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Abstract: In this study, the ability of a multiwalled carbon nanotube functionalized with
fluorescein isothiocyanate (MWCNT-FITC) was assessed as a prospective central nervous
system-targeting drug delivery system to permeate the blood—brain barrier. The results indicated
that the MWCNT-FITC conjugate is able to penetrate microvascular cerebral endothelial
monolayers; its concentrations in the Transwell® system were fully equilibrated after 48 hours.
Cell viability test, together with phase-contrast and fluorescence microscopies, did not detect any
signs of MWCNT-FITC toxicity on the cerebral endothelial cells. These microscopic techniques
also revealed presumably the intracellular localization of fluorescent MWCNT-FITCs apart from
their massive nonfluorescent accumulation on the cellular surface due to nanotube lipophilic
properties. In addition, the 1,000 ps molecular dynamics simulation in vacuo discovered the
phenomenon of carbon nanotube aggregation driven by van der Waals forces via MWCNT-—
FITC rapid dissociation as an intermediate phase.

Keywords: blood-brain barrier, multiwalled carbon nanotube, fluorescein isothiocyanate,
Transwell® system, aggregation, fluorescence microscopy, molecular dynamics

Introduction
Targeted drug delivery across the blood—brain barrier (BBB) to the central nervous
system (CNS) is a great challenge in the treatment of neurologic disorders. The existing
and new biomedical approaches for CNS-active nanocarriers to improve drug delivery
play an important role via enhancing their passive BBB permeation and active trans-
port through the brain’s endothelial cells." Therefore, the successful CNS-targeting
drug-delivery vectors that cross the BBB without disruption have applications in many
neurologic conditions, including Alzheimer’s disease and multiple sclerosis.** On the
other hand, there is a significant misconception that small molecules can easily pass
through the BBB, but it has been affirmed that the majority of them do not permeate
the BBB.** Low molecular weight and high lipophilic properties are the factors that
contribute to a better drug delivery in the CNS.¢

Carbon nanotubes (CNTs), with their rolled-up graphene structures, possess unique
chemical, thermal, mechanical, and electrical properties, making them promising
candidates for various biomedical applications.”® Functionalized CNTs as drug delivery
vehicles to the CNS are receiving more attention from the scientific community.
In particular, a dual-targeting drug delivery based on PEGylated oxidized multiwalled
carbon nanotubes (MWCNTSs) modified with angiopep-2 and single-walled carbon
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nanotube (SWCNT)-enhanced immunotherapy using CpG
oligodeoxynucleotides were recently developed to inhibit
tumor growth in glioma models.*!

So far, very little has been known on the CNT uptake from
the blood into the brain passing the BBB. It was previously
reported that unmodified water-insoluble CNTs injected into
the bloodstream of test animals were subsequently detected in
small quantities in the brain tissue, indicating their ability to
pass the BBB.!! Various studies have also described the nano-
tube biocompatibility effects that rat hippocampal neurons
could grow along the MWCNT substrates,'? enhancing neural
functional activity.!*'* However, the MWCNT incubation
with cultured endothelial cells was linked to high levels of
reactive oxygen species, proinflammatory cytokines, and cell
adhesion molecules such as intracellular adhesion molecule 1
and vascular cell adhesion molecule 1.'31¢

Although the aggregation of pristine, non-functionalized
MWCNTs in aqueous or organic phase imposes serious safety
issues on their use and inhibits their widespread applica-
tions in pharmaceutical industry and neuroscience,!” this
phenomenon still has not been well elucidated in respect to
the BBB permeation for MWCNTs. The degree and type of
MWCNT aggregation and accumulation are determined by
the rigidity of nanotubes, and their diameters are thin enough
to allow their buckling and self-aggregation into low-density,
particle-like, intertwined, and coiled assemblies.'®

In the current study, the MWCNT structures that
consist of multiple concentric layers of carbon sheets and
functionalized with fluorescein isothiocyanate (MWCNT—
FITC) as promising candidates of drug-delivery systems
were evaluated for their permeability across microvascular
cerebral endothelial (cEND) monolayers. Their accumulation
and aggregation were also determined by phase-contrast and
fluorescence microscopies in conjunction with molecular
dynamics simulation.

