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Abstract

Glioma is a highly malignant tumor that starts in the glial cells of brain. Tumor cells reproduce
quickly and infiltrate rapidly in high grade glioma. Permeability of chemotherapeutic agents into
brain is restricted owing to the presence of blood brain barrier (BBB). In this study, we developed
a dual functionalized liposomal delivery system for efficient transport of chemotherapeutics across
BBB for the treatment of glioma. Liposomes were surface modified with transferrin (Tf) for
receptor targeting, and cell penetrating peptide PFVYLI (PFV) to increase translocation of
doxorubicin (Dox) and Erlotinib (Erlo) across the BBB into glioblastoma (U87) tumor cells. /n
vitro cytotoxicity and hemolysis studies were performed to assess biocompatibility of liposomal
nanoparticles. Cellular uptake studies demonstrated efficient internalization of Dox and Erlo in
U87, brain endothelial (bEnd.3), and glial cells. In addition, dual functionalized liposomes showed
significantly (p < 0.05) higher apoptosis in U87 cells. Significantly (p < 0.05) higher translocation
of dual functionalized liposomes across the BBB and delivering chemotherapeutic drugs to the
glioblastoma tumor cells inside PLGA-Chitosan scaffold resulted in approximately 52% tumor
cell death, using /n vitro brain tumor model.
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1. Introduction

Glioblastoma multiforme (GBM) is an aggressive primary brain tumor of grade IV
malignancy with poor prognosis. The tumor arises from astrocytes and is highly life
threatening in nature due to rapid reproduction and infiltration of tumor cells into different
parts of brain. Invasive nature of glioblastoma makes surgical removal of tumor difficult [1].
Available treatments include surgical resection, radiotherapy or chemotherapy are not able to
increase the median survival time of 12-15 months [2,3]. Chemotherapy is the most
common option for treatment of glioblastoma. However, presence of blood brain barrier
(BBB) restricts the translocation of chemotherapeutic agents into the brain. Additionally,
most chemotherapeutic agents cause undesirable effects due to inefficient targeting of tumor
cells and toxic effects on healthy brain cells [4,5]. Therefore, it is warranted to develop an
efficient glioblastoma targeting delivery system with high translocating ability across BBB
as well as glioblastoma penetrating capabilities. We designed a dual functionalized
liposomal system which could overcome all the aforementioned issues thereby delivering
chemotherapeutic agents across BBB at high concentration to the core of tumor as well as
migratory cells.

Transferrin receptors (TfR) are overexpressed on the surface of glioblastoma (U87) as well
as on brain endothelial (bEnd.3) cells [6,7]. These TfR can be exploited for translocating a
delivery carrier across the BBB [8-10]. In past years, sterically stable transferrin (Tf)
coupled nanoparticles have been studied for delivering chemotherapeutic agents to the brain
[11,12]. Receptor targeting delivery system could enhance the targeting effect of delivery
carrier alone, however it was found to be limited due to receptor saturation [13,14]. In
addition, it has been reported that the endocytic uptake of receptor targeting delivery system
eventually leads to endosomal entrapment followed by degradation. Thus, to overcome the
problem of endosomal entrapment, the surface of receptor targeting delivery system has
been modified with cell penetrating peptides (CPPs) [15,16]. CPPs are short chain peptides
which can facilitate intracellular uptake of delivery carriers. PFVYLI (PFV), is a synthetic
peptide with only six amino acids which represents the c-terminal portion of C105Y [17].
This hydrophobic peptide sequence has shown potential in intracellular transport of delivery
carriers [18-20]. In the present study, we evaluated anti-tumor efficacy of dual
functionalized liposomes modified with Tf and PFV for co-delivery of doxorubicin (Dox)
and erlotinib (Erlo), using /n vitro brain tumor model.

The complex pathology of brain makes it one of the most complex organs of the human
body. Due to this complex pathological nature of brain tumor, it is extremely difficult to
develop an /n vitro brain tumor model. Several models have been studied to imitate the
complex pathology of brain tumor but none of them were able to address the presence of
BBB, which is the major hurdle in transport of chemotherapeutics agents into the brain
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[21,22]. In this study, we designed an /n vitro brain tumor model by growing glioblastoma
(U87) cells in a PLGA-chitosan porous scaffold to study the transport of dual-functionalized
liposomes across endothelial barrier layer into 3-dimensionally grown tumor.

Combinational therapy of drugs has the potential to improve therapeutic efficacy by utilizing
multiple non-overlapping and synergistic mechanisms, which thereby reducing the
possibilities of drug resistance in cancer cells. Co-delivery of erlotinib, an epidermal growth
factor receptor inhibitor, can extraordinarily synergize the apoptotic response to DNA
damaging ability of doxorubicin. In this study, we modified the surface of liposomes with Tf
for receptor targeting and PFV for enhanced cell penetration across BBB into brain. We
evaluated /n vitro biocompatibility of liposomal nanoparticles by using cell viability and
hemolysis assay to determine their suitability for /n vivo administration. We also performed
in vitro cellular uptake and their mechanisms to determine the targeting and penetration
ability of dual-functionalized liposomes. In addition, a detailed experimental investigation
was performed to determine the transport and anti-tumor efficacy of Dox and Erlo
encapsulated dual-functionalized liposomes by evaluating the transport across BBB,
followed by increased accumulation of Dox and Erlo into tumor cells, resulting in tumor
regression inside PLGA-chitosan scaffold using /n vitro brain tumor model.

