaces.*®*® Moreover,
these parameters were also checked by TEER measurement
before and after NLS exposure (Fig. S2t). Subsequently, we
moved to investigate the capability of the NLSs to cross the
BBB through transcellular transport. As the stability of the NLS
dispersion is crucial in the processes of internalization and
translocation, we only tested 100:0 and 90:0 systems. Cells
were cultured on Transwell membranes with 3.0 pm pore size

Nanoscale, 2025, 17,12187-12203 | 12197
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in the apical chamber of the Transwell device, and then incu-
bated with 3 x 10" particles per ml of 100: 0 and 90: 10 NLSs
loaded in the apical chamber of the Transwell. As schemati-
cally shown in Fig. 8A, after 1, 2, 3, and 4 h of incubation on
the apical side, a certain amount of NLSs should reach the
basolateral side of the Transwell barrier. The results of the
transported mass (in percentage normalized to the apical
chamber initial concentration, Fig. 8B) show a higher passage
of 100:0 NLSs compared to 90:10. In detail, more than 40%
of the originally loaded 100:0 NLSs were able to reach the
basolateral compartment, while in the case of the 90:10 NLS,
only the 20% was found in the lower compartment after 4 h.
Furthermore, an increase over time of the 100:0 NLSs can be
seen, while 90:10 NLSs only present a slight tendency of
active transport over time. These latest data were reflected and
corroborated by also analysing the apparent permeability of
such systems. Once again, the higher values were obtained for
100: 0 compared to 90:10 (Fig. 8C), showing higher per-

12198 | Nanoscale, 2025, 17,12187-12203

meability and kinetics of the softer 100: 0 NLSs. Such results
are in alignment with the data from the ultracentrifugation
spin-down assay (Fig. 5B) and suggest that 100: 0 NLSs have a
higher capability to be transported across biological barriers.
TEER measurements also proved that these NLSs did not alter
the integrity and functionality of BBB, showing a healthy inter-
action of the NLSs tested with the endothelium layer (Fig. S2).

Materials and methods
Reagents

Poloxamer 188 (Pluronic F-68), stearic acid, and olive oil were
purchased from Sigma-Aldrich (Merck Group, MN, USA).
Epikuron 145 V was supplied by Cargill (MO, USA). Water was
purified in a Milli-Q Academic Millipore system (Merck Group,
MN, USA). Other solvents and chemicals used were purchased
as specified in each section.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5nr00984g

Open Access Article. Published on 15 April 2025. Downloaded on 5/15/2025 11:05:52 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Nanoscale

Cell line and culture conditions

U-87 MG human glioblastoma cell line was obtained from
Centro de Instrumentacion Cientifica (CIC) of Universidad de
Granada (Spain). U-87 MG cells were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, Thermo Fischer
Scientific, MA, USA) supplemented with 10% (v/v) heat-inacti-
vated fetal bovine serum (FBS; Gibco) and 1% penicillin/strep-
tomycin (Gibco) solution. Cells were grown at 37 °C in an incu-
bator containing 5% CO, and 95% humidity. Cells were tested
routinely for mycoplasma contamination.

Synthesis of NLSs

NLSs were prepared using a modified solvent-displacement
technique, as previously described by Sanchez-Moreno et al.”®
Briefly, an organic phase composed of 125 mg of a lipid
mixture (olive oil and stearic acid in varying proportions of
100:0, 90:10, 70:30, 50:50 and 0:100), 40 mg of Epikuron
145 V dissolved in 1 ml of ethanol, and 9 ml of acetone were
added vigorously to 20 ml of an aqueous phase containing
70 mg of Pluronic F68 under magnetic stirring. The organic
solvents (acetone and ethanol) and a portion of the water
volume were evaporated in a rotary evaporator at 37 °C, result-
ing in a volume of 15 ml with a final concentration of 15.6 mg
ml™". The systems were then homogenised in a high-pressure
homogeniser (Stansted Fluid Power, Pressure cell homogen-
iser, U.K.) at 100 MPa for ten cycles. For the preparation of
fluorescent NLSs, 200 pl of coumarin-6 (Millipore, MA, USA)
were dissolved in the organic phase at a concentration of
0.5 mg ml™.

