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ABSTRACT

Purpose Chemotherapy for glioblastoma multiforme
(GBM) remains ineffective due to insufficient pen-
etration of therapeutic agents across the blood-brain
barrier (BBB) and into the GBM tumor. Herein, is
described, the optimization of the lipid composition
and fabrication conditions for a BBB- and tumor pen-
etrating terpolymer-lipid-hybrid nanoparticle (TPLN)
for delivering doxorubicin (DOX) to GBM.

Methods The composition of TPLNs was first screened
using different lipids based on nanoparticle proper-
ties and n vitro cytotoxicity by using 2 full factorial
experimental design. The leading DOX loaded TPLNs
(DOX-TPLN) were prepared by further optimization
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of conditions and used to study cellular uptake mecha-
nisms, in vitro cytotoxicity, three-dimensional (3D) gli-
oma spheroid penetration, and i vivo biodistribution
in a murine orthotopic GBM model.

Results Among various lipids studied, ethyl arachi-
date (EA) was found to provide excellent nanoparticle
properties e.g., size, polydispersity index (PDI), zeta
potential, encapsulation efficiency, drug loading, and
colloidal stability, and highest anticancer efficacy for
DOX-TPLN. Further optimized EA-based TPLNs were
prepared with an optimal particle size (103.8+33.4 nm)
and PDI (0.208+0.02). The resultant DOX-TPLNs
showed ~sevenfold higher efficacy than free DOX
against human GBM U87-MG-RED-FLuc cells in vitro.
The interaction between the TPLNs and the low-density
lipoprotein receptors also facilitated cellular uptake,
deep penetration into 3D glioma spheroids, and
accumulation into the in vivo brain tumor regions of
DOX-TPLNS.

Conclusion This work demonstrated that the TPLN
system can be optimized by rational selection of lipid
type, lipid content, and preparation conditions to
obtain DOX-TPLN with enhanced anticancer efficacy
and GBM penetration and accumulation.

KEY WORDS 3D tumor spheroids - blood-brain
barrier - design of experiment (DOE) - endocytosis
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INTRODUCTION

Glioblastoma multiforme (GBM) is the most com-
mon type of malignant brain tumor among adults,
accounting for~4% of cancer-associated-deaths (1, 2).
On average GBM patients survive less than 14 months
after diagnosis, with only 3-5% survival at 2 years (1, 2).
Unfortunately, chemotherapy and targeted therapies
for brain tumors are limited due to the impermeabil-
ity of most therapeutic agents across the blood-brain
barrier (BBB) and progressive development of drug
resistance in the central nervous system (CNS) (1, 3,
4). The BBB is characterized by the presence of tight
cellular junctions which act as a highly selective per-
meability barrier between blood in the general circula-
tion and the brain and spinal cord (4, 5). To achieve
effective treatment outcomes, higher drug doses are
typically required, leading to collateral tissue toxicity
(6). For these reasons, currently, only temozolomide
(TMZ) is used as the first line GBM treatment due to
its good BBB permeability (7, 8). However, the loss of
TMZ potency and development of tumor resistance in
recurrent GBM hinder its effectiveness (7, 9, 10).
Compared to TMZ, with in vitro 1C5,>100 pM in
U87-MG cells, doxorubicin (DOX) is more potent
(IC59<5 pM) yet its use in GBM is restricted due to
poor BBB penetration (9, 11, 12). Furthermore, DOX
is a substrate of multiple efflux transporters, and thus
is removed from the cells by P-glycoprotein (P-gp)/
ATP-binding cassette-1 (ABCB1) and Breast Cancer
Resistance Protein (BCRP/ABCG2), expressed by BBB
endothelial cells (13). To increase drug delivery various
methods such as pharmacological BBB disrupters, wafer
implants, intracranial injection, and/or ultrasound-
facilitated disruption of the BBB have been used with
limited success (14). A non-invasive approach using
nanoparticle (NPs) carriers that can bypass these barri-
ers for effective drug delivery would be highly desirable.
NPs with receptor-mediated BBB-crossing capabili-
ties have shown significant promise in drug delivery
to brain tumors (3, 15-17). Compared to other BBB-
targeting ligands such as antibodies, polysorbate 80
(PS 80) coated NPs offers significant advantages due
to their low cost and approved use in many injectable
pharmaceutical products. They deliver loaded cargo
across BBB by low density lipoprotein receptor (LDL-
R) mediated transcytosis by recruiting apolipoproteins
(e.g., apolipoprotein E, ApoE) from plasma upon
intravenous (I.V.) injection (3, 6, 18-23). However,
a high concentration of PS 80 is required to achieve
efficient BBB-crossing which can lead to histamine-
mediated hypersensitivity syndromes in patients (24,
25). To reduce this toxicologic potential and enable
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efficient drug delivery, we have devised a novel terpoly-
mer-lipid hybrid NP (TPLN), where PS 80 is covalently
bound in poly(methacrylic acid)-PS 80-grafted-starch
(PMAA-PS80-St) (6, 23, 26—29). The tailorable polymer-
lipid composition has enabled delivery of a variety of
brain-impermeable compounds, including imaging
agents (e.g. gadolinium) and small molecule anticancer
drugs (e.g., DOX and docetaxel) into brain metastases
of triple negative breast cancer (6, 26), and therapeutic
antibody trastuzumab to brain metastases of human epi-
dermal growth receptor 2 (HER2)-positive breast can-
cer (29). This versatile carrier system has significantly
enhanced therapeutic efficacy in murine models of
brain metastases (6).

Unlike liposomal NPs, the TPLN system is a solid
monolithic matrix system (Type I polymer-lipid hybrid
NP, PLN) at body temperature (30, 31). The properties
of the lipid composition and content and their interac-
tions with polymer and drugs determine the successful
matrix NP formation, effective drug loading, and con-
trollable drug release, has only been studied by limited
number of groups (31-40). By rational selection of the
lipid-polymer pair, a PLN can be designed to overcome
cellular barriers and facilitate intracellular delivery (30,
31, 36). A PLN made of myristic acid, not stearic acid
or ethyl arachidate, and hydrolyzed polymer of epoxi-
dized soybean oil (HPESO) exhibited transformation
from spherical larger particles to spiky smaller parti-
cles. This transformability enabled deeper tumor tissue
penetration, enhanced cellular uptake, lipid mediated
intracellular trafficking of loaded DOX in breast cancer
cells in an orthotopic breast tumor (36). For a selected
lipid-polymer pair, other formulation compositions may
be optimized to achieve desirable particle properties
and maximum drug loading efficiency. For example,
the composition of verapamil HCI (VRP) loaded PLN,
e.g. drug to lipid ratio and concentration of surfactant
Tween®80 and Pluronic®F68, was optimized using a
three-factor second order central composite design
(CDD) of experiments and artificial neural networks
(41). Similarly, physicochemical properties and fabrica-
tion conditions can be optimized by using the design of
experiment (DOE) method (39, 42-45).