Materials and methods
MWCNT-FITC synthesis

Pristine MWCNTSs purchased from Nanostructured and
Amorphous Materials Inc. (Houston, TX, USA; Lot
Number 1240XH) were 94% pure, with an outer diameter
of 37.39£12.62 nm, length of 0.51+£0.25 um, and surface
area of 0.001 pm*. The MWCNT — NH,* intermediate was
prepared as described in detail elsewhere.!*?' Fluorescent
labeling of MWCNTs with fluorescein isocyanate was
accomplished by reacting MWCNT — NH," with fluorescein
isothiocyanate (FITC) in dimethylformamide and diisopro-
pylethylamine at 60°C for 24 hours.?

Immunoblotting of tight junction-related

proteins

cEND cells were dissolved in Laemmli buffer” with 5%
-mercaptoethanol and denatured at 95°C for 5 minutes. Pro-
teins were subjected to sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (10% SDS-PAGE gels) using a Mini Trans-
Blot Electrophoretic Transfer Cell (Bio-Rad Laboratories,
GmbH, Munich, Germany) to wet-transfer them to a polyvi-
nylidene difluoride membrane. The membrane was rinsed with
Dulbecco’s phosphate-buffered saline (PBS) (Sigma-Aldrich
Chemie, GmbH, Hamburg, Germany), blocked in 5% nonfat
milk for 1 hour, and incubated overnight at 4°C in PBS with
0.5% bovine serum albumin (BSA) containing respective pri-
mary antibodies. The polyclonal antibodies against claudin-5,
occludin, and [B-actin were used at dilution rates of 1:400
(claudin-5 and occludin) and 1:2,500 (B-actin), respectively.
Subsequently, the membrane was washed three times for
15 minutes each with PBS and incubated at room temperature
in 1% BSA-PBS containing horseradish-peroxidase-labeled
secondary antibody (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA, USA). Bound immunoglobulins were
visualized by the enhanced chemiluminescence method (GE
Healthcare, Europe, GmbH, Freiburg, Germany). Densito-
metric analysis was performed with the Multilmage Il imager
and Fluorchem FC2 program (Biozym Scientific, GmbH, Hes-
sisch Oldendorf, Germany). The ImageJ software (National
Institute of Health, Bethesda, MD, USA) was used to analyze
quantitatively the immunoblotting results.

Transport studies and fluorescence

microscopy

Immortalized murine microvascular cEND cells** % were
seeded on collagen type 4-coated Transwell® filters (Greiner
Bio-One, GmbH, Frickenhausen, Germany) and cultured
using Dulbecco’s Modified Eagle’s Medium (DMEM),
10% fetal calf serum (FCS), and penicillin/streptomycin
mixture. The cells were grown for 5 days and differenti-
ated with DMEM containing 1% serum-stripped FCS to
build up tight junctions for 2 days. Transendothelial elec-
tric resistance (TER) of the cell monolayer grown on the
polyethylene terephthalate membrane with a pore diameter
of 0.4 um was manually measured using the epithelial vol-
tohmmeter device as a TER-monitoring system equipped
with a fixed pair of STX2 electrodes, 4 mm wide and 1
mm thick (World Precision Instruments, Inc., Sarasota, FL,
USA). Transendothelial resistances of blank filters, coated
with collagen type 4, were used as controls and compared
to those with cEND cells. MWCNTs functionalized with
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FITC in a concentration of 500 umol/g were dispersed in
PBS by sonication and carefully added to an apical chamber
containing DMEM with 10% FCS in a final concentration of
40 ug/mL. The measurements of FITC-labeled dextran 150
(150 kDa, FD150S, Sigma-Aldrich, St Louis, MO, USA)
flux across monolayers of cultured cEND cells in the same
concentration as for MWCNT-FITC were used as reliable
control system widely implemented in various BBB transport
experiments.?’ %

FITC fluorescence was measured after 2, 24, and
48 hours by the Tecan GENios Microplate Reader (MTX
Lab Systems, Inc., Vienna, VA, USA). Subsequently, the
cEND cells were fixed with 2% of paraformaldehyde for
10—15 minutes and subjected to further analysis under the
Olympus BX51 fluorescence microscope (Olympus Life
Sciences Research Europa, GmbH, Munich, Germany),
which was equipped with a digital camera to assess nanotube
aggregation and accumulation. Pseudo-color fluorescent
images were prepared, visualized, and analyzed with the
Imaris v.7.2.3 image processing software (Bitplane, Inc.,
South Windsor, CT, USA). All experiments were repeated
at least three times.