Dynamic light-scattering analysis

The hydrodynamic mean diameter (Dy), polydispersity index
(PDI), and surface zeta-potential (Z-Potential) of the NLSs were
determined using a Zeta-Sizer Nano Z dynamic light-scattering
analyser (Malvern Instruments, U.K.). For all measurements,
the five NLS samples were diluted 100-fold in Milli-Q water,
biological media (PBS, serum-free DMEM, DMEM-10% FBS),
or low-ionic-strength (<2 mM) buffered solutions (pH 4, 5, 6, 7,
and 8); subsequently, 1 ml of each sample was loaded into the
disposable cuvette (or a folded-capillary zeta cell for
Z-Potential acquisition) and measured (for each condition
three independent runs were carried out). The scattered light
from the samples was detected at 173° at 25 °C. The diffusion
coefficient measured by dynamic light scattering was used to
calculate the size of the NLSs by the Stokes-Einstein equation.
PDI, which represents the homogeneity of the size distri-
bution, was calculated from the analysis of the intensity auto-
correlation function. Each data point was taken as an average
over three independent sample measurements.

Nanoparticle tracking analysis

The size distribution of the NLSs was also evaluated by nano-
particle tracking analysis (NTA) using a NanoSight LM10-HS
(GB) FT14 system with a sCMOS camera (NanoSight,
Amesbury, UK). Furthermore, the particle concentration was

This journal is © The Royal Society of Chemistry 2025
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calculated based on the size distribution of the NLSs, which
was obtained from an average of at least three independent
size distributions. The final concentration of NLS stocks was
determined as 15.6 mg ml™' for all NLSs (100:0, 90:10,
70:30, 50:50 and 0:100). The number of particles of 100: 0,
90:10 and 70:30 NLSs was then calculated in order to
perform biological experiments and exposed cells to the same
amount of NLSs. Finally, for NTA analysis, stocks were diluted
1000-fold from the original concentration in deionized water.
The measurements were performed at 25 °C, with viscosity of
1.0 cP, measurement time of 60 s, and camera gain of 250. The
camera shutter was set to 15 ms. The detection threshold was
fixed at 5.

Critical coagulation concentration (CCC) and critical
stabilization concentration (CSC)

The CCC and CSC of the NLSs were determined by calculating
the Fuchs factor (W), as previously described Peula-Garcia
et al® wusing a Beckman DU 7400 spectrophotometer
(Beckman Coulter, CA, USA) setting the wavelength at 570 nm.
Briefly, 20 ul of the original concentration (15.6 mg mL™") of
each NLSs were diluted in 1 ml of different concentrations of
NaCl and CacCl, solutions and the absorbance was recorded
every 3 seconds for 120 s and measured at 25 °C. From the
analysis of aggregation kinetics, we calculated the CCC,
defined as the minimum salt concentration needed for the
most rapid aggregation, and the CSC related to the surface
hydrophilicity and defined as the minimum salt concentration
at which the system begins to re-stabilize when salinity is pro-
gressively increased.

Atomic force microscopy analysis

Atomic force microscopy (AFM) was used to investigate the
bio-mechanical properties of the different NLSs synthesized.
Samples were prepared by depositing a drop of 7 pl of each
NLSs (100: 0, 90:10, 70:30, 50: 50 and 0:100) at the original
concentration (15.67 mg ml™") onto a substrate of mica. The
samples were let drying at RT and measured with NX20 AFM
(Park Systems, South Korea). For non-contact mode analysis,
ACTA cantilevers with a spring constant (K) of 40 N m™" and a
resonance frequency (f) of 320 kHz were used. Images were
acquired with a 256 x 256 pixels resolution at a scan rate of
0.5-0.7 Hz. The obtained images were then processed and ana-
lysed using XEI software. Representative images of samples
were obtained by scanning at least three different locations on
three different samples for each NLS.