The physicochemical properties of PLNs such as par-
ticle size, surface charge (zeta potential), shape, PDI,
drug loading (DL) and encapsulation efficiency (EE)
are major determinants of the action of NPs in biologi-
cal systems (36, 46, 47). The NPs may exhibit different
velocities, diffusion characteristics, adhesion properties,
in vivo transport, and deep tumor penetration depend-
ing on their size and shape (36, 48-54). The successful
synthesis of safe, stable and effective monodispersed
PLNs depends on the composition of NPs and selection

of surfactants and solvents during synthesis (55). In
addition, the major physicochemical properties of lipids
e.g., functional groups, melting points, and molecular
weights (M.W.) have a substantial influence on the DL
and EE (33, 35, 36).

Herein, we investigated the role of lipid type and
content on the colloidal properties of TPLN required
for parenteral injection and én vitro cytotoxicity against
GBM cells. Different fatty acid/ester based lipids were
studied with varying molecular structures, M.W., melt-
ing points, functional groups, and hydrophobic chain
lengths. A lead lipid was identified from the preliminary
screening studies based on the effect of terpolymer and
lipid characteristics on particle size, polydispersity index
(PDI), DL level and encapsulation efficiency (EE). Then
a two-stage optimization was conducted using 2* full fac-
torial experimental design. In the first screening experi-
ment, lipid content, sonication time and mixing time
were optimized by investigating their effects on particle
size, PDI, DL and EE. In the second screening experi-
ment, sonication time and mixing time were fixed, and
the effect of lipid, terpolymer and DOX amounts on
particle size, PDI, DL and EE was studied to obtain the
final optimal DOX-TPLN formulation. The mechanism
of cellular uptake of the optimized TPLNs by human
GBM U87-MG-RED-FLuc cells, the intracellular distri-
bution of DOX and TPLN, and penetration of DOX-
TPLN in 3D GBM tumor spheroids was investigated in
vitro. The accumulation of TPLNs into a human brain
tumor was further examined in an experimental ortho-
topic GBM xenograft murine model.

MATERIALS AND METHODS
Materials

All the reagents and culture media and their suppliers
are described in detail in supplementary information
(SI) SI.1.1.

Preparation and Characterization of TPLN

Terpolymer was synthesized as described previously
(6, 23). The TPLN formulations containing different
fatty acids or oleaginous esters, i.e. myristic acid, stearic
acid, ethyl myristate and glycerol monostearate, or ethyl
arachidate were first screened for optimal particle size,
PDI, 24 h stability (under appropriate storage condi-
tions) and drug EE before proceeding to optimization
factorial designs.
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Briefly, TPLNs were prepared by melting 50 pmol of
lipid at either 58 °C or 70 °C pursuant to its respective
melting point, then adding 15 mg of terpolymer, 50 pL
of 100 mg mL™! Pluronic® F-68 (PF68) solution, and
140 pL of a DOX 12.5 mg mL ™" solution. The emulsion
was magnetically stirred for 20 min, and subsequently
ultra-sonicated using an UP100H probe ultrasonicator
at 80% peak amplitude of cycle 1 (Hielscher, Ringwood,
NJ, USA) for 5 min. The resultant nano-suspension was
then immediately transferred to ice-cold sterile normal
saline to produce a 1 mg mL™' DOX-equivalent TPLN.
Samples were further diluted by 1:99 with distilled
deionized water (DDI) water (Millipore-Sigma, Darm-
stadt, Germany), and particle sizes, PDI, and zeta poten-
tial were analyzed using a Zetasizer Nano ZS instrument
(Malvern Instruments, Worchester, UK). The TPLN
solution (100 pL) was centrifugally filtered using EMD
Millipore Ultrafree-MC 0VV 0.1 pm pore centrifugal
units at 8000 g for 15 min for EE and DL analyses, and
later analyzed spectrophotometrically at 490 nm using
the following formulae:

{mass DOX added into system} — {mass DOX in supernatant}

- # 100%
(mass DOX added into system)

EE(%) =

{mass DOX added to system} — {mass DOX in supernatant}
{mass of all PLN components added into system}

DL(%) = % 100%

Additionally, the physical stability of TPLN was tested
by leaving the TPLN dispersions in a 5+ 3 °C refrigera-
tor and retesting with dynamic light scattering (DLS)
for colloidal properties after 24 h.

Optimization of TPLN Composition
and Fabrication Conditions Using Multifactorial
Designs

At first, the type of lipid screened for the TPLNs was
investigated by two consecutive optimization processes
using 2% factorial designs: 1) optimizing lipid content,
sonication time and mixing time for particle size and
PDI (experiment 1, Tables I) optimizing the content
of lipid, terpolymer and DOX for particle size, PDI,
and encapsulation efficiency (experiment 2, Table II).
The optimal sonication and mixing times of 3 min and
5 min, respectively, were subsequently used in the sec-
ond experiment. TPLNs were fabricated as mentioned
previously, with variations according to their respective
factor engineering levels as shown in Tables I and II.
Experiments were randomized and separated into
two blocks per design to compensate for potential
temporal confounders, with 2 center points (denoted
as 0, 0, 0) per block (4 points total for each design)
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to generate a precise estimate of residual error. Both
experiments were conducted chronologically accord-
ing to the order presented in Tables I and II, with each
block completed on separate dates.

Coded factorial points were converted to natural/
engineering values using the following formula, where
Xj; corresponds to the natural value for “+1” and X; for
“-17, and X’ is the coded value of interest:

_ XH_XLX’+XH+XL
2 2

X (1)

The optimal conditions identified in experiment 2
were then replicated three times and a student’s t-test
was conducted to confirm the resultant predictability of
the model. Statistical analyses and experimental designs

construction were completed using JMP 14 software
(SAS Institute, NC, USA).

Transmission Electron Microscopy (TEM)

The morphology of TPLNs was determined using TEM
imaging. Briefly, a small volume of particles (10 pL) was
diluted in DDI water (1 mL) and 5 pL of the resultant
TPLN solutions pipetted on the top of a carbon coated
copper grid. The TPLN solution was then air dried at
room temperature. TEM images were acquired using a
Hitachi H7000 electron microscope (Hitachi Canada,
Ltd., Mississauga, ON, Canada) with an accelerating
voltage of 75 kV.

In Vitro Cytotoxicity of DOX-TPLNs
in U87-MG-RED-FLuc Cells

Human GBM U87-MG-RED-FLuc cells were obtained,
cultured and maintained as described in SI.1.2. For in
vitro cytotoxicity studies, the cells were seeded at a den-
sity of 1x10* per well in a 96-well plate (R&D systems,
Minneapolis, MN, USA) and incubated for 48 h in a
humidified incubator kept at 37 °C and 5% COs,.

