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ABSTRACT: Peptide nanoassemblies have garnered remarkable
importance in the development of novel nanoscale biomaterials for
drug delivery into tumor cells. Taking advantage of receptor
mediated recognition of two known peptides, angiopep-2
(TFFYGGSRGKRNNFKTEEY) and A-COOP-K (ACGLSGLC10
VAK) that bind to the over-expressed receptors low density
lipoprotein (LRP-1) and fatty acid binding protein (FABP3)
respectively, we have developed new peptide conjugates by
combining the anti-inflammatory, antitumor compound azelaic
acid with angiopep-2, which efficiently self-assembled into nano-
fibers. Those nanofibers were then functionalized with the A-COOP-
K sequence and formed supramolecular hierarchical structures that
were found to entrap the chemotherapeutic drug doxorubicin
efficaciously. Furthermore, the nanoassemblies were found to release the drug in a dose-dependent manner and showed a stepwise
increase over a period of 2 weeks under acidic conditions. Two cell lines (U-87-MG and U-138-MG) were utilized as models for
glioblastoma cells grown in the presence of serum and under serum-free conditions to mimic the growth conditions of natural
tumors. The drug entrapped assemblies were found to inhibit the cell proliferation of both U-87 and U-138MG glioblastoma cells.
Three dimensional spheroids of different sizes were grown to mimic the tumors and evaluate the efficacy of drug release and
internalization. Our results indicated that the nanoassemblies were found to have higher internalization of DOX and were well-
spread throughout the spheroids grown, particularly under serum-free conditions. The nanoassemblies also displayed blood−brain
barrier penetration when tested with a multicellular in vitro model. Such self-assembled nanostructures with targeting ability may
provide a suitable platform for the development of new peptide-based biomaterials that can provide more insights about the
mechanistic approach for drug delivery for not only 2D cell cultures but also 3D tumoroids that mimic the tumor
microenvironments.

1. INTRODUCTION
Tumor targeting using specific peptide sequences is garnering
importance due to the ability to selectively target tumor cells.
In particular, a multi-receptor targeting approach is key due to
the heterogeneous nature of tumors.1 Additionally, tumor-
related antigens, which are often part of plasma membrane
receptors, provide avenues to specifically target tumors. For
example, in a recent study, multivalent vector proteins were
developed for simultaneously targeting IL-13RA2, EphA2,
EphA3 and EphB2 receptors in glioblastoma tumors.2−4

Glioblastoma is often characterized by high vascular
endothelial cell proliferation, necrosis, and numerous genetic
alterations, which make the tumor difficult to treat.5−7 The
standard treatment includes surgery, followed by radiotherapy
and chemotherapy, but the success rate remains low.8 Due to
low survival rates, there is a pressing demand for improved and
novel technologies that target glioblastoma tumors for imaging
and treatment.9

Tumor targeting peptides that target receptors overex-
pressed on cell surfaces show great potential for the treatment
of central nervous system (CNS) related cancers by receptor-
mediated transcytosis of drugs across the blood−brain barrier
(BBB).10−22 The BBB restricts the passage of most molecules
into the CNS, including several anticancer drugs, and is located
in the endothelial cells of brain microvascular capillaries, which
are connected by tight junctions.23−26

To overcome this, several nanoscale hybrid materials have
been developed to improve drug delivery. For example, in a
recent study, a tumor penetrating peptide that targets cell
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surface p32, LinTT1 (AKRGARSTA) was functionalized with
iron oxide nanoparticles and utilized to target glioblastoma.
The nanoparticles showed colocalization with tumor macro-
phages and lymphatic vessels and resulted in increased delivery
of silver nanoparticles and albumin-paclitaxel nanoparticles.
Furthermore, the nanoparticles exerted antiglioma activity in
two cell models of glioblastoma.27 In another study, Zhang and
co-workers developed polyethylene glycol−polylactic acid
(PEG−PLA) nanoparticles conjugated to the tumor homing
cyclic peptide CGLIIQKNEC (CLT1) as a drug delivery
system for targeting the extracellular matrix protein fibronectin,
which is overexpressed in gliomas and is known to promote
malignancy.28 The nanoparticles were found to penetrate into
the core of glioma spheroids and showed a strong inhibition of
glioma spheroid growth and wide distribution within the
spheroids. In a recent review regarding theranositc nano-
particles, Chen and co-workers discussed the importance of
nanoparticle morphology and the effects of nanoparticles
under physiological conditions, particularly within the tumor
microenvironment.29 They have highlighted the importance of
modulating tumor microenvironments and optimizing nano-
particle properties for enhancing tumor penetration.30

In the realm of receptor targeted delivery, the peptide
angiopep-2 selectively targets LRP1 (low density lipoprotein
receptor-related protein 1 receptor),31 which is derived from
the Kunitz domains of aprotinin. In the CNS, LRP1 is highly
expressed in neurons, activated astrocytes, microglia, endothe-
lial cells and in the choroid plexus of the BBB.32−34 Although
LRP1 is expressed in healthy brain tissue, it is overexpressed in
glioblastoma, making it a common target for therapeutics.35−37

Angiopep-2 (TFFYGGSRGKRNNFKTEEY) is known to
effectively cross the BBB through LRP1-mediated trans-
cytosis.38 In previous studies, this peptide has been directly
conjugated to chemotherapeutic drugs such as paclitaxel,
doxorubicin, and etoposide.39−44 Angiopep-2-PEG-PE/am-
photercin B polymeric micelles have also been developed as
drug delivery vehicles that showed improved CNS permeability
of amphotericin B for preventing fungal infections in the
brain.45 In another study, gold nanoprisms were functionalized
with PEG and angiopep-2. The materials were found to
efficiently cross the BBB and did not show toxicity both in
vitro and in vivo.46

In addition to LRP1, the fatty acid binding protein 3
(FABP3) receptor, also known as the mammary-derived
growth inhibitor (MDGI) is known to be overexpressed in
glioma cells.47−50 It has been shown that FABP3 expression is
crucial for glioma cell viability as a regulator of lysosomal
integrity.51 Silencing of FABP3 in glioma spheroids led to cells
being more susceptible to lysosomal membrane permeabiliza-
tion (LMP) and cell death. In a study conducted by Ayo and
co-workers, the glioblastoma homing peptide COOP
(CGLSGLGVA) was discovered from phage display library
and was found to bind to FABP3.52 It was then found through
alanine scanning that the binding interactions of COOP with
FABP3 were further improved when the sequence was
modified to A-COOP-K (ACGLSGLGVAK).53 In previous
work, COOP peptides have been shown to direct various
chemotherapeutics and drug delivery vehicles to glioblastoma
tumors,54,55 though thus far relatively fewer studies with A-
COOP-K-based drug delivery vehicles have been conducted.
To mediate drug delivery into tumor cells derived from

glioblastoma and to 3D spheroids, in this work, we developed
new peptide-based amphiphilic nanoassemblies where we

incorporated both angiopep-2 and A-COOP-K into the same
assembly. We hypothesized that taking advantage of receptor-
mediated transport of both these peptides simultaneously
would aid in targeting of tumor cells. To develop the peptide
amphiphilic nanoassemblies, we first conjugated azelaic acid
(Az) to angiopep-2 and self-assembled it into Aze5-angiopep-2
nanoassemblies. Azelaic acid is a dicarboxylic acid with seven
methylene groups connecting the two carboxylic acid groups at
each end, and has been shown to promote self-assembly of
amphiphilic peptide-based nanomaterials.56,57 Furthermore,
azelaic acid has been shown to display antiproliferative activity
against melanoma cell lines and leukemia cell lines.58,59

However, to our knowledge, azelaic acid-conjugated nano-
assemblies have never been investigated for targeting
glioblastoma cell lines. The Aze5-angiopep-2 nanoassemblies
were then functionalized with A-COOP-K peptide for targeting
of two glioblastoma cell models, namely, U-87-MG and U-138-
MG glioblastoma cells. Both these cell lines have been utilized
as models for examining glioblastoma cell interactions in
previous studies.60,61 Supramolecular nanofibrillar structures
were formed that efficiently entrapped the chemotherapeutic
drug doxorubicin (DOX) and the interactions of the drug
entrapped nanoassemblies with glioblastoma cells were
examined. Furthermore, three-dimensional spheroids of the
cells were grown, and the internalization of the drug entrapped
nanoassemblies was explored. In previous work, it has been
shown that the in vitro growth of cancer stem cells can be
promoted by growth in serum-free media with supplements.62

Furthermore, it has been demonstrated that growth under
serum-free conditions allows for the sustenance of the
phenotype and tumorigenicity of brain tumor stem cells.63

Thus, spheroids were grown in both the presence and the
absence of serum to assess if there were differences in uptake.
Our results indicated that the nanoassemblies showed a two-
step drug release at pH 5.8. Additionally, the drug entrapped
assemblies were found to inhibit the growth of cells similar to
DOX and the drug was found to be well dispersed in 3D
spheroids. Furthermore, the nanoassemblies showed LRP1-
mediated internalization and were found to be permeable
through an in vitro BBB model. Thus, we have developed a
new peptide-based drug delivery system that can potentially
deliver chemotherapeutic drugs to 3D tumor microenviron-
ments of glioblastoma cells with an enhanced efficacy.