We used NSC-14 probes with a spring constant of 5 N m~
and a resonance frequency of 160 kHz for Force Spectroscopy.
The measurements were performed using the gentle PinPoint
mode, which combines the horizontal and vertical movement
of the tip in an approach-retract manner and allows for the
application of forces of few nano-Newtons to preserve the
sample. The software, simultaneously, acquires topographical
data and each pixel’s force-distance (F-D) curve. We obtained
at least 30 force-distance (F-D) curves in each area only when
the point was in contact with a nanoparticle. The values of

1
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stiffness, adhesion, and elastic modulus were obtained based
on the study of F-D curves according to the specifications pro-
vided by Park Systems. Elastic modulus was given by the slope
in the contact region of the F-D curve, adhesion by the
minimum force in the curve, and stiffness was calculated from
the displacement in F(nN) to tip indentation.

Rheology

Rheological measurements were conducted to characterize the
mechanical properties of the NLS dispersed in water using a
rotational rheometer Haake MARS III (Thermo Fisher
Scientific, Waltham, MA, USA) at a temperature of 25 °C. We
employed a 2° and 6 cm diameter titanium double cone geo-
metry with smooth surfaces (Thermo Fisher Scientific,
Waltham, MA, USA), which minimized wall slip effects. NLS
were prepared for the experiments at a concentration of 40%
v/v. Steady-state rheological measurements were performed,
where the shear stress (o) or viscosity (i7) were measured as a
function of the shear rate (7). In this case, the shear stress (o)
was varied from 1 to 4 Pa. Additionally, oscillatory shear ampli-
tude sweeps and shear frequency sweeps, varying the strain
amplitude (y) from 0.01 to 5 at a constant angular frequency of
6.28 rad s, and the angular frequency from 0.628 to 62.8 rad
s~' at constant strain amplitude of 0.1, respectively. From
these tests, key rheological magnitudes such as the modulus
of the complex viscosity (7*) and the viscoelastic moduli (G'
and G") were obtained.

Biomolecular corona

To study the formation of biomolecular corona on NLSs, 10 pl
of the original concentration (15.6 mg mL™") of each NLS
(100:0, 90:10, 70:30, 50:50 and 0:100) were dispersed in
1 ml of a solution of complete DMEM supplemented with 10%
FBS and incubated at 37 °C for 1 hour. The corona-NLS com-
plexes were obtained by centrifuging the NLSs at 20 000g for
30 minutes at 4 °C to remove unbound proteins, followed by
washing the resulting pellet with PBS. To analyse the changes
in the colloidal properties of the corona-NLS complexes, the
Dy, PDI, and Z-potential were determined in buffer solutions
with pH values of 4, 5, 6, 7, and 8, as previously described.

Ultracentrifugation spin-down assay

The ultracentrifugation spin-down assay of NLSs was per-
formed following the protocol previously described by Kong
et al. 2021.>* A total of 500 pl of the original concentration
(15.67 mg ml™") of NLSs (100:0, 90: 10, and 70 : 30) was care-
fully loaded into the upper filter compartment of a VIVASPIN
500 (Sartorius, UK) polyethersulfone (PES) ultracentrifuge tube
fitted with a 100 nm diameter porous membrane. The tube
was securely capped to prevent leakage during the centrifu-
gation process. The loaded tube was then placed in an ultra-
centrifuge (Mikro 220R, Hettich) and centrifuged at 5000 rpm
for 10 min. Subsequently, the volume of the filtrate passed
through the pores was measured using a micropipette at
1 minute intervals over a total duration of 10 minutes.
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Cellular uptake

Flow cytometry was used to assess the cellular biointeractions of
NLS with U-87 MG cells. For this assay, 1.5 x 10> cells were
seeded into 12-well culture dishes and treated with 3 x 10 par-
ticles per mL of each type of coumarin-6-conjugated NLS (calcu-
lated from NTA data) at various time points (30 minutes, 1 hour,
3 hours, and 24 hours). After incubation, the NLS dispersion was
removed, and the cells were washed twice with PBS. Cells were
then detached using 0.05% Trypsin-EDTA in PBS for 5 minutes at
37 °C. The cell suspension was centrifuged at 500g for 5 minutes,
and the cell pellet was resuspended in 300 uL of PBS. Flow cyto-
metry analysis was performed using a FACSCanto II instrument
(Becton Dickinson, New Jersey, US), and data were analyzed with
FACSDiva 6.1.2 software (Becton Dickinson). Coumarin-6 fluo-
rescence was used to quantify NLS uptake. Cells were gated using
a forward scatter area versus side scatter area plot, and single cells
were selected in a forward scatter height versus forward scatter
area plot. At least 3 x 10> cells were acquired per sample.