The cells were then treated with DOX-TPLN or free
DOX solution at 0.01, 0.1, 0.25, 5, 10, 30, and 50 pM
DOX-equivalent doses. After 24 h at 37 °C the cells
were washed with Eagle’s minimum essential medium
(EMEM) and the percent of viable cells was determined
by a standard 3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay as described in
SI.1.3. Concentrations that inhibit 50% of cell growth
(ICy) were interpolated from semi-log curve-stripping
of the dose-response data.
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Flow Cytometric Analysis of TPLN Uptake Into
U87-MG-RED-FLuc Cells

First 5x 105 cells were seeded in 6-well tissue culture
plates (R&D systems, Minneapolis, MN, USA) over-
night. The cells were then incubated with 50 pL of
TPLN containing fluorescein isothiocyanate (FITC)-
labelled terpolymer, which was synthesized using the
method described previously (36). After 4 h, the cells
were rinsed with phosphate-buffered saline (PBS) twice,
then centrifuged at 3,900 gfor 5 min with FACS (Fluo-
rescence Activated Cell Sorter) buffer (0.1% sodium
azide and 5% FBS in PBS). The pellet was then redis-
persed and fixed in 4% paraformaldehyde (PFA) in
PBS for 15 min at room temperature, centrifuged again
at 3,900 g for 5 min, redispersed in FACS buffer, and
then pipetted through Falcon™ test tube cell strainers
(35 pm mesh size) to reduce cell clumping. Flow cyto-
metric analysis was performed using a BD FACSCanto
IT (Becton—Dickinson Corporation, Mississauga, ON,
Canada) set to 10,000 events per sample, with a 530 nm
filter. Data was analyzed using FlowJo 10.5.2 (Flow]Jo,
LCC, Ashland, OR, USA).

Confocal Microscopic Examination of Intracellular
Distribution of Components of TPLN

Intracellular localization of DOX and FITC-labels TPLN
was examined by fluorescence confocal microscopy.

Detailed experimental method and equipment are pro-
vided in the SI.1.4.

Investigation of Cellular Uptake Mechanism
of TPLN in U87-MG-RED-FLuc Cells

U87-MG-RED-FLuc cells were seeded in a 96-well plates
at 1x10* cells per well and were grown for 48 h. Cells
were then washed twice with PBS. At 37 °C, cells were
pretreated with 15 pM of chlorpromazine, 20 pM
of cytochalasin D, or 10 pg/mL nystatin, in growth
medium for 1 h, followed by the addition of FITC-
labelled TPLN suspension (240 pM DOX-equivalent)
into each well. At 4 °C, cells were first treated with FITC-
labelled TPLN without inhibitors. After 1 h, medium
was removed, and the cells were washed twice with pre-
warmed PBS (37 °C). FITC fluorescence intensities were
measured using the A iaton/ Memission
/560 nm. 96-well plates were read using a SpectraMax
M2 (Molecular Devices, USA) for fluorometric analyses,
and an xMark™ Microplate Absorbance Spectropho-
tometer (Bio-Rad, USA) for colorimetric analyses.

settings of 480 nm

Investigation of the Role of LDL-R in Cellular
Uptake of TPLNs

U87-MG-RED-FLuc cells were seeded at a density of
1x10* cells per well in a 96-well clear-bottom fluores-
cence plates (black) (Greiner-Bio-one, Frickenhausen,
Germany) in EMEM medium containing 10% FBS and
were incubated overnight at 37 °C, 5% CO,. Cells were
then pre-treated with 250 pg/mL human receptor-
associated protein (hRAP), an antagonist of LDL-R
(28), for 1 h, followed by co-incubation with 30 pL of
FITC-labelled TPLN for 1 h. Cells were then washed
three times with pre-warmed PBS (37 °C) and the fluo-
rescence intensity measured using a microplate reader
using Ay citation/ Memission S€t at 480 nm / 560 nm.

In Vitro Penetration Study Using the 3D Spheroids

Tumor spheroids were grown as described in SI.1.5 and
incubated with free DOX and DOX-cyanine 5 (Cy5)-
TPLN for 4 h with 10 pg/mL DOX equivalent dose. The
spheroids were carefully collected with gentle pipet-
ting, centrifuged at 600 g for 3 min washed with PBS
to remove residual DOX, and fixed with 4% PFA for
15 min at room temperature. After washing, spheroids
were transferred into MakTek 35 mm glass bottom con-
focal dishes (MatTek Corporation, Ashland, OR, USA)
with PBS and imaged by confocal microscope. Whether
needed, the spheroids were kept at 4 °C until confocal
imaging. Confocal images were acquired with a laser
scanning confocal microscope (LSCM) (Zeiss LSM
700, Carl Zeiss, Jena, Germany) with z-stack options in
which images were collected progressively at a depth
of 7 pm. Detectors were set to Auygitation” Memission S€E
tings at 410 nm/498 nm for Hoechst 33,342 (DAPI),
Aexcitation” Memission S€ttiNgs=480 nm/570 nm for DOX,
and Aitation” Memission SELINEs =649 nm /666 nm for Cyb.

Orthotopic GBM Mouse Model

A primary brain tumor model was established according
to the method described by Li ef al. with minor modi-
fications (6). Briefly, four to six-week-old SCID mice
(Princes Margaret Cancer Centre, Toronto, Canada),
U87-MG-RED-FLuc cells (2x10%) in 2 pL of media were
injected intracranially into the cortex (3 mm z-depth)
using a stereotactic device (SAS-5100, ASI Instruments,
Warren, MI, USA). Tumor growth was monitored as a
function of the cell-based luciferin signal (15 mg/kg,
10 min post-intraperitoneal injection) via biolumines-
cent imaging over the course of a three-week growth
period using an Xenogen IVIS spectrum imager (Cali-
per Life Sciences, Inc., Hopkinton, MA). All animal
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studies were conducted according to the ethical and
legal requirements of the Ontario Animals for Research
Act and the Federal Canadian Council on Animal Care
guidelines; and were authorized by the University Ani-
mal Care Committee of the University of Toronto.

In Vivo Biodistribution of TPLN

Near infrared dye HiLyte Fluor ™ 750 hydrazide (HF
750) labelled-TPLNs were L.V. injected (200 pL / 20 g
body weight of mouse) in the lateral tail vein of tumor
bearing mice (two weeks post tumor inoculation). The
biodistribution of HF 750 fluorescence-labeled TPLNs
were imaged at different times points with the A uion/
Aemission = 749 nm/ 775 nm using a Xenogen IVIS spec-
trum imager (Caliper Life Sciences, Inc., Hopkinton,
MA). At 4 h post I.V. injection, brain, liver, spleen, kid-
neys, heart, and lungs were excised and immediately
imaged using the Xenogen IVIS system.
The statistical analysis is mentioned in SI.1.6.

RESULTS AND DISCUSSION

Effect of Lipid Component of TPLN
on Nanoparticle Properties and In Vitro
Cytotoxicity in U87-MG-RED-FLuc Cells

The lipid component of PLNs has shown substantial
impact on their stability, drug release kinetics, plasma
circulation time, cellular uptake, and intracellular traf-
ficking of drug payload (30, 36). Therefore, five dif-
ferent lipids of various chemical structures, M.W., and
melting points, namely ethyl arachidate (EA), myris-
tic acid (MA), stearic acid (SA), ethyl myristate (EM),
and glycerol monostearate (GM) (SI.2 Table I), were
screened for preparing DOX-loaded TPLN with desir-
able particle properties, colloidal stability, and in vitro
cytotoxicity, at equimolar amounts against GBM cells
(Fig. 1). Stability of TPLNs under short-term storage
condition (5+3 °C) for injectables after reconstitution
was assessed by variability of colloidal properties over
24 h.