Cell viability assay

cEND cells were seeded in a 96-welled plate and grown to
reach 90% of confluence in DMEM containing 10% FCS,
50 U/mL penicillin/streptomycin, and 1% L-glutamine. Once
confluent, cells were forced to differentiate in 1% serum-
stripped FCS for 2 days. Next, cells were incubated with
MWCNT-FITC in a final concentration of 40 pug/mL for 2, 24,
and 48 hours at 37°C. Afterward, cell viability was assessed
using the CellTiter-Glo® luminescent cell viability assay
(Promega, Madison, WI, USA) kit according to the manufac-
turer’s instructions. Briefly, the test compound and controls
were added to the cells, and after the intended incubation
period, 30-minute incubation at room temperature followed.
CellTiter-Glo® solution was then added. Lysis was induced for
2 minutes with shaking followed by a 10-minute equilibration
at room temperature. Luminescence was read using the Tecan
GENios Microplate Reader (MTX Lab Systems, Inc.).

Calculation of molecular descriptors

The calculated octanol-water partitioning coefficient (ClogP),
estimated permeability coefficient (P ), absorption rate (K),
plasma protein binding (%PPB), and human serum albumin
affinity (logK "*) were determined by the ACD/I-Lab v.2.0
software with a proprietary algorithm v.5.0.0.184 (Advanced
Chemistry Development, Inc., Toronto, ON, Canada) for

MWCNT-FITC as a measure of molecular hydrophobicity
and pharmacokinetics. In addition, the topological polar
surface area (TPSA), based on contributions of functional
groups, was obtained using the Molecular Operating Envi-
ronment v.2009.10 package (Chemical Computing Group,
Montreal, QC, Canada).

Molecular dynamics simulation

and three-dimensional rendering

The MWCNT structures were generated by Carbon Nano-
structure Builder v.1.2 (Theoretical and Computational
Biophysics Group, Beckman Institute, Urbana, IL, USA) with
chiral indexes of 4 and 5, and 1.0 nm in length (Figure 1).
The MarvinSketch software (ChemAxon, Ltd, Budapest,
Hungary) was used to covalently attach FITC to the nanotube
model. The molecular dynamics simulation was performed
using the parameterized all-atom Merck molecular force
field (MMFF94; Merck & Co., Whitehouse Station, NJ,
USA), which was previously reported as suitable for CNT
molecular dynamics modeling.*® The energy minimization
was initially performed using 0.001 A root mean square
gradient. In the next step, the 1,000 ps molecular dynamics
simulation in vacuo was performed with 2 fs time step using
the NPT ensemble and NPA algorithm. The calculations and
analyses were performed using the Molecular Operating
Environment v.2009.10 (Chemical Computing Group) and
VMD v.1.8.7 (Theoretical and Computational Biophysics
Group) molecular modeling software suites.

The van der Waals (VDW) energies were computed with
the Benchware® 3D Explorer program (Tripos International,
St Louis, MO, USA). All nanotube rendering scenes and
graphic representations were prepared with ambient occlu-
sion lighting by the Tachyon ray tracer (Theoretical and Com-
putational Biophysics Group), QuteMol v.0.4.1,' MATLAB
R2012a (MathWorks, Natick, MA, USA), and GraphPad
Prism v.4 for Windows software (GraphPad Software, Inc.,
San Diego, CA, USA).