Epifluorescence microscopy

U-87 MG cells were seeded at a concentration of 4 x 10* cells
onto 12 mm @ coverslips in 12-well culture dishes and treated
with NLSs (100:0 and 90:10) at the same particle number
concentration of 3 x 10'° part per ml for 1 and 24 hours. Cells
were then fixed with 4% paraformaldehyde (Sigma Aldrich,
MO, USA) in PBS for 15 min at RT. Samples were rinsed three
times with PBS and incubated for 5 min with Hoechst (1 pM,
Sigma Aldrich, MO, USA). Finally, samples were mounted on
microscope slides using Mowiol (Sigma Aldrich, MO, USA).
Image acquisitions were performed using inverted epifluores-
cence microscope (LEICA DM IRB, Leica Microsystems,
Germany) equipped with 40x oil immersion objective (Leica
Microsystems, Germany) and K5 ¢cMOS microscope camera
(Leica Microsystems, Germany). Images were processed with
the open-source software Image].

Cell viability

MTT viability assay was performed to assess the U-87 MG cell via-
bility after NLS exposure and to discard any cytotoxic effect.
Briefly, cells were seeded at 10* cells per well in a 96-well plate
(Corning, Sigma-Aldrich, MI, USA). Cells were cultured for 24 h
and then incubated with the different NLSs (100:0 and 90:10)
for 1 and 24 hours at a concentration of 3 x 10'° particles per ml.
After incubation, following the manufacturer’s instructions, 20 pl
of MTT reagent (CellTiter 96® AQueous One Solution Cell
Proliferation Assay, PROMEGA, USA) were added to each well.
Cells were incubated at 37 °C for 2 h and the absorbance values
at 590 nm were measured using an Infinite M200 Nanoquant
(Tecan, Switzerland) multimode microplate reader.

Human blood-brain barrier in vitro model

Cell culture. Immortalized human brain capillary endo-
thelial cells (hCMEC/D3) were obtained from Cederlane Labs
(Canada). For culturing, 5 x 10* cells were seeded in a 25 cm®
flask  (Becton Dickinson) and supplemented with

This journal is © The Royal Society of Chemistry 2025
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EBM-2 medium containing vascular endothelial growth factor
(VEGF), insulin-like growth factor-1 (IL-1), epidermal growth
factor (EGF), basic fibroblast growth factor (bFGF), fetal calf
serum (2%), gentamicin sulfate/amphotericin B, and hydrocor-
tisone, all sourced from Lonza Biosciences (NC, USA), as pre-
viously described.*® Cells were cultured in an incubator at
37 °C with 5% CO, and 95% humidity. For experiments invol-
ving NLSs, cells were grown in EBM-2 complete medium
during the monolayer formation process, which lasted seven
days. Throughout this period, the cells were kept in an incuba-
tor at 37 °C under a 5% CO, and 95% air mixture with satu-
rated humidity. To maintain cell health, the culture medium
was replenished every two days, and the monolayer medium
was refreshed twice weekly.