As Fig. 1a shows, the type of lipid significantly
influences particle size: the largest was TPLN con-
taining SA (331 +28 nm), followed by TPLNs with EA
(11614 nm), MA (131+37 nm), and EM (11945 nm);
and the smallest with GM (36+13 nm). The TPLNs
stored at 5+3 °C for 24 h after synthesis showed a
decrease in diameter e.g. SA (137+131 nm, 59%
decrease, p=0.05), MA (65+16 nm, 50% decrease,
p=0.02) and EM (65+28 nm, 45% decrease, p=0.06)
suggesting these lipids form less stable NPs compared
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to EA (93+21 nm, 20% decrease, p=0.19), or GM
(35+11 nm, 2% decrease, p=0.48). As shown in Fig. 1b,
the PDI was the lowest for EM (0.234+0.026), and high-
est for MA (0.518+0.007). However, TPLNs made of
most of the lipids (MA, SA and EM) ended up with
a PDI of 1.0 at 24 h, suggesting a loss of stability and
aggregate formation over time. The modest changes in
PDI (0.401+0.02, 13.0% increase) for EA containing
TPLNs indicates that it is likely the most stable formu-
lation. The zeta potentials (Fig. 1c) for all TPLNs were
similar for 0 to 24 h ranging between -32.9+0.3 mV to
-40.5+0.7 mV, consistent with our previous reports (6).
The negative and stable surface charge of the TPLNs
are likely brought about by the anionic terpolymer com-
ponent e.g., -COOH functional group in PMAA at pH
7.4 (SI.2 Fig. 1) that appears to have a larger impact on
the zeta potential than the lipid component. Further
evaluations of EE and DL revealed that the EA showed
a high loading (6.1+£0.2%) and highest encapsula-
tion (97.8+0.04%) of DOX compared to other lipids
(Fig. 1d and e). The DL and EE values are consistent
with our previous findings that showed DL around
6% (26, 34) and EE of DOX around 75-98% (26, 28,
56). Similarly, the loading content of DOX in poly(e-
caprolactone) (PCL) and linear poly(ethylene imine)
(PEI) micelles (D-PCE) was 6.56% (57). In another
study, DOX loaded solid lipid NPs (SLN) was prepared
using different lipids e.g., palmitic acid, SA, arachidic
acid and behenic acid which showed EE of between 40
to 78% (58). Likewise, a DOX loaded SLN prepared
with the lipids glyceryl caprate and curdlan showed EE
and DL of 67.5+2.4% and 2.8+0.1%, respectively (59,
60).

The in vitro cytotoxicity of TPLNs with different lipids
was evaluated using a standard MTT assay (Fig. 1f). The
1G5, between formulations and against free DOX solu-
tion (at equivalent DOX concentration) are shown in
the table in Fig. 1f. While other lipid-containing DOX-
TPLN exhibited similar ICj, as free DOX, EA-contain-
ing DOX-TPLNs appeared to be the most potent with
an ICy, of 0.37 pM DOX, which is 12.8-fold more effec-
tive than free DOX (IC;, 4.75).

The superior anticancer efficacy of DOX-TPLNs
made of EA might be attributed to the unique proper-
ties of EA, e.g., chemical structure, melting point, and
hydrophobic interactions during NPs formation and
resultant particle properties. As shown in SI.2 Table I,
EA-TPLNSs are likely to form soft NPs due to its lower
melting temperature (41.7 °C) compared to other solid
lipids (excluding EM as it is a liquid lipid at room tem-
perature). The relatively weaker crystalline structure of
EA matrix is likely to enhance DL and EE and facilitate
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aliphatic chain lengths compared to SA (C;3H30,)
Taking all analyzed properties together, EA appeared
to make the best TPLNs and was thus selected for sub-

(C18), GM (CyH,30,) (C18), EM (C5Hy0,) (C14),
more stable particles with enhanced biological activity

and MA (Cy4HogOy) (C14). Thus, EA could have the
strongest hydrophobic interactions with hydrophobic
moieties in the DOX-terpolymer and PS 80, and form
(Fig. 1).

sequent studies to formulate the EA-TPLN system.
In addition, EA is non-toxic to the cells even at very

(36). The terpolymer consists of
(CgoH4Oy) (C20) has the longest

Additionally, the partition of terpolymer and DOX
complex into the lipid matrix may play a strong role

in the cytotoxicity
-CH2- and -CH3 groups in PMAA (SI.2 Fig. 1). After

higher intracellular DOX release leading to higher cyto-
hydrophobic moieties, e.g., fatty chains in PS 80 and
the -COOH groups in PMAA have complexed with cati-
onic DOX via electrostatic interaction, the terpolymer
becomes water-insoluble and partitions into the EA lipid
droplets prior to being cooled down in a cold saline and
solidifying (61). EA

toxicity (Fig. 1f).
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high level of lipid-polymer conjugate concentrations
(2.28 mM EA), as shown in SI.2 Fig. 2.

Physicochemical Characterization
and Optimization of the EA-TPLN System

DOE is widely used to devise novel NPs (42, 43). It has
been used to optimize SLN systems (44, 45, 62) and PS
80 coated chitosan NPs (41, 63). Thus, applying DOE to
formulate TPLNs may help to design an optimized sys-
tem with precise control of the physicochemical proper-
ties of the TPLN e.g., particle size, PDI, zeta potential,
DL, and EE and their impact on cellular cytotoxicity.

First Factorial Design Analysis (Experiment |)

Following the lipid screening studies, the EA-TPLN
formulation was further characterized and optimized
using full 2* factorial screening designs (experiment 1)
(Fig. 2, Table I). The first screening design elucidated

Fig. 2 Summary of model
generated from a 2* full factorial
experimental design describing

Response Particle Size (nm)

Actual by Predicted Plot

the impact of EA content, sonication time and mixing
time on TPLNs size, PDI, zeta potential, EE and DL.
Figure 2 shows a summary of the model constructed
from collected data. Analysis of variance (ANOVA)
shows particle size (p=0.0167) and PDI (p<0.0001)
were affected by at least one of these three factors.
These experiments were temporally blocked; while
blocking had no effect on particle size, PDI appeared
to be affected by some nuisance factor related to time
of fabrication (p<0.0001).