Results and discussion

Using a Transwell® model with 0.4 um pore size and
0.336 c¢cm? surface area of the filter membrane, the BBB
permeation rate of MWCNT-FITC structure was accessed
according to the previously described procedure (see
Materials and methods section). Prior to and during this
experiment, dynamic TER measurements of cEND monolay-
ers with 2-, 24-, and 48-hour intervals were taken to validate
the cellular tightness and provide paracellular property
information. The cells exhibited TER values ranging from
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Figure | Three-dimensional molecular representation of the modeled MWCNT-FITC structure used in 1,000 ps molecular dynamics simulation in vacuo.
Notes: Frontal (A) and transverse (B) views. The molecule is rendered as ball-and-stick and coloured according to atom type without hydrogens to enhance clarity.
Abbreviations: CNT, carbon nanotube; MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate.

95.76£7.39 (103.4943.69) to 89.38+0.5 (94.42+2.73) Q cm?
after 2 and 48 hours of incubation with MWCNT-FITC
(FITC—dextran) in comparison to the control group with the
TER values ranging from 75.2613.81 to 69.8812.02 Q cm?
using empty inserts (Figure 2A). As depicted in Figure 2B,
the BBB permeation of MWCNT-FITC from apical to
basolateral chamber had started rapidly after 2 hours of
incubation. Finally, the MWCNT-FITC system was fully
equilibrated after 48 hours. On the contrary, the equilibration
point for the FITC-labeled dextran 150 was not reached after
48 hours of incubation (Figure 2C). The BBB permeation of
FITC—dextran system was severely obstructed because of the
extensive branching behavior occurring at greater molecular
weight (MW >10 kDa)**, high hydrophilic properties
(logP =-2.0 for FITC—dextran 4 kDa),* and topological polar
surface area of dextrans (268.68 A2). To eliminate the possi-
bility of FITC disintegration from dextran polymer, the FITC
molecule was also covalently attached to dextran via random

conjugation with any free hydroxyl group at a frequency of
0.003 to 0.02 moles of FITC per mole of glucose.

The BBB permeation propensity of MWCNT-FITC
was also confirmed by its decimal logarithm of brain-
to-plasma concentration ratio (logBB) value of
0.536 calculated from modified Clark’s equation?3®:
logBB =0.152 ClogP —0.0148TPSA +0.139, where ClogP
is the calculated octanol-water partitioning coefficient and
TPSA is the topological polar surface area. In particular,
since it was shown in many studies that chemical sub-
stances with logBB>0 (0.3) permeate the BBB readily,
while molecules with logBB <0 (—1.0) are usually poor
BBB permeants,*”* MWCNT-FITC can be attributed to
the first group. Similarly, the estimated permeability coef-
ficient (P, =4.28x10* cm s ') and absorption rate (K, =0.029
min™") at human jejunum scale (pH 6.5) were predicted to
be in favor of sufficient intestinal absorption for this type
of chemical structure.
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Figure 2 TER measurements of the cEND monolayers and the BBB transport studies of MWCNT-FITC and FITC-dextran.

Notes: Continuous recording of transendothelial electric resistance of the cEND monolayers seeded on collagen type 4-coated PET membranes in order to assess cell
tightness after 2, 24, and 48 hours of MWCNT-FITC or FITC—dextran treatment (A). The BBB in vitro transport study of MWCNT-FITC (B) and FITC—dextran (C) for
estimation of permeation rate. The fluorescence is measured in arbitrary units, abbreviated as au. Data represent means =+ SD of three independent experiments.
Abbreviations: cEND, cerebral endothelial; PET, polyethylene terephthalate; MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate;
FITC, fluorescein isothiocyanate; BBB, blood-brain barrier; TER, transendothelial electric resistance; SD, standard deviation; h, hours.

In the next step, the expression of tight junction proteins
(occludin and claudin-5) in the cEND cells was analyzed by
Western blotting technique in untreated control cEND cells
and cells following 48 hours of MWCNT-FITC exposure
in a concentration of 40 pg/mL. As shown in Figure 3, the
occludin and claudin-5 protein expression profiles at the
steady state were the same in both control (untreated cultures)
and MWCNT-treated cells. Although a slight elevation of
tight junction proteins (ZO-1) has been previously reported
by Rotoli et al investigating the impairment of barrier func-
tion in Calu-3 monolayers, caused by MWCNT structures,
the change did not reach statistical significance because of
the variability of absolute protein expression levels in the
different experiments.*°

The CellTiter-Glo® luminescent cell viability assay (Pro-
mega) was used to determine the cytotoxicity of MWCNT—
FITC. The results of this assay showed the absence of toxic
effect for MWCNT-FITC on cEND cells after 2, 24, and
48 hours of incubation. Overall, with increased time, no
significant difference from the actual cell viability either for
MWCNT-FITC or for FITC—dextran was detected, and their
luminescence levels remained above the TD, (the median
toxic dose) threshold. There was a significant cell death (sig-
nificant reduction in luminescence activity) at 10% dimethyl
sulfoxide, which served as a positive control (Figure 4).