Materials and methods

2.1 Materials

1,2-dioleoyl-3-trimethylammonium-propane chloride (DOTAP), 1,2-dioleoyl-
snglycero-3phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (DOPE-lissamine
rhodamine), and 1,2dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) were purchased
from Avanti Polar Limited (Birmingham, Alabama). 3-(N-succinimidyloxyglutaryl)
aminopropyl, polyethyleneglycol-carbamyl distearoylphosphatidyl-ethanolamine (NHS-
PEG2000)-DSPE) was obtained from Biochempeg Scientific Inc. (Watertown,
Massachusetts). Doxorubicin HCI was procured from MedChem Express (Monmouth
Junction, New Jersey). Erlotinib was obtained from Cambridge Chemicals (Woburn,
Massachusetts). Transferrin (Tf), Cholesterol (Chol) and Chitosan (50 kDa) were procured
from Sigma-Aldrich Company (St. Louis, Missouri). PFVYLI (PFV) was obtained from
Zhejiang Ontores Biotechnologies Co., Ltd (Zhejiang, China). Fetal bovine serum (FBS)
was purchased from Omega scientific Inc. (Tarzana, California). Dulbecco’s modified eagle
medium (DMEM) and Dulbecco’s phosphate buffered saline (DPBS) were obtained from
Mediatech Inc. (Manassas, Virginia). 3-(4, 5-dimethylthiazol-2-yl)-2, 5- diphenyltetrazolium
bromide (MTT) was purchased from Alfa Aesar (Ward Hill, Massachusetts). Polyethylene
terephthalate (PET) thincerts, cell culture inserts were procured from Greiner Bio-One
International (Monroe, North Carolina). FITC Annexin VV Apoptosis detection kit was
purchased from BD Biosciences (San Diego, California). Poly (D, L-lactide-co-glycolide)
50:50 was obtained from Polyscitech (West Lafayette, Indiana). All the chemicals used were
of analytical grade. Brain endothelial cells (bEnd.3) were obtained from American Type
Culture Collection (ATCC, Rockville, Maryland).
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2.2 Synthesis of PFV—PEG(ZOOO)-DSPE and Tf-PEG(ZOOO)-DSPEZ

2.2.1 Synthesis of PFV-PEG2000-DSPE: PFV was coupled to the terminal end of
activated NHS-PEG 2000)-DSPE using nucleophilic substitution reaction as previously
described [19]. Briefly, NHSPEG 5000)-DSPE and PFV were dissolved at a molar ratio 4:1 in
an anhydrous dimethylformamide (DMF). The pH of the solution was adjusted between 8-9
using trimethylamine and stirred for 3 days at room temperature. The free uncoupled PFA
was removed through dialysis membrane MWCO 3.5kDa for 48 h. The final product was
lyophilized and stored at —20° C until used. The coupling efficiency was determined using
HPLC at a wavelength at 220 nm using MOS-1 hypersil column (Thermoscientific, 5 pm,
250 x 4.6 mm).

2.2.2 Synthesis of Tf-PEG2000)-DSPE: Tf was coupled to the distal end of to NHS-
PEG2000)-DSPE using nucleophilic substitution, as described in the previous section
[12,23]. Briefly, NHS-PEG2000)DSPE and Tf (125 pg /u mole of phospholipid) was
dissolved in an anhydrous DMF. The pH of the solution was further adjusted between 8-9
using trimethylamine and stirred for 24 h at room temperature. Uncoupled transferrin was
separated by passing through G-100 sephadex. The coupling efficiency was determined by
microBCA. Briefly, 400 ul of methanol was mixed with 100 pl of liposomal suspension,
vortexed and centrifuged for 30 s at 9000 x g. Further, 200 pl of chloroform was added to
this mixture, vortexed and centrifuged at 9000 x g for 30 s. Then 300 pl of water was added
which led to phase separation. The mixture was further vortexed and centrifuged for 1 min at
9000 x g. After discarding supernatant, 200 pl of methanol was added to the interphase
between chloroform and protein precipitate. Thereafter, the mixture was again vortexed and
centrifuged at 9000 x g for 2 mins. The upper layer was discarded and protein pellet was air
dried. The dried protein pellet was dissolved in 100 pl of phosphate buffer saline (PBS), pH
7.4 and analyzed using micro BCA assay as per the manufacturer’s protocol in order to
determine coupling efficiency.

