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ABSTRACT
Existing vascular endothelial growth factor–oriented antiangiogenic
approaches are known for their high potency. However, significant
side effects associated with their use drive the need for novel anti-
angiogenic strategies. The small GTPase RhoA is an established
regulator of actin cytoskeletal dynamics. Previous studies have
highlighted the impact of endothelial RhoA pathway on angio-
genesis. Rho-associate kinase (ROCK), a direct RhoA effector, is
potently inhibited by Fasudil, a clinically relevant ROCK inhibitor.
Here, we aimed to target the RhoA signaling in endothelial cells by
generating Fasudil-encapsulated CD31-targeting liposomes as a
potential antiangiogenic therapy. The liposomespresented desirable
characteristics, preferential binding to CD31-expressing HEK293T
cells and to endothelial cells, inhibited stress fiber formation and
cytoskeletal-related morphometric parameters, and inhibited
in vitro angiogenic functions. Overall, this work shows that the

nanodelivery-mediated endothelial targeting of RhoA signaling can
offer a promising strategy for angiogenesis inhibition in vascular-
related diseases.

SIGNIFICANCE STATEMENT
Systemic administration of antiangiogenic therapeutics induces
side effects to non-targeted tissues. This study, among others, has
shown the impact of the RhoA signaling in the endothelial cells and
their angiogenic functions. Here, to minimize potential toxicity, this
study generated CD31-targeting liposomes with encapsulated
Fasudil, a clinically relevant Rho kinase inhibitor, and successfully
targeted endothelial cells. In this proof-of-principle study, the ef-
ficient Fasudil delivery, its impact on the endothelial signaling, mor-
phometric alterations, and angiogenic functions verify the benefits
of site-targeted antiangiogenic therapy.

Introduction
The effort to block angiogenesis in vascular-related diseases

has been taking place for almost half a century with several
promising angiogenesis inhibitors in the clinic (Pepper, 1997).
However, several issues associated with their use as anticancer
therapy prompt the interest in developing novel antiangiogenic

approaches (Mattheolabakis and Mikelis, 2019). The bottleneck
of antiangiogenic therapy is evasive resistance, the endothelial-
derived resistance to angiogenesis inhibitors, via the upregula-
tion and secretion of other growth factors, overcoming the blockade
of vascular endothelial growth factor (VEGF) signaling, targeted
by the majority of current antiangiogenic approaches (Wong et al.,
2016; Zahra et al., 2021).
It is known that small GTPases regulate important biologic

functions in endothelial cells, including mediation of angiogenesis
(Tan et al., 2008; Barry et al., 2015; Nohata et al., 2016; Lavi~na
et al., 2018). The initial role of the small GTPase Ras homolog
family member A (RhoA) was determined in cell migration,
where it is known to regulate the migratory potential of many
cell types (Ridley, 2015). In endothelial cells, RhoA has been
shown by our and others’ work to regulate angiogenic and lym-
phangiogenic processes (Zeng et al., 2002; van Nieuw Amerongen
et al., 2003; Mikelis et al., 2013; Zahra et al., 2019; Akwii et al.,
2022). Most importantly, it is activated downstream of VEGF
and regulates VEGF-driven endothelial functions (Zeng et al.,
2002; van Nieuw Amerongen et al., 2003; Zahra et al., 2019). In
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vivo, limited RhoA activation by combined global deficiency of
PDZ-RhoGEF and leukemia-associated RhoGEF, two RhoA
guanine nucleotide exchange factors and, thus, RhoA activa-
tors, led to embryonic lethality due to vascular deficiencies
(Mikelis et al., 2013). Moreover, the downstream RhoA effector
Rho-associated protein kinase (ROCK) is also considered piv-
otal for VEGF-induced angiogenesis regulation as ROCK inhib-
itors blocked VEGF-induced angiogenesis in vitro and in vivo
(Bryan et al., 2010). However, the direct administration of
ROCK inhibitors is expected, apart from suppressing the RhoA
signaling in endothelial cells, to impact the RhoA-regulating
functions of many cell types. To achieve higher endothelial spe-
cificity, we chose to explore delivering the ROCK inhibitor via
targeted nanodelivery approaches.
The last few decades, liposomal formulations have been incorpo-

rated into clinical applications for cancer treatment, with Doxil
leading the way of Food and Drug Administration approvals. Cur-
rently, several liposome-based formulations of active compounds
are being evaluated in clinical trials (Bulbake et al., 2017). The li-
posomal hydrophobic bilayer surrounds a hydrophilic core, which
allows the incorporation of both hydrophilic and hydrophobic com-
pounds in their structure (Mattheolabakis et al., 2012b). The tech-
nological advances have led to the development of several variants
of liposomal formulations depending on the need: i.e., long-
circulating liposomes demonstrate prolonged presence in the circu-
lation and rely on the incorporation of hydrophilic neutral polymers
[predominately polyethylene glycol (PEG)] on the surface of the
nanocarrier (Pattni et al., 2015).
To facilitate the need for tissue- and cell type–specific active

targeting, the regular approach relies on the incorporation of a
targeting moiety on the surface of liposomes, commonly attached
to the distal end of the PEG molecules (Pattni et al., 2015). The
active targeting moiety can be antibodies, antibody fragments,
peptides, sugars, or others (Pattni et al., 2015; Zhang et al.,
2020), and the principle relies on the overexpression of mem-
brane receptors in certain cell types, especially under pathologic
conditions (Akhtar et al., 2014). Active targeting moiety pro-
motes the binding of the nanoparticles to membrane receptors,
inducing the nanocarriers’ accumulation on a specific cell type
surface, which results in the local increase of the encapsulated
drug and minimizes nonspecific accumulation in other tissues.
Depending on whether the receptor can induce uptake, the drug
can have an additional pathway to enter the targeted cell (Ba-
zak et al., 2015; Attia et al., 2019).
In the present study, we aimed to specifically target the

endothelial cells with the clinically relevant ROCK inhibitor
Fasudil (F) (Nohria et al., 2006; Fava et al., 2012). We hy-
pothesize that targeted delivery of Fasudil will block the
RhoA signaling pathway in the endothelial cells and will in-
hibit their angiogenic potential. For this, we engineered liposo-
mal nanoparticles decorated with cluster of differentiation 31
(CD31)-targeting antibodies, containing Fasudil, and evaluated
their parameters, confirmed their selective binding to CD31-
expressing cells, and explored the impact of the inhibition of the

downstream RhoA molecular pathway in alteration of morpho-
metric parameters, stress fiber formation, and in vitro angio-
genic functions. Overall, this study provides a proof of principle
for nanodelivery-based endothelial RhoA targeting, overcoming
the side effects of nonspecific targeting of the RhoA pathway for
more targeted therapeutic applications.

Materials and Methods
Materials. Lipids, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)

(Cat# 850355P), 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt) [(16:0 PEG2000
PE) Cat# 880160], and cholesterol from ovine wool (Cat# 700000P)
were purchased from Avanti polar lipids, Inc. (Alabaster, Alabama).
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide(polyethy-
lene glycol)-2000] (ammonium salt) [(DSPE-PEG-Mal) 2000 molecular
weight; Cat# PLS-9902] were purchased from Creative PegWorks
(Chapel Hill, NC). Mouse Gamma Globulin Control (IgG), Invitrogen
(Cat# 31878), and Mouse CD31 [platelet endothelial cell adhesion mole-
cule 1 (PECAM-1)] rat anti-mouse antibody, Clone: 390, eBioscience
(Cat# 50-125-22).

Cell Culture. The mouse brain endothelial cell line bEnd.3 (Ameri-
can Type Culture Collection, Cat# CRL-2299) used in this study was
kindly provided from Dr. Abbruscato’s laboratory at Texas Tech Uni-
versity Health Sciences Center, and the human embryonic kidney
293T (HEK293T; American Type Culture Collection, Cat# CRL-3216)
cells were kindly provided by the Astrinidis laboratory at University
of Tennessee Health Sciences Center. The cells were cultured in
DMEM (Fisher Scientific, Cat# 11-995-073) supplemented with 10%
FBS; Gibco; Cat# 10438026), 1X antibiotic-antimycotic solution (Gibco,
Cat# 15240-062), and 1X nonessential amino acid (Gibco; Cat# 11-140-
050). The cells were cultured on uncoated cell culture flasks as per man-
ufacturer’s protocols and maintained at 37�C with 5% CO2 exposure.
bEnd.3 cells were used between passages 24 and 29, and the medium
was refreshed on every 3rd day (Prasad et al., 2017).

Human umbilical vein endothelial cells (HUVECs) were isolated
from human umbilical cords obtained after C-sections. The protocol
(A15-3891) was approved by the Texas Tech University Health Sciences
Center Institutional Review Board, and informed consent was obtained
from all donors. Cell culture of HUVECs took place in M199 medium
(Corning, Cat# MT10060CV), with 15% FBS (Gibco; Cat# 10438026),
150 mg/ml endothelial cell growth supplement, 5 U/ml heparin sodium,
and 1X antibiotic-antimycotic solution (Gibco, Cat# 15240-062), which
was considered endothelial cell complete medium. Prior to HUVEC
plating, the dishes were coated with 1% gelatin in PBS. Each HUVEC
isolate was from a single donor, but the cells of at least two donors were
used in the experiments to ensure reproducibility. HUVECs were used
between passages 1 and 6. All cell cultures were maintained at 37�C
and 5% CO2 (Zahra et al., 2019).

Preparation and Purification of Nontargeting Liposomes.
Fasudil liposomes (FLs) were prepared through thin-film evaporation
technique. A mixture of lipids containing DPPC, cholesterol, and 16:0
PE-PEG 2000 PE, with the respective amount of 50, 11.2, and 6 mg,
was used for the preparation of the liposomes. The lipids were dis-
solved in a 4:1 (V/V) mixture of chloroform and methanol (total vol-
ume, 10 ml). The total concentration of lipids in this preparation was
35 mM. The organic solvents were evaporated using a rotary evapora-
tor (Buchi Rotor Evaporator R-210; BUCHI Labortechnik AG,
Switzerland) at 45�C for �3 hours to form a solid film in a round-

ABBREVIATIONS: Ab, antibody; CD31, cluster of differentiation 31; CD31FL, CD31-targeting Fasudil liposome; CD31L, CD31-targeting empty
liposome; DLS, dynamic light scattering; DSPE-PEG-Mal, 1, 2-dostearoyl-sn-glycero-3-phosphoethanolamine-N-[maleimide (polyethylene gly-
col)-2000] (ammonium salt); F, Fasudil; FL, Fasudil liposome; HEK293T, human embryonic kidney 293T; HUVEC, human umbilical vein endo-
thelial cell; IgGFL, IgG-conjugated Fasudil liposome; MLC, myosin light chain; MTT, 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-2H-tetrazolium
bromide; PDI, polydispersity index; PECAM-1, platelet endothelial cell adhesion molecule 1; PEG, polyethylene glycol; pMLC, Phospho-Myosin
Light Chain; RhoA, Ras homolog family member A; ROCK, Rho-associated protein kinase; RT, room temperature; TEM, transmission electron
microscopy; VEGF, vascular endothelial growth factor.
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bottom flask. Complete evaporation was achieved using a freeze dryer
(LABCONCO, Cat# 7670520) for 30 minutes. The formed thin film
was hydrated in either PBS to prepare nontargeted (empty) liposomes
or a solution of Fasudil (LC Laboratories, Cat# F-4660) in PBS
(25 mg/ml) to prepare Fasudil-encapsulated liposomes, followed
by vigorous vortexing for 10 minutes to break the film (PBS,
pH 5 6.7, containing 0.1 M Na2HPO4 and 0.15M NaCl). The sus-
pension was bath sonicated at 60�C for �1.5 hours. Then, probe
sonication was performed (using Fisher Scientific; model, FB120
MODEL; power, 120W) at 60�C for �1 hour. The removal of nonen-
capsulated drug was achieved by passing the drug-loaded liposomes
through a Sephadex-G-25 PD-10 column (Cytiva, Cat# 45-000-148)
equilibrated with PBS (1X, pH 6.7) (Gupta et al., 2013).

Preparation and Purification of Antibody-Conjugated Lipo-
somes. To prepare targeted liposomes, the postinsertion method was
used to conjugate antibodies to the nanoparticles (Yang et al., 2018). For
antibody conjugation, DSPE-PEG(2000)-Mal was added during liposome
preparation. In parallel, an equal concentration (500 mg/ml) of antibodies
(Ab) (mouse IgG and mouse CD31) was thiolated by mixing Traut’s re-
agent (ThermoScientific, Cat# 26101) at a molar ratio of 1:5 and 1:10 of
Ab:Traut’s reagent, respectively. As per manufacturer’s instructions, the
mixture was incubated at room temperature (RT) under gentle continu-
ous agitation for 1 hour in PBS containing 3.5 mM EDTA (pH 8.0). The
nonreacted Traut’s reagent was removed by Zeba spin desalting col-
umns (ThermoScientific, Cat# 89891). The antibody (Ab) was conjugated
to liposomes containing DSPE-PEG-Mal and incubated overnight at RT.
The coupling reaction was performed under oxygen-free conditions using
nitrogen atmosphere. As the maleimide group on DSPE-PEG-Mal is
highly sensitive to the alkaline pH, to avoid rapid hydrolyzation of the
maleimide group, the reaction was performed in PBS, pH 6.7.

2-Mercaptoethanol was used to cap the excess maleimide groups.
Quenching of the reaction took place with 2 mM 2-mercaptoethanol
for 30 minutes. The remaining nonreacted antibody was removed by
ultracentrifugation at 60,000g at 4�C for 30 minutes and resuspension
of liposomes in 800 ml PBS (1X, pH 6.7) thrice. After the purification,
liposomes were stored at 4�C in the dark for a maximum 8-week pe-
riod (Gholizadeh et al., 2018a). The conjugation of Ab to the liposomes
was confirmed by gel electrophoresis.

Encapsulation Efficiency. A gradient ultraperformance liquid
chromatography method was developed to quantify the amount of encap-
sulated Fasudil in liposomes. Fasudil content was detected at 320 nm, by
disrupting the nanoparticles in (1%) Triton X-100 in PBS.

The analysis of Fasudil was performed using reverse-phase ACQUITY
UPLC H-Class (Waters) with C8 column (Acquity, 50 mm × 2.1 mm,
1.7 mm) using the following parameter settings: the mobile phases (A)
and (B) were 2 mM ammonium formate in water and ultraperformance
liquid chromatography–grade methanol, respectively. The gradient elu-
tion was programmed as follows: 0 minutes 90% A; 0–2.00 minutes to
10% A; 2.00–3.00 minutes 10% A; 3.00–3.10 minutes to 90% A; and
3.10–4.00 minutes 90% A. The flow rate was set as 0.4 ml/min. The au-
tosampler and column temperatures were 10�C and 40�C, respectively.
The sample injection was performed using an automatic sampler, and
the volume of injection was 2 ml. The following equation was used to
calculate the drug encapsulation efficiency (Li et al., 2022):

Drug encapsulation efficacy5Fasudil loaded innanoparticles =

totalmass of Fasudil added initially (1)

Stability. Thirty microliters of nanoparticle suspension was mixed
with 970 ml DMEM medium containing 10% FBS and incubated at
37�C in water bath. At specific time intervals, samples were with-
drawn, and the particle size and f potential were measured by dynamic
light scattering [(DLS) Malvern, Zetasizer, Nano-ZS90] (Lyu et al.,
2019). For each sample, three measurements were taken with 10 runs
per measurement. The particles’ charge was measured for f potential,
a reference parameter for colloidal stability. As a repellent surface

force, this parameter contributes in the formulation stability by keep-
ing the dispersed nanoparticles separate.

Storage Stability. The stability of the different liposomal nano-
particles was evaluated for 36 days. For this study, liposomes (500 ml)
were stored at 4�C, and samples were withdrawn on days 0, 12, 24,
and 36 and analyzed for particle size and polydispersity index (PDI),
as described above.

Binding Studies. Liposome binding by b.End3 cells was deter-
mined by flow cytometry. One hundred thousand cells/well were cul-
tured in a 12-well plate until 70% confluency was reached. Cells were
incubated with liposomes in DMEM cell culture medium for 30 minutes,
1 hour, and 4 hours at 37�C. After removing the culture medium and ex-
cess of liposomes, the cells were washed three times with ice-cold PBS,
trypsinized, and stained with secondary Alexa Fluor antibodies in the
dark for 30 minutes. Binding of liposomes and secondary antibody by
the cells was quantified via flow cytometry with BD FacsVerse. Gener-
ally, 10,000 events were acquired per sample (Gholizadeh et al., 2018a).
The data were further analyzed by FlowJo and expressed as mean fluo-
rescence intensity (Whittenton et al., 2013; Gholizadeh et al., 2018b).

Cell Transfection. The pcDNAI Neo mouse PECAM FL plasmid
was a gift from Steven Albelda (Addgene plasmid # 42901; http://n2t.net/
addgene:42901; RRID:Addgene_42901). The plasmid was transfected
into HEK-293T cells using TurboFect Transfection Reagent (Thermo
Fisher Scientific, Cat# R0533), PolyFect Transfection Reagent (Qiagen,
Cat# 301105) and Lipofectamine 2000 (Thermo Fisher Scientific, Cat#
11668019) in antibiotic- and serum-free DMEM (with the exception of
TurboFect, where we used complete media), following manufacturers’
instructions. The media was changed to complete media after 6 hours.
When the cells reached the ideal confluency the knocked-in effi-
ciency was checked by flow cytometry, gel electrophoresis and western
blot analysis before the cells were destined for further experiments
(Sigurdardottir et al., 2021).

Phase Contrast Live Cell Imaging. Twenty thousand b.End3
cells/well were cultured on 24-well glass plates (24-well glass-bottom
plates, Cellvis Cat#P24-1.5H-N) overnight. The next day, cells were
rinsed twice with PBS to remove any dead cells and debris and re-
placed with fresh complete medium. The plate was then carefully
mounted onto the Livecyte (by Phasefocus), machine and constant ac-
quisition was commenced at determined time points for 24 hours.

Cell Viability Assay. The 3-[4, 5-dimethylthiazol-2-yl]-2, 5- dime-
thyltetrazolium bromide [(MTT) Fisher; Cat# AC15899] colorimetric
assay was used to evaluate cell viability (Zahra et al., 2019). Eight
thousand cells in 200 ml of complete media were seeded in each well of
a 96-well plate and incubated for 48 hours at 37�C under 5% CO2.

After that period, the cells were treated with Fasudil or Fasudil-
encapsulated liposomal nanoparticles for 48 hours. At the end of the
incubation period, 20 ml of MTT stock solution (5 mg/ml in PBS) was
added in each well for 2 hours to allow formazan crystal formation.
Then, the medium was removed, and formazan crystals were dis-
solved with 100 ml DMSO upon agitation for 10 minutes. The absor-
bance values were obtained using a microplate reader at 570 nm
(Twentyman and Luscombe, 1987).

Immunoblotting. Protein expression and activation analysis was
performed as previously reported (Zahra et al., 2019; Akwii et al., 2022).
Briefly, the cells were lysed on ice in RIPA buffer (10 mM Tris-HCl,
1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% sodium deoxy-
cholate, 0.1% SDS, and 140 mM NaCl) in the presence of protease
and phosphatase inhibitors (Halt Protease and Phosphatase Inhibi-
tor Cocktail, Thermo Scientific, Cat# 78445) unless specified. The cell
lysates were centrifuged at 12,000g for 5 minutes at 4�C. Upon elution
of the supernatant in Laemmli sample buffer, the samples were heated
at 95–100�C and centrifuged briefly at maximum speed. Equal amounts
of proteins were subjected to SDS-PAGE electrophoresis and trans-
ferred on a polyvinylidene difluoride membrane (Immobilon P, Millipore
Sigma, Cat# IPVH304F0).

The membranes were blocked with 5% milk in Tris-buffered saline/
Tween 20 and probed with primary antibodies for Phospho-Myosin
Light Chain [(pMLC) 1:1,000; Cell Signaling Technology, Cat#3674],
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Tubulin (1:2000; Cell Signaling Technology, Cat#2146), CD31 (PECAM-
1; 89C2; 1:1,000; Cell Signaling Technology, Cat#3528), and secondary
anti-rabbit (Southern Biotech, Cat# 4010-05) and anti-mouse (Southern
Biotech, Cat# 1010-05) horseradish peroxidase–conjugated antibod-
ies. Immunoreactive bands were visualized by Immobilon Western
Chemiluminescent HRP Substrate (Millipore Sigma, Cat# WBKLS0500),
and the quantification of intensity of the immunoreactive bands took
place with the ImageJ image analysis software (National Institutes of
Health).

Immunofluorescence Staining and Confocal Microscopy.
For the immunofluorescence experiments, the cells were seeded on circu-
lar cover glasses (Fisherbrand, Cat# 12-545-80) in a 24-well plate. At
about 70% confluency, the cells were treated with F, Fasudil liposomes
(FL), CD31-targeting Fasudil liposomes (CD31FL), CD31-targeting
empty liposomes (CD31L), and IgG-conjugated Fasudil liposomes
(IgGFL) for 30 minutes, 1 hour, and 4 hours. The cells were treated
with 30 mM of Fasudil (free or encapsulated) in all treatment groups,
and the concentration of the liposomes was adjusted to refer to the
same Fasudil concentration. After treating all groups at 37�C, the
cells were fixed with 4% paraformaldehyde in PBS for 10 minutes at
RT. Then, they were stained with Alexa Fluor 488 Phalloidin (Molecu-
lar Probes, Cat# A12379) for 45 minutes at RT and washed three times
with PBS. Cell nuclei were stained with Hoechst (1:2000 in PBS; Mo-
lecular Probes, Cat# 33342). After mounting, the slides were left in the
dark at RT for 2 hours before storage at 4�C. Stained samples were im-
aged using a Leica TCS SP8 confocal microscope. All laser parameters
were maintained throughout all experimental samples. For each exper-
iment, 5–10 images at the same focal plane were taken for further
evaluation (Gir~ao-Silva et al., 2021).

Tube Formation Assay. Matrigel tube formation assay was per-
formed as previously described (Mikelis et al., 2011). Briefly, 40 ml of
reduced growth factor–Basement Membrane Extract (Trevigen, Cat#
3433) were added in each well of a 96-well plate. The extract was left
to polymerize for 20 minutes at 37�C with 5% CO2. b.End3 cells were
resuspended in either starvation medium or complete medium and
quantified. Fifty thousand or 70,000 cells per well were added in star-
vation or full medium, as indicated, and were incubated for 6 hours at
37�C with 5% CO2. After optimization of the experimental conditions
(fewer than 50,000 b/End3 cells/well did not provide sprouts in our ex-
perimental settings), 70,000 cells/well in the different groups were
treated with F, FL, CD31FL, CD31L, and IgGFL. The concentration
of Fasudil for all groups was 30 mM. Sprout images were obtained by
a bright-field microscope (Microscoptics, IV-900) connected with a digi-
tal camera (AmScope FMA050) in the 4× magnification. The quantifi-
cation of number of nodes, number of junctions, and total sprout
length was achieved with the “Angiogenesis Analyzer” plug-in in
ImageJ image analysis software (National Institutes of Health).

Cell Migration Assay. The cell migration experiments were per-
formed in 48-well Boyden chambers with 8-mm pore polyvinyl pyrroli-
done-free polycarbonate membranes (NeuroProbe, Cat# PFB8) as
previously reported (Mikelis et al., 2013). The membranes were pre-
coated with collagen (10 mg/ml). After a 4-hour starvation, the b.End3
cells were trypsinized and centrifuged. Pretreated cells with F, FL,
CD31FL, CD31L, and IgGFL for 4 hours at 37�C were added to the
upper chamber, and DMEM without FBS was added to the lower
chamber. In both lower and upper chambers, the concentration of free
or liposome-encapsulated Fasudil corresponded to 30 mM. Upon pre-
treatment, 50,000 cells were resuspended in 50 ml starvation medium
in the presence of treatment and added in the upper compartment of
each well, with the same treatment happening in the lower compart-
ment. The cells were incubated for 6 hours at 37�C with 5% CO2. At
the end of the incubation period, the membrane was fixed (methanol
for 10 minutes at RT), stained for hematoxylin (40 minutes at RT),
washed twice (dH2O), and stretched on a glass slide with the lower
side facing down. All cells on the top (nonmigrating) were carefully re-
moved, and migrating cells (lower side) were counted at a brightfield
microscope (Microscoptics, IV-900) at 40X magnification. The quantifi-
cation took place in a blinded manner.

Cryo Sample Preparation for Transmission Electron Micros-
copy Analysis. Three microliters of sample solution was applied to a
300-mesh Lacey Carbon film grid (EMS LC300-CU-150). The blotting
procedure and the quenching of specimens were performed with a cryo-
plunge 3 (gatan) using 1.7-second plotting time. After cold stage transfer,
the samples were mounted and examined in JEOL JEM 1400 electron
cryo-microscope (Japan) operating at an accelerating voltage of 120 kV.
The stage temperature was kept below �170�F, and images were re-
corded at defocus setting with gatan US1000xp2 camera.

Statistical Analysis. All experiments were repeated at least
three times with similar results. For two independent groups, statisti-
cal analysis was performed by unpaired two-tailed Student’s t test,
and for more than two independent groups, statistical analysis was
performed by one-way ANOVA, followed by Dunnett’s multiple com-
parisons test. GraphPad Prism version 9.00 for Windows (GraphPad
Software, San Diego, CA) was used for data analysis, and the results
were expressed as mean ± S.E.M. The asterisks in the figures denote
statistical significance (*P < 0.05; **P < 0.01; ***P < 0.001).

Results
Preparation and Characterization of Immunoliposomes

The liposomes in this study were prepared using the thin-film
evaporation technique. The lipids were dissolved in chloroform
and methanol, and upon evaporation of the organic solvents, the
film was hydrated in PBS in the presence or absence of Fasudil.
The strategy for the preparation of the liposomes (FL as nontar-
geted particles, CD31FL as treatment liposomes, and IgGFL as
antibody-carrying negative control liposomes), as described in
detail in Materials and Methods, is illustrated in Fig. 1. The
CD31 antibody and IgG antibody were covalently linked to
DSPE-PEG-Mal by Traut’s reagent via maleimide-thiol coupling
reaction.
The physicochemical properties of all Fasudil-loaded lipo-

somes were within acceptable range (Fig. 2A). The average li-
posomal sizes, determined by DLS, of CD31FL and IgGFL
were 170.0 ± 6.7 nm and 173.2 ± 6.7 nm, respectively, with no
statistically significant difference, compared with FL, of which
the particle size was 158.0 ± 12.7 nm, suggesting that the cou-
pling process did not significantly impact the vehicle size. The
prepared liposomes showed a slightly negative f potential of
around �17 mV (Fig. 2A), which is expected due to the local-
ized negative charges on the phospholipid head groups in the
liposomal bilayer. The PDI was in the range of 0.15 and 0.20
(Fig. 2A), suggesting that the formulations had a relatively
narrow size distribution. The above physicochemical proper-
ties were in agreement with other studies (Lu et al., 2018; Lyu
et al., 2019; Sun et al., 2019; Wang et al., 2021). The average
Fasudil encapsulation efficiency was around 3%–6%, resulting
in an average loading content of approximately 0.350 mg/ml
(antibody-conjugated liposomes) to 0.7 mg/ml (nontargeted Fa-
sudil liposomes) for different particles (Fig. 2A). Similar encap-
sulation efficiencies have been reported for the film hydration
method of hydrophilic drugs (Gholizadeh et al., 2018a). Trans-
mission electron microscopy (TEM) images verified that the lipo-
somal nanoparticles had a round, well defined spherical shape
with a smooth surface (Fig. 2B). The formulations showed little
to no aggregations, indicating that the nanoparticles were homo-
geneously dispersed, which was in line with the DLS results
(Fig. 2A).
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Storage Retention and Stability of the Immunoliposomes

One of the greatest challenges in nanoparticle design is to
increase their potency to sufficiently reach the therapeutic site

while minimizing undesired accumulation (Barua and Mitra-
gotri, 2014). As the stability of nanoparticles in serum is indic-
ative for their targeting potential, their stability was studied

Fig. 1. Preparation strategy of Ab-conjugated liposomes. Schematic representation of (A) liposome formation and (B) antibody conjugation strategy.
Antibody-liposomal conjugation took place via reaction with Traut’s reagent.

Fig. 2. Liposomal characterization. (A) Table summarizing the average size, f potential, PDI, and percentage of encapsulation efficiency (EE). (B) TEM
images of FL, IgGFL, and CD31FL. Scale bar, 200 nm. (C) Stability assessment of FL in terms of size and PDI for 40 hours in media containing 10%
FBS at 37�C (size in all time points compared with that of time 0) (n 5 3). (D) Assessment of storage stability of 4�C based on size and PDI of the FL,
IgGFL, and CD31FL liposomes (size in all time points compared with that of time 0 for each liposomal group) (n 5 3).
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by measuring the changes in particle size and PDI using the
DLS method. The liposomal formulations were dispersed in
10% FBS medium for 40 hours at 37�C, and the particle size
was measured at predetermined time points. The particle size
and PDI of FL were not altered within the first 15 hours
(Fig. 2C), indicating that FL presented high stability within at
least the first 15 hours at 37�C. After that point, the stability
of the particles was lightly affected, demonstrating an expected
(Lyu et al., 2019) slight increase in the size of the particles and
their respective PDI values.
To further examine the stability of the formed liposomes, we

assessed potential alterations in particle size and PDI of for-
mulations under storage. The particle size and PDI of the for-
mulations were monitored for almost 5 weeks when stored at
4�C. We observed no changes in size and PDI in the formula-
tions stored at 4�C, suggesting that the vesicles remained sep-
arated, and no appreciable aggregation during the storage
period took place (Fig. 2D). It should be noted that the values
in Fig. 2, C and D are generated by the average size of each
batch measured and not by the extreme values of individual
liposomes per batch.

Evaluation of Antibody Conjugation on the Liposomal
Nanoparticle Surface

We next sought to confirm whether the murine CD31 and
IgG antibodies had been covalently coupled to the liposomal
surface. The coupling, mediated by Traut’s reagent, occurred
via the addition of a thiol group to the antibody and the reaction
with the DSPE-PEG-Mal (Hermanson, 2013; Ravasco et al.,
2019). Next, immunoblotting was performed to check for the
presence of antibodies on the liposomal nanoparticles (Fig. 3A).
Free murine CD31 and IgG antibodies were added as control
and migrated as two bands of approximately 25 and 55 kDa,
which correspond to the light and heavy chains of the antibody,
respectively (Fig. 3A). Control (nontargeted) FLs showed no
bands, whereas CD31FL and IgGFL showed bands at 25 and
55 kDa, corresponding to the molecular mass of antibody heavy
or light chains coupled to the liposomes (Fig. 3A).
The unconjugated antibodies were separated from the ones

conjugated to the liposomal nanoparticles through ultracentri-
fugation, and the purity of the particles or removal of free anti-
bodies was assessed by immunoblotting (Fig. 3, B and C). For
this, the antibody presence was monitored in particles and super-
natant after every 30 minutes of purification and replacement

with fresh PBS. As observed, both particles and supernatant
after 30 minutes of centrifugation at 60,000g showed two
bands of approximately 25 and 55 kDa, which correspond to
the light and heavy chains of the antibodies, respectively. How-
ever, after removal of the supernatant, resuspension of the lip-
osomes, and additional 30-minute centrifugation (two times),
i.e., 1-hour and 1.5-hour time points, only the CD31FL and
IgGFL particles showed the corresponding antibody bands, but
no antibody was detected in the supernatant. These results
demonstrated that upon use, the liposomal nanoparticle solu-
tion did not contain free antibodies, which was important for
the proper binding estimation.

Evaluation of Binding Specificity of the Immunoliposomes

Since our liposomes were designed to target the CD31-expressing
endothelial cells, we first wanted to evaluate their binding spe-
cificity. Thus, we generated an artificial expression system by
transfecting HEK293T cells, which lack CD31 expression, with
a plasmid encoding murine CD31. We evaluated several trans-
fection reagents for their transfection efficiency (Fig. 4, A and
B) and selected Lipofectamine 2000 for further studies. To eval-
uate the binding of the CD31FL particles on the murine CD31-
expressing or control HEK293T cells, we detected the CD31
antibody presence by the specific binding of the specific fluorescein
isothiocyanate–conjugated secondary antibody (Whittenton
et al., 2013). The selective binding of the CD31FL liposomes
upon CD31 expression was verified at all evaluated time points
(0.5 hours, 1 hour, 4 hours; Fig. 4C). In all time points, the
comparative binding of the control liposomal nanoparticles
(FL, IgGFL) with the CD31FL verified the specific binding of
the CD31FL on CD31-expressing cells (Fig. 4D).
We then evaluated murine CD31 expression in various mu-

rine and human cell lines, such as the human primary endo-
thelial cells (HUVECs; Fig. 4A), the murine macrophage cell
lines Raw264.7 and J774.1, and the murine brain endothelial
cell line b.End3 (Fig. 5A). CD31 expression was assessed by
immunoblotting (Figs. 4A and 5A) and flow cytometry (not
shown). As expected, the b.End3 cells presented strong CD31
expression and were subsequently selected for the study. Simi-
lar to the CD31-expressing HEK293T cells, the binding of the
CD31FL on the b.End3 cells was specific and significant in all
three time points assessed (Fig. 5, B and C). Our findings are
in agreement with previous results of the secondary antibody-
based immunoliposome detection method (Lu et al., 2018)

Fig. 3. Evaluation of conjugation of antibodies to the surface of the liposomal nanoparticles. (A) Representative western blot image demonstrating
IgG and CD31 antibody conjugation on the liposomes. Pure isolated antibody was run as positive control. (B and C) Representative western blot
images demonstrating the liposomal nanoparticle purification after antibody conjugation of (B) CD31 and (C) IgG antibodies. Liposome particle
(P) versus the supernatant of the same sample (Sup) after 0.5, 1 (2 × 30 minutes), and 1.5 hours (3 × 30 minutes) of centrifugations. Commercial
CD31 antibody was run as positive and Fasudil liposomes were run as negative controls.
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since CD31FL showed stronger binding compared with the
other particles, confirming the CD31-dependent mechanism.

Toxicity Studies of Fasudil and Fasudil-Encapsulated Liposomes
on b.End3 Cells

To investigate the in vitro cytotoxicity of the liposomes, an
MTT assay was performed on the b.End3 cells following treat-
ment with Fasudil, FL, or CD31FL. Free Fasudil was initially
tested over a wide range of concentrations (up to �5 mM) and
showed an IC50 value of 90.21 ± 4.66 mM (Fig. 6, A and E).
Based on this IC50, the Fasudil-containing liposomes were
tested within a concentration range of 0–320 mM and showed
an IC50 of 187.5 ± 8.21 mM (Fig. 6, B and E), higher than the
free drug (Fig. 6, A and E), and the IgGFL presented a similar
trend (Fig. 6, D and E). CD31FL treatment increased the cells’
survival rate, with an IC50 of 211.6 ± 14.00 mM (Fig. 6, C and E).
Conjugation of the CD31-targeting antibody did not substantially
alter the CD31FL IC50 from the FL one, and the IC50 was still
higher than free Fasudil (Fig. 6E). This could be explained as Fa-
sudil’s target, ROCK, is a known regulator of both early and late
apoptotic stages (Shi and Wei, 2007); thus, increased Fasudil in-
corporation in nontoxic concentrations could potentially increase
survival. Another explanation could be limited uptake due to ste-
ric hindrance (Botosoa et al., 2011; Ringgaard et al., 2020), which
would still provide advantage for potential in vivo applications.
Free CD31-targeting antibodies are normally not internalized

per se in endothelial cells, but when conjugated to nanocarriers,
they are internalized via a noncanonical endocytic pathway (Han
et al., 2012), and as noninternalizable endothelial antigens, they
support stable and prolonged endothelial targeting. CD31-targeting
nanoparticles have shown endothelial-specific targeting, especially
in the lungs (Parhiz et al., 2018). However, the endocytosis of the
nanoparticles depends on the flow and the CD31 epitopes targeted
(Han et al., 2012, 2015). RhoA activation and stress fiber formation
inhibits CD31-mediated internalization (Han et al., 2012), whereas
on the other hand, RhoA activation is important for endocytosis of
CD31-targeting nanoparticles (Garnacho et al., 2008), upon which
we aim to block the pathway in the endothelial cells. The advan-
tage of CD31 targeting is the preservation of endothelial barrier
function (Garnacho et al., 2008) and, thus, the reason it was se-
lected for our study. It is considered that noninternalizable endo-
thelial antigens support stable and prolonged endothelial
targeting (Murciano et al., 2001), which supports the use of
CD31-targeting nanoparticles for endothelial RhoA inhibition.

Fasudil and Fasudil-Encapsulated Liposomes Inhibit Myosin
Light Chain Phosphorylation in b.End3 Cells

Fasudil is a clinically relevant inhibitor of ROCK, the direct
RhoA downstream target (Nohria et al., 2006; Fava et al., 2012).
Downstream of ROCK is the myosin light chain (MLC), which is
involved in the rearrangement of actin cytoskeleton (Matsui
et al., 1996; Mikelis et al., 2015). To assess the lowest Fasudil

Fig. 4. Assessment of binding of CD31-targeting liposomal nanoparticles on CD31-expressing HEK293T cells. (A) Representative western blot images
and (B) flow cytometry quantification of HEK293T cells without or with murine CD31 expression upon transfection with different transfection re-
agents. Transfection with lipofectamine 2000 (Lipof.2000) was further used for the binding experiments (groups compared with the mock-transfected
control group) (n 5 3). (C) Flow cytometry graphs representing binding of CD31 antibody-conjugated Fasudil liposomes (CD31FL) in HEK293T cells
expressing or not expressing murine CD31 at 37�C under 0.5, 1, and 4 hours of incubation (binding on CD31-expressing cells compared with binding
of non–CD31-expressing cells for each time point) (n 5 3). (D) Flow cytometry graphs representing comparative binding of FL, IgGFL, and CD31FL
in each respective time point of incubation (each CD31-expressing group compared with the nonexpressing group of the specific treatment and time
point) (n 5 3). ***P < 0.001. C, control; CD31FL, CD31-targeting Fasudil liposomes; FL, Fasudil liposomes; IgGFL, IgG-conjugated Fasudil liposomes;
MFI, mean fluorescence intensity.
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concentration offering a significant inhibition of MLC phosphory-
lation in b.End3 cells, dose-dependent western blot experiments
were performed following Fasudil treatment to quantify the levels
of pMLC using thrombin as an activator of the ROCK/pMLC
pathway (Mikelis et al., 2013) (Fig. 7, A and B). Following a

4-hour FBS starvation period, Fasudil treatment of 30 minutes
inhibited basal and thrombin-induced MLC phosphorylation at
tested concentrations of 10–40 mM, with the 30-mM concentration
showing a more consistent effect (Fig. 7, A and B). Based on the
fact that the 30 mM of Fasudil has no effect on cell viability

Fig. 5. Assessment of liposomal nanoparticles’ binding on b.End3 cells. (A) Representative western blot images of murine CD31 expression on b.End3
cells. (B) Flow cytometry graphs representing the binding of FL, IgGFL, and CD31FL at 37�C for 0.5, 1, and 4 hours. (C) Quantification of the liposome
binding by secondary antibody (each group compared with the control group of the specific time point) (n 5 3). **P < 0.01; ***P < 0.001. C, control;
CD31-targeting Fasudil liposomes; Comb-FITC-A, combination of FITC-A expression of all samples; FITC-A, fluorescein isothiocyanate-A; FL, Fasudil
liposomes; IgGFL, IgG-conjugated Fasudil liposomes; MFI, mean fluorescence intensity.
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(Fig. 6) while showing consistent inhibition of the downstream
pathway (Fig. 7, A and B), we selected this dose for liposome en-
capsulation for our downstream applications.
Next, we evaluated the levels of MLC phosphorylation in

the presence or absence of thrombin upon treatment of F, FL,
IgGFL, and CD31FL. All liposomal formulations showed
higher potency to inhibit MLC phosphorylation compared
with free Fasudil (Fig. 7, C and D), with CD31FL having the
more pronounced effect, potentially due to the CD31 target-
ing. To evaluate the specificity of the CD31FL on endothelial
cells, we repeated the same experiments with CD31FL and

IgGFL treatment in non–CD31-expressing cells (HEK293T),
with comparable inhibitory effect between IgGFL and CD31FL
treatments, profoundly due to similar nonspecific binding
(Supplemental Fig. 1).

Effect of Fasudil and Liposome Treatment on the Morphometric
Properties of the Cells

Given that RhoA signaling regulates the actin cytoskeleton
dynamics, we first wanted to explore whether incorporation of
the Fasudil-containing liposomes affects morphometric param-
eters of the b.End3 cells. Thus, we performed morphometric

Fig. 6. Free and Fasudil-encapsulated liposome IC50 evaluations on b.End3 cells. The IC50 evaluation of (A) Fasudil (Fas), (B) FL, (C) CD31FL, and
(D) IgGFL in b.End3 cells. (E) Comparative assessment of b.End3 cell survival on different concentrations of free Fasudil treatment and Fasudil-encapsu-
lated liposomes. Comparison of CD31FL with F treatment of each concentration (n 5 3). **P < 0.01; ***P < 0.001. CD31FL, CD31-targeting Fasudil lipo-
somes; F, Fasudil; FL, Fasudil liposomes; IgGFL, IgG-conjugated Fasudil liposomes.
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analysis of the cells treated with F, FL, CD31FL, or IgGFL. To
ensure that the effect is strictly Fasudil related and to exclude
potential CD31 Ab-mediated effects on cellular morphometric al-
terations, we included as additional control, CD31 Ab-conjugated
blank liposomes (CD31L). Morphometric analysis was performed
via phase contrast–based live cell imaging, and different cell
structural properties were analyzed. Biologically relevant param-
eters can be directly interpreted from the phase profile of the
cells due to their heterogeneous refractive index (Girshovitz and
Shaked, 2012). We had previously shown that RhoA activation
induces cell retraction, thus inducing cell sphericity (Mikelis et al.,
2013; Zahra et al., 2019). b.End3 cell sphericity was decreased
upon FL, CD31FL, and IgGFL treatment, whereas no effect
was observed in the control, Fasudil, or CD31L groups (Fig.
8A). At the steady-state conditions, Fasudil acts uniformly over
the cellular area, preserving the shape and inhibiting actin re-
arrangement functions. Liposomal incorporation is expected to
alter the cellular shape, but this alteration seems to be ab-
sorbed by adjustment of the actin cytoskeleton (CD31L), which
is blocked when Fasudil is present (FL, IgGFL, CD31FL). In a
similar manner upon cell retraction, the cellular perimeter de-
creases. The perimeter of the Fasudil-, FL-, CD31FL-, and
IgGFL-treated cells increased, contrary to the perimeter of the
CD31L-treated cells, which was closer to the control levels
(Fig. 8B). The area of FL-, CD31FL-, and IgGFL-treated cells
also increased significantly, with a smaller, but statistically
significant, increase in the Fasudil group and no increase in
the CD31L group, demonstrating that this change is due to
Fasudil effect and is not related to liposomal- or CD31-
induced effects (Fig. 8C). The decrease in sphericity can be

attributed to the blockade of RhoA signaling, which is con-
comitant with the increase in the area and perimeter. The
controlled Fasudil release has more impact on morphometric
parameters than the free drug, confirming efficient inhibition
of the endothelial (b.End3) RhoA signaling upon treatment
with Fasudil-containing liposomes.

Antibody-Conjugated Fasudil Liposomes Inhibit Stress Fiber
Formation in b.End3 Cells

Since the ROCK/pMLC pathway is involved in the rearrange-
ment of actin cytoskeleton (Matsui et al., 1996; Mikelis et al.,
2015), we further explored the effect of the conjugated lipo-
somes on stress fiber formation. Cellular actin was stained with
fluorescent phalloidin upon Fasudil or liposome treatment of a
time range of 30 minutes, 1 hour, and 4 hours. FL, IgGFL and
CD31FL treatment inhibited stress fiber formation as early as
30 minutes, and this effect was sustained up to 4 hours, with
CD31FL having the most prominent effect (Fig. 8D). Contrary
to the Fasudil-encapsulated liposomes, the CD31L had no ob-
servable effect on the stress fiber formation (Fig. 8D). This dem-
onstrates that liposome-encapsulated Fasudil is responsible for
the inhibitory effect of stress fiber formation, the efficiency of
which was augmented upon CD31 conjugation with the Fasu-
dil-containing liposomes.

Antibody Conjugation of Fasudil Liposomes Induces Its
Inhibitory Effect on in Vitro Angiogenesis in b.End3 Cells

The ROCK inhibitor Fasudil inhibits in vitro and in vivo an-
giogenesis in both endothelial cells and cancer cells (Yin et al.,

Fig. 7. Fasudil dose-response effect on MLC activation in b.End3 cells. (A) Representative western blot images and (B) quantification of MLC activation
on b.End3 cells after treatment with different with thrombin and different Fasudil concentrations for 30 minutes upon 4-hour starvation (groups compared
with nontreated cells) (n 5 4). (C) Representative western blot images and (D) quantification of MLC activation on b.End3 cells after treatment of FL,
IgGFL, CD31FL, and IgGFL upon 4-hour starvation (groups compared with thrombin-induced pMLC of untreated cells) (n 5 3). *P < 0.05; **P < 0.01;
***P < 0.001. C, control; CD31FL, CD31-targeting Fasudil liposomes; F, Fasudil; FL, Fasudil liposomes; IgGFL, IgG-conjugated Fasudil liposomes.
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2007; Chen et al., 2014). To assess whether encapsulated Fasu-
dil in CD31 immunoliposomes presents optimal inhibitory effect
of in vitro angiogenic functions, the effect of the CD31FL and
control liposomes on angiogenesis, in terms of cell migration
and tube formation on b.End3 cells, was explored.
Cell Migration. Treatment with CD31FL inhibited cell

migration in a statistically significant manner compared with
control, FL, and CD31L, demonstrating that the inhibition of
endogenous b.End3 cell migration is due to the encapsulated
Fasudil and the increased binding and, thus, uptake of the lipo-
somes, whereas the CD31 antibody does not impact cell migra-
tion per se (Fig. 8E). Similar to FL, Fasudil and IgGFL did not
significantly inhibit basal b.End3 cell migration (Fig. 8E), which
shows that, contrary to the effect on morphometric parameters,
cell migration inhibition is advantageous with the Fasudil in
the CD31-targeting liposomes.
Tube Formation. To establish the optimal conditions for

in vitro tube formation experiments of the b.End3 cells, 50,000
and 70,000 cells/well were resuspended in either starvation
medium (control group) or complete medium (stimulated group)
on a 2-dimensional Matrigel assay. When in higher confluency
(70,000 cells/well), the b.End3 cells presented higher po-
tency to form tubes, especially in complete medium

conditions (Supplemental Fig. 2), as assessed by the number
of nodes (Supplemental Fig. 2, A and D), number of junc-
tions (Supplemental Fig. 2, B and D), and total sprout
length (Supplemental Fig. 2, C and D). Therefore, the 70,000
cells/well for b.End3 cells was selected as the optimal cell num-
ber for the tube formation experiments with b.End3 cells, with
the starvation conditions as the control/unstimulated groups
and complete medium conditions as the stimulated groups. To
assess the effect of the Fasudil-encapsulated liposomes on tube
formation, the tube formation experiments were performed
upon treatment with the different liposomal nanoparticles and
nonencapsulated Fasudil. Treatment with complete media in-
duced tube formation. Fasudil treatment partially inhibited the
tube formation efficiency without significantly affecting the
basal tube formation levels (starvation conditions; Fig. 9). A
similar trend was exhibited with the remaining Fasudil-con-
taining liposomal formulations (FL, IgGFL; Fig. 9). The Fasu-
dil-lacking liposomal formulation (CD31L) also presented a
partial, but significant, inhibition in the parameters assessed
without affecting the basal tube formation levels, demon-
strating some inhibitory trend from the liposomal formula-
tion per se. This could signify that the energy consumed for
liposomal endocytosis could partially impact other cellular

Fig. 8. Impact of liposomal nanoparticle treatment on morphometric parameters and stress fiber formation in b.End3 cells. (A–C) Calculation of
cellular (A) sphericity, (B) perimeter, and (C) area of b.End3 cells upon incubation with F, FL, CD31FL, IgGFL, and CD31L (each group compared
with the control) (n > 24,500 cells). (D) Representative immunofluorescence images demonstrating the impact of nanoparticle liposomes on stress
fiber formation of b.End3 cells. (E) Quantification of basal migratory activity of b.End3 cells upon incubation with Fasudil or the aforementioned
liposomal formulations (each group compared with the control) (n 5 3). *P < 0.05; **P < 0.01; ***P < 0.001. C, control; CD31FL, CD31-targeting
Fasudil liposomes; CD31L, CD31-targeting empty liposomes; F, Fasudil; FL, Fasudil liposomes; IgGFL, IgG-conjugated Fasudil liposomes.
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functions, including sprout formation. However, the cells treated
with CD31FL exhibited decreased tube formation potential as
shown by the different parameters: number of nodes (Fig. 9, A
and D), number of junctions (Fig. 9, B and D), and total length
(Fig. 9, C and D). Overall, tube formation was significantly de-
creased in most groups, compared with the control (Fig. 9, A–D),
although the CD31FL group demonstrated the strongest, and
statistically significant, inhibition from the CD31L group. As we
compared nontargeted liposomes (FL), specific-targeted immuno-
liposomes with Fasudil (CD31FL), nonspecific-targeted immuno-
liposomes with Fasudil (IgGFL), and blank specific-targeted
immunoliposomes (CD31L), our analysis precluded the poten-
tial for a CD31 antibody–mediated effect. Nonetheless, to ex-
clude any confounding effects due to the presence of the
antibodies on the liposomes, the tube formation experiments
were performed at different concentrations of the IgG or CD31
antibodies alone (Supplemental Fig. 3). In comparison with the
control group, no significant effects were observed on tube for-
mation in all concentrations used for both antibodies, IgG
(Supplemental Fig. 3, A–D), or CD31 (Supplemental Fig. 3,
E–H). This rules out any confounding effects on angiogenesis
that could be attributed to the CD31 antibody itself. Together,

these findings show that CD31 antibody conjugation of the
Fasudil liposomes offers a more robust inhibitory effect on
tube formation and in vitro angiogenesis.

Discussion
The need for selective targeting and controlled drug release

prompts wide utilization of nanotechnology for the development
of new therapeutic options, and antibodies and antibody frag-
ments are gaining popularity as targeting ligands (Marques
et al., 2020). Inhibition of angiogenesis remains the main goal
for several vascular-related diseases, including cancer, with tu-
mor vessel normalization being the current goal for antiangio-
genic therapy (Mattheolabakis and Mikelis, 2019). Despite the
positive outcome of the current VEGF-targeting, antiangiogenic
approaches, the resistance driven by the upregulation of other
growth factors upon VEGF inhibition remains an important
limitation (Wong et al., 2016; Mattheolabakis and Mikelis, 2019).
We and others have previously highlighted the role of the small
GTPase RhoA signaling in endothelial functions (Zeng et al.,
2002; van Nieuw Amerongen et al., 2003; Zahra et al., 2019). In
this study, we targeted the RhoA signaling in endothelial cells by

Fig. 9. Evaluation of the impact of liposomes on b.End3 cells’ tube formation. (A–C) Quantification of (A) number of nodes, (B) number of junctions,
and (C) total tubular length of b.End3-generated sprouts upon treatment with F, FL, CD31FL, IgGFL, and CD31L in starvation or complete medium
(absence of lines, comparison with the control starvation group; lines indicate compared groups) (n 5 3). (D) Representative images of the sprouts in each
group. *P < 0.05; **P < 0.01; ***P < 0.001. C, control; CD31FL, CD31-targeting Fasudil liposomes; CD31L, CD31-targeting empty liposomes; F, Fa-
sudil; FL, Fasudil liposomes; IgGFL, IgG-conjugated Fasudil liposomes; ns, not significant.
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encapsulating the clinical-related ROCK inhibitor Fasudil in lip-
osomes using the thin-film hydration method and evaluated the
potential of this treatment approach using standard criteria
(Mattheolabakis et al., 2012a; Gholizadeh et al., 2018a).
Several methods for antibody conjugation on nanoparticle

surfaces have been developed over time (Gao et al., 2013; Oli-
veira et al., 2019; Juan et al., 2020). To ensure antigen binding
and formation of the stable antibody-conjugated nanoparticles,
we used maleimide chemistry, a frequent approach for cova-
lent coupling of liposomes with an antibody’s sulfhydryl group.
A conjugation product, formed by the reaction between the an-
tibody and the DSPE-PEG-maleimide, was attached to the
surface of preformed liposomes at the postinsertion stage
(Deng et al., 2013). Thiolation of antibodies was performed in
the presence of Traut’s reagent, a commonly used thiolating
agent for this purpose. Removal of the excess of sulfhydryl-addi-
tion reagent was followed by the formation of the final conju-
gate between maleimide-modified nanoparticles and thiol-
containing antibodies (Baiu et al., 2015).
TEM has previously been used to investigate bilayer organi-

zation, lamellar morphology, and the detection of flaws in bi-
layers (Zasadzinski, 1986; Gupta et al., 2013). Using TEM, no
appreciable morphologic or structural changes were detected
due to the antibody conjugation on the surface of the lipo-
somes. Rather, we noticed a uniform bed of discrete spherical
vesicles, which is in agreement with the size data obtained us-
ing the dynamic light scattering analysis.
The formulations were stored at 4�C for nearly 5 weeks

with no significant changes in particle size and PDI, indicating
that the vesicles did not form aggregates during the storage
period. This can be attributed to the f potential value detected
and steric stabilization provided by the PEG corona (Dos Santos
et al., 2007), which prevented the particles from coalescing and
aggregating. Furthermore, the lipids, cholesterol, and phospho-
lipids used to prepare liposomes are unlikely to degrade during
4�C storage. These results corroborate with findings from other
researchers (Haran et al., 1993).
Fasudil has a very low entrapment efficiency in lipid-based

formulations because of its weakly basic hydrophilic nature
(pKa 5 9.727) (Gupta et al., 2013). This explains the encapsu-
lation efficiency we observed. However, it’s reported by other
researchers that by switching to the active loading using
(NH4)2SO4-based transmembrane gradient method by varying
pH of the rehydrating medium, the entrapment efficiency was
enhanced by 2.5-fold (Gupta et al., 2013). Though our particles
showed low encapsulation, the drug content was sufficient for
use as a proof-of-concept study in targeted nanodelivery. An op-
timization of the encapsulation efficiency will be a significant fo-
cus of a future study.
The blood-brain barrier is a considerable obstacle for drug

delivery (Lee and Leong, 2020). In our effort to target endothe-
lial beds of different organs, we selected a general endothelial
target that is also expressed in the blood-brain barrier endo-
thelium. As such, we identified significant CD31 expression in
the b.End3 cells, representing the murine blood-brain barrier
endothelium. CD31 conjugation of the Fasudil-containing lipo-
somes increased their binding by the b.End3 cells, which
we hypothesized will greatly improve the delivery effi-
ciency. It is important to note, however, that since the
b.End3 is an endothelial-like cell line and not a primary

endothelial cell, the angiogenic functions reported cannot
exclusively represent endothelial cell functions.
The IC50 of Fasudil liposomes and antibody-conjugated Fa-

sudil liposomes is slightly higher than that of free Fasudil.
The increased IC50 values (lower cytotoxicity) of liposomal Fa-
sudil may be due to steric hindrance from the PEG molecules
on the liposomes’ surface, which may delay Fasudil release or
liposome uptake by the cells, when the liposomes come into
contact with the cells (Mattheolabakis et al., 2012a) or due to
Fasudil’s antiapoptotic effects (Shi and Wei, 2007).
RhoA signaling regulates actin cytoskeletal changes, and our

morphometric analysis via phase contrast–based live cell imag-
ing exhibited a RhoA inhibition phenotype, as confirmed by the
decrease in sphericity, which coincides with the increase in indi-
vidual cell surface area and perimeter. In terms of morphometric
parameters, these findings show that Fasudil-containing lipo-
somes inhibit endothelial (b.End3) RhoA signaling. The ROCK/
pMLC pathway is involved in actin cytoskeleton rearrangement
(Matsui et al., 1996; Mikelis et al., 2015). The phalloidin staining
(actin filamentation) demonstrates that compared with the other
particles or free drug, CD31-congugated liposomal Fasudil encap-
sulation augmented the inhibition efficiency of stress fiber forma-
tion in endothelial cells.
Fasudil, a ROCK inhibitor, inhibits both angiogenesis and

tumor-induced angiogenesis (Yin et al., 2007; Chen et al., 2014).
FBS was selected as the positive control in our study due to the
limited impact of VEGF on the tube formation of b.End3 cells
(not shown). The lack of a statistically significant difference be-
tween the free antibody or antibody-conjugated empty liposomes
compared with the control group rules out any confounding effect
of antibody due to its interaction with the CD31 on the b.End3
cells. CD31 has been shown not to interact with VEGFR2 (Hwang
et al., 2019), and although CD31 plays a role on angiogenesis (De-
Lisser et al., 1997), excess of our antibody did not, highlighting
the importance of selecting proper antibodies for antibody-based
nanoparticle targeting.
Overall, these findings demonstrate the feasibility of using

CD31-targeting Fasudil liposomes as a potential targeted nano-
delivery system in antiangiogenic therapy and further highlight
the potential of the RhoA signaling pathway as a significant
target for angiogenesis inhibition. Further evaluation, including
in vivo studies, is required to define their anticancer potential.
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