2. MATERIALS AND METHODS
2.1. Materials. Angiopep-2 (TFFYGGSRGKRNNFK-

TEEY) and A-COOP-K (ACGLSGLCVAK) peptides were
custom-ordered from GenScript. Doxorubicin was purchased
from Cayman Chemical Company (Ann Arbor, MI, USA). 5-
Carboxy-X-rhodamine N-succinimidyl ester and flow cytom-
etry staining buffer were obtained from ThermoFisher
Scientific (Waltham, MA, USA). N-Hydroxysuccinimide
(NHS), 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide
(EDAC), azelaic acid, glutaraldehyde, and dimethylformamide
(DMF) were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Eagle’s minimum essential medium (EMEM) with L-
glutamine, 1× Dulbecco’s phosphate buffered saline (PBS),
and human glioblastoma U-87-MG cell line (HTB-14), U-138-
MG cell line (HTB- 16), and fetal bovine serum (FBS) were
purchased from ATCC (Manassas, VA, USA). Primary mouse
neurons E18-E19 C57/BL6 (mouse brain) were purchased
from Neuromics. Trypsin-EDTA 1× was purchased from
ThermoFisher Scientific. Sodium citrate and sodium chloride
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were purchased from Fisher Scientific. Serum-free Neurobasal
Plus medium with the B-27 Plus supplement was purchased
from ThermoFisher Scientific. Human blood−brain barrier
modeling kit and human brain endothelial cells were purchased
from Science Cell Research Laboratories.

2.2. Methods. 2.2.1. Preparation of Aze5-Angiopep-2
Conjugate. The Aze5-angiopep-2 conjugate was prepared
according to previously established peptide coupling meth-
ods.64 Briefly, azelaic acid (0.025 M) was dissolved in
dimethylformamide (DMF). To activate its side chain
carboxylic acid groups, EDAC (0.015 M) and NHS (0.015
M) were added. The solution was allowed to shake at 100 rpm
for 1 h at 4 °C. Then angiopep-2 (TFFYGGSRGKRNNFK-
TEEY) (0.005 M) peptide was added to the solution and
stirred at 4 °C for 24 h, after which the solvent was rotary
evaporated under vacuum. The product obtained was then
recrystallized with acetone and dried using a speed-vac
concentrator before further analysis. The formation of the
product was confirmed by 1H NMR spectroscopy. The sample
was analyzed using a Bruker 400 NMR in DMSO-d6 solvent
that contained 0.3% TMS. Peaks were seen at δ 1.1 (d, 6H); δ
1.3 (m, 14H); δ 1.4 (m, 20H); δ 1.6 (m, 28H); δ 1.8 (q, 8H);
δ 2.0 (m, 6H); δ 2.1 (t, 2H); δ 2.2 (m, 8H); δ 2.4 (t, 4H); δ
2.9 (d, 4H); δ 3.0 (t, 4H); δ 3.1 (d, 2H); δ 3.3 (t, 4H); δ 3.4
(d, 8H); δ 4.1 (s, 6H); δ 4.3 (t, 8H); δ 4.5 (t, 1H); δ 4.6 (q,
2H); δ 4.7 (t, 1H); δ 4.8 (t, 2H); δ 4.9 (t, 4H); δ 5.2 (s, 3H);
δ 6.5 (s, 4H); δ 6.6 (d, 4H); δ 6.9 (d, 4H); δ 7.1 (s, 4H); δ 7.2
(m, 15H); δ 7.7 (s, 2H); δ 7.9 (s, 2H); δ 8.4 (s, 18H); δ 9.0 (s,
5H).
2.2.2. Self-Assembly of Aze5-Angiopep-2 Conjugates. The

product obtained was self-assembled under aqueous conditions
at 25 °C. Briefly, the conjugate (0.01 M) was allowed to self-
assemble for 7 days in deionized water. The growth of the
assemblies was monitored by dynamic light scattering analysis.
The assemblies were then dried under a vacuum before further
analysis.
2.2.3. Incorporation of A-COOP-K with Nanoassemblies.

To the Aze5-angiopep-2 nanoassemblies, EDAC (0.05 M), and
NHS (0.05 M) were added to promote binding with the A-
COOP-K peptide (ACGLSGLGVAK) (0.05 M), and the
mixture was allowed to stir overnight. The A-COOP-K bound
to Aze5-angiopep-2 assemblies was washed and centrifuged
with deionized water to remove any unbound A-COOP-K.
Samples were then stored at 4 °C for further analysis.
2.2.4. Drug Encapsulation. In order to determine the

optimal concentration of drug that could be entrapped within
the nanoassemblies, we examined varying concentrations of the
drug and carried out entrapment studies with the Aze5-
angiopep-2 bound A-COOP-K assemblies. The concentration
of doxorubicin (DOX) was varied between a 0.005 and 0.065
mM. To examine entrapment, four sets were prepared. Each
set contained 2 mg/mL of Aze5-angiopep-2 bound A-COOP-
K assemblies which were incubated with either 0.005 0.020,
0.040, or 0.065 mM concentrations of DOX. The samples were
shaken for 3 min, and the absorbance at 482 nm was
immediately measured to determine the initial absorbance of
DOX using UV−vis spectrophotometry taken with the
Thermo Scientific NanoDrop 2000c spectrophotometer. The
samples were allowed to shake at 50 rpm for 72 h at 4 °C and
then centrifuged for 3 h at 10000g. The absorbances of the
supernatants for each sample were then taken. The
encapsulation efficiency was calculated using the following
equation.

=

×

entrapment efficiency (%) (absorbance DOX initial

absorbance DOX supernatant)

/(absorbance DOX initial) 100

The supernatants of each of the samples were then removed,
and the drug entrapped Aze5-angiopep-2 bound A-COOP-K
assemblies were then vacuum-dried, weighed, and stored at 4
°C in the dark before drug release studies.
2.2.5. Drug Release Studies. Each of the drug entrapped

assemblies was reconstituted in 500 μL of pH 5.8 phosphate
buffer solution to mimic the tumor microenvironment, and
absorbance readings were taken. For the first 30 min, readings
were taken every 10 min, then every 30 min. For each reading,
2 μL of sample was utilized and immediately replaced with 2
μL of buffer, so the total volume remained constant. Readings
were taken over a course of 2 weeks to determine the release
pattern of the drug. To determine the concentration of drug
released, the molar absorptivity coefficient of DOX was
calculated from a standard curve. The molar absorptivity
coefficient was found to be 13,329 L/mol/cm.
2.2.5.1. Differential Scanning Calorimetry (DSC) Analysis.

To further confirm the incorporation of the drug into the
nanoassemblies, we carried out a DSC analysis. Each sample
(3.2 mg) was weighed into a hermetic aluminum sample pan
and then sealed tightly with a lid. Samples were then loaded
into a Q200 DSC instrument (TA Instruments). Prior to
insertion of the sample, the instrument was cooled to 0 °C
under nitrogen. The thermal phase transition of each sample
was recorded up to 280 °C. Each sample was run three times
to ensure reproducibility.

2.3. Cell Studies. 2.3.1. 2D Cultures. U-87-MG and U-138
glioblastoma cell lines were cultured in Eagle’s minimum
essential medium (EMEM, Quality Biological) composed of
10% fetal bovine serum (ATCC), 3 mL of 1x antibiotic-
antimycotic mixture per 500 mL EMEM (GIBCO), 10 units/
mL penicillin, and 10 μg/mL streptomycin (GIBCO). The
cells were incubated at 37 °C in a 5% CO2 incubator. Cells
were grown to confluence, and the medium was changed every
2 to 3 days. Cells were split twice a week. Cells were also
grown in serum-free media to mimic genetic and phenotype
changes that occur in tumor cell populations.65 Briefly, cultures
of U-87-MG and U-138 cells were grown in serum-free
neuronal basal media with a B27 supplement and 3%
antibiotic−antimycotic mixture. Cells were grown to con-
fluence as before, and the medium was changed every 2 days.
We also examined the effects of the nanoassemblies on
noncancer cells with primary mouse neurons grown in primary
mouse neural culture medium, (Neuromics) which is a serum-
free DMEM/F12-based medium containing L-glutamine,
HEPES, penicillin, and streptomycin. The medium was
supplemented with Culture Media Supplement (Catalog
#M37106, Neuromics).
2.3.2. ELISA. Human FABP3 and LRP1 ELISA assay kits

(HU FABP3 ELISA kit and LRP1 ELISA kit) were purchased
from ThermoFisher scientific and Cell Biolabs, respectively,
and used to measure FABP3 and LRP1 levels for cells grown in
the presence of serum and in serum-free media cultures
according to the manufacturer’s instructions. Absorbance was
measured at 450 nm by using a Biotek plate reader.
2.3.3. Cytotoxicity Studies. U-138-MG, U-87-MG glioblas-

toma cells, and primary mouse neurons were plated at a
density of 1 × 104 cells/well in 96-well plates and allowed to
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spread for 24 h in a 37 °C incubator under 5% CO2 conditions.
Cells grown under serum-free conditions and in the presence
of serum were tested. After 24 h, nanoassemblies as well as
DOX loaded nanoassemblies were incubated with the cells at
concentrations of 2 μM or 10 μM. The amount of DOX
control utilized was calculated to be equivalent to a final
concentration of 2 μM or 10 μM in the well plates to maintain
consistency. In addition, we also examined controls which
included neat angiopep-2 (10 μM), A-COOP-K (10 μM)
peptides and untreated cells. After 24 h, MTT reagent66 was
added to each well and allowed to incubate for 4 h. Next, the
crystal dissolving solution was added to each well, and the well
plate was incubated for another 4 h. The absorbance of each
well was then analyzed using the Biotek Eon plate reader at
560 and 590 nm. This procedure was repeated in triplicate.
Statistical analysis was carried out using Student’s t tests to
determine p values.
2.3.4. Annexin V FITC−Propidium Iodide Assay Using