2.3 Preparation of Dual Functionalized Liposomes and Drug Loading:

The dual-functionalized liposomes were prepared using thin film hydration and post-
insertion technique [12]. Briefly, erlotinib and PFV-PEG 2000)-DSPE along with other
phospholipids were dissolved in chloroform: methanol (2:1 (v/v)), in the following molar
ratio: DOTAP/DOPE/Chol/PFV-PEG 2000)-DSPE (45:45:2:4 mole %). The solvent mixture
was evaporated using rotavapor (Buchi Rotavapor RIl, New Castle, DE) to form a thin lipid
film. Then, the dried lipid film was hydrated with 300 mM citric acid buffer, pH 5.0 to form
PFV coupled liposomes. The Tf-PEG 2000)-DSPE micelles were stirred overnight at room
temperature with PFV-liposomes to form dual functionalized liposomes (Tf-PFVIiposomes).
To encapsulate doxorubicin into liposomes, reported pH gradient method was used, with
some modifications [12]. Tf-PFV liposomes were titrated with 300 mM sodium carbonate to
create pH gradient. Doxorubicin was added to the preformed liposomes and incubated at
50°C for 1 h. Then, the drug loaded liposomes were cooled down to room temperature and
subsequently passed through sephedex G-100 column to remove unentrapped drug. The final
functionalized liposomes (Tf-PFV liposomes) were passed through sterile 0.2 um filter. The
liposomal nanoparticles were stored at 4°C and used within 48 h of preparation.
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The entrapment efficiency of drugs was quantified using high performance liquid
chromatography (HPLC). Briefly, 100 pl of liposomal formulation before and after passing
through the sephedex G-100 column, was mixed with 200 pl D.I. water along with 100 pl of
methanol and 100 pl of triton X100 (0.5% v/v). Then, this dispersion was centrifuged at
3000 rpm for 10 min and the supernatant was injected into HPLC. Dox analysis was
performed at a wavelength of 234 nm using C-18 column (Thermoscientific Hypersil Gold,
5 um, 250 x 4.6 mm) and mobile phase consisted of 0.2 M phosphate buffer, pH 5.5 :
acetonitrile (70:30) with a flow rate of 1 ml/min at room temperature, with some
modifications [12]. Erlo was analyzed at a wavelength of 246 nm using C-8 column
(Thermoscientific Hypersil BDS, 5 pm, 250 x 4.6 mm) and mobile phase consisting 0.2 M
potassium phosphate, pH 3.0: acetonitrile (50:50) with a flow rate of 0.750 ml/min at room
temperature, with some modifications [24].

For preparation of lissamine-rhodamine and coumarin-6 labeled liposomes, the lipid mixture
was added with 0.5 mole% of dye along with other lipids prior to formation of thin lipid
film.

2.4 Size and Zeta Potential of Liposomal Nanoparticles:

The hydrodynamic diameter and zeta potential of the liposomes were measured by zetasizer
ZS 90 (Malvern Instruments, Worcestershire, UK) after appropriately diluted with PBS. The
sample filled cuvettes were placed in the path of 5 mW He—Ne laser of wavelength 633 nm
at 25°C. The data was collected at a scattering angle of 90°.

2.5 In vitro Release of Doxorubicin and Erlotinib:

In vitrorelease studies of doxorubicin and erlotinib were performed by diluting liposomes in
phosphate buffer saline (PBS, pH 7.4) with 10% FBS. The drugs encapsulated liposomes
were placed into a dialysis tube (MWCO 6000-8000) and tightly sealed. Then, the dialysis
tube was immersed into 50 ml of phosphate buffer saline (PBS, pH 7.4) and incubated at 37
+ 0.5°C with mild oscillation of 50 rpm. At predetermined intervals, 1 ml of samples were
taken and replaced with same volume of fresh PBS (pH 7.4). The samples were analyzed
using HPLC, as described above for evaluation of doxorubicin and erlotinib loading.

2.6 In Vitro Biocompatibility:

The cationic nature of the CPP may cause cell toxicity [18]. In this study, the cytotoxic
potential of drug-free liposomes of different concentrations of phospholipids in U87, bEnd.
3, and glial cell lines was studied using MTT assay. Briefly, 1,000 cells per well were seeded
in 96 well plates in 200 ul of DMEM supplemented with 10% FBS and 1% pen-strep and
incubated at 37°C under 5% CO, atmosphere. After attachment for 24 h, different
phospholipid concentrations of drug-free liposomes (plain, Tf, PFV, and Tf-PFV liposomes)
in serum free media were added to the wells and incubated for 2 h. Subsequently, the
formulation was removed and replaced with fresh serum containing media. The cells were
further incubated at 37°C under 5% CO, atmosphere, for 48 h. Cell viability was then
evaluated by MTT assay [12]. Untreated cells were considered as control group under the
same cell culture conditions.
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2.7 Cellular uptake Assessment:

U87, bEnd.3 and glial cells were seeded in 6 well plate at a density of 6 X 10° cells per well
and incubated at 37°C under 5% CO, atmosphere. After attachment of 24 h, different Dox
and Erlo encapsulated liposomal formulations were added in each well at a concentration of
200 nMoles of phospholipid and cellular uptake was studied for 2 h. After treatment, the
cells were washed and rinsed with DPBS, PH 7.4. The nuclei of cell was stained with 1 ml
of Hoechst 33342 (1 pg/mL). Then, the cells were observed under Leica DMi8 fluorescence
microscope (Leica Microsystems Inc., Buffalo Grove, IL). For quantitative uptake of Dox
and Erlo, the cells were lyzed in triton x-100 (0.5% v/v) followed by extraction of drugs by
addition of methanol to the cell lysate. Then, the solution was centrifuged at 10,000 rpm for
15 min at 4°C and the supernatant was injected in HPLC. The analysis was performed as
described previously for quantification of Dox and Erlo entrapped into liposomes.