Fluorescence microscopy was utilized to examine the
MWCNT-FITC distribution, accumulation, and aggregation
in the apical chamber containing DMEM with 10% FCS.

International Journal of Nanomedicine 2015:10

submit your manuscript

1707

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Shityakov et al Dove
A B 30,000
[] control
kDa
77 MWCNT-FITC
70 —— @ occludin
20,000 T
)
L
3 - Claudin-5 o
< 40,000 =
42| W — | -2
\
0{&‘0 /60 T T T
(@) . }
Oé C}Ob\(\ b\(\fo ’bé}(\
~ o o ¥

Figure 3 Western blot analysis of tight junction-related proteins expressed in cEND cells was performed using antibodies against occludin, claudin-5, and B-actin (internal/

loading control).

Notes: Expression profiles of tight junction-related proteins (occludin and claudin-5) in untreated (control) and MWCNT—FITC-treated cEND cells (A). Immunoblots
analyzed and proteins quantified with the Image] software (B). The area is measured in arbitrary units, abbreviated as au. Data represent means + SD of three independent

experiments.

Abbreviations: MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate; cEND, cerebral endothelial; SD, standard deviation.

Figure 5A and B are fluorescent and phase-contrast micro-
graphs, respectively, of the cEND cells on top of the poly-
ethylene terephthalate membrane incubated at 37°C for 48
hours with MWCNT-FITC dispersions. Interestingly, the
first observation was the lack of damaged monolayers and
apoptotic cells, which might be associated with previously
reported nontoxic effects of pristine and oxidized MWCNTs
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Figure 4 cEND cell viability to measure MWCNT-FITC toxic effect over time.
Notes: Cell viability was assessed by the amount of ATP produced by metabolically
active cells. The released ATP converts luciferin substrate to luciferin oxide, and
released luminescence signals were recorded. The luminescence is measured in
percentage to a control group (untreated cells). 10% solution of DMSO was used
as positive control. The thresholds are depicted as dashed lines. Data represent
means + SD of three independent experiments.

Abbreviations: cEND, endothelial;, MWCNT-FITC, multiwalled
carbon nanotube functionalized with fluorescein isothiocyanate; ATP, adenosine
triphosphate; DMSO, dimethyl sulfoxide;TDso, median toxic dose level; SD, standard
deviation; h, hours.

cerebral

on the Caco-2 and RAW 264.7 mammalian cells using lactate
dehydrogenase release assay.*!

However, the most significant findings were the
appearance of nonfluorescent black aggregated material
most likely localized on the cell surface. It might be pos-
sible that when the aggregates are very dense and compact,
they could “quench” the fluorescence. In contrast, the
FITC-fluorescent patches of MWCNTSs were presum-
ably located in the cell interior or submerged in the lipid
membrane because of endocytosis/phagocytosis or energy-
independent passive processes as main transcellular routes
of CNT internalization.** Such observations are consistent
with those of Kam et al who used confocal fluorescence
microscopy to detect colocalization of fluorescently labeled
nanotube conjugates.* The agglomeration of functionalized
MWCNTs was previously discovered around human ocular
cells without significant changes in their morphology.*
As observed in Figure 5C and D, internalized MWCNT—
FITC conjugates were colocalized with blue-colored shapes
of endothelial cells, with Pearson’s coefficient of 0.915
indicating nanotube uptake without apparent adverse effects
on cell viability.

The proper use of CNT vectors for targeted drug
delivery is directly connected with overcoming aggrega-
tion and agglomeration problems. Moreover, these chemi-
cal structures behave as a weak base (base pK, <8.5) and
predominantly bind to human serum albumin and ol-acid
glycoprotein (%PPB =99.9% and logK "$* =23.72),
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Figure 5 Fluorescent and phase-contrast microscopy with image analysis of the cEND cell monolayers treated with FITC-conjugated MWCNTs.