FACS Analysis. As a proof of concept, U-87-MG cells were
plated at a density of 1 × 105 cells/well and incubated at 37 °C
in 5% CO2 in 24-well plates. After 36 h of incubation,
nanoassemblies, DOX loaded nanoassemblies, DOX control, as
well as neat angiopep-2 and A-COOP-K peptides were
incubated with the cells at concentrations of 2 μM and 10
μM each at 37 °C in 5% CO2 incubator for 18 h. Then the
medium was aspirated from each well and transferred to
sterilized centrifuge tubes and each well was washed with 1×
PBS free of calcium and magnesium ions. Then cells were
trypsinized to detach the adherent cells after which the trypsin
was removed and replaced with the media. The contents of the
flask were then transferred into sterile centrifuge tubes. Cells
were then centrifuged at 250g for 8 min. The supernatant was
discarded and the cells were resuspended in media and
centrifuged again. After the supernatant was discarded,
Annexin V Binding Buffer diluted to 1× was added to
resuspend the cells as per the protocol (Cayman Chemicals).
Then 5 μL of FITC-labeled Annexin V and 5 μL of nuclear
staining solution (propidium iodide) was added to the cell
suspension. After vortexing for a minute, the cells were
incubated for 20 min at room temperature in the dark and then
analyzed immediately using flow cytometry.67 The BD
FACSMelody flow cytometer was set to read the samples at
excitation of 488 nm and emission of 525 nm for the Annexin
V FITC staining solution and 655−730 emission for the
propidium iodide staining solution. Each study was carried out
in triplicate. Flow cytometry data were then analyzed on
FlowJo v10.8.
2.3.5. Antibody Labeling and Cellular Uptake. In order to

examine LRP1- and FABP3-mediated cellular uptake of
angiopep-2 and A-COOP-K peptides, as well as the nano-
assemblies, FACS analysis was performed. These experiments
were performed on U-87 and U-138 cell lines grown in serum-
free neuronal basal medium with B27 supplement as per
previously established protocols.68 Cells were plated at a
density of 1 × 104 cells per well in 6-well plates and were
allowed to spread for 4 h in a 5% CO2, 37 °C incubator. For
antibody labeling, the cells were then incubated with either
LRP1 or FABP3 antibodies in separate wells. To test for LRP1-
mediated internalization, we added the diluted primary
antibody (LRP1 recombinant rabbit monoclonal) in a ratio
of 1:50 followed by an incubation period of 3 h in a shaker at
5% CO2, 37 °C incubator. Then the secondary antibody, Alexa
Fluor 488 anti-rabbit IgG, was also diluted 1:50, added to cells,

and incubated with the cells for 24 h. Then the medium was
aspirated off and replaced with fresh media, and cells were
incubated with the nanoassemblies or angiopep-2 (10 μM) for
another 24 h. The medium was then aspirated off and replaced
with PBS, and then trypsin was added to detach the cells. The
cells were then transferred to individual eppendorf tubes and
spun at 10,000g for 5 min. The supernatant was decanted and
the pellet was resuspended in FACS buffer which was then
passed through a filter cap onto FACS tubes and analyzed at an
appropriate wavelength of excitation for alexa fluor (488 nm).
A similar procedure was carried out for FABP3 labeling of
antibodies, where the plated cells were directly incubated with
diluted Coralite 594-conjugated FABP3 mouse antibody (50
μL) prior to incubation with A-COOP-K peptide (10 μM) or
nanoassemblies (10 μM), followed by trypsinization after 24 h
of incubation. The cells were then transferred to individual
Eppendorf tubes and spun at 10,000g for 5 min. The
supernatant was decanted, and the pellet was resuspended in
FACS buffer which was then passed through a filter cap onto
FACS tubes and excited at 582 nm using a BD FACSMelody
flow cytometer.

2.4. Blood−Brain Barrier (BBB) Coculture Model and
Permeability. To examine if the nanoassemblies were capable
of permeating the BBB, we utilized a triple coculture BBB
model in which primary human brain microvascular
endothelial cells (Science Cell Research laboratories), human
brain vascular pericytes, and human astrocytes were cultured
together in a Transwell system.69 First, the basolateral side of
the collagen coated inserts (Transwell, polycarbonate mem-
brane, 3 μm pore size, Corning Costar, USA) was coated with
poly-L-lysine (1.5 μg/cm2). The inserts were placed in a 24-
well plate, and the plate containing inserts was then kept in an
incubator at 37 °C in 5% CO2 for 1 h. The plate was then
removed, and the inset was washed twice with 18Ω water to
remove any residual poly-L-lysine and then the water was
aspirated off. The Transwell inserts were then flipped inside
the well plate and seeded with astrocyte cells (5 × 104 cells) on
the basolateral side of the coated inserts and incubated in a 5%
CO2 incubator at 37 °C for 3 h to allow the astrocytes to
adhere. After the incubation period, the inserts containing
astrocytes were inverted and placed inside the well plate
containing 500 μL of 2D-BBB coculture medium with 2D BBB
supplement (Science Cell Research laboratories) and FBS.
Then 2D-BBB coculture medium (500 μL) was added to the
apical side of the inset. The well plate was then placed in the
5% CO2 incubator for 24 h at 37 °C, after which the inserts
were inverted again onto the lid of the well plate. To prepare
the coculture model, pericytes were then seeded (2.0 × 104
cells/cm2) to the basolateral side of tissue culture inserts. Once
adhered, the insets were put back to the well plates containing
2D-BBB coculture medium (500 μL) with 2D BBB supple-
ment and FBS inside the wells and within the inserts. These
were then placed back into the 5% CO2 incubator and allowed
to reach 90% confluence for 3 days. Then the medium inside
the inserts (apical side) was aspirated followed by seeding with
6.0 × 104 cells/cm2 of human brain endothelial cells followed
by the addition of 2D BBB medium to the apical side. Then
the inserts containing the cells on the two sides of the
membrane insert were placed back into the 24-well plates. The
three cell types were cocultured for 4 days before permeability
experiments. The tightness of the BBB coculture model was
verified by measurement of transendothelial electric resistance
(TEER) by an EVOM volt-ohm meter (World Precision
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Instruments, Sarasota, FL, USA) combined with STX-2
electrodes. TEER of coated, but cell-free, inserts were
subtracted from measured TEER values. When appropriate
TEER values (210 ± 4 Ω.cm2) were obtained, the model was
used for experiments.
Before beginning the permeation experiments, serum-free

3D-basal medium along with 3D growth supplement coculture
medium (500 μL) was added inside the wells and within the
inserts and allowed to sit in the 37 °C, 5% CO2 incubator for 1
h. Then the medium was aspirated off and replaced with
DMEM/F12 supplemented with 1% FBS and treated in the
upper/donor compartment (500 μL) with the rhodamine-
labeled nanoassemblies (2 and 10 μM) diluted in phenol red-
free DMEM/F12 supplemented with 1% FBS. Rhodamine
labeling of nanoassemblies was carried out prior to these
studies by conjugating the nanoassemblies with 5-carboxy-X-
rhodamine N-succinimidyl ester in a 1:1 ratio and incubating
for 24 h, followed by centrifugation and washing with 18Ω
water to remove any unbound dye. To test the function of the
BBB model, the flux of permeability marker molecules such as
sodium fluorescein and rhodamine-B-labeled bovine serum
albumin was also determined. Experiments were carried out in
triplicate each. Immediately after treatment, 5 μL of sample
was collected from the lower/acceptor compartments and the
upper (donor) compartments and placed in 100 μL of PBS in a
Costar black opaque 96-well plate. Each sample was read
separately using a Biotek Synergy H1 microplate reader, which
was set up to read at an excitation at 540 nm and emission at
570 nm. In the case of the sodium salt of fluorescein, samples
were excited at 488 nm, and emission was recorded at 520 nm.
Readings were repeated every 30 min until the fluorescence
readings from upper chamber and lower chamber of the inset
began to reach similar levels, indicating that an equilibrium had
been established.
To quantitatively determine the permeability, we calculated

the volume cleared (VC) using the equation VC = (FLower ×
VLower)/FUpper where Flower and FUpper correspond to the
fluorescence intensity of the sample in the lower and upper
chambers. The Vlower is the volume of the lower chamber,
which was kept constant (500 μL) for the calculations. Then,
to obtain the permeability coefficient (P), we utilized the
equation Pcell+filter = PSS as described in previous methods.70

To obtain the permeability surface area (PS) product, we
plotted the VC against time and determined its slope. The PS
was then divided by s, the culture area of the filters (0.47 cm2).

2.5. Statistical Analysis. Data are presented as the
standard error of the mean (SEM) or standard deviation
(SD). Statistical analyses were performed using GraphPad
Prism 8 software (Graphpad PRISM 5, Graphpad Software
Inc., San Diego, CA, USA).71 Means were compared using an
unpaired t test. All experiments were repeated at least three
times (n = 3).

2.6. 3D Cultures. 2.6.1. Preparation of Spheroids. U-87-
MG or U-138-MG glioblastoma cells were grown as
monolayers on an adherent 75 cm2 cell culture flask until
70% confluence was obtained. We grew cells in both serum-
free (neuronal basal medium with B27 supplement) and in
EMEM media supplemented with FBS. These were then
washed with 1× PBS followed by trypsinization and were
incubated for 5 min in a humidified atmosphere at 37 °C and
5% CO2 incubator. The trypsin was then replaced with serum-
free neuronal basal media with B27 supplement or with
EMEM. The contents of the flask were then transferred to one

15 mL polypropylene centrifuge tube and spun at 500g for 10
min. The supernatant was then discarded, and 3 mL of media
were added to resuspend the pellet. Cells were then transferred
to U-shaped low attachment Nunclon Sphera Corning
spheroid microplates (24-well) to initiate spheroid forma-
tion.72 Two different densities of cells were plated: 4000 cells/
well and 10,000 cells/well. Cells were imaged every day using
optical microscopy and the medium was changed every 3 days
by slightly raising the plate from one end to avoid aspirating
the spheroids. The growth of the spheroids was monitored by
optical microscopy over a period of 10 days. Spheroids were
imaged at various magnifications using an inverted phase
contrast Amscope IN480TC-20MB13 microscope or SEM.
2.6.2. Delivery of Doxorubicin into Spheroids. We treated

six day old spheroids grown in the presence and absence of
serum (both U-87-MG and U-138-MG cell lines) with DOX
loaded nanoassemblies (10 μM) and DOX (10 μM) and
incubated the spheroids with the drug or drug loaded
nanoassemblies. To study delivery of DOX, each of the
treated samples was then washed with PBS to remove
unassociated DOX entrapped nanoassemblies or neat DOX.
They were then transferred to glass slides carefully in PBS
buffer and analyzed using an AmScope phase contrast inverted
fluorescence microscope with 10× objective using 560−580
nm emission filter. Quantitative measurements were carried
out using ImageJ software,73 where areas of specific dimensions
within the spheroid image was selected to quantify the
fluorescence intensity of DOX, which correlated with the
spheroid penetration. The Corrected Total Fluorescence
intensity was plotted against the distance from the periphery
for all treatments.
2.6.2.1. Calcein Assay. To further examine the effect of the

nanoassemblies entrapped with Dox, on the viability of the
spheroids, a Calcein-AM staining assay was performed.74 As a
proof of concept, we utilized six day old spheroids for this
study. The spheroids were incubated with the DOX entrapped
nanoassemblies (10 μM) and neat DOX (10 μM) for 24 h.
After treatment, the spheroids were transferred into a fresh
culture plate (24-well) and washed with 1× assay buffer three
times, and the spheroids were stained with Calcein-AM (3
μM) solution and incubated at 37 °C for 1 h. The spheroids
were then imaged by using an inverted fluorescence micro-
scope (Amscope) to detect green fluorescence at 480 nm
excitation.

2.7. Characterization. 2.7.1. Absorbance Spectroscopy.
UV−vis spectroscopy of the DOX entrapped nanoassemblies
as well as dye-conjugated peptides and nanoassemblies was
performed using a Thermo Scientific NanoDrop 2000c UV−
vis spectrophotometer in the range of 190−800 nm. For drug
release studies, the peak at a wavelength of 482 nm was
monitored to determine the release profile of the DOX.
2.7.2. Fourier Transform Infrared (FTIR) Spectroscopy.

FTIR spectroscopy was carried out for confirmation of the
incorporation of the A-COOP-K peptide with the Aze-5-
angiopep-2 assemblies as well as the formation of the Aze-5-
angiopep-2 assemblies. Additional FTIR spectroscopy was also
conducted to confirm the entrapment of DOX. We recorded
spectra at range of 1000−4000 cm−1 using a ThermoFisher
Scientific Nicolet iS50 FTIR. In general, 100 scans per sample
was carried out.
2.7.3. Atomic Force Microscopy. Atomic force microscopy

(AFM) was utilized to determine the morphologies of the self-
assembled Aze5-angiopep-2 assemblies before and after
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incorporation of the A-COOP-K peptide as well as after
entrapment of DOX. Samples were diluted in water, placed on
mica sheets, and air-dried before analysis. Images were
captured at multiple locations in contact mode on a Bruker
multimode 8 atomic force microscope using a CONTV
cantilever, with a frequency of 13 kHz, spring constant of 0.2
N/m, and tip radius of 10 nm.
2.7.4. Circular Dichroism (CD) Spectroscopy. CD spec-

troscopy was utilized to analyze the secondary structures of the
Aze5-angiopep-2 nanoassemblies before and after incorpo-
ration of A-COOP-K. Samples were prepared in deionized
water and vortexed for two min before analysis. Samples were
analyzed in the far-UV region (190−260 nm) using a Jasco J-
1500 CD spectrometer. All of the readings were performed in
triplicate.
2.7.5. Fluorescence Microscopy. We performed fluores-

cence microscopy using an inverted AmScope 1500X phase
contrast inverted fluorescence microscope with camera,
IN480TC-FL-MF and U2-RFLT 100 digital control box.
Samples were viewed at various magnifications and excited at
an appropriate wavelength. Images were captured using Amlite
software and analyzed to evaluate interactions of the
nanoassemblies and DOX with both 2D U-87-MG and U-
138-MG glioblastoma cells and 3D spheroids grown in the
presence and absence of serum.
2.7.6. Fluorescence-Activated Cell Sorting (FACS) Flow

Cytometry. A BD FACSMelody flow cytometer was used for
the analysis of cellular uptake and apoptosis. Flow cytometry
employs multiple fluorochromes with varying emission and
excitation wavelengths to distinguish populations of cells.75 For
each analysis, we prepared samples in FACS buffer consisting
of 50 mL of 1× PBS, 1% bovine serum albumin, and 0.05%
sodium azide and then filtered them through filter caps into
FACS test tubes to be loaded into the instrument. Based on
the densities of cells present in each sample, the event rate
recorded by the instrument was optimized by adjusting the
flow rate. The number of events recorded for each experiment
was set on the basis of the frequency of the cell population of
interest. The experiment with samples containing a high

frequency of cell populations was recorded for 20,000 events.
We kept the total number of events consistent for each
experiment so that data could be compared between samples.
The results of each experiment were then analyzed using
FlowJo v10.8 software.
2.7.7. Fluorescence Spectroscopy. Fluorescence spectros-

copy was carried out by using a Jobin Yvon Fluoromax 3
fluorescence spectrometer. Samples were excited at appropriate
wavelengths, and the emission spectrum was collected for each
sample.
2.7.8. Scanning Electron Microscopy (SEM). Analyses of

the nanoassemblies were carried out using a Zeiss EVO MA10
model SEM. Samples were dried on to carbon double stick
conducting tapes and were examined at a range of 7 to 10 kV
at varying magnifications in EP mode. To image the spheroids,
silicon chips (Ted Pella) (5 mm × 5 mm) were irradiated with
UV-light and washed with ethanol, dried and coated with poly-
L-lysine. The chips were then washed with 18Ω water and
placed in six-well plates. Five day old spheroids were then
transferred to the chips carefully and allowed to adhere to the
chips for 48 h in a 37 °C, 5% CO2 incubator. The medium was
then removed, and the spheroids were washed with PBS. The
spheroids were then fixed with 2% glutaraldehyde in NaHCA
buffer (30 mM HEPES, 100 mM NaCl, 2 mM CaCl2) for 1.5 h
at room temperature. The fixed spheroids were rinsed with
PBS and then postfixed with 1% osmium tetroxide in PBS for 1
h at room temperature in the dark. The spheroids were then
rinsed with distilled water and dehydrated stepwise at room
temperature, through 5 min washes with 10, 25, 50, 75, 95, and
100% ethanol. The samples were air-dried and the spheroids
were then imaged by placing the silicon chip on to the SEM
stub using a carbon double stick tape.

3. RESULTS AND DISCUSSION
3.1. Formation of Nanoassemblies. Peptide amphiphiles

have been shown to form higher-ordered supramolecular
structures based on the composition of their functional groups
and growth conditions due to intra- and intermolecular
interactions.76 In this study, the dicarboxylic acid, azelaic

Figure 1. Scheme for formation of A-COOP-K bound Aze5-angiopep-2 bound nanofibers. (a) NHS/EDC in DMF, followed by isolation of
product. (b) Self-assembly of the Aze5-angiopep-2 conjugate under aqueous conditions for 1 week. (c) Coupling of A-COOP-K with the self-
assembled Aze5-angiopep-2 nanoassemblies to form ACOOP-K bound Aze4-angiopep-2 nanofibers using NHS-EDC (red = oxygen; blue =
nitrogen; and gray = carbon). The ribbon structure is representative of the A-COOP-K peptide. Dotted lines show H-bonding interactions.
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acid, was conjugated to the free amine groups of the peptide
sequence TFFYGGSRGKRNNFKTEEY (angiopep-2) at the
N-terminal of threonine as well as to the amino groups of the
side chains of lysine and arginine to form the peptide
amphiphile Aze5-angiopep-2. Figure 1 shows the scheme for
the formation of the assemblies. As a proof of concept, four
amphiphilic structures of Aze5-Angio-pep2 are shown to
interact to form Aze5-angiopep-2 nanoassemblies in the
scheme to demonstrate the self-assembly process. As can be
seen the self-assembly was promoted by extensive H-bonding
interactions as well as strong hydrophobic interactions. In
addition, stacking interactions between the phenylalanine and
tyrosine moieties also promote assembly. The self-assembled
structures are functionalized with A-COOP-K to form the
Aze5-angiopep-2 bound A-COOP-K assemblies. The incorpo-
ration of A-COOP-K was also promoted by H-bonding
interactions with the Aze5-angiop-2 nanoassemblies.
To visualize the formation of the assemblies, we performed

AFM. Upon self-assembly (Figure 2), Aze5-angiopep-2 was

found to form nanoscale chain-like fibrous structures (Figure
2a). The average diameter was found to be 200 nm. The
formation of these fibrillar structures was promoted by strong
H-bonding interactions between the free carboxylic groups of
azelaic acid end carboxyl groups and the C-terminal of the
angiopep-2, as well as π-stacking interactions between the

phenylalanine groups.77 In addition, H-bonding interactions
exist between the −C�O and NH groups. Furthermore,
hydrophobic interactions between the long chain alkyl groups
of the Aze5 moieties also aided in the formation of these
assemblies.78

In previous work, it has been shown that polymetronidazole-
polymethacrylate conjugates, which were incorporated with the
lipid composite 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-PEG (DSPE-PEG), lecithin, and angiopep-2-DSPE-
PEG successfully self-assembled into nanoparticles by taking
advantage of the hydrophobic core and hydrophilic amine
groups and were utilized for drug delivery of Temozolomide
into glioma cells.79 It is expected that similar interactions occur
in the case of the nanoassemblies due to the presence of
hydrophobic and hydrophilic moieties. In another study, it was
shown that angiopep-2-modified polyamidoamine (PAMAM)
dendrimers were self-assembled into nanospheres effectively by
taking advantage of inter- and intramolecular interactions of
the dendrimer structures and were utilized for drug delivery
into glioma cells.80

To facilitate targeting, we then conjugated the nanofibers
with FABP3 receptor binding peptide A-COOP-K sequence
ACGLSGLCVAK. The results were confirmed by AFM
imaging, which showed the formation of dense fibrillary
networks upon binding to the peptide as shown in Figure 2b.
Upon incorporation of A-COOP-K into the aze5-angiopep-2
nanofibers, we observed the formation of thicker hierarchical
structures, with layers of fibers wrapped around, which
confirmed its incorporation. To further confirm the incorpo-
ration of the A-COOP-K peptide, we also conducted CD and
FTIR spectroscopy. As shown in Figure 3, the individual
angiopep-2 neat peptide and the A-COOP-K peptide displayed
a random coil conformation. In previous work, it has been
shown that angiopep-2 has been known to form random coil
structures.81 The formation of the Aze5-angiopep-2 assemblies
resulted in a change in conformation where a mix of β-turn (as
indicated by a broad positive peak at 220 nm and negative
peaks at 209 and 204 nm and a positive peak at 198 nm82) and
unordered conformation was observed. These results are
consistent with previous studies where it has been shown that
peptide amphiphiles with hydrophobic and hydrophilic regions

Figure 2. AFM topography images of (a) Aze-4-angiopep-2
nanofibers; (b) Aze4-angiopep-2-A-COOP-K nanoassemblies. Scale
bar: 400 nm.

Figure 3. Comparison of CD spectra of nanoassemblies before and after incorporation of A-COOP-K, neat A-COOP-K peptide, and neat
angiopep-2 peptide.
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(similar to these assemblies) can adopt conformations where
the coexistence of unordered structures and β-sheets can
occur,83 leading to the formation of stable fibrillary
nanostructures. Upon incorporation of the A-COOP-K
peptide, the Aze5-angiopep-2-A-COOP-K nanoassemblies
showed shifts, though the β-turn features and unordered
structure were maintained as indicated by the strong negative
bands at 202 and 211 nm, while positive bands are seen at 194
and 205 nm. The intensity of the peak at 220 nm seen in the
case of the angiopep-2 nanoassemblies was diminished. These
changes confirm the incorporation of the A-COOP-K peptide.
Similar changes were observed when peptide hydrogels
consisting of short peptide sequences such as FFDKY was
conjugated amphotericin B.84

The FTIR spectra (Supporting Information, Figure S1)
show a comparison of the nanoassemblies before and after
incorporation of A-COOP-K as well as that of the neat
peptides. For the Aze5-angiopep-2 assemblies, a peak in the
carbonyl region was observed at 1690 cm−1 due to amide I,
and is indicative of a β-turn motif.85 A short peak was observed
at 1616 cm−1 due to aromatic C�C stretching, as expected for
residues such as Tyr and Phe present in the angiopep-2
component of the assemblies. The amide II peak was found to
be at 1516 cm−1, while the C−H bending peak and C−O
peaks were found to be at 1460 and 1203 cm−1, respectively. A
peak at 1127 cm−1 was indicative of C−O stretching due to
serine, tyrosine, and threonine groups. Additional peaks were
seen at 2940 and 2840 cm−1 due to aromatic and aliphatic C−
H stretching. A broad −OH peak was seen at 3290 cm−1 (data
not shown). Upon incorporation of the A-COOP-K peptide,
we observed a shift in the peaks. As can be seen in the figure,
the A-COOP-K bound to Aze5-angiopep-2 assemblies showed
a relatively broad carbonyl peak in the amide I region between
1704 and 1640 cm−1 which is indicative of strong H-bonding
interactions as well as the coexistence of random coil and β-
turns.86 The amide II peak was also shifted to 1531 cm−1. The
C−O stretching peaks were shifted to 1136 and 1198 cm−1

indicating their involvement in H-bonding. Additionally, the
−OH stretching peak was found to be at 3293 cm−1 while the
C−C stretching peaks were seen at 2931 and 2848 cm−1 (data
not shown). These results confirm the incorporation of A-
COOP-K. The results were compared with neat angiopep-2
and A-COOP-K peptides. The −C�O stretching peaks for
the neat angiopep-2 peptide were seen at 1654 and 1624 cm−1

in the amide I region, while the amide II peak was seen at 1540
cm−1 with a shoulder at 1516 cm−1. Overall the above results
corroborated with previous work, where it was shown that a
shift in FTIR peaks occurred particularly in the carbonyl region
after combining angiopep-2 with other peptide moieties such
as trileucine.87 The neat A-COOP-K peptide on the other
hand showed peaks at 1643 cm−1 in the amide I region and the
amide II peak at 1524 cm−1 while the C−O peaks were seen at
1203 and 1143 cm−1 which are slightly shifted compared to
those obtained for the assemblies due to inter- and
intramolecular interactions and functionalization.

3.2. Drug Entrapment. After the formation of the A-
COOP-K bound Aze5-angiopep-2 assemblies, the chemo-
therapeutic drug DOX was then entrapped within the
assemblies. To determine the most optimum concentration
of the drug that could be entrapped, four different
concentrations were examined which included 0.005 0.020,
0.040, and 0.065 mM concentration of DOX. The
encapsulation efficiency was found to be concentration-

dependent and was found to be 24, 36, 57, and 76%,
respectively. These results indicate that DOX was successfully
entrapped within the assemblies. We also confirmed the
entrapment of DOX by using FTIR spectroscopy, AFM
imaging and DSC analysis. As shown in Figure 4, the FTIR

spectrum of neat DOX showed distinct peaks at 1729 cm−1

with a shoulder at 1715 cm−1 as well as a peak at 1646 cm−1

due to the presence of carbonyl group.88 A peak at 1620 cm−1

due to the C�C groups of the aromatic ring system is also
seen. Strong peaks are seen at 1577 cm−1 and 1539 cm−1 due
to C−C ring stretching and −NH bending vibrations,
respectively. The −CH2 bending peak is seen at 1458 cm−1,
while −C−O stretching peaks are seen at 1282 and 1203 cm−1

along with strong peaks at 1113 and 1004 cm−1 due to the
presence of secondary alcohol groups of DOX. Additionally,
strong peaks are observed at 2849 cm−1 and 2916 cm−1 due to
aliphatic and aromatic C−H stretching, respectively, along with
a broad −OH peak at 3304 cm−1 due to −OH stretching, and
the −NH stretching peak was seen at 3648 cm−1 (data not
shown). In comparison, A-COOP-K bound Aze5-angiopep-2
assemblies entrapped with DOX showed a broad peak at 1644
cm−1 with a short shoulder at 1662 cm−1 in the carbonyl region
along with a short peak at 1758 cm−1, which is slightly shifted
compared to neat DOX. Similar broadening and reduction in
FTIR peak intensity were seen when DOX was entrapped in
ammonium palmitoyl glycol chitosan polymeric nanostructures
due to entrapment of DOX within the nanoassemblies.89 The
amide II peaks were found to be at 1526 cm−1 with a shoulder
at 1536 cm−1. Furthermore, peaks are also seen at 1459 cm−1

and 1343 cm−1. The C−O−C peak is seen at 1276 cm−1 and
the C−O peak due to the glycosyl group of DOX is seen at
1073 cm−1. The broad −OH stretching peak seen for DOX
was shifted to 3280 cm−1, while the −NH2 peak was shifted to
3401 cm−1 implying H-bonding interactions with the nano-

Figure 4. (a) Comparison of FTIR spectra of (a) DOX entrapped
nanoassemblies and (b) neat DOX.
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assemblies. The aromatic and aliphatic C−H stretching peaks
were seen at 2952 and 2850 cm−1, respectively (data not
shown).
To further confirm the incorporation of DOX into the

assemblies, we conducted AFM imaging (Figure 5). As shown,

distinct changes were observed upon incorporation of DOX.
Upon incorporation of DOX, a multilayered structure is
observed with multiple areas of larger aggregates encompassed
within a porous mesh, signifying the incorporation of DOX
(Figure 5). The formation of such aggregated structures upon
incorporation of DOX is expected given that DOX itself has a
tendency to form dimers or trimers and aggregates under
aqueous conditions depending upon concentration.89 Overall
it is likely that the incorporation of DOX into A-COOP-K
bound Aze5-angiopep-2 assemblies is promoted by strong H-
bonding interactions between the −C�O groups of DOX and
the −NH groups of the peptide moieties of the assemblies; in
addition to H-bonding between the −OH groups of serine and
angiopep-2 (from A-COOP-K) and DOX. Stacking inter-
actions between the aromatic ring system of DOX and the
phenylalanine and tyrosine groups of angiopep-2 is also likely
to enhance its interaction with DOX. Similar interactions were
found to enhance complexation of DOX with other drug
binding peptides90 containing fragments such as WXXW that
mimic the hydrophobic regions of P-glycoproteins, and the
tryptophan residues aid in noncovalent hydrophobic inter-
actions with doxorubicin, while X could be any amino acid.
To further confirm drug entrapment in the assemblies, we

conducted DSC analysis. As shown in Figure 6, the neat Aze5-
angiopep-2-A-COOP-K nanoassemblies showed a sharp
endothermic peak at 166.4 °C indicative of thermal melting
followed by a short, broad endothermic peak at 176.3 °C,
which most likely corresponds to the degradation of the
peptide nanoassemblies. As expected, DOX showed a single
sharp endothermic peak at 219 °C, which corresponds to its
melting point. The DOX entrapped in Aze5-angiopep-2-A-
COOP-K nanoassemblies, however, showed a peak corre-
sponding to the melting of Aze5-angiopep-2-A-COOP-K at
167.2 °C followed by additional short peaks at 173 and 182 °C
due to degradation of the assemblies. We also observed a peak
corresponding to the melting point of DOX at 220 °C, which
confirmed that DOX was successfully entrapped within the
assemblies. Similar trends have been seen when chitosan
entrapped galantamine drug was entrapped in chitosan
nanoparticles where a relatively broad endothermic peak is
seen for the drug entrapped nanostructures.91

3.4. Drug Release Studies. To ensure that Aze5-
angiopep-2 bound A-COOP-K nanoassemblies are capable of
releasing the drug over time, drug release studies were
conducted. The results obtained are shown in Figure 7. To

mimic the tumor microenvironment conditions, release studies
were carried out at pH 5.8.92 As shown, overall, the release of
the drug was found to be concentration-dependent. The
percent cumulative release data shows a burst release initially
for DOX encapsulated at 0.065 mM followed by a steady
release up to 240 h. However, at 240 h, an increase in release
was observed reaching 87% at 450 h. This indicates a stepwise
release. The burst release initially seen at the higher
concentration of the drug is likely due to diffusion of the
drug from outer surfaces of the fibrous nanoassemblies,93

followed by a slow, and gradual degradation of the peptide-
based nanoassemblies from the outermost regions to inner-
most parts of the mesh. Thus, a greater amount of drug may

Figure 5. AFM image of DOX entrapped nanoassemblies. Scale bar =
1 μm. Figure 6. Comparison of DSC thermograms of Aze5-angiopep-2-A-

COOP-K nanoassemblies before and after entrapment with DOX.
Arrows indicate the melting point of DOX.

Figure 7. Comparison of release of DOX at various concentrations
from the nanoassemblies over a period of 450 h. Error bars indicate
standard deviations.
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potentially remain within the inner cores of the cross-linked
network mesh for a longer period of time, which is released as
the assemblies degrade. Such stepwise drug release systems
may be advantageous due to their biodegradability, particularly
in an acidic microenvironment like tumors, which may be
conducive for the assemblies to unfold. Such stepwise drug
release has been observed in the case of PEO-b-PCL
(poly(ethylene oxide)-b-polycaprolactone) amphiphilic
vesicles as well as silica nanoparticles capped with β-
cyclodexrin coated with PEG.94,95 At 0.04 mM concentration
of the drug entrapped assemblies, a similar pattern of release is
observed, though at 450 h, comparatively lesser drug (68%)
was released which is expected, given that lesser drug was
entrapped. Interestingly at the lowest concentration, a slower
steady release is observed, and no burst release was seen.
Additionally, after the first step release at 200 h, an increase in
release was observed up to 280 h after which a steady release
was seen with 22% of drug released at 450 h. At the lowest
concentration of the drug, where the amount of nano-

assemblies is higher, the drug may be entrapped and cross-
linked within the matrices of the assemblies and may take
significantly longer to release due to the biphasic release.96 In
previous studies, also it has been shown that polymeric fibrous
matrices composed of polyvinylpyrrolidone and polycaprolac-
tone showed an initial burst release followed by sustained
release depending upon the concentrations of the compo-
nents.97 Overall, these results indicate that the DOX entrapped
nanoassemblies may be potentially applicable for drug delivery.

3.5. Cell Studies. 3.5.1. 2D Cultures. To examine the
impact of the drug loaded nanoassemblies on U-87-MG and
U-138-MG glioblastoma cells, cell viability studies using the
MTT assay were conducted. As a control, viability studies were
also carried out with nontumor cells (mouse neurons). U-138-
MG and U-87-MG cells grown in the presence and absence of
serum were tested. Results obtained after 24 h of incubation
with various constructs are shown in Figure 8. As displayed in
Figure 8a, for the U-87 cells, the results were comparable for
the cells grown in the presence and absence of serum. The cells

Figure 8. (a) Comparison cell viability of U-87-MG cells grown in the presence and absence of serum after 24 h of incubation with DOX entrapped
nanoassemblies, neat nanoassemblies, and neat DOX compared to the untreated cells. (b) Comparison cell viability of U-138-MG cells grown in
the presence and absence of serum after 24 h of incubation with DOX entrapped assemblies, neat nanoassemblies and neat DOX. (c) Comparison
cell viability of mouse neuronal cells after 24 h of incubation with DOX entrapped nanoassemblies, neat nanoassemblies and neat DOX. The data
were obtained from three independent experiments. The values represent the mean values for n = 3, *p < 0.05 and **p < 0.001. Statistical analysis
was carried out according to a Student’s t test.

Figure 9. Top Row: Optical microscopy images of U-87-MG cells after 24 h of incubation with various constructs: (a) control cells; (b) cells after
treatment with 10 μM DOX entrapped Aze5-angiopep-2-A-COOP-K nanoassemblies; (c) DOX-treated assemblies; (d) cells grown in serum-free
media. Scale bar = 20 μM. Bottom Row: Optical microscopy images of U-138-MG cells after 24 h of incubation with various constructs: (e) control
cells; (f) cells after treatment with 10 μM DOX entrapped Aze5-angiopep-2-A-COOP-K nanoassemblies; (g) DOX-treated assemblies (10 μM);
(h) cells grown in serum-free media. Scale bar = 20 μm.
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showed slightly less viability for neat nanoassemblies at a
higher concentration (82.5%) for cells grown without serum
versus those grown in the presence of serum (87.5%). For the
DOX entrapped nanoassemblies, viability was found to be
69.2% without serum at the lower concentration versus 73.3%
in the presence of media with serum. Interestingly at higher
concentration of the DOX entrapped assemblies, the viability
was found to be 8.3% for cells grown in the absence of serum
versus those grown in the presence of serum at 9.5%.
The results of neat DOX were comparable at the higher

concentration, implying that the drug was released into the
cells. However, at the lower concentration, cells treated with
neat DOX showed lower viability compared to drug entrapped
assemblies due to slower release of the drug. Upon comparing
the results with the U-138-MG cells (Figure 8b), we observed
that at 2 μM concentration, the drug entrapped assemblies
caused reduction in cell viability (43.2% for cells grown in the
presence of serum and 39.5% for those grown in the absence of
serum), while at 10 μM the viability was reduced to 35.3% and
30% respectively. The results were comparable to those
obtained for neat DOX. These results indicate that the drug is
likely being internalized into U-87-MG cells more efficiently
than into U-138-MG cells. Overall the neat Aze5 angiopep-2-
A-COOP-K nanoassemblies were found to show slightly lower
proliferation compared to control cells, likely due to the
presence of Aze moieties, which in past studies have been
shown to be cytotoxic to tumor cells. We also examined the
cytotoxicity with noncancerous cells (mouse neurons) to
ensure that the delivery was targeted. Our results showed that
the DOX entrapped nanoassemblies showed relatively less
cytotoxicity for those cells compared to the tumor cells, and
the viability was found to be ∼65%. While DOX alone showed
higher cytotoxicity (27.2% viability) at 10 μM concentration
versus 49.3% at lower concentration (2 μM). This is expected
given that neat DOX does not distinguish between tumor cells
and nontumor cells while the nanoassemblies are expected to
be relatively more targeted toward tumor cells.
To further explore the effect of the nanoassemblies, phase

contrast optical microscopy was conducted. As shown in
Figure 9, the optical microscopy images show a difference in
morphology before and after treatment with the drug
entrapped nanoassemblies and the neat drug in both cell
models. The untreated cells appeared healthy with a stellate
morphology, indicating that they are motile. This is consistent
with the expected morphologies of U-87-MG and U-138-MG
cells seen in past studies.98−100 Upon treatment with DOX
entrapped nanoassemblies, fewer cells with elongated, stellate
morphologies were seen, and a number of cells appeared
rounded and showed signs of blebbing, which corroborated the
results found from the MTT assay. Higher number of cells
appeared to be rounded up for the U-87-MG cells compared to
U-138-MG cells. In the case of DOX-treated samples, the cells
were all mostly rounded up, indicative that the cells were no
longer viable for both cell lines. These results further confirm
that the DOX entrapped nanoassemblies may be releasing the
drug relatively slowly, which may be advantageous over a
longer period of time due to sustained release. Nevertheless,
the drug entrapped assemblies reduce the proliferation and
viability of U-87-MG and U-138-MG glioblastoma cells. We
also compared the morphologies of both cell lines grown in
serum-free media. As shown in the figure, overall both cell lines
displayed elongated appearance, though overall the growth was

found to be slower in serum-free media compared with cells
grown in the presence of serum.
3.5.2. Expression of FABP3 and LRP1 Proteins. To detect if

the U-87-MG and U-138-MG cell lines that were utilized as
models for glioblastoma cells expressed endogenous LRP1 and
FABP3 receptors, enzyme linked immunoassays were con-
ducted for the detection and quantitation of LRP1 and FABP3
in the cell samples. LRP1 was detected with an anti-LRP1
antibody followed by HRP-conjugated secondary antibody,
while a biotin-conjugated antibody to human FABP3 was
attached to streptavidin-HRP for the detection of FABP3.
Results were compared with the standard curves obtained by
conducting serial dilutions with the standard solution of LRP1
and FABP3-treated antibodies separately. The concentration of
FABP3 was determined to be 0.175 ng/mL ± 0.8 ng/mL
FABP3 protein for the U-87-MG cell line in the presence of
serum, while 0.253 ± 0.2 ng/mL FABP3 protein was observed
for cells grown without serum. The U-138-MG cells displayed
concentrations of 0.282 ± 0.3 ng/mL of FABP3 protein in the
presence of serum and 0.412 ± 0.1 ng/mL in the absence of
serum. The LRP1 concentration for U-87-MG cells was found
to be 0.932 ± 0.5 ng/mL in the presence of serum and 0.992 ±
0.6 ng/mL for cells grown in the absence of serum. The LRP1
expression in U-138-MG cells showed a concentration of 0.601
± 0.4 ng/mL in the presence of serum and 0.702 ± 0.3 ng/mL
in the absence of serum. These results show that LRP1
expression is lower in the case of U-138-MG cells. It is well-
known that higher LRP1 expression is seen in U-87-MG cell
lines compared to U-138-MG cells, as indicated by the human
protein atlas which provides information about the spatial map
of the human proteome,101 thus our results corroborated with
previous work. The results also indicate that the U-87-MG
cells show a higher expression of LRP1 receptor protein
compared to FABP3, which is expected for U-87-MG cell
lines.102 It is also noted that both cell lines showed a relatively
low FABP3 expression. This is likely because higher FABP3
expression occurs when these cell lines are grown under
hypoxic conditions.103 In addition, a slightly higher expression
of both receptors was observed under serum-free conditions as
expected. The histogram showing the data obtained for ELISA
is shown in the Supporting Information (Figure S2).
We then examined if the nanoassemblies were capable of

receptor-mediated internalization using FACS analysis (Figure
10). Because relatively higher expression of the receptors was
observed for the cells grown in neuronal basal media with B-27
supplement without serum, we utilized cells grown under
serum-free conditions for the internalization studies. As seen in
Figure 10a,b, the cells treated with the nanoassemblies showed
higher LRP1-mediated internalization in the case of both U-
138-MG and U-87-MG cell lines compared with control cells.
However, angiopep-2 alone showed higher internalization
comparatively as expected given that it is a smaller peptide
compared to the nanoassemblies. Nevertheless, it is interesting
to note that the nanoassemblies also displayed LRP1-mediated
internalization. In comparison, no FABP3-mediated internal-
ization was observed (Figure 10c,d). This may be due to
relatively lower expression of endogenous FABP3 receptor
compared to LRP1. However, it is to be noted that A-COOP-
K peptide alone also did not show internalization. These
results corroborate with previous studies conducted by Ayo
and co-workers, who demonstrated that while A-COOP-K is a
glioblastoma tumor homing peptide, it does not successfully
internalize into U-87-MG cells through endogenous FABP3
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receptors due to very low receptor expression.53 They showed
that internalization is seen only in the case of cells transfected
with FABP3.

3.6. In Vitro BBB Model Permeability. In order to
ascertain if the nanoassemblies can penetrate the BBB,
permeation of the nanoassemblies across an in vitro coculture
model of BBB grown with human pericytes, brain endothelial
cells, and astrocytes was explored. The scheme for the
preparation of the BBB model is shown in Scheme 1. We
first examined the tightness of the coculture model by
exploring the penetration of the small molecule permeability
indicator (sodium salt of fluorescein) and a relatively large
protein, bovine serum albumin across the BBB. The Papp
(apparent permeability) of fluorescein and BSA was found to
be relatively low (0.22 × 10−6 and 0.06 × 10−6 cm/s,
respectively) (Figure 11). These values obtained were similar
to previously published works.104,105 A photograph of one of
the wells of the BBB model prepared using Transwell inserts is
shown in the inset of Figure 11. As seen, the permeation of the
Rhodmaine-B-labeled nanoassemblies at 2 μM concentration
resulted in a higher apparent permeability with Papp of 4.6 ×
10−6 cm/s, while that of the nanoassemblies at 10 μM
concentration showed an apparent permeability constant Papp
of 2.7 × 10−6 cm/s across the BBB model. The values obtained
are in the range seen for drugs such as cimetidine and digoxin,
which have been studied using in vitro models of BBB.106

Similar results have been observed for fluorescently labeled
silica nanoparticles which showed permeability of the nano-
particles through an in vitro cocultured BBB model.107

However, one must keep in mind that the ideal size and
shape of nanoassemblies may need to be altered, given that the
in vivo BBB structural integrity may be different. Other factors

such as efflux transporters, and the overall homeostatic
environment of the CNS will also need to be considered.
Furthermore, the integrity of the BBB is lesser in a tumor tissue
compared to healthy brain tissue, which may change the
penetration rate and capability of the nanoassmblies.108

3.7. Apoptosis Studies. Apoptosis studies in the presence
of DOX entrapped nanoassemblies were compared to the
results obtained for neat DOX treated cells. These studies were
carried out as a proof of concept with U-87-MG-treated cells
to examine if apoptosis was one of the mechanisms for the
reduction of cell viability. It is well-known that DOX induces
apoptosis in cells,109 and therefore it was investigated if the
nanoassemblies that were entrapped with DOX could induce
apoptosis using Annexin FITC-propidium iodide assay.110

Each scatter plot in Figure 12 was obtained by gating on the
FSC-A/SSC-A control pseudo color sample plot, followed by
the FSC-A/FSC-W and SSC-A/SSC-W plots. The population
within the gate of the latter was then plotted as Annexin FITC-
A/Propidium Iodide-A and gated with a quadrant gate to
quantify the frequency of each event. A biexponential scale was
used to avoid events on the chart edges. The gates were then
copied to the remaining samples. As shown in the figure,
compared to the control cells which showed 98.5% of live cells,
there is a shift toward the late apoptosis quadrant upon
treatment with the DOX entrapped nanoassemblies (Figure
12a,b) which indicates that the DOX entrapped nano-
assemblies are most likely inducing late apoptosis (46.5% at
2 μM and 71.4% at 10 μM). The number of necrotic cells was
found to be 17.2% and 12.8%, respectively. Thus, the DOX
entrapped assemblies successfully induced apoptosis in a dose-
dependent manner on the U-87-MG cells. Comparatively, neat
DOX (Figure 12c,d) showed higher numbers of late apoptotic
cells, showing 68.9% late apoptotic and 7.2% necrotic at 2 μM
and 52.7% late apoptotic in addition to 24% necrotic cells at 10
μM. Thus, in both cases, on average most cells were found to
be in late-apoptotic stages after 24 h of incubation. When
compared to the controls, which included untreated cells, neat
nanoassemblies, and the neat peptides, as can be seen in the
bottom row of Figure 12e−h, we observed the percent of live-
cells was significantly higher as expected in all cases with the
neat peptides angiopep-2 and A-COOP-K showing 96.9 and
98.2% live cells, while the Aze5-angiopep-2-A-COOP-K
nanoassembly showed 87.6% live cells. The slightly lower
number of live-cells in the case of the nanoassemblies is
expected due to the Aze5 component, which has been known
to induce cytotoxicity in tumor cells111 at higher concen-
trations. Regardless, compared to the DOX entrapped cells, the
cytotoxicity is significantly lower implying that apoptosis is
seen primarily due to the DOX component. A graphical
representation of the comparison of various populations of
apoptotic, live and necrotic cells is also shown below the
scatter plots.

3.8. 3D Cell Cultures. 3.8.1. Growth of Spheroids. Given
the results obtained from the 2D cultured cells, in order to
mimic the 3D environment of tumoroids, spheroids were
grown at varying cell densities. Three-dimensional tumor
spheroid cultures not only establish similar gradients of
nutrients, pH and oxygen as that of tumors but also have 3D
cell−cell contact which can stimulate production of extrac-
ellular matrix proteins and enhanced intercellular communica-
tion that occur in a tumor matrix.112 Thus, tumor spheroids
were created with the U-87-MG cells and U-138-MG cells in
both serum-free media and media supplemented with serum

Figure 10. (a) U-138-MG cells; (b) U-87-MG cells. Top Row: LRP1-
mediated internalization. Each cell line was labeled with primary
antibody, LRP1 (recombinant rabbit monoclonal) followed by
secondary antibody, Alexa Fluor 488 anti-rabbit IgG, followed by
treatment with AngioPep2, or nanoassemblies for 6 h before analysis.
Bottom Row: (c) U-138-MG cells; (d) U-87-MG cells. FABP3-
mediated internalization was tested by labeling the cells with Coralite
594-conjugated FABP3 mouse antibody followed by treatment with
A-COOP-K, or nanoassemblies for 6 h before analysis.
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and the differences in morphology and growth were explored,
as shown in Figure 13.
Cells seeded at different densities (4000 cells/well; 10,000

cells/well) in the presence and absence of serum were grown

to investigate the impact of growth conditions. As seen in the
figure, at each cell density, the spheroids continued to grow
over time. In the case of U-87-MG cells grown in the presence
of serum, the spheroids appear multilayered and attain a
rounder appearance over time that is characteristic of
spheroids.106 Furthermore, with time, the spheroids appeared
to fuse with neighboring smaller spheroids. The proliferating
outer layer of cells forms a shell around the outside of the
spheroid. Each spheroid also contained an inner core which
contains live quiescent cells.113 As the spheroids kept growing
in size, the inner core started becoming darker, which likely
represents necrotic cells as the oxygen supply and nutrients
become scarcer.100 Surrounding that necrotic layer are the
quiescent cells, followed by the layer of proliferating cells on
the outer surface.114 At 10 days, in the case of cells grown at
4000 cells/well, the diameter was found to be 20 μm, with
multiple spheroids of smaller sizes. At 10,000 cells/well, the
sizes of the spheroids were approximately 90−100 μm. The
growth of larger spheroids at higher cell densities is facilitated
by the proximity of a larger number of cells, which enable
higher cell−cell interaction and cell-matrix interaction at the
larger densities of cells.115 In comparison, U-87 spheroids
grown under serum-free conditions had a less round
morphology, particularly at higher density. Although the sizes
were approximately similar to those grown in the presence of
serum (25 and 80 μm), respectively, after 10 days of growth.

Scheme 1. Top: Optical Microscopy Images of 2D Cultures of (i) Astrocytes, (ii) Human Brain Endothelial Cells (Scale Bar =
20 μm), and (iii) Pericytes. Bottom: Schematic for Construction of the Well in Vitro BBB Model Using Transwell Inserts in
24-Well Plates

Figure 11. Plot of permeability coefficients of nanoassemblies at 2
and 10 μM concentration as well as controls Rhodamine-B-labeled
BSA and sodium salt of fluoroscein, which was used as permeability
marker. The Papp was calculated as given in the Methods section.
Results are the mean ± SD (n = 3); *p < 0.05. Inset shows one of the
wells showing BBB coculture model prepared and utilized in this
study.
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Because the morphology of spheroids is dependent upon
growth conditions such as cell density, culture media,
mechanical stress,116−119 it appears that the spheroids grown
under serum-free conditions were found to be relatively less
compact and formed less uniform aggregates of cells under the
time frame studied. It may be plausible that over a longer
period of time, tighter aggregates may form, leading to more
spherical morphologies. The SEM images of the spheroids
further confirm the multilayered structures obtained. A similar
observation was seen for the spheroids grown with U-138 cells,
where in more uniform spherical spheroids are seen for those
grown in media supplemented with serum, while under serum-
free conditions more wide, oblong shaped spheroids were
obtained. These differences in morphologies may be indicative
of different phenotypes which would imply differences in
invasive behavior and reactivity upon drug treatment.120

3.8.2. Association and Internalization of DOX and DOX
Entrapped Nanoassemblies into Spheroids. Spheroids grown

for 7 days at a density of 10,000 cells/well were treated with
DOX and DOX entrapped assemblies at concentration of 10
μM for 24 h. Spheroids grown in the presence and absence of
serum were examined to determine the impact of the spheroid
morphology and growth conditions on drug internalization.
Fluorescence microscopy was utilized to analyze the effect of
the drug entrapped nanoassemblies and neat DOX on the
spheroids. As can be seen in Figure 14, overall higher
penetration is observed for spheroids grown in neuronal
basal media with B27 supplement (serum-free) in the case of
DOX entrapped assemblies for both U-87 and U-138
spheroids. Dox alone also showed relatively higher penetration
in spheroids grown in serum-free media compared with those
grown in serum, though DOX appeared to be mainly
accumulating in the periphery of the spheroids. Dox entrapped
assemblies grown in serum showed a higher penetration in the
case of U-87-MG spheroids compared to those seen for U-138
spheroids. Overall, the maximum fluorescence peak intensities

Figure 12. (a−h) Scatter plots obtained from FACS analysis showing the induction of apoptosis by various constructs. (a) DOX entrapped
nanoassemblies (2 μM); (b) DOX entrapped nanoassemblies (10 μM); (c) DOX (2 μM); (d) DOX (10 μM); (e) nanoassemblies (neat,
unentrapped with DOX); (f) angiopep-2 (10 μM); (g) A-COOP-K sequence (10 μM); (h) untreated cells. Bottom graph shows the quantitative
analysis of various apoptotic, live, and necrotic cells upon treatment with various constructs.
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were observed for DOX entrapped assemblies grown in serum-
free media for U-87-MG spheroids followed closely by DOX.
In comparison, a larger difference was observed for the U-138-
MG spheroids grown in serum-free media, where the
fluorescence was found to be significantly higher for DOX
entrapped nanoassemblies compared to DOX indicating higher
penetration and internalization of the assemblies toward the
core. These results are corroborated with previous works
where it has been shown that targeted drug delivery materials
enhance penetration ability into spheroids.107

Thus, these results indicate that the aze5-angiopep-2-A-
COOP-K nanoassemblies that had entrapped DOX showed
relatively higher internalization, particularly for U-138
spheroids grown under serum-free conditions, which may be
able to mimic in vivo tumoroids more closely.121 These results
imply that the nanoassemblies may have applications for future
drug delivery to tumoroids. However, it is to be noted that
these are single cell model spheroids, and further studies are
being conducted where multicellular spheroids are being
studied with these nanoassemblies.
3.8.3. Effects of DOX Entrapped Nanoassemblies on

Spheroid Viability. To examine the effect of DOX entrapped
nanoassemblies on the viability of the spheroids, Calcein-AM
assay122 was performed using six-day old spheroids grown with
U-87-MG cells at 10000 cells/well. Results are shown in Figure
15. Calcein-AM is a lipophilic dye molecule that enters viable
cells only when exposed to intracellular esterases leading to the
formation of a green fluorochrome123 and therefore can be

utilized to explore the viability of spheroids upon drug
treatment. As shown in Figure 15a untreated spheroids showed
green fluorescence encompassing most of the spheroid except
within parts of the interior which may have been necrotic.124

Upon treatment with the DOX entrapped nanoassemblies
(Figure 15b) the spheroids showed lesser viability, as indicated
by lower fluorescence. While there were scattered areas,
particularly around the edges that showed some viable cells,
the majority of the spheroid did not show fluorescence. For the
neat DOX-treated assemblies (Figure 15c), scattered viable
cells were seen throughout the spheroid, indicating that it may
be likely that slightly lesser DOX may have penetrated into the
interior parts of the spheroid. However, the spheroid itself
appeared to be disintegrating. This may be because the
nanoassemblies release the drugs relatively slowly compared
with neat DOX. Thus, the nanoassemblies entrapped with
DOX may have been able to enter deeper into the spheroids
and deliver the drug. These results indicate that such
nanoassemblies may potentially be developed for the delivery
of drugs to tumoroids.

4. CONCLUSIONS
In this work, we have developed new peptide-based nano-
assemblies that are comprised of three components, namely
azelaic acid, angiopep-2 and A-COOP-K. The nanoassemblies
were designed to target U-87 and U-138-MG tumor cells as
models for glioblastoma tumor cells in vitro. The expression of
endogenous LRP1 and FABP3 receptors by these cells grown

Figure 13. (a−d) Optical light microscopy images showing spheroid growth of U-87-MG cells grown in the presence of serum: (a,b) growth after 2
and 10 days, respectively, at a density of 4000 cells/well; (c,d) growth after 2 and 10 days, respectively, at a density of 10,000 cells/well. (e−h)
Optical light microscopy images showing spheroid growth of U-87-MG cells grown in serum-free media: (e,f) growth after 2 and 10 days,
respectively, at a density of 4000 cells/well; (g,h) growth after 2 and 10 days, respectively, at a density of 10,000 cells/well. Scale bar = 20 μM. (i)
SEM micrograph of a single spheroid grown at 10,000 cell/well after 10 days of growth. Scale bar = 30 μM. (j−m) Optical light microscopy images
showing spheroid growth of U-138-MG cells grown in the presence of serum: (j,k) growth after 2 and 10 days, respectively, at a density of 4000
cells/well; (l,m) growth after 2 and 10 days, respectively, at a density of 10,000 cells/well. (n−q) Optical light microscopy images showing spheroid
growth of U-138-MG cells grown in serum-free media: (n,o) growth after 2 and 10 days, respectively, at a density of 4000 cells/well; (p,q) growth
after 2 and 10 days, respectively, at a density of 10,000 cells/well. Scale bar = 20 μM. (r) SEM micrograph of a single spheroid grown at 10,000
cell/well after 10 days of growth. Scale bar = 30 μM.
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in the presence and absence of serum was examined and it was
found that higher LRP1 expression was observed for U-87-MG
cells compared to U-138 cells in serum-free conditions. FABP3
expression was found to be low in both cases. FACS analysis
revealed that the nanoassemblies demonstrated LRP1-medi-
ated internalization for both cell lines, while FABP3-mediated
internalization was found to be negligible. Furthermore, the
nanoassemblies showed BBB penetration when tested with an
in vitro multicellular cocultured BBB model. The assemblies
were found to form nanofibrous hierarchical structures that
were able to successfully entrap the drug doxorubicin. Drug

release studies showed a concentration dependent release with
a burst release seen at the higher concentration followed by a
stepwise release over a longer period of time. The drug
entrapped nanoassemblies resulted in lower cell proliferation in
a concentration-dependent manner similar to that of DOX.
Both 2D cultured cells and spheroids grown in the presence
and absence of serum were tested. The induction of apoptosis
was confirmed by FACS analysis for the U-87-MG cells as a
proof of concept. 3D spheroids were constructed at different
cell densities grown in the presence and absence of serum to
create models that mimic tumoroids. The internalization of

Figure 14. Top: Fluorescence micrographs of U-87 spheroids: (a) grown in the presence of serum and treated with DOX entrapped
nanoassemblies; (b) grown in the absence of serum and treated with DOX entrapped nanoassemblies; (c) grown in the presence of serum and
treated with DOX; (d) grown in the absence of serum and treated with DOX. Scale bar = 20 μm. Top right shows the corrected DOX fluorescence
intensity representing the association of DOX entrapped nanoassemblies and DOX in U-87 spheroids from the periphery to inner core. Bottom:
Fluorescence micrographs of U-138 spheroids: (e) grown in the presence of serum and treated with DOX entrapped nanoassemblies; (f) grown in
the absence of serum and treated with DOX entrapped nanoassemblies; (g) grown in the presence of serum and treated with DOX; (h) grown in
the absence of serum and treated with DOX. Scale bar = 20 μm. Bottom right shows the corrected DOX fluorescence intensity representing the
association of DOX entrapped nanoassemblies and DOX in U-138 spheroids from the periphery to inner core.

Figure 15. Fluorescence images of six-day old spheroids grown with U-87-MG cells after calcein staining: (a) untreated spheroids; (b) spheroids
treated with DOX loaded nanoassemblies at 10 μM concentration; (c) neat DOX-treated spheroids at 10 μM concentration. Scale bar: 20 μm.
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DOX and DOX entrapped nanoassemblies indicated higher
penetration into the core for the DOX entrapped assemblies,
particularly for U-138 spheroids grown under serum-free
conditions. The morphologies were found to be well-rounded
and spherical in the presence of serum, whereas less
symmetrical, larger aggregated structures were seen for those
grown under serum-free conditions. Thus, these nano-
assemblies may provide insights into drug-biomaterial
interactions and can be further developed for exploring
multicellular tumoroids. Furthermore, they may potentially
enhance internalization and targeting of glioblastoma cells.
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