2.8 Evaluation of Endocytosis Pathways:

To elucidate the endocytosis pathways of liposomes, various membrane inhibitors were
used. The cells (U87, bEnd.3, and glial cells) were seeded in 6 well plate at a density of 6 X
10° cells per well. After attachment for 24 h, the cells were incubated at 4°C to inhibit all
energy dependent endocytic pathways [25] or pre-incubated cells for 30 min with either
colchicine (10 pM) inhibits the formation of caveolae [26], methyl-B-cyclodextrin (5 mM)
prevents cholesterol dependent endocytic processes [27], chlorpromazine (10 g g/ml)
inhibits the development of clathrin-coated vesicles [25], or amiloride (50 uM) prevents
macropinocytes [28], followed by incubation of coumarin-6 loaded liposomes (200 nMoles
of phospholipid concentration) for 2 h. Subsequently, the cells were washed and lyzed by
adding 50 pl of triton X-100 (0.5% v/v) followed by adding 450 pl of methanol to extract
coumarin-6. The cell lysate was centrifuged at 10,000 rpm for 15 min at 4°C. Then, the
supernatant was assessed by measuring the fluorescence intensity of coumarin-6 using
fluorescence SpectraMax® M5 spectrophotometer microplate reader (excitation wavelength
= 465 nm, emission wavelength: 502 nm). The cells without treated with inhibitors were
used a controls.

2.9 Apoptosis Study:

FITC-annexin-V/ propidium iodide (PI) double staining assay was used to quantify the
apoptosis in U87 cells by liposomal formulations. Briefly, 1 x 106 cells per well were seeded
in 6 wells plates. After attachment for 24 h, the cells were incubated with different Dox and
Erlo loaded liposomes and free Dox-Erlo for 5 hours. Then, the formulations were replaced
with fresh complete medium and incubated under same cell culture conditions for 24 h.
Consequently, the cells were washed, collected by trypsinization, and stained with Annexin
V-FITC apoptosis detection kit. The cells were immediately assessed in accordance with
manufacturer’s protocol, using BD Accuri C6 flow cytometer (BD Biosciences Accuri
cytometers, San Jose, CA).

2.10 Hemolysis Study:

The liposomes in the present study are meant to be injected intravenously and can interact
with negatively charged erythrocytes membrane which may cause hemolysis. Therefore, in
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vitro hemolysis test is warranted prior to /n vivo study. Briefly, blood was collected into
EDTA containing tubes from an adult rat and centrifuged at 2000 rpm for 10 min. Then, the
obtained pellet was washed thrice with sterile PBS, pH 7.4. Different phospholipid
concentrations of liposomes were incubated with 1.5 x 107 number of erythrocytes for 60
min at 37°C. Consequently, the samples were centrifuged at 2000 rpm for 10 min and
absorbance of the supernatant was determined at 540 nm using spectrophotometer
(SpectraMax® M5, Molecular devices, Sunnyvale, CA). Erythrocytes hemolysis of 100%
and 0% after treatment with triton x-100 and PBS were taken as controls, respectively. Less
than 10% of hemolysis was considered non-toxic [29,30]. The percent hemolysis was
calculated by using the following equation:[12,31]

Percent hemolysis = [(Abs(treatment) - AbS(PBS))/ AbS(Triton x— 100)| ¥ 100

Where Abstreatment), AbS(pes) and Abs(ty are the absorbance of treatment groups, PBS and
triton x-100, respectively.

2.11 Design of Endothelial Barrier:

The /n vitro endothelial barrier was constructed according to previously published reports
[12,32,33]. Briefly, the co-culture barrier was formed by seeding bEnd.3 cells (37,500
cells/cm?) and glial cells (15,000 cells/cm?) on luminal side and abluminal side of the insert,
respectively. The media of barrier was replaced with fresh media every 2 days and cells were
checked for confluency. The integrity of the barrier was assessed by measuring the flux of
sodium fluorescein (Na-F) across the co-culture barrier layer [12] as well as by measuring
the transendothelial electrical resistance (TEER) using EVOM2 with STX2 (World Precision
Instruments, Sarasota, FL) [32]. The Na-F permeability across both co-culture (bEnd.3 and
glial cells) and monolayer (only bEnd.3 cells) barrier was determined by replacing the
medium with 500 pl containing 10 pg/ml Na-F in the upper compartment of the culture
insert and 1 ml of DPBS in the lower compartment of the 24 well plates. At predetermined
time points, samples were taken by transferring the culture insert to new wells containing 1
ml DPBS. Then, the fluorescence intensity of Na-F was measured using spectrophotometer
(SpectraMax® M5, Molecular devices, Sunnyvale, CA) at excitation/emission wavelengths
of 485/535 nm, respectively. The following equation was used to calculate the endothelial
permeability coefficient (Pg): [13,34,35]

1/P_= 1/P,— 1/P.cm/s
e t f

where, Py is the apparent permeability coefficient across the total barrier model while Py is
the apparent permeability coefficient across cell free culture insert.

2.12 Growth of Tumor Cells Inside PLGA-Chitosan Scaffold:

The scaffold was prepared using emulsion freeze dry method as previously reported [12,35].
Briefly, 0.2 g of poly (D, L-lactide-coglycolide) (50:50) (PLGA) was dissolved in 1 ml of

dichloromethane. Separately, chitosan (500 mg) and polyvinyl alcohol (PVA, 150 mg) were
dissolved in 10 ml of acetic acid buffer, pH 4.5. An emulsified paste was prepared by slowly
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adding and stirring the PLGA solution to chitosan-PVA mixture. Then, 500 pl of collagen
solution (0.1% wi/v) was added to this emulsified paste and poured into a rod shaped mold
and freeze dried. Before seeding U87 cells, the scaffolds were cut into 2mm circular disc
and then treated with 70% ethanol. Thereafter, the scaffolds were soaked with DMEM
supplemented with 30% FBS overnight. Following day, 5 x 10° U87 cells were seeded on
the surface of scaffold and incubated for 6 h, followed by addition of fresh media
supplemented with 30% FBS. The media surrounded by scaffold was replaced with fresh
media every other day. At different time points, the growth of the U87 tumor cells inside
scaffolds was monitored using hematoxylin eosin staining.