Notes: Low (A) and high (a) magnification (scale bar =25 um) fluorescent microscopic images together with conventional light (phase-contrast) (B) microscopy are
shown for the cEND cell monolayers treated with FITC-conjugated MWCNTs, which were accumulated in cells (shown with arrows). Pseudo-colour fluorescent image
(C) and correlation plot (D) to identify the amount of signal colocalization and intensity distribution. Cells are blue, nanotube aggregates are red, and colocalized spots

are white.

Abbreviations: cEND, cerebral endothelial; FITC, fluorescein isothiocyanate; MWCNT, multiwalled carbon nanotube.

which might enhance CNT aggregation in the blood.
Although, MWCNT-FITC aggregates were dispersed via
sonication, they still had the tendency to reappear as a
part of secondary aggregation. Different MWCNT-FITC
aggregation types (I-1V) consisting of nanotube “bundles”
were detected, and their ability to penetrate the polyethylene
terephthalate membrane pore with a diameter of 0.4 um and
a circle surface area of 0.13 um? was further investigated
by comparing their geometric properties (Table 1). Regard-
less of the high lipophilic characteristics (ClogP=30.16) of
the nanotubes, the pore’s sphere surface area (0.5 um?) and
volume (0.03 um?®) were the main factors blocking the BBB
permeation of bulky MWCNT-FITC aggregates (Table 2).

In order to reconstruct a three-dimensional (3D) image
of bulky MWCNT-FITC aggregates, a 3D intensity plot was
generated from the two-dimensional three-colored image
via a MATLAB script using meshing techniques with color
separation and axial interactive rotation. To represent 3D
data correctly, a third dimension was adjusted with respect

to the color intensity gradation map to make the minimum
height correspond to the cEND cells and the maximum to the
large nanotube aggregates. This 3D aggregate reconstruction
aimed to provide some additional information with respect to
the approximate MWCNT-FITC aggregation size and shape,
revealing and emphasizing its extracellular localization and
level of distribution (Figure 6).

Finally, the 1,000 ps molecular dynamics simulation in
vacuo of eight MWCNT-FITC molecules provided addi-
tional information on CNT aggregation mechanisms at the
molecular level following the rapid dissociation of their inner
and outer parts during an intermediate phase after 1-5 ps. The
absence of net charge on CNTs was due to the nonionized
state of the molecule with no acid groups (with pK, <4.5)
and no base groups (with pK =7.0) present. Therefore,
the VDW interaction was the only driving force to run the
aggregation mechanism. As a result, three types of nanotube
aggregates were clearly detected even after the first 100 ps
of simulation: SWCNT dimer, SWCNT-FITC dimer, and
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Table | Summary of main geometric properties for different MWCNT-FITC aggregation types (I-1V) from the in vitro BBB transport

study

Type Area (Lm?) Count Average diameter (Lm) Total area (um?) Area fraction (%)
| >100 | 11.982 112.774 0.08

Il 50-100 4 9.143 262.648 0.187

1 1.0-50 171 3411 1,562.769 I1.114

v 0.13-1.0 183 0.739 78.69 0.056

-V 0.13-100 359 2.602 1,909.162 1.357

Abbreviations: MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate; BBB, blood-brain barrier.

SWCNT/SWCNT-FITC hybrid pentamer (Figure 7). In
rough approximation, the entire mechanism of the MWCNT-
FITC aggregation could be depicted as a formation of these
aggregates via the initial MWCNT-FITC disintegration into
SWCNT and SWCNT-FITC, where the VDW energies of
isolated SWCNT (17.72 kcal mol™') and SWCNT-FITC
(=0.177 kcal mol™") were taken separately as the “initial
state” energy. Considering a VDW-dependent aggregation
mechanism, the VDW aggregation energy ([E2ezeetion) wag

VDW
calculated from the following equation (Table 3):

aggregation — [aggregate __ 2
EVDW EVDW

comp _
Eypw =1

E comp

VDW ?

where Ezgpregate is the total VDW energy of CNT aggregate,

and Z

comp _
Eypw =1

the components forming an aggregated nanoparticle.

Ey0w is the sum of initial-state VDW energies of

It is also important to note that the VDW energy for
SWCNT was found to be positive. A possible explanation
might be that at the beginning of the molecular dynamics
simulation, the MWCNT-FITC structure experienced a
strong repulsion effect between its inner and outer parts
because of the overlapping of their electron clouds. In con-
trast, the ES8CNT-FITC parameter has a negative value, favoring
molecular attraction with a strong tendency to orient nano-
tubes parallel to each other in the form of ropes and bundles.

Previous studies have shown this nanotube self-assembly
and agglomeration to be dependent on the type of chemical
functionalization (usually through strong acid oxidation) and
surface-active dispersing agents, such as surfactants.*’

Conclusion

Overall, the ability of an MWCNT-FITC as a prospective
CNS-targeting drug delivery vector to permeate the BBB was
investigated. In our previous study, we found evidence that
at least 30%—50% of chemically functionalized MWCNTs
were taken up by cells through an energy-independent passive
mechanism.* This characteristic makes nanotubes loaded
with therapeutic or diagnostic cargos extremely interesting,
as the release of active molecules directly into the cytoplasm
increases their biological activity and therapeutic efficacy.
The results obtained from this study indicated that the FITC-
functionalized MWCNTSs were able to penetrate the cEND
monolayers, reaching full equilibration in the Transwell®
system after 48 hours. Phase-contrast and fluorescence
microscopies determined intact cEND monolayers after a
48-hour exposure of MWCNT-FITC. Regardless of the
fact that the massive CNT aggregation was observed as
nonfluorescent clusters which were most likely located on
the surface of the cEND cells, the toxic effects of MWCNT—
FITC on cellular viability were not detected. In conclusion,
the 1,000 ps molecular dynamics simulation in vacuo con-
firmed the hypothesis that these nanotubes aggregate through
the total decrease of VDW energy to occupy the lowest

Table 2 Summary of average geometric characteristics for different MWCNT-FITC aggregation types (I-1V) from the in vitro BBB

transport study

Type Average surface Average sphere Average
area (um?) surface area (Um?) volume (pm?3)
| 112.774 451.096 900.901
I 65.662 262.648 400.253
11l 9.139 36.555 20.783
v 0.430 1.72 0.212
S\ 5318 21.272 9.225

Abbreviations: MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate; BBB, blood-brain barrier.
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Figure 6 Three-dimensional mesh intensity plot of the bulky MWCNT-FITC aggregates (red) on PET membrane covered with confluent cEND cells (blue).
Abbreviations: cEND, cerebral endothelial; MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate.

Figure 7 All-atom molecular dynamics simulation of MWCNT-FITC structures in vacuo.

Notes: Visualization of the carbon nanotube aggregates determined from 1,000 ps molecular dynamics simulation of MWCNT-FITC: the SWCNT (A) and SWCNT-FITC
(B) dimers, and SWCNT/SWCNT-FITC hybrid pentamer (C). These nanotube aggregates are represented as space-filling diagram and licorice models coloured according
to their atomic composition. Hydrogen atoms are omitted for clarity.

Abbreviations: MWCNT-FITC, multiwalled carbon nanotube functionalized with fluorescein isothiocyanate; SWCNT, single-walled carbon nanotube; SWCNT-FITC,
single-walled carbon nanotube functionalized with fluorescein isothiocyanate.
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Table 3 Summary of VDW aggregation energy for different
carbon nanotube aggregates determined from 1,000 ps molecular
dynamics study of MWCNT-FITC

Aggregate Egeereeee (lccal mol™') Egeereeetn (lccal mol™')
SWCNT dimer 26.5 -8.94
SWCNT-FITC dimer —67 —66.65

Hybrid pentamer -52 —86.91

Abbreviations: VDW, van der Waals; MWCNT-FITC, multiwalled carbon
nanotube functionalized with fluorescein isothiocyanate; SWCNT, single-walled
carbon nanotube; SWCNT-FITC, single-walled carbon nanotube functionalized with
fluorescein isothