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Abstract

Introduction: Doxorubicin (DOX ) is a
widely used first-line treatment for various | /" e

cancers but causes toxicity. Targeted | .o . S

drug delivery systems, particularly DOX- i \ ' _—
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angiogenesis in  high-grade tumors, — YN oo tpomme
making it crucial to develop strategies that e......""

target this process in conjunction with 50 [
chemotherapy. This study presents an ‘ s 2
innovative formulation of anti-VEGFR2- ¥ ¢ (& e
functionalized liposomal DOX, designed to | [w s N —
reduce systemic drug release, enhance drug | p==—== — .

release and bioavailability at tumor sites, Tomar sy
and reducing adverse effects, representing a
promising advancement in targeted cancer therapy.
Methods: Liposome formulations including liposome (Lip), DOX loaded liposome (Lip-DOX),
anti VEGFR2 Nanobody-conjugated liposome (Lip-Nb), and anti VEGFR2 Nanobody- conjugated
DOX-loaded liposome (Lip-DOX-Nb) were prepared by film hydration method and then fully
characterized. The cellular uptake of these nanocarriers were assessed by flow cytometry analysis
in human umbilical vein endothelial cells (HUVECs). Further, the ability of the different liposomal
formulations to suppress angiogenesis were assessed by performing tube formation assay on
HUVEGs. In addition, the inhibitory impact of low dose consumption of the formulations to
inhibit the migratory capacity of glioma cells were assessed by scratch migration assay on U87 cells.
Results: The prepared liposomal formulations displayed optimal size range of 120-131 nm, with
slightly negative charge about -2.4 mv, spherical morphology and effective encapsulation of about
91% of the total DOX and high conjugation efficiency of about 87% of total anti VEGFR2 Nb that
are acceptable for nano sized targeted drug delivery systems. In vitro experiments; flow cytometry
results verified cellular uptake of DOX loaded liposomes to HUVEC cell line and more cellular
uptake was observed for Lip-DOX-Nb liposomes demonstrated that the anti-VEGFR2-conjugated
liposomes enhance cellular uptake. Lip-DOX-Nb liposomes also showed more cytotoxicity effect
against VEGFR2-positive HUVEC cells in compare with non-conjugated liposomes; effectively
induced apoptosis to HUVEC cells and reduced the migratory capacity on U87 cancer cells.
Analysis of the treated cells using DHM revealed that Lip-DOX-Nb enhanced nuclear integrity of
U87 cancer cells while inducing cell death.

Conclusion: This designed drug delivery system worked as strong anticancer and angiogenesis
suppression agent ex-vitro angiogenesis model via VEGFR2 targeting.
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Introduction

Chemotherapy is a standard cancer treatment regimen
using cytotoxic anticancer drugs.! One of the most
important chemo-agents with potent anticancer activity
is doxorubicin (DOX), which is widely used in clinical
settings for the treatment of both solid and hematologic
neoplasms. However, a significant concern regarding
DOX is its off-target effect caused by their nonspecific
distribution throughout the body, can result in various
adverse side effects such as cardiotoxicity leading to
congestive heart failure.**

Nano-carriers can be more effective than free drugs
in delivering and accumulation of anticancer agents in
tumor cells that exploit the enhanced permeability and
retention (EPR) effect for localized tumor accumulation
and providing sustained release.” Doxil and Caelyx are the
first FDA-approved biocompatible liposomal nanoparticle
formulations of DOX for clinical use introduced in 1995
for passive tumor targeting.®” Although Liposomal DOX
strongly reduced the cardiotoxicity of DOX in clinical
trials, several patients suffered from mucositis and hand
or foot syndrome due to the localization of the liposomes
in the capillaries of skin and mucosa.*'? Therefore, to
enhance the targeting of DOX to the tumor sites, liposomes
were functionalized with a targeting moiety or antibodies
to generate targeted liposomes. This approach improves
site-specific accumulation and efficacy of the liposomal
drugs. The ligands can target the tumor itself or its
surrounding microenvironment, such as the extracellular
matrix or the tumor-associated vasculature."¢

A hallmark characteristic of cancer cells is angiogenesis,
which involves the formation of new blood vessels from
angiogenetic growths, leading to metastasis of tumors and
vascular proliferation. One of the most promising targets
for anti-angiogenic therapy are vascular endothelial
growth factor receptors (VEGFR1, VEGFR2 and VEGFR3)
which are transmembrane tyrosine kinases. Under
hypoxic conditions in the tumor microenvironment,
vascular endothelial growth factors (VEGFs) and
VEGEFRs are upregulated in tumoral vascular Endothelial
Cells due to hypoxic conditions; which ultimately leads to
neo-vascularization in the tumoral tissues. This process
is mediated through the binding interaction of VEGF
with VEGF receptors. Accumulating evidence suggests
targeted anti-angiogenic therapy using monoclonal
antibodies (mAbs) could improve patients’ outcomes
in a vast variety of cancers (e.g., colorectal cancer,
brain neoplasms, and high-grade recurrent ovarian
carcinoma).”” However, because of the large molecular
sizes of mAbs, their low tumor penetration in solid
neoplasms is still a major challenge.'® Compared to intact
mAbs, single-domain antibodies (nanobodies), possess
distinct characteristics: they are smaller in size, exhibit
enhanced tissue penetration, and display high stability
under challenging conditions. Additionally, nanobodies

have shown superior affinity, sensitivity, and specificity
toward target sites."”

In this study, as presents in Fig. 1, we aimed to test if
the conjugation of anti- VEGFR2 Nanobody, which was
isolated from an immunized dromedaries Camelidae
library to the surface of DOX encapsulated liposome,
can result in higher therapeutic and anti-angiogenic
efficacy against cancer cells.”® The design of these nano-
carriers is based on the benefits associated with the use of
nanoparticles and anti- VEGFR2 nanobody, overexpress in
tumor-associated endothelial, as a novel multidisciplinary
VEGEFR2 targeted drug delivery system of therapeutics to
the tumor vasculature for cancer anti-angiogenic therapy
and chemotherapy.?!

Materials and Methods

Materials

DOX-HCl was obtained from Sigma-Aldrich (St
Louis, MO). 1,2-Distearoyl-snglycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-PEG2000) Cholesterol,
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[maleimide(polyethylene glycol)-2000] (Mal-PEG2000-
DSPE), and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) were obtained from Avanti Polar Lipids
(Alabaster, AL, USA). Triton X-100, 2-Iminothiolane
(Traut's Reagent) and 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) reagent were
supplied by Sigma Aldrich Co. (St. Louis, MO, USA).
Sodium chloride Ammonium sulfate, and Cysteine
chloride were obtained from Sigma Aldrich (MO, USA).
Fetal bovine serum (FBS) and Trypsin were supplied by
Thermo Fisher Scientific Inc. (Waltham, MA, US).

Different liposomal formulations preparation

Thiolation of nanobodies

To conjugate anti VEGFR2 Nanobodies onto the surface
of the liposome, amine terminal group on Nanobody
molecules must be thiolated to produce linkable sulthydryl
group. Thiolation of Nanobodies was done by Traut's
Reagent (2-iminothiolane) ata Traut's Reagent/Nanobody
molar ratio of 1:10 in Borate buffer (1ml, 1 mM, pH =8.3)
and then stirred overnight at 4 °C.?'. Then, the borate
buffer was exchanged with PBS (ImM, pH =7.4) by using
an Amicon Ultra centrifugal 15 mL filter MWCO 10 kDa
Ultracel membrane (Merck, Germany). In this step, extra
molecules of Traut's Reagent were eliminated.

DOX-free and DOX-loaded liposomes preparation
Liposomes preparation step was performed along
with Nanobody thiolation process.® All Liposomes
were prepared by thin-film hydration method.*? Lipid
molecules including: DPPC, cholesterol, DSPE-PEG
and DSPE-PEG-Maleimide (65:30:4:1 molar ratio). To
prepare unconjugated liposomes (Lip & Lip-Dox); the
lipid thin film was made of those lipids with no DSPE-
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Fig. 1. Schematic representation of the Nanobody-conjugated DOX Loaded liposomes preparation and interaction of this DDS with tumoral ECs. As
proposed, the DOX-containing liposomes attach to tumoral ECs by VEGFR2 Nanobodies as targeting moieties and cause apoptotic and anti-angiogenesis

effects.

PEG-Maleimide. Lipids were dissolved in a 9:1 (v/v) of
chloroform and methanol mixture, and then a lipid thin
film was made after removing organic solvents using rotary
evaporation (Heidolph, Laborota 4000) in a water bath at
60 °C for 1 hour.” Formulating DOX-loaded liposomes
(Lip-DOX), needed to hydrate lipid film by prewarmed
(NH,),SO, (1 mL, 250 mM, pH=6.5) at 65 °C. To prepare
DOX-free liposome (Lip), the thin lipid film was hydrated
by prewarmed PBS (1 mL, 1 mM, pH=7.4) at the same
temperature. The resulting liposome suspensions were
further dispersed by using a probe sonicator (LABTECH,
Luc 410) with a cycle of 30 seconds on, 10 seconds off,
and power delivery of 20% for 2 minutes. Then, the
suspension was extruded (21x at 56 °C) through two
stacked 100 nm pore-sized polycarbonate membranes
(Nuclepore, Pleasanton, CA/ Liposofast R, Avastin) to
form small unilamellar liposomal vesicles (SUVs). The
unilamellar liposomes formulated in 250 mM (NH,),SO,
were separated from the sulfate solution after a wash-out
step with PBS (1mM, pH=7.4) by an MWCO 50 kDa
Ultracel Amicon filter. After buffer exchanging, DOX
solution (in PBS 1 mL, 1 mM, pH=7.4) was added into
liposome suspension in PBS at free DOX to total lipid

ratio of 2:10 (w/w) followed by stirring for 1 hour at 60 °C.
Afterward, unencapsulated DOX was separated via Gel
Filtration using Sepharose CL-4B (GE Healthcare, Bucks)
by PBS (1mM, pH=7.4) as elution buffer.

Anti-VEGFR?2 conjugated liposomes; (Lip-Nb and Lip-
DOX-Nb) were prepared at the same method mentioned
above but by adding prepared thiolated Nanobodies to
attach onto the liposomes surface. Briefly; the thiolated
Nanobodies were mixed with prepared liposomes
(containing maleimide-terminated linker on DSPE-PEG-
Maleimide lipid) and were incubated for 1 hour at room
temperature with slow shaking and in a dark foil-covered
container. Then Cysteine Chloride solution (1 mL, 5
mM) was added to the reaction medium under Nitrogen
gas to bloke unreacted maleimide groups. Then the extra
cysteine molecules were removed by filtration and free
unconjugated Nanobodies were collected by using an
Amicon centrifugal filter device with a 10 kDa MWCO
Ultracel membrane (Merck, Germany). The mixture was
diluted with 2 mL PBS (pH 7.4) in an Eppendorf tube to
determine Nanobody Conjugation Efficiency (CE %).?

To prepare Lip-DOX-Nb; Lip-Nb formulation was used
to encapsulate DOX in the same method as mentioned
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above. All prepared liposomes sterilized by passing
through a 0.22 mm sterile carbonate filter and then stored
at4 °C.

Characterization of liposomes

Size distribution, zeta potential and morphology
Liposomes were diluted with PBS (1mM, pH=7.4) and
then Particle size distribution, Poly Dispersity Index
(PDI), Mean diameter, and zeta potential of different
liposomal formulations were measured by Zeta sizer
instrument (ZS90, Malvern) at a fixed angle of 90° at
25 °C. Transmission Electron Microscopy (TEM) was
performed to image the liposomes and investigate
morphological characteristics. Prior to observation, the
liposomes (approximately 100 ug/mL) were positioned as
a thin liquid film on a carbon-coated copper grid and then
air-dried at room temperature. Subsequently, the images
were visualized under a Field-Emission TEM (LEO,
Le0906).

Assessment of conjugation efficacy of anti-VEGFR2
nanobody

The amount of all collected unconjugated (free)
Nanobodies was measured by Bradford protein assay to
determine Nanobody Conjugation Efficiency (CE %) by
equation 1:

CE (%) =(C,,;-C,jies) ! CropyX 100 Eq. (1)

unlinked:

Where C_  indicates the total amount of Nanobody
initially added into the lipid mixture; C . .~ is the
amount of unlinked anti VEGFR2 Nanobodies separated
via filtration.

Encapsulation efficiency of DOX

To determine the DOX encapsulation efficiency (EE%),
100 pL of the Lip-DOX / Lip-DOX-Nb were placed in a 5
mL volumetric flask, 10 L of 10% Triton X-100 was added
and incubated at 37 °C for 10 minutes while vertexing.
After filtration by 0.22 um polycarbonate membrane, the
filtrate was subjected to HPLC analysis to determine DOX
content according to the DOX standard curve. EE % was
calculated by equation 2:

EE (%)=(C,,-C..)/ (C

)% 100 Eq. (2)

free: total

Where C_ is the total DOX amount initially added
into the liposome solution to be entrapped into liposomes;
C,,. is the amount of isolated DOX.

SDS-PAGE

Covalent conjugation of anti VEGFR2 Nanobody to
liposome was qualitatively assessed by SDS-PAGE. Proper
amounts of Lip-Nb, and free Nb were loaded onto a 4-12%
SDS-PAGE gel, the resulting gel was stained using Novex
Silver Xpress Staining Kit, Thermo-Fisher Scientific (MA,
USA), according to manufacturer’s instruction.

In vitro DOX release assay

In vitro release of DOX from prepared Lip-DOX-Nb and
Lip-DOX formulations was investigated through dialysis
in human plasma matrix. About 1ml of Lip-DOX-Nb
or Lip-DOX solution was sealed inside a dialysis bag
(MWCO of 10 kDa) containing human plasma and then
immersed into 10 mL of release medium (PBS, 1mM,
pH=7.4) under agitation of 120 rpm at 37 °C for 48 hours.
Release medium was sampled at scheduled time points (1,
2,3,19,21,24,and 48 hours), and were replaced with fresh
release medium Quantitative analysis was performed
on all samples by the HPLC method to determine the
release profile of DOX from the two different liposomal
formulations. DOX molecules are separated on a C18
column with a mobile phase consisting of 0.05 M sodium
acetate (pH 4.0) and acetonitrile (72:28). The column
eluate was monitored by UV-visible detection at 487 nm.*
Cells culture

The human umbilical vein endothelial cell line (HUVEC)
was reported to have specific binding sites (VEGFR2,
with 500 sites/cell) and the dissociation constant was
reported as low as 9 Pm.* So, HUVEC cell line was
employed as a VEGFR2 overexpressing positive cell
model. Cells were cultured by the protocol previously set
up.” DMEM high-glucose medium (Gibco, Carlsbad, CA,
USA) supplemented with 10% FBS, streptomycin (100
pg /mL), and penicillin (100 pg /mL); was used and cells
were cultured in T-25 Poly-L-lysine flasks in 37 °C in a
humidified incubator containing 5% CO,.

Cell toxicity assay

In vitro cytotoxicity of free DOX, Lip-DOX and Lip-
DOX-Nb was investigated through MTT assay. HUVECs
were seeded into 96-well plates at the density of 5x10°
cells /well and were incubated for 48 hours, then each well
was treated with different concentrations of free DOX
between 12-600 nM, in triplicate and was incubated again,
with untreated cells considered as a control group. After
24 hours incubation, the upper medium was discarded
and cells were washed 3 times with PBS (ImM, pH=7.4),
then150 uL of fresh medium with MTT solution (50 pL, 5
mg/mL) were added to each well except in one that served
as blank. Then, the plate was incubated at 37 °C for 4 h.
Finally, the MTT solution was discarded and Formazan
salt crystals were dissolved by adding 150 pL of dimethyl
sulfoxide (DMSO) to each well, and cells were incubated
at 37 °C with gentle shaking for 30 minutes. After that,
samples were analyzed by an ELISA reader (Biorad,
Minisubcell-GT) at 570 nm to determine the IC50 of
DOX.

In vitro cellular uptake

Flow cytometry was adopted to analyze the uptake of
Lip-DOX-Nb toward HUVEC (VEGFR2+) cell lines.
HUVECs were seeded onto 24-well plates at a density
of 2x10° cells /well in triplicate and were incubated for
24 hours. The next day, the medium was changed with
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fresh medium and treated with Lip-DOX-Nb formulation
(of 25 nM final concentration of DOX). After 2 and 4 h
incubation at 37 °C, the medium of each well was removed
and the cells were washed with PBS (1mM, pH=7.4),
three times. Treated cells were trypsinized and pelleted
by centrifugation (1200 rpm for 5 minutes). Finally, the
cells were harvested and resuspended in 1 mL of PBS (1
mM, pH=7.4). FACS CALIBUR was applied to measure
the Mean Fluorescence Intensity (MFI). Cell-associated
DOX was excited with an Argon laser (488 nm) and the
fluorescent emission was detected at 585 nm (FL2 filter).
The data, obtained from flow cytometry were analyzed
by using the Flow]Jo software. In addition, the cells were
double-strained using annexin V-FITC and propidium
iodide (PI), and apoptosis rate was investigated by flow
cytometry.

Tube formation assay

In order to investigate the potency of different liposomal
formulations to reduce the tube-forming capacity of
HUVECs, we first set a 0.1% Hyaluronic acid gel using
a complete culture medium of ECs containing DMEM /
F12 with 20% FBS and 1% penicillin-streptomycin and
200 pL of this gel was set in each well of a 24-well culture
plate and was incubated in a CO2 incubator at 37 °C for
1 day. The next day, 2 x 10* cells were seeded in each well
and the tube formation was evaluated up to 36 hours
after treatment with a 2 x IC50 dose for each formulation.
The number of tubes, and the diameter of each tube was
examined by Image]J software. Tubulation 2d parameters
were analyzed by Image] Angiogenesis plugin and also
manual interpretation of the data for tube diameter and
total number of tubes.

Cell migration assay

To investigate the effects of various formulations on
migration of tumor cells, wound healing assay (Cell
Migration assay) was performed. U87 cells, a human
glioblastoma GBM cell line, were plated in 24-well
culture plates at a density of 1 x 10* cells/well and cultured
overnight to form a confluent monolayer. The following
day, a vertical scratch wound was generated using a 100
mL pipette and then washed with PBS three times to
remove exfoliated cells. Cells were incubated with the
fresh medium, followed by adding prepared formulations;
free DOX, Lip, Lip-DOX, Lip-Nb and Lip-DOX-Nb (DOX
equivalent concentration of IC50) for 24 hours. Then the
image of each sample was captured using a microscope
(Olympus, Japan) at the beginning and the ending to
monitor the wound status. Migration was quantified as
the percent decrease in mean migration zone diameter.
DHM analysis of cellular nuclear damage induced by DOX
Digital holographic microscopy (DHM) has unique
properties in assessment of cells 3D morphology. In the
current study, we used digital holographic microscopy
to investigate the impact of each treatment on U87 cells
morphology and nuclear integrity. To do so we setup a

Mach-Zehnder interferometer. After illuminating the
samples by a He-Ne 632.8 nm laser, the holograms were
recorded by a CCD camera (Thorlabs Sciences,). The
.tiff hologram image was then reconstructed using the
ASP in MATLAB software by the following steps: (1)
Fourier transformation (2) phase image visualization
(3) numerical focusing (4) reference phase subtraction
and production of the filtered phase difference image
(5) unwrapping the phase difference image by ASP (6)
production of the 3D profile and then smoothening the
obtained image to optimize the visualization procedure.
Statistical analysis

GraphPad Prism version 9 was used for data analysis and
visualization of the data presented in the current work.
The independent t-test and analysis of variance (ANOVA)
were used to determine Statistically significant difference
among groups (P <0.05). Mean + standard deviation (SD)
was used to report the continuous measures.

Results

Characterization of liposomes

Conjugation of VEGFR2 Nanobody to liposomes,
were confirmed by 4-12% SDS-PAGE and silver nitrate
staining method as increasing in molecular weight of Lip-
Nb liposome compared to the free Nb (Fig. 2).

DOX encapsulation efficacy of the Lip-DOX and the Lip-
DOX-Nb were 91.7+0.6% and 89.56 + 1.4%; respectively
(Table 1), implying that the DOX was efficiently loaded.

The size and zeta potential of the liposomal formulations
were measured by Zeta sizer. The results showed that
the mean particle size of Lip and Lip-DOX preparations
were 120.76£0.35 nm and 125.72+2.3 nm and PDI of
0.11£0.06 and 0.16+0.1; respectively. The prepared
Lip-DOX-Nb had a processed size of 131.8+2.63 nm
and PDI of 0.14+0.09 and after conjugating with anti
VEGEFR?2, exhibited a slight increase in size compared to
the Lip-DOX with the detected size of 125.7+2.3 nm and
PDI of 0.16£0.1 (Table 1) implying that the liposomal
formulations exerted acceptable size homogeneity.”
Besides, the zeta potential of Lip and Lip-DOX; were
0.56+0.07 mV and 0.46 = 1.81 mV; respectively while that
of Lip-Nb and Lip-DOX-Nb; were -2.4+£0.26 mV and
-2.4+0.53 mV; respectively, showing acceptable stability.

The Lip-DOX-Nb was also examined by TEM imaging
for morphology depicted in Fig. 2, where demonstrated
that the prepared liposome had roughly spheroid shapes
with average sizes of less than 200 nm which is favorable
for nanoliposomes to accumulate efficiently in tumor
tissues.”®

In vitro drug release

The in vitro release patterns of the DOX preparations were
measured in equilibrium solutions of PBS and human
plasma. DOX was released continuously and slowly from
the DOX-loaded liposomes, without a primary burst
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(A)

(B8

. Lip-Nb + free Nb

Fig. 2. Characterizations of liposomes by A) TEM and B) DLS measurements. The prepared liposomes showed nanostructured spherical morphology and

homogenous size. SDS-PAGE results showed coupling of Nb to liposomes.

Table 1. Particle size, PDI, EE%, CE%, and ZP of liposomes formulated

Formulations Particle size (intensity) PDI EE% CE% ZP (mv)

lip 120.76 £0.35 0.11+0.06 - - 0.56+0.07
Lip-DOX 125.72+2.3 0.16+0.1 91.7+0.6 - 0.46+1.81
Lip-Nb 128.06 +1.65 0.12+£0.02 - 87+1.1 -2.4+0.26
Lip-DOX-Nb 131.8+2.63 0.14+£0.09 89.56+1.4 86+0.8 -2.4+0.53

release effect, which suggests sustained release that the
drug is released by diffusion through the lipid bilayer®
in Also, DOX release from Lip-DOX-Nb was slightly
slower than that from the Lip-DOX (Fig. 3). This slightly
slower release rate may be due to the higher zeta potential
(ZP) of the conjugated Lip-DOX-Nb (ZP: -2.4 mV)
compared to that of Lip-DOX (ZP: —0.46 mV). As a rule,
colloidal nano-systems such as liposomes with higher
ZP, are more stable morphologically and structurally
in aqueous solutions.” this would keep drugs into the
liposomes tightly in the blood circulation. Additionally;
the linking of anti VEGFR2 molecules on the surface
of liposomes formed a sterically barrier that alters the
diffusion rate among bilayers. These results indicated
that both liposomal preparations were preventing an
initial burst release and hence better suited for a sustained
release of the drug, making increased drug accumulation
in tumor tissues over time possible. Studies on the
Dipalmitoyl Phosphatidyl Choline (DPPC) involved
liposomes showed strong interactions between the amin
(NH,*) group in DOX and the phosphate (PO,’) group
in the polar head of zwitterionic DPPC. It would cause
a decrease in transition temperature and plastic viscosity

and also an increase in membrane fluidity of the DPPC
liposomes.” This phenomenon causes more controlled
releasing process. Interestingly, DPPC (T _=41°C)
with two saturated alkyl chains, shows different phase
behavior at 37 °C in its gel phase. This unique property of
DPPC involved liposome allows the release of DOX from
liposomes at tumoral vessels where the temperature is
slightly higher than systemic circulation due to excessive
proliferation and metabolism in tumoral tissues. This is
in good agreement with the slow-release rate of the drug
from liposomal formulation.*

Cell toxicity

The cell toxicity test for DOX in different formulations
was checked on HUVEC (VEGFR2 +) cells using the MTT
test. To this end, the IC50 value was first determined from
different amounts of free DOX on the cells (18 ug /mL)
and then the toxicity test was performed considering this
fixed value for all forms of the drug. Upon direct exposure
to free DOX; DOX molecules were able to rapidly enter
the cells through simple diffusion, but without any release
process from the liposomal preparations, and moved
toward the nuclei favored by its high nucleophilicity.*®
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Fig. 3. Assessment of drug release from the liposomal formulations. % cumulative release of Lip-DOX (Left) and of Lip-DOX-Nb (Right).

Then initiated toxic and apoptosis-inducing effect on
cells. Free DOX caused high levels of cell death through
DOX inducing DNA damage response. In contrast, the
cell viability% of HUVECs of the Lip treated group after
4 hours; was approximately 98% near to 100% which
proved the non-toxic effect of unloaded Liposome (Lip)
on cells. Lip-Nb appeared more toxic effect than Lip
formulation on cells (cell viability of 85%; P<0.05) which
could be referred to inhibiting effect of anti VEGFR2
moiety on liposomes. The Lip-DOX formulation showed
a significantly more toxic effect than Lip-Nb (cell
viability% of 44.8%; P <0.05). Comparatively; Lip-DOX-
Nb formulation toxic effects with cell viability% of 32.5%
was significantly the highest one among other groups
(P<0.05) unless compared to the free DOX treated group;
which could be described by the slow release of DOX
from the liposomes which is in line with the results of our
release assay. Conjugating DOX-loaded liposomes with
anti VEGFR2 Nanobody enhanced HUVEC cell targeting
and also improved cellular attachment with more efficient
cellular internalization of the nano-liposomal carrier that
cause more drug accumulation in the cells which in turn
caused more toxic effects on cells (Supplementary file 1,
Fig. S1).

Cellular uptake

The cellular uptake efficiencies of liposomal DOX
formulations were investigated by the HUVECs FCM. The
Flow Cytometry fluorescent histogram analysis indicated
that the cellular uptake for the Lip-DOX-Nb formulation
was much higher than the non-conjugated Lip-DOX
formulation as depicted in Fig. 4. Further, in order to
quantify the comparison between the two DOX-loaded
drug delivery systems; the amounts of mean fluorescent
Index (MFI) were analyzed. Lip-DOX-Nb with an average
MFTI of 152 indicated significantly higher cellular uptake
efficiency than lip-DOX (P <0.05).

In order to investigate the occurrence of apoptosis
and necrosis, Annexin-V-FITC/PI staining assays was
performed. Results indicated that treating HUVECs with
Lip-DOX-Nb for 4 hours resulted in a reduced necrosis

rate and an increased apoptosis rate compared to a 2-hour
incubation. This suggests that prolonged exposure to Lip-
DOX-Nb promotes a greater occurrence of apoptosis

(Fig. 5).

Scratch migration

As depicted in Fig. 6, the mean scratch diameter was
significantly higher in the Lip-DOX-Nb group compared
to the control group (40+6.24 um vs. 18+3.60;
respectively, P=0.0056) suggesting that the migratory
capacity of U87 cells were significantly decreased by
Lip-DOX-Nb treatment. Furthermore, the mean scratch
diameter in the Lip-Nb group was also more than the
control group (30.33+3.51 pm; P=0.025) showing
that the Nanobody-conjugated liposomes significantly
reduced migration of the U87 cells. This data suggests that
the multidisciplinary Liposome is capable of reducing
the migration and invasive properties of cancer cells in a
successful manner.

As depicted, the mean diameter of the scratch was
significantly increased in Lip-DOX-Nb and Lip-Nb
treatments suggesting that the formulated liposomes
were able to reduce the migratory capacity of U87 cells
successfully.

Tube formation

As depicted in Fig. 7, the untreated group and Lip treated
group; contained densely packed tube-like structures with
a nearly homogenous spatial distribution of the “tip” cells
suggesting that the HUVECs showed marked angiogenic
properties under normal circumstances. Vascular
endothelial sprouting is a critical step during angiogenesis.
The key step is differentiation of ECs into “tip” cells which
are located at the growing ends of sprouting vessels. EC-
specific growth factors, VEGF, and its receptor VEGFR2,
drive EC differentiation into the tip cell. Tip cells display
long filopodia. They sense proangiogenic directional cues
in their environment through cell surface receptors and
integrate downstream signaling to migrate in a specific
direction thereby facilitating ECs migration and mediate
capillary extension to form blood vessel networks.”*
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Fig. 4. Flow cytometry analysis to investigate cellular uptake of liposomal formulations. (A) Control group (B) Lip-DOX group (C) Lip-DOX-Nb group (D)
Florescent intensity of DOX in Different formulation. The results indicated that the mean fluorescence intensity (MFI) in the Lip-DOX-Nb formulation was the

highest among all the groups examined.

As depicted in Fig. 7, In the untreated group and
Lip group, prominent tube formation and intense
accumulation of tip cells with a normal spatial distribution
were observed. However, in the Lip-Nb group, the
number of tubes was significantly reduced (P<0.05).
Additionally, the mean tube diameters were notably
increased, suggesting that the migration of endothelial
cells (ECs) was markedly diminished. In the Lip-Nb
treated group, there was a marked decrease in the number
of the completed tube-like structures and also the number
of tip cells that initiate angiogenesis (P <0.05). Moreover,
the mean tube diameters were significantly higher in the
Lip-Nb treated group compared to the untreated group
(P<0.05). In the free DOX treated group, the formation of
complete tube-like structures was totally impaired. In the
Lip-DOX treated group also nearly comparable results in
line with the results of free DOX were obtained (P<0.05),
indicating cell proliferation suppression through DOX
inducing DNA damage. In the Lip-DOX-Nb treated group
also, both tip cells and tube-like structures formation was
totally inhibited and only cellular debris was observed,

indicating both cell proliferation suppression through
DOX and tube formation inhibition through anti VEGFR2
Nanobody blocking performance of Lip-DOX-Nb.

DHM analysis

In the current study, we also performed a single cell DHM
analysis of the cells incubated with each formulation to
assess cells nuclear integrity. Cells had intact nuclei in
the untreated or liposome-treated group however the
nuclear integrity was completely lost in the lip-DOX
group which suggests that DOX has successfully caused
cell death. Similarly, in the Lip-DOX-Nb and free DOX
group only cell debris were present suggesting that
cells have undergone apoptosis. Moreover, in the Lip-
Nb group cells were swollen suggesting that cells were
undergoing necroptotic changes however this claim needs
turther credence by future studies as a future goal (Fig. 8).
Quantifying data obtained from cells Volume Changes (A
Volume) after treating cells with free DOX, Lip-DOX and
specially Lip-DOX-Nb formulations showed necrosis and
apoptosis occurring, which is favorable for destruction of
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Fig. 6. Scratch migration assay on U87 cells.
cancerous cells. only small fragments of cellular debris remaining.
As shown, untreated cells and those treated with

liposomes exhibited a spindle-shaped morphology Discussion
with intact nuclei. In contrast, cells treated with Lip-Nb Tumor-associated angiogenesis is one of the significant
appeared swollen, indicating that they were undergoing aspects of cancer development and metastasis.”
the necroptosis process. In the free DOX treatment group, Angiogenesis is the formation of new blood vessels which
only cellular debris was observed. Additionally, in the is necessary to maintain sufficient blood supply; oxygen
Lip-DOX treatment group, cell nuclei were damaged, and nutrients. Tumor-induced angiogenesis involves the
reflecting the direct action of DOX on the nuclei. In the release of various angiogenic factors such as VEGF; which

Lip-DOX-Nb group, the cells were completely dead, with play crucial role in promoting the growth of tumor vessels
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and causes morphological changes in vascular endothelial
cells and surrounding extracellular matrix.”” The VEGF
family includes VEGFA, VEGFB, VEGFC, VEGFD, and
placenta growth factor.® These ligands bind to three
endothelial receptor tyrosine kinases (RTKs), such as
VEGFR family, and resulting downstream signaling
pathways to angiogenesis and lymph angiogenesis.

In recent years, targeted therapy has emerged as an
effective treatment for tumor angiogenesis VEGF/
VEGFR downstream signaling pathways are promising
targets in anti-angiogenic therapy.* Molecules blocking
the interaction of VEGF and VEGFR can prevent the
activation of VEGFR signaling, resultingin anti-angiogenic
affects. “Bevacizumab” and “ramucirumab”, act as VEGF/
VEGER interaction inhibitors and are approved as anti-
angiogenic drugs to treat cancers.”® VEGFR2 is the main
signaling VEGFR in blood vascular endothelial cells and
is a suitable target for cancer therapy.”

One of the most commonly used drugs for
chemotherapy is DOX which is sold under the name
adriamycin.” But the major concern for DOX treatment
is the cardiotoxicity which makes it dosage dependent.*
Apart from cardiotoxicity, DOX also shows lipid
peroxidation, DNA damage and build-up of tumor
suppressor protein. One approach to overcome these, is
using DOX encapsulated liposomes; represents the most
successful strategy to date for increasing the therapeutic
index of DOX. The encapsulation of DOX into nanosized
liposomes significantly enhances the pharmacokinetic
profile of liposomal DOX compared to free DOX. Doxil®
liposomal formulation of DOX, is approved by US the
Food and Drug Administration.® A further advancement
in this line of treatment is targeting drug delivery.

In the present study, as depicted in Figure 1, an anti-
VEGFR2 Nb targeting on the VEGFR2 antigen was
conjugated on DOX liposomes. The resulting nano
liposome were loaded with DOX and we investigated their
effect on tumor angiogenesis. All liposomes prepared by
thin-film hydration followed by extrusion method and
homogenous unilamellar vesicles are formed. Extrusion is
the technique to control vesicle size."!

The physicochemical characteristics of liposomal
nanoparticles play a critical role in their behavior in the
biological matrix and their ultimate fate, thereby affecting
the biodistribution and biological activity of the drug.*

In this study, the size of all prepared nano liposomes was
less than 200 nm (Table 1) with a smooth spherical shape
as displayed in TEM imaging, and PDI less than 0.2 (Fig.
2) which can target antibodies to tumors by enhanced
permeation and retention (EPR) mechanisms and induce
higher cellular binding/uptake by tumor cells.*” The size
of the Lip-Nb and Lip-DOX-Nb were more than Lip and
Lip-DOX formulas. The increased size was attributed to
the conjugated Nbs on their surface. The surface charge of
Lip-Nb and Lip-DOX-Nb is slightly negative confirming

successful Nb conjugation on Liposomes surface and
cause to sterically stabilized liposomes. Conjugation of
Nb to lipid was observed as a band shift due to increased
molecular weight, in comparison with unconjugated
liposome, in SDS-PAGE. The conjugation efficiency of
Nanobody was significantly higher (CE%~ 87), owing to
the high bonding efficiency between the thiol group and
maleimide via the Michael addition reaction. In addition,
the encapsulation efficiency of DOX was notably high
(EE%~90), attributed to the gradient loading method.

The in vitro release profile of DOX from liposomes
(Fig. 3) demonstrated sustained slow-release rate in
plasma matrix (pH 7.4) with no obvious burst release and
more than 85% of the encapsulated DOX was retained
in nanoliposomes at 37 °C, after 48 hours of incubation.
This formulation is ideal to prevents systemic drug
release and enhances drug accumulation at tumor sites.”
This phenomenon was corroborated by the cytotoxicity
levels of DOX-loaded liposomes, which exhibited lower
cell viability percentage in HUVECs after exposure
(Supplementary file 1, Fig. S1). This is attributed to the
prolonged release of DOX from liposomes in extracellular
matrix but improves cellular uptake and intracellular
DOX accumulation, leading to a more potent inhibitory
effect of the anti-VEGFR2 moiety bonding and greater
toxic drug accumulation within the cells (viability% of
32.5%).

To achieve targeted delivery of DOX, uptake or binding
of Nb to VEGFR2 antigen on target cell is needed.
Flow cytometry results were proved efficiently uptake
of Lip-DOX-Nb to VEGFR2-positive HUVEC cell in
compare with Lip-DOX with lower fluorescent intensity,
causes high levels of intracellular DOX delivering,
accumulation® and also increased cellular apoptosis rate,
an ideal cytotoxicity effect on tumor cells, by prolonged
exposure (Figs. 4-5). These results are in line with DHM
analysis that confirmed apoptosis effect of Nb-conjugated
liposomal dox with completely nuclear integrity loss of
U87 cancer cells (Fig. 8). On the other hand, attachment of
anti-VEGFR2 moiety of Lip-DOX-Nb to VEGF receptor
2 on endothelial cells, blocking angiogenesis downstream
signaling pathways, promotes cell senescence and
apoptosis.

The conjugation of anti-VEGFR2 Nbs to liposomes
were designed to inhibit or reduce the formation of
new neovascular tubes through binding to VEGFR 2
on endothelial cell (EC) membranes and blocking their
function. This objective was successfully demonstrated in
tube formation assays using normal HUVEC cells (Fig. 7).
Notably, the formation of tip cells and tube-like structures
in HUVECs was completely inhibited following exposure
to the Lip-DOX-Nb formulation, cellular debris and
apoptotic bodies were observed, indicating a high rate of
cell death due to the potent and effective targeting of this
nano drug delivery system.?
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Research Highlights

What is the current knowledge?

o The treatment with DOX is still challenging due to the
systemic toxicity.

o liposomal formulation of DOX has more effective
anticancer effect on various cancer cells.

What is new here?

o Targeting the DOX loaded Liposomes as combinatorial
therapeutic can improve the treatment outcomes.

o Targeting the VEGFR2 can help to block proliferation of
cancer cells and thereby can be used as antiangiogenics

agent.

Endothelial cell migration is an essential to support
angiogenic activity.* GBM, which is one of the most well-
known and highly vascularized solid tumors, exhibits an
overextension of both VEGFs and VEGFRs in their extent
to neovascularization.*>*s Scratch assay on U87 cell lines
(Fig. 6) revealed the superior efficacy of Lip-DOX-Nb in
inhibiting cells migration resulting VEGFR?2 inhibition.?

Our results are consistent with previous literature,
indicating that tumor vasculature-targeting liposomes
hold promise as a future prospect for delivering
chemotherapeutic agents to tumor sites while minimizing
adverse events.”’*

Conclusion

In this study, a novel anti-VEGFR2-conjugated liposomal
DOX drug delivery system was designed and developed
for angiogenesis inhibition in chemotherapy. A series
of in vitro experiments confirmed the targeting ability
of the anti-VEGFR2 Nanobody used in this system. The
high cellular uptake demonstrated that the Lip-DOX-Nb
formulation exhibited a strong affinity towards HUVEC
cells, which highly express VEGFR2.
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