2.13 Assessment of Liposomal Transport:

To evaluate the transport of liposomes across /n vitro brain tumor model, the model was
constructed by placing the co-culture (bEnd.3 and glial cells) endothelial barrier above the
glioblastoma grown scaffold on day 14 and further cultured for 7 days. This model was
constructed to simulate /7 vivo like conditions, where the liposomes have to first translocate
across the co-culture barrier before reaching to the glioblastoma tumor site inside the
scaffold. The transport of drug loaded liposomes was quantified across the 7 vitro brain
tumor model. The transport was carried out in sterile DPBS containing 10% FBS to mimic
the /n vivo condition. The co-culture endothelial barrier was placed on glioblastoma grown
scaffold in 24 well plates containing 1ml of DPBS with 10% FBS. Different liposomal
formulations (200 nMoles of phospholipid concentration) in 500 pl of fresh serum
containing buffer were added in the upper compartment of the co-culture barrier insert. The
liposomes were transported across the co-culture endothelial barrier into the 3-dimensional
glioblastoma tumor grown scaffold. Then, tumor cells were lyzed as described above and the
lysate was analyzed as the same way described in the cellular uptake study using HPLC.

2.14 Anti-Tumor Efficacy of Liposomes:

To assess antitumor efficacy of liposomes, in vitro brain tumor model was used, as
constructed in previous section. On day 21 of tumor growth, the model was treated with
different Dox and Erlo loaded liposomal formulations. Briefly, the media surrounding by the
tumor scaffold was replaced by fresh serum containing DPBS pH 7.4. The media in the
upper compartment of co-culture barrier insert was replaced with Dox and Erlo loaded
liposomal nanoparticles (200 nMoles of phospholipid concentration) and free drugs (Dox
(10 pg) and Erlo (8 pg)) in 500 pl of fresh serum containing DPBS and treated for 24 h.
After treatment, the scaffold was incubated at 37°C under 5% CO, atmosphere in fresh
media containing 30% FBS for 6 more days. The media surrounded by scaffold was
replaced with fresh media in every 2 days and percent cell viability was quantified using
MTT assay. For fluorescence imaging, the treated scaffolds were stained with live/dead cell
staining (Biotum Inc., Fremont, CA) according to the manufacturer’s protocol. Then, the
scaffolds were embedded in OCT and snap frozen. With the help of cryostat, 20 pm thick
sections of scaffolds were cut and stained with hematoxylin-eosin staining. The fluorescence
images of scaffolds were observed using Leica DMi8 fluorescence microscope (Leica
Microsystems Inc., Buffalo Grove, IL).
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2.15 Data Analysis:

All the quantitative data were demonstrated as a mean + standard deviation (S.D.). Statistical
significant analysis among groups were performed using either Student’s t test, one or two-
way ANOVA. A P value of less than 0.05 was considered statistically significant. All
quantitative data analysis was performed using Graphpad Prime 5.0 for windows (GraphPad
Software, Inc., La Jolla, CA).

3. Results and discussion

3.1 Synthesis of PFV peptide and Tf with NHS-PEG2000)-DSPE:

Tf and PFV were successfully coupled to the distal end of the NHS-PEG2000) ~-DSPE
through nucleophilic substitution reaction in the presence of trimethylamine (Fig. 1A). The
amine groups present in Tf bind covalently to the distal terminal of PEG derivatives, which
was confirmed by micro BCA assay and showed a coupling efficiency of 83.02 + 4.38 %.
Moreover, the PFV conjugation to NHS-PEG2000)-DSPE was confirmed by HPLC by
monitoring the reaction until the constant peak of PFV was achieved. As shown in Fig. 1B,
the retention time of PFV was approximately 26 min, and the coupling efficiency was
approximately 81% after 3 days. This indicates that PFV present in the reaction mixture, has
been coupled to the NHS-PEG2000)-DSPE.

3.2 Characterization of Liposomes:

The mean particle size of various liposomes was found in the range of 158.7 to 165.05 nm
(Table 1). Therefore, surface modification of liposomes with Tf and PFV did not show any
significant difference (p > 0.05) in particle sizes. The polydispersity index (PDI) of various
liposomes were less than 0.232, showing highly uniform liposomal particles. A particle size
distribution graph of Tf-PFV liposomes is shown in Fig. S1A. The zeta potential of plain
and Tf-PFV liposomes was observed to be 5.33 £ 0.66 and 7.66 + 0.87 mV. The results
indicate that the conjugation of negatively charged transferrin has changed the net charge on
liposomes to a negative value. However, the Tf-PFV liposomes have near neutral charge (0—
15 mV), which can be explained by the counter balancing of negatively charge Tf with the
positively charge PFV. The size and zeta potential are important factors in determining the
stability of colloidal suspension during storage. The incorporation of polyethylene glycol, a
stearic stabilizer helps in reducing aggregation of liposomes and improving their stability
during storage [31]. The entrapment efficiency of Dox and Erlo for all liposomal
formulations were found to be approximately 65 % and 54 %, respectively and demonstrated
no significant difference in the entrapment of drugs amongst different liposomal
formulations. The /n vitro release profile of Dox and Erlo loaded liposomes were studied in
10% FBS. The percent cumulative release for Dox and Erlo was more than 30% and 32% for
liposomes, respectively, over the period of 24 h (Fig. S1B and C).

3.3 In Vitro Biocompatibility of Liposomes:

In vitrobiocompatibility of liposomes was studied by using MTT assay in glioblastoma
(U87), brain endothelial (bEnd.3), and primary glial cell lines to demonstrate that liposomes
are non-toxic and biocompatible. It is also important to determine an optimal concentration
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of delivery carrier and its ability to release encapsulated content in a safe and effective way.
The results revealed cell viability of more than 85% compared to control, after exposure to
liposomes up to a phospholipid concentration of 200 nMoles. The cell viabilities at 600
nMoles concentration were found to be 70.51 + 1.68%, 67.58 + 1.99%, and 71.24 + 1.70%
in U87, bEnd.3, and primary glial cell lines, respectively. Moreover, there was a decrease in
cell viability with increasing concentration of phospholipid (Fig. 2). Irrespective of the type
of cells, the cell viability of positively charge PFV-liposomes was lower (p > 0.05) compared
to the negatively charge Tf-liposomes, Tf-PFV liposomes, and plain liposomes (Fig. 2),
which may be attributed to the higher positive charge of PFV on the surface of liposomes.

3.4 Cellular Uptake:

The cellular uptake of various liposomal formulations was studied qualitatively as well as
quantitatively in three different type of cells. As depicted in the Fig S2, Tf-PFV liposomes
labeled with lissamine rhodamine showed maximum uptake. The fluorescence images
corroborate the strong pattern of lissamine rhodamine fluorescence throughout the
cytoplasm as well as in the nucleus, indicating a significantly higher cellular uptake as
compared to single-ligand or plain liposomes in all the three types of cells. The quantitative
estimation of Dox and Erlo cellular uptake further confirmed the efficacy of Tf-PFV
liposomes uptake in different type of cells (Fig. 3A and B). The Dox uptake from the Tf-
PFV liposomes showed approximately 66%, 66%, and 65% in U87, bEnd.3, and Primary
glial cells, respectively. Furthermore, the uptake of Tf-PFV liposomes encapsulating Erlo
was found to be approximately 69%, 68%, and 64% in U87, bEnd.3, and primary glial cells,
respectively. The Tf-PFV liposomes showed significantly higher (p < 0.05) cellular uptake
compared to single ligand or plain liposomes. The cellular uptake of Tf-liposomes was not
significantly higher than PFV-liposomes, which explained that the greater uptake through
receptormediated transcytosis. Moreover, the high electrostatic interaction between the
heparin sulfate proteoglycans present on the surface of cell membrane and cationic PFV
enables the higher cellular uptake of liposomes. Therefore, Tf-PFV liposomes exhibited the
synergistic cellular uptake of liposomes by adsorptive and Tf receptor facilitated
transcytosis. In addition, the cellular uptake of Tf-PFV liposomes demonstrated higher
uptake in U87 compared to bEnd.3 and primary glial cells. Thus, the rate of cellular uptake
is dependent on the type of cells [12]. In conclusion, the results demonstrated the
significance of dual modifications of liposomes over receptor-mediated or cell penetration.

3.5 Cellular Uptake Mechanism:

To elucidate the pathways involved in cellular uptake of Tf-PFV liposomes, several
endocytosis inhibitors were used. Fig. 4 shows the findings of the effect of these inhibitors
on cellular uptake of coumarin-6 from the various liposomal formulations. When
temperature changed from 37°C to 4°C, the cellular uptake reduced in all the three types of
cells, which shows the uptake of Tf-PFV liposomes is energy-dependent. When cells were
pretreated with colchicine, an inhibitor of caveolae formation, which specifically blocks
caveolar mediated endocytosis, revealed no obvious inhibition on cellular uptake of Plain,
Tf, PRV, and Tf-PFV liposomes. Methyl-B-cyclodextrin (M-p CD) blocks the endocytosis
pathway via cholesterol depletion, which resulted in significant decrease in the uptake of
liposomes [12,19,36]. In addition, during the process of cellular uptake, cholesterol involves
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in the formation of cavities which ultimately lead to the development of clathrin-coated
vesicles. Chlorpromazine (CPZ), a specific inhibitor of clathrin-mediated endocytosis,
indicated significant reduction in the cellular uptake, thereby demonstrating major pathway
for cellular uptake of liposomes [12,19,37]. Amiloride can interfere in the uptake of
liposomes via macropinocytosis, by inhibition of sodium-proton exchange [38]. However,
amiloride did not significantly inhibit the liposomal uptake, thereby eliminating the
macropinocytosis as the uptake pathway. Therefore, it can be concluded from the results that
liposomes were transported primarily through clathrin-mediated endocytosis as well as
clathrin-coated vesicles.

3.6 Apoptosis Assessment:

As depicted in Fig. 5A and S3, the exposure of various liposomes resulted in the apoptosis
of U87 cells. The total percentage apoptosis in U87 cells was about 60.87 + 6.57, 45.62
+1.28,45.67 £1.99, 36.02 £1.41, 24.32 + 2.78 and 11.87 + 0.71 for Tf-PFV, PFV, Tf, Plain
liposomes, Free Dox-Erlo, and control, respectively. Incubation of U87 cells with Tf-PFV
liposomes containing Dox and Erlo demonstrated enhanced U87 cell apoptosis compared to
plain liposomes containing Dox and Erlo. Therefore, based on the apoptotic assay, it can be
concluded that Dox-Erlo loaded liposomes showed significantly (p < 0.05) higher apoptotic
effect when the liposomal surface was modified with Tf and PFV.

3.7 Hemolysis Study:

It is critical to study liposomes biocompatibility for /n vivo administration. To elucidate /n
vitro biocompatibility, hemolysis study was performed to get an insight into the interaction
of cationic charged liposomes with negatively charged erythrocytes’ membrane, which
triggers thrombosis, embolization or hemolysis, /n vivo [31,39,40]. Such interaction can lyse
the erythrocytes and release hemoglobin. It was found that increase in phospholipid
concentrations lead to a higher release of hemoglobin from the erythrocytes (Fig. 5B). The
results showed that percent hemolysis for Tf-PFV liposomes was less than 6% at 600
nMoles phospholipid concentration. In general, upto 10% of hemolysis is considered as non-
toxic and biocompatible [41]. Therefore, it can be concluded that Tf-PFV liposomes are
non-toxic and biocompatible for /n vivo administration.

In Vitro BBB Integrity and 3D Tumor Model:

The integrity of BBB was assessed by measuring the flux of sodium fluorescence (Na-F) and
TEER across the co-culture of bEnd.3 cells and glial cells. The integrity of endothelial cells
associated glial cells determined the intactness of the endothelial barrier layer. We observed
significant (p < 0.05) decrease in the paracellular transport of Na-F across the co-culture
model with bEnd.3 and glial cell (Pe = 2.17 x 1076 cm/s) as compared to monolayer model
(Pe = 11.7 x 1075 cm/s) (Fig. S4A). The lower permeability coefficient of Na-F across
coculture model attributed to the physical contact between the endothelial and glial cells,
thereby showing improved complex between junctional proteins, showing the significance of
glial cells in the formation of tight BBB [12,13,42,43]. Likewise, the TEER across co-
culture and monolayer models was also determined to confirm the intactness of the
endothelial barrier. The TEER values of both monolayer and co-culture model were
observed to be increasing with increase in the cell densities. The TEER value for the co-
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cultured model after 6 days of incubation period, was found to be 178.4 + 10 Q cm?,
significantly (p < 0.05) higher compared to 110.6 + 3.5 Q cm? for the monolayer model (Fig.
S4B). This can be explained by the up regulation of junctional proteins in the co-cultured
model and supported by the presence of glial cells, which make a tighter barrier [44]. In
addition, Microscopic images of hematoxylin-eosin stained scaffold sections showed gradual
growth of U87 tumor cells as depicted in Fig. 6A. The images of scaffold with tumor cells
exhibited cellular biocompatibility. In addition, the porous nature of scaffold facilitates the
attachment of tumor cells, thus supporting the tumor growth in 3-dimensional environment
[45]. On day 21, the histological images of scaffold demonstrated dense growth of tumor
cells inside the scaffolds.

3.9 Transport of Liposomes Across In Vitro Brain Tumor Model:

In this study, we developed an /n vitro brain tumor model to study the transport of Tf-PFV
liposomes across the endothelial barrier layer into tumor grown in the porous PLGA-
chitosan scaffold. The model was prepared by culturing glioblastoma cells in the porous
PLGA-chitosan scaffold and combining it with co-cultured endothelial barrier, thereby
mimicked /n vivo like conditions. Moreover, the endothelial barrier layer was constructed by
culturing glial and bEnd.3 cells on the abluminal and luminal side of PET membrane of
insert, respectively. The transport study was performed using 10% serum to create /n vivo
like condition, thus eliminating the chances of liposomes entrapped into the endothelial
barrier layer. The drug loaded Tf-PFV liposomes demonstrated significantly (p < 0.05)
higher transport across the /n vitro brain tumor model as compared to single ligand or plain
liposomes alone. The percent liposomal transport was increased from 8.05% and 8.7% for
Tf and PFV liposomes to 12.67% for Tf-PFV over a period of 24 h (Fig. 6B). Thus, the Tf-
liposomes transported after binding to transferrin receptor via receptor mediated
transcytosis, whereas the electrostatic binding of the cationic charged PFV-liposomes with
negatively charged cell membrane facilitates the transport across the endothelial barrier.
Therefore, Tf-PFV liposomes efficiently transported through dual mechanisms of receptor
mediated transcytosis and cell penetration across the /in vitro BBB model.

3.10 Anti-Tumor Efficacy:

The antitumor efficacy of Tf-PFV liposomes was studied by quantifying the percent tumor
cell viability in scaffold using MTT assay as well as determining qualitatively using live/
dead cell imaging using /n vitro brain tumor model. The tightly packed endothelial barrier
layer (co-culture model) combined with U87 housed PLGA-chitosan scaffold, that
demonstrates /n7 vivo tumor environment, where the liposomes have to translocate first
across the endothelial barrier layer before reaching to the tumor target site. /n vitro brain
tumor model was treated for 24 h on day 21 and tumor cell viability was quantified on day
28. The percent tumor cell viability was observed to be decreased from 77.84 + 1.57% for
Dox-Erlo loaded plain liposomes to 47.85 + 1.06% for DoxErlo loaded Tf-PFV liposomes
for a 24 h treatment. Dox-Erlo encapsulated Tf-PFV liposomes decreased the percent tumor
cell viability significantly (p < 0.05) as compared to single ligand or plain liposomes alone
(Fig. 7A). Thus, the results showed an efficient co-delivery of Dox and Erlo from Tf-PFV
liposomes across the endothelial barrier to the tumor cells in the scaffold. In addition, the
fluorescence images of scaffold treated with Tf-PFV liposomes showed mostly dead tumor
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cells in the scaffold section, which corroborates the excellent anti-tumor efficacy of dual
functionalized liposomes over single or plain liposomes (Fig. 7B).

4. Conclusions

We have successfully designed and characterized Tf-PFV liposomes modified with Tf for
receptor targeting and PFV to enhance cell penetration across the BBB. The dual
functionalized liposomes showed significantly higher cellular uptake as well as increased
transport of Dox and Erlo across co-culture barrier to glioblastoma tumor cells, resulting in
enhanced tumor cell death inside scaffold and antitumor efficacy. The Jin vitro cell viability
and hemolysis study demonstrates that Tf-PFV liposomes are suitable for /n vivo
administration. In addition, the dual functionalized liposomes exhibited clathrin-mediated
cellular uptake as the major endocytosis pathway for their transport. Based on the promising
results from /n vitro studies, we anticipate that Tf-PFV liposomes will demonstrate to be an
efficient delivery system in delivering anticancer chemotherapeutic agents across the BBB to
the glioblastoma tumor specific site, /n vivo.
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Highlights:
. Transferrin-PFVYLI (Tf-PFV) liposomes were prepared by post-insertion
method.
. Tf-PFV liposomes showed Tf receptor targeting and enhanced cell

penetration.

. Cytotoxicity and hemolysis studies exhibited biocompatibility of the

liposomes.

. Increased transport of Tf-PFV liposomes across the barrier into tumor-
scaffold.

. Tf-PFV liposomes demonstrated excellent anti-tumor efficacy.
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(A) Schematic of the synthesis of PFV coupled to NHS-PEG 2000)-DSPE. (B) HPLC spectra

showing the rate of coupling of PFV to NHS-PEG 2000)-DSPE.
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Fig. 2.
In vitro cell viabilities of U87, bEnd.3 and Glial cells after exposure to different

phospholipid concentrations of plain, Tf, PFV, and Tf-PFV liposomes. Statistically
significant (p < 0.05) differences is shown as (*) with plain liposomes and (1) with PFV-
liposomes. Data represented as mean + S.D., (n=4).
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Fig. 3.
Graphs represent cellular uptake of A) Dox and B) Erlo encapsulated liposomes in U87,

bENnd.3 and Glial cells after 2 h incubation. Data represented as mean + SD, (n=4).
Statistically significant (p < 0.05) differences is shown as (*) with plain liposomes, (#) with
Erlo and (1) with Dox.
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Fig. 5.

(Ag) Graph shows the proportion of apoptosis in U87 cells after treatment with Dox and Erlo
encapsulated liposomes and free Dox -Erlo for 5 h. Statistically significant (p < 0.05)
differences is shown as (*) with plain liposomes, (#) with free Dox-Erlo, (f) Tf-liposomes,
and ($) PFV-liposomes. (B) Percent hemolytic activity of various liposomes. Red blood cells
were exposed to different liposomes at varying concentrations. Statistically significant (p <
0.05) differences is shown as (*) with plain liposomes, (#) with Tf-liposomes, and () with
PFV-liposomes. The data is represented as mean + S.D. (n=4).
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Fig. 6.
(A) At different time points, histological evaluation of tumor cell proliferation in PLGA-

chitosan scaffold. The images show hematoxylin-eosin staining of scaffold sections with
tumor cells growth (10x magnification). (B) Graph shows the percent transport of different
liposomes encapsulated with doxorubicin, across /7 vitro brain tumor model. Significantly
higher (p < 0.05) transport of Tf-PFV liposomes in comparison to plain liposomes was
observed (*).Data represented as mean + SD, (n=4).
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(A) Graph shows the percent tumor cell viability after 24 h treatment with different Dox and
Erlo encapsulated liposomes after 24 h treatment using an /n7 vitro brain tumor model.
Statistically significant (p < 0.05) differences with (*) plain liposomes, (#) free Dox-Erlo,
($) Tf-liposomes, and (1) PFV-liposomes was observed. Data represented as mean + SD,
(n=4). (B) The fluorescence images show tumor cell death in scaffold after treatment.
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Particle size distribution, polydispersity index, zeta potential and entrapment efficiency of various liposomal

formulations

Liposomes  Particle size (nm) pp|@ Zeta Potential (MV)  pox EEb (%) Erlo EEb (%)
Plain 165.05 + 3.75 0.182+0.040 5.33+0.66 63.47+3.02  54.06+1.34
Tf 163.40 + 6.07 0.221+£0.033 -5.26+1.20 65.55+3.05  54.03+2.66
PFV 158.70 + 1.45 0.210+0.021 14.16+1.48 65.08 +1.10 53.92+1.97
Tf-PFV 161.90 + 4.60 0.232+0.011 7.66+0.87 65.26 +1.89  53.99+1.63

aPondispersity index (PDI).

bEntrapment efficiency (EE). The data represented as mean + SD, (n=4).
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