Particle size appears to increase with longer mixing
times (p=0.0385) and higher amounts of EA (p=0.0019),
whereas PDI is decreased with high EA content
(p<0.0001) and increased with longer sonication times
(p<0.0001), as shown by color and asterisks in the data
tables in Fig. 2. Two-factor interactions were also identi-
fied, in which increasing EA and mixing time simulta-
neously enhanced PDI (p<0.0001). Similarly increasing
sonication and mixing time concurrently decrease PDI

Analysis of Variance

effects of EA content, sonication 200 Source  DF sum of Mean F Ratio
time and mixing time on EA- . SPEED S
TPLN formulation (experiment K] - Model 6 18081.351 301356  3.1529
1. ANOVA analysis was per- g 150 ow Error 29 27718697 95582  Prob>F
; = %
forme(j to ascertain the strength £ o oot e C.Total 35 45800047 0.0167"
of statistical significance between 2 400 - 2
factors. Model predicted values s % I E DS
. - .
were plotted against actual g . 2 Term Estimates Std.Error  tRatio  Prob>Itl
. . ©
values to depict residual error & 50 [ " Intercept 10010583 5152715  19.43
and linear ;58'"?55‘0;5 Werz 4 e Ethyl Arachidate 21.55375 6.310762  3.42
constructed using the standar
8 , 20 100 150 200 sopication time 02779167 6310762 004 09652
least squares method. The pink Particle Size (nm) Predicted RMSE=30.916
area shows the merge between RSq=0.39 Pvalue=0.0167 Mixing Time 13.684583 6310762 217 0.0385*
the predicted and actual values Ethyl Arachidate*Mixing Time 7.1779167 6.310762 1.14 0.2647
based on the regression analysis. Sonication Time*Mixing Time ~ 4.2370833 6310762  0.67  0.5073
Colored and asterisked values Block[1] 46191667 5152715  0.90 0.3774
in the tables highlight signifi-
cant p-values generated from Response PDI
two-tailed student’s t-test; in A ; ;
th N fimat h t Actual by Predicted Plot Analysis of Variance
,e Parame eres Ima,e cha ,3' Source DF Sum of Mean F Ratio
highlighted factors or interactions 07 . Squares Square
suggest that they significantly 2 Model 6 039804324 0066341  38.4103
affect respective responses. _ 06
] Error 29 0.05008751  0.001727  Prob>F
g
Q
g 55 : C.Total 35 0.44813075
o 3 2 Parameters Estimates
0.4
L Term Estimates Std.Error  tRatio  Prob>itl
o e Intercept 04074167  0.006927  58.82
0.3 3 .
L Ethyl Arachidate -0.090458  0.008483  -10.66
03 0.4 0.5 0.6 0.7 o
Sonication time 0.0445417 0.008483 5.26
PDI Predicted RMSE=0.0416 RSq=0.89 o
Pualic<0:0001 Mixing Time -0.005375 0008483  -0.63  0.5313
Ethyl Arachidate*Mixing Time 0.038625 0.008483 4.55
Sonication Time*Mixing Time -0.025208 0.008483 -2.97
Block[1] -0.053306  0.006927  -7.70
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Fig. 3 Summary of TPLN phys-
icochemical and in vitro proper- a) 16 b)
ties with a representative DLS _ {4 2500007 wr s s
distribution plot. @) Representa- R 124 200000 :
tive size distribution and (b) zeta 210 €
potential obtained using DLS for 2 g 3 150000 i
the optimized EA based TPLN g 6l o :
; = % 100000
formulation. a) Table sum- = 4] s :
marizes the NPs size, PDI, zeta 2] L 50000
potential, EE and DL for TPLN. :
c) TEM images of TPLN. d) Cell 01 10 100 1000 (] _1(‘)0 S )
viability of U87-MG-RED-FLuc Size (nm) Apparent Zeta potential (mV)
cells treated with free DOX and d)
Number mean (d.nm 103.85%33.49
DOX loaded optimized TPLN ( ) 100+
at different concentrations using PDI 0.208 £0.025 ——Free DOX
a standard MTT assay. The table Zeta potential (mV) -50.98 +0.40 80- ——DOX-TPLN
presents the ICs, calculated . . - 2 ;
from the p‘O‘tS. The data are Encapsu'at|°n efﬁCIency (%) 97.5%0.351 g &0l I
presented as mean + error. Drug loading (%) 6.94%0.029 .‘;° = )
Error bars represent standard = \\ )
error (n=3). c) B 8 4 i T
®e = g
i 20+
et ok : :
® 0.1 1 10
T Log [concentration (DOX equivalent, uM)]
L
i ® ICs R?
g ' DOX-TPLN  0.430 1.000
FreeDOX 3.38 0.990

Table | First Experimental 2° Factorial Screening Design to Deter-
mine Optimal Sonication and Mixing Times

100 nm

Table Il Second Experimental 2° Factorial Screening Design to
Describe Effect of Lipid, Terpolymer and DOX Amount on TPLN
Properties

Block Coded levels Engineering levels
EA (mg) Somication Mixing Block Coded levels Engineering levels
time (min) time EA (mg) Terpolymer DOX (mg)
(min) (mg)

| -1 -1 5 3 5 | +1, -1, +1 15 10 25

| -1+ 5 10 I5 I 0,00 10 I5 2,125
| 0,0,0 10 6.5 10 | -1+ 5 20 25

| 0,0,0 10 6.5 10 I 0,00 10 I5 2,125
| +1, -1, +1 15 3 15 | 1=l -1 5 10 1.75
| +1,+1, -1 I5 10 5 I +1,+1, -1 15 20 1.75
2 -1l 5 3 I5 2 +1, -1, -1 I5 10 1.75
2 -1+ - 5 10 5 2 0,00 10 15 2,125
2 0,00 10 6.5 10 2 -1+ 5 10 25
2 0,00 10 6.5 10 2 -1+ - 5 20 1.75
2 +1,-1, -1 ) 3 5 2 +1, +1, +1 15 20 25
2 +1, +1, +1 15 10 I5 2 0,0,0 10 I5 2.125

(p=0.0059). The resultant mathematical expressions to
predict various properties were:

YParticlediameter(nm) = 100.1 + 21.55 & xl + 13.68 £l x3 (2)

Yppy = 0.407 = 0.090 * x; 4+ 0.045 % x, — 0.005 * x5
+ 0.039 * x;x3 — 0.025x,x5

where x;, x,, and x; refer to coded values (a value
between -1 and 1) for the EA (mg), sonication time
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(min) and mixing time (min), respectively, and
Y pariicte diameter (nmy @0 Yppy are predicted response values
for particle diameter and PDI respectively.

The optimal conditions for the lowest particle size
(101 nm) and PDI (0.246) were predicted with a desira-
bility function generated by JMP® 14 software as shown
in SI.2 Fig. 3. The optimal particles were synthesized
with the shortest sonication time (coded value=-1,
engineering value =3 min) and mixing time (coded
valu e =-1, engineering value=5 min). These times were
fixed in the subsequent factorial screening design; EA
was studied again to determine interactions with other
constituents of the EA-TPLN system.