In vitro blood-brain barrier NLS transport assays. To investi-
gate the transport of NLSs across the in vitro blood-brain
barrier model, 12-well plates with 0.1% gelatin pre-coated
PTFE Transwell membrane inserts (3.0 pm of pore size and
1.12 cm of surface area;Corning, NY, USA) were used. hCMEC/
D3 cells were seeded in the apical compartment of the
Transwell membrane at a density of 4 x 10* cells per filter in
0.5 mL of EBM-2 medium. The basolateral compartment was
filled with 1.5 mL of EBM-2 medium. Cell cultures were main-
tained for seven days after seeding on the Transwell to ensure
the formation of a functional endothelial cell monolayer.
Transport assays designed to assess the permeability of NLS
across the in vitro blood-brain barrier model were performed
by adding 0.5 mL of medium containing fluorescently-labeled
NLSs (3 x 10'° particles per mL) to the apical compartment of
the Transwell, while the basolateral compartment was filled
with 1.5 mL of medium. The Transwell devices were then incu-
bated at 37 °C with 5% CO,/95% air and saturated humidity to
simulate physiological conditions. At predefined intervals
(1 hour), 100 pL samples were withdrawn from the basolateral
compartment, with sampling continuing up to 4 hours. The
removed 100 pL samples were replaced with fresh medium to
maintain sink conditions. Fluorescence measurements of the
samples were conducted using an Infinite M200 Nanoquant
(Tecan, Switzerland) multimode microplate reader, with a
420 nm filter for excitation and fluorescence emission read-
ings at 500 nm. Serial dilutions of NLS, ranging from 100% to
0.39% of the initial concentration loaded in the Transwell
apical chamber, were prepared to generate a calibration curve
for both NLSs tested (100 : 0 and 90 : 10). Linear regression was
applied to establish the correlation between fluorescence
intensity and NLS mass concentration, which was then used to
determine the total mass of NLS in the basolateral chamber.
The regression coefficients obtained from the linear curve fits
were typically between 0.97 and 0.99 (n = 3 wells, from 2 inde-
pendent culture preparations). The apparent permeability
(Papp) of NLS was determined using the following equation:

Papp :%CO C(lj_?
where A represents the surface area of the membrane in ecm?,
Cy is the initial concentration of NLS in the apical compart-
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ment (ug mL™"), and dQ/dt is the amount of NLS that appears
in the basolateral compartment in the given time period (pg
s~'). trans-Endothelial electrical resistance (TEER) measure-
ments were performed on hCMEC/D3 monolayers using a
CellZscopeE instrument (NanoAnalytics, Miinster, Germany)
before and after NLS transport studies to ensure the integrity
of the cell monolayer upon NLS exposure.

Statistics

The results are expressed as the mean of at least three inde-
pendent replicates, with the standard deviation. Both statisti-
cal analyses and graph generation were performed using
Origin® software.

Conclusions

In this study, five different NLSs were successfully formulated
by blending olive oil and stearic acid in varying proportions
(100:0, 90: 10, 70: 30, 50:50, and 0: 100), with 100:0 repre-
senting olive oil-core NLSs. Comprehensive characterization
identified the 100:0 and 90:10 NLSs as the most promising
candidates for biomedical applications, while the 50:50 and
0:100 systems exhibited high PDI values indicative of aggrega-
tion and instability. Although the 70:30 NLSs initially
appeared viable for biological investigations, their colloidal
instability over time rendered them unreliable for future
applications.

Our findings demonstrate that tuning the NLS core lipid
composition significantly influences their mechanical properties.
NLSs with a pure olive oil core (100:0) exhibited a softer struc-
ture, while increasing the stearic acid content (90: 10 and 70 : 30)
enhanced rigidity. These mechanical differences notably
impacted bio-interactions, particularly with biological barriers
and cellular uptake. Softer 100: 0 NLSs showed superior translo-
cation across biological barriers, as confirmed by centrifugation
spin-down assays and an in vitro human blood-brain barrier
(BBB) model, highlighting their potential for cargo delivery to pro-
tected organs such as the brain. Conversely, glioblastoma cell
uptake studies revealed that the more rigid 90:10 NLSs were
internalized more efficiently by U87-MG cells, suggesting that
increased stiffness may enhance cellular entry.

Given these results and considering that our NLSs were
studied in their bare form (without additional surface
functionalization), it is crucial to balance their mechanical
properties to optimize both barrier penetration and targeted
cellular uptake. Furthermore, although no therapeutic agents
were encapsulated in the present formulations, these systems
are intended for drug delivery applications, making it essential
to evaluate the impact of drug incorporation on nanoparticle
behavior. Since crossing biological barriers—particularly the
BBB—remains a major challenge in nanomedicine and drug
delivery for brain-related diseases, we propose 100:0 NLSs as
the most promising candidates for further studies, including
surface functionalization, to enhance drug delivery to the
brain.
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