In the first DOE analysis longer mixing times
(15 min) appeared to modestly increase particle size
(Fig. 2, Table III). This could be due to a longer expo-
sure time to high temperatures, which may impact elec-
trostatic forces between DOX and terpolymer interac-
tions due to the added kinetic energy from heat (40, 64,
65). Furthermore, while PDI are not directly affected by
mixing time, it appears that simultaneously increasing
EA content and increasing mixing time broadens the
particle size distribution. Adding more EA alone into
the system also increases particle size. This suggests that
adding EA past some saturation point will form a popu-
lation of larger particles which then break down into a
mixture of larger and smaller particles, potentially SLN
without terpolymer as a result of the immiscibility of
lipid and terpolymer (41). Furthermore, while simul-
taneously decreasing sonication and mixing time may
synergistically reduce PDI, the magnitude of this effect
is approximately half of the increase in PDI caused by
longer sonication times. This emphasizes the contribu-
tion of prolonged heat exposure and its effect on PDI
and that particle size/diameter outweighs the benefits
of longer sonication time.

Second Factorial Design Analysis (Experiment 2)

Next, a second screening design (experiment 2) was
constructed to describe the effects of the TPLN’s con-
stituents, while fixing sonication and mixing times to 3
and 5 min, respectively. SI.2 Fig. 4 and Table II show
a summary of the model constructed for the second
screening study. Of interest, this study showed a statisti-
cally insignificant ANOVA of particle size (p=0.0523)
and EE (p=0.3754), somewhat contrary to the previous
study shown in Fig. 2. This may be because in the first
screening study, prolonged heat and mixing time were
used which were reduced in the second screening study
with a shorter and fixed mixing and sonication time. In
the first screening study, prolonged heat and mixing
time may have resulted in the formation of a bi-modal
distribution of particles in which a mixture of larger
and smaller particles can be found. On the other hand,
it can be speculated that reducing the mixing and soni-
cation times in second screening study may have helped
in determining the changes of particle size, PDI, EE,
DL upon applying different ratios of EA, terpolymer
and DOX (Table IV). The lack of significance of most
factor effects indicates the resiliency and robustness of
the TPLN formulations to slight variations in masses of
constituents.

In this study, only variations in DOX content
(p=0.0114) was found significant for PDI (ANOVA
p=0.0278). The mathematical expression to predict
PDI in this system was:

Ypp; = 0.344 + 0.055 * xpox(ne ®

where Xpox mg) 18 the amount of DOX added to the
EA-TPLN system and Ypp,is the predicted response val-
ues for PDI.

Because other factors were found non-significant
in the range of values specified in this analysis, the

Table Il Summary of Data

) 4 : Particle Size (nm) PDI Zeta Potential (mV) EE (%) DL (%)
Obtained for Analysis of First
. . ‘ Pattern Mean Mean Mean Mean Mean

Factorial Screening Design of

EA-TPLN (experiment |) to ——— 9624245 041040005  -37.0+09 98.140000  9.34+0.000

Test Effect of EA Amount,

I R + - 88.2+47.7 0.271+0.006 -38.8+£0.36 98.7+£0.042 6.37+0.003

Sonication and Mixing Time
-+ - 51.5£33 0.669+0.040 -39.0+£0.89 98.1+£0.042 9.35+£0.004
-—+ 84.3+17.6 0.480+0.015 -38.31£0.58 98.2+£0.073 9.35+£0.007
++ - [17.0+26.8 0.292+0.022 -39.0+£0.55 98.3+£0.000 6.34+0.000
+ -+ 137.8x17.1 0.281+0.018 -40.6£0.81 98.5+£0.073 6.35£0.005
-+ + 89.4+46.3 0.423+£0.030 -37.5£0.86 98.1+£0.042 9.34+£0.004
+++ 150.8+£32.3 0.415+0.027 -35.8+0.78 97.8+0.042 6.31+0.003
000 96.5+29.1 0.412+0.082 -39.5+£1.37 98.5+0.361 7.57+0.028

PDI: polydispersity index, EE: encapsulation efficiency, and DL: drug loading. Error represents the standard

deviation (n=3 for each pattern)
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Table IV Summary of Data Particle Size (nm)  PDI Zeta Potential (mV)  EE (%) DL (%)

Obtained for Analysis of Second

. . ‘ Pattern Mean Mean Mean Mean Mean

Factorial Screening Design of

EA-TPLN (experiment 2) to ——— 49445 044140015  252+3.18 99.0£0271 994003

Test Effect of Ethyl Arachidate,

T +—= 6784345 0.222+0.006 -32.8+0.17 98.4£0.679 9.8+0.08

erpolymer and DOX Amount

-+ - 77.1£42.6 0.230£0.005 -36.6+0.87 98.8+0.073 4.610.00
-—+ 103.7+334 0.362+0.021 -30.5+0.36 98.8+0.016 [1.0£0.00
+ + - 118787 0.231£0.012 -38.6£0.50 98.6£0.345 4.6£0.02
+-+ 108.7£8.5 0.369+0.010 S316xlL16 99.0£0.226 9.0£0.02
-+ 4+ [114+134 0.400£0.011 -335+0.26 9831416 9.0£0.10
+++ 34.6+12.2 04350016 -359+1.18 98.6%0.117 9.0£0.0l
000 92.3+44.1 0.360+0.153 -34.242.10 98.7+£0.291 7.3+£0.53

PDI: polydispersity index, EE: encapsulation efficiency, and DL: drug loading. Error represents the standard

deviation (n=3 for each pattern)

desirability function, as shown in SI.2 Fig. 5, defaulted
to using the least amount of material for non-signifi-
cant factors. This resulted in an optimal formulation
of 5 mg of EA (coded value=-1), 16.9 mg of terpoly-
mer (coded value=0.38) and 1.75 mg of DOX (coded
value=-1) (ratio of EA: terpolymer: DOX=1: 3.34:
0.35); this formulation, in theory, would be similar with
less or more terpolymer amount (10 mg or 20 mg) as it
did not significantly affect any factor of the EA-TPLN
system. The predicted experimental conditions were
generated irrespective of the insignificant ANOVA
result for particle diameter in computing the desir-
ability function.

This optimized formulation was replicated 9 times
and two-sided Student’s t-tests were performed to con-
firm the model’s predictability and replicability of the
EA-TPLN system, as shown in SI.2 Fig. 6. Non-signifi-
cance between actual and predicted values of particle
size (p=0.2048) suggests the model sufficiently inter-
polates particle size values; PDI (p=0.0022) and EE
(p<0.001), however, showed statistical significance.
Upon examining 95% confidence intervals (CI) and
comparing to model prediction, interval overlaps for
PDI (lower CI=0.392, upper CI=0.542 for replicates;
lower CI1=0.241, upper CI=0.407 for model predic-
tion) indicate that any difference between the model
prediction and the replicates are very small in magni-
tude. A small-magnitude difference in confidence inter-
val is also seen in EE comparisons (lower CI=97.3%,
upper CI=97.8% for replicates; lower CI=98.5%, upper
CI=99.2% for model prediction).

Effect of Optimized TPLNs on Nanoparticle Properties
and Cytotoxicity

Upon completion of second DOE analysis, optimized
EA-TPLNs were dispersed in 5% dextrose solution for
L.V. administration and further studies. The optimized

formulation exhibited a small PDI (Fig. 3a) and zeta
potential of -35.2 (Fig. 3b). TEM images further veri-
fied the spherical shape of TPLNs (Fig. 3c). Cellular
MTT analysis demonstrated a large difference in ICy,
between free DOX and DOX-TPLN, of approximately
five-fold, demonstrating improved drug delivery
into U87-MG-RED-FLuc cells with the TPLN system
(Fig. 3d). Differences in ICy, results from previous
lipid screening studies (Fig. 1) may be due to increased
resolution of results, as concentrations picked for
MTT studies were adjusted based on the previous ICy
obtained. In a recent study with biomimetic NPs for
glioma therapy, free DOX showed IC, around 10 pg/
mL (~17 pM) in U87-MG cells (66). In another study,
DOX-loaded SLNs showed ICj, of around 1 pM on
U87-MG cells (58).

Mechanisms of TPLN Uptake by Human U87-MG-RED-FLuc
Cells

Next, cellular uptake of optimized EA-TPLN in U87-
MG-RED-FLuc cells was investigated. Cells were incu-
bated for 4 h and then uptake studies conducted
using flow cytometry (Fig. 4a and d). Flow cytometry
confirmed that the entire FITC-TPLN is taken up by
U87-MG-RED-FLuc cells, as shown by statistically sig-
nificant (Chi-squared T(X)=1682.64, p-value<0.001))
differences in median fluorescence intensity (MFI)
between FITC-TPLNs (MFI: 1343) and control (MFI:
39.8) (Fig. 4a and b). For side-scattered (SSC-A) vs for-
ward-scattering light (FSC-A) plots (Fig. 4 c and d), only
cell populations with minimal variation in cell diameter
were used in analyses as circled in black; the abnor-
mally large cells (upper right) and apoptotic cells and
residues (lower left) were gated accordingly between
control (Fig. 4c) and treated (Fig. 4d) populations.
Endocytosis is the most common pathway by which
NPs are internalized into tumor cells (67, 68). The

@ Springer
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Fig. 4 Cellular uptake of

Q
—

b)

FITC-TPLNs by U87-MG-RED-
FLuc cells using flow cytom-
etry (a-d), and study of uptake
mechanism(s) of FITC-TPLNs
(e and f). a) Representative
flow cytometry analysis of shift
of FITC from FITC-TPLNs upon
4 h incubation with cells, b)
median fluorescence intensity
(MFI) analysis of FITC-TPLNs
compared to control. €)
Side-scattered (SSC-A) vs d)
forward-scattering light (FSC-A)
plots where the black circled
areas indicate the proportion
used for subsequent analysis. e)
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Effect of incubation temperature
and co-incubation with various
modifiers of cellular endocytotic
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NP size and surface chemistry play a vital role in the
endocytotic uptake mechanism. The NPs smaller
than 200 nm undergo clathrin-mediated endocytosis,
whereas larger particles are internalized by phagocy-
tosis (36, 67, 68). Therefore the in vitro cellular uptake
mechanism was studied for these NPs via co-incubation
of various endocytosis inhibitors with the cells (Fig. 4
e and f). Uptake of FITC-TPLNs was decreased at
4 °C, suggesting that an active transport mechanism is
involved in cellular transport, and that there is low or
no contribution of passive diffusion for TPLN uptake
into cells. Furthermore, uptake was decreased when

@ Springer

cells were co-incubated with cytochalasin D (inhibitor
of phagocytosis), sucrose or chlorpromazine (inhibi-
tors of clathrin-dependent endocytosis), suggesting that
TPLN uptake is likely mediated by more than one pro-
cess, as shown in Fig. 4e. Nystatin did not significantly
affect TPLN uptake, suggesting that caveolin-depend-
ent endocytosis may not be the major endocytotic path-
way. These uptake results suggest that TPLN may be
taken up via multiple endocytic pathways and imply that
this TPLN system relies largely on phagocytosis, macro-
pinocytosis and clathrin-dependent endocytosis. These
observations are consistent with our previous studies in
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Fig. 5 Confocal microscopic images of in vitro cellular uptake of free DOX (a) and DOX- FITC-TPLN (b) in U87-MG-RED-FLuc cells at | and 4
h of incubation. The nuclei stained using DAPI (blue), FITC-labeled TPLN (green), DOX (red), lysosomes stained using Lysotracker (orange), mito-
chondria using Mitotracker (cyan). The scale bar corresponds to 50 um. c-e) Co-localization analyses of confocal images of treated U87-MG-RED-
FLuc cells. Correlations of signals between FITC-labeled TPLN or DOX with nuclei (c), mitochondria (d) and lysosome (e) are compared. Standard

errors are shown by error bars.

which TPLN were used to delineate the mechanism of
cellular uptake in breast cancer cells (36, 69).

In contrast, co-incubation with hRAP, an LDL-R antag-
onist, showed a significant decrease in uptake compared
to incubation with LDL-containing human serum EMEM
growth media (p=0.0496) (Fig. 4f). This trend appears
consistent with other studies using PS 80-containing NP
systems in which LDL-R is purportedly a major endocy-
totic pathways allowing substance translocation across the
BBB (23, 70). U87 GBM cells are known to express LDL-R
(71). The ability of TPLN to cross the BBB via LDL-R

mediated transcytosis makes it an effective drug carrier
to target GBM as well.

Cellular Uptake and Intracellular Fate
of DOX-TPLNs

Figure 5 demonstrates the in vitro cellular uptake of
free DOX and DOX-TPLNSs at different times. As shown
in the Fig. 5, cellular uptake of free DOX increased
from 1 to 4 h in the nuclear compartment (Fig. 5a and
c). The PCC between free DOX and nuclei increased
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Fig. 6 LSCM images of cross-
sections of U87-MG-RED-FLuc

Tumor spheroid
Z-stack imaging

a)

DOX-TPLN

S

Free DOX

56 pm

tumor spheroids treated with (a)

DOX-Cy-5-TPLNs or (b) free

DOX for 4 h. The schematic

diagram illustrates the optical

slices obtained at every 7 gym

starting from the uppermost DAPI

regions of the spheroids (top).

Z-stack LSCM images represent 14um

optical sections of spheroids

at different depths in the axial

direction. After having been 28/

fixed with 4% paraformaldehyde,

the spheroids were stained

with DAPI (blue),and imaged at 42/m

various wave lengths for nuclei

(blue), DOX (red), and Cy-5

labeled-terpolymer TPLN (cyan).

Scale bar corresponds to 100

pm for all images. Cy-5 Ter:

Cy-5 labeled-terpolymer; BF: 20pm
Bright field.

84 um
98 um
112 pm
126 um
140 um
154 um

168 um

182 um

(Fig. 5c¢) with the incubation time but remained the
same between DOX and lysosomes (PCC<0.15, Fig. 5e).

Similar to free DOX, DOX-TPLN was greater in the
nuclear compartment compared to the mitochondria
(Fig. 5 b, c and d). PCC analysis of DOX-TPLNs demon-
strated enhanced accumulation of DOX into the nuclei
(Fig. 5c) and a slight anti-correlation to mitochondria
(PCC<-0.2) (Fig. 5d). Thus, the superior cytotoxicity of
DOX-TPLNSs (Fig. 3d) might be attributed to the effec-
tive cellular uptake of TPLNs and distribution of DOX
in intracellular targets over time. Additionally, DOX is a
substrate of multiple efflux transporters overexpressed
in MDR cancer cells and endothelium at the BBB,
therefore, free DOX was not able to induce similar
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cytotoxicity as compared to the TPLNs. In our recent
study, we have reported that DOX-PLNs can exploit dif-
ferent lipid-trafficking pathways to facilitate intracellu-
lar organelle specific distribution of DOX (36).

The FITC-labelled TPLNs show an increasing trend
in lysosomal uptake from 1 to 4 h (Fig. 5b and e); this
indicates that, after sufficient incubation periods,
endocytosed TPLNs are released into the cytoplasm,
which further supports observations reported in Fig. 4e.
TPLNSs also showed enhanced co-localization with mito-
chondria (Fig. 5d), which indicates that components
of TPLNs (terpolymer) remained mostly in the cyto-
plasm (mitochondria and perinuclear area) and deliv-
ered loaded cargo to intracellular targets (nuclei). The



Pharm Res (2021) 38:1897-1914

1911

overall PCC values for FITC-TPLN with lysosomes and
mitochondria were below 0.2 (Fig. 5 d and e).

In vitro Penetration Study of TPLNs on 3D Spheroids

3D tumor spheroids provide an alternative to in vivo
tumor models and are increasingly utilized to evalu-
ate drug delivery efficiency of NPs (72). This is partly
due to the fact that in vivo tumor models are costly to
establish and partly because they contain variable tumor
morphology; making intra-tumoral penetration stud-
ies of NPs difficult. For the rational design of TPLNS,
3D spheroids provide an alternative way to evaluate
the effectiveness of TPLN at an early stage of the drug
development process. Thus, we have chosen a human
GBM 3D in vitro spheroid tumor model which exhib-
its the features of solid tumors including 3D spatial
arrangement, cell to cell contact, the presence of pro-
liferative gradients, hypoxic gradients, and a necrotic
core (72).

The uptake of free DOX and DOX-Cy5-TPLNs was
evaluated in U87-MG-RED-FLuc tumor spheroids.
Spheroids were incubated for 4 h with treatments and
then imaged by LSCM using the z-stack feature (Fig. 6).
TPLNs showed deeper penetration of DOX into sphe-
roids in the spheroid periphery and core (Fig. 6a) as
compared to the free DOX (Fig. 6b). The distribution
of DOX into the nuclear compartment was similar for

Fig. 7 a—d) Whole body in
vivo images of mice with brain
tumor at various times post I.V.
injection of TPLN together with
ex vivo images of organs. The
tumor growth and bio-distribu-
tion of HF-750 labelled-TPLNs
were monitored as a function
of luciferin-induced biolumines-
cence imaging in live animals
using a Xenogen VIS Imaging
system. a) In vivo whole body
biodistribution of HF 750-labeled -
TPLNs in an NRG mouse bear-
ing human glioblastoma U87-
MG-RED-FLuc brain tumor . b)
Brain tumor bioluminescence of
tumor in mice taken at 4 h. c)
Ex vivo images of NIR labeled-
TPLN in brain tumor (left

image: HF 750 filter, right image:
bioluminescence signals of brain
tumor region). d) Ex vivo organ
bio-distribution of TPLNs. Ex vivo
images were taken after 4 h.
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both treatment groups indicating that TPLNs did not
alter the intracellular fate of DOX (Fig. 6 a and b, DAPI-
DOX panels). This is significant because spheroid cores
of larger spheroids can be hypoxic and have necrotic
centers with higher interstitial fluid pressures which
reduce the penetration of therapeutics. Peripheral
cells of the spheroids assist in growth and extravasa-
tion. Thus, the accumulation of TPLNs in the periph-
eral cells of spheroids further suggests an additional
benefit in inhibition of spheroid growth.

In Vivo Biodistribution of TPLNs

A primary brain tumor model was established by ste-
reotactic intracranial injection of U87-MG-RED-FLuc
cells into the brains of NRG mice to evaluate the bio-
distribution of TPLNs. Accumulation of HF 750 labeled
DOX-TPLN at the brain tumor site is highlighted by
the co-localization of fluorescence from DOX-TPLN
with the bioluminescence of brain tumor cells in vivo
(Fig. 7 a, b). TPLN remained at the tumor site for at
least 4 h following treatment. Immediate ex vivo fluores-
cence and bioluminescence imaging of dissected brains
at 4 h following DOX-TPLN injection confirmed these
results (Fig. 7c). Whole-body bio-distribution imaging
demonstrated co-localization of HF 750-labeled TPLNs
fluorescence with the tumor bioluminescence area in
vivo. These results were further supported by the ex
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vivo imaging of the brain (Fig. 7c). Additionally, TPLN
accumulated in the major organs following a single I.V.
injection of HF 750-labeled DOX-TPLN as determined
by ex vivo fluorescence imaging (Fig. 7d). Higher fluo-
rescence intensity in the liver and kidneys suggests pos-
sible elimination of TPLNs or the HF-750-conjugated
polymer through these organs (6, 28). The biodistribu-
tion studies are consistent with our previous findings in
which TPLNs showed enhanced accumulation in the
brain and also showed higher accumulation in the liver
and kidneys (6, 28). The enhanced fluorescent signal of
HF 750 in kidney is ascribed to the renal clearance of
dye labeled polymers (28). Likewise, the higher signal
in the liver indicates the TPLNs are probably undergo-
ing liver metabolism.

CONCLUSION

A GBM and BBB-permeable TPLN formulation was
devised to deliver the brain-impermeable anticancer
drug DOX for the treatment of GBM. The composition
of lipid in combination with the BBB-crossing terpoly-
mer was optimized using the 2° factorial experimental
design to achieve optimal NP properties and maximum
anticancer efficacy for ultimate intravenous admin-
istration to target GBM. Of various investigated lipid
candidates, EA enabled the formation of DOX-TPLNs
with desirable colloidal properties and stability, and the
highest potency against U87 GBM cells. The optimized
TPLNs showed enhanced cellular uptake compared to
free DOX, without reducing nuclear accumulation of
DOX. In vitro inhibition studies suggested that TPLNs
enter GBM cells via clathrin-dependent endocyto-
sis and phagocytosis mechanisms. The interaction of
TPLN with LDL-R facilitated cellular uptake by GBM
cells, penetration through the 3D spheroids, and BBB-
crossing to orthotopic GBM in an experimental brain
tumor model, likely via LDL-R-mediated transcytosis.
Confocal microscopy revealed that the DOX-TPLN
enhanced nuclear uptake of DOX. The results of this
work suggest that lipid composition and content in a
PLN system play important roles and can be optimized
to achieve superior in vitro and in vivo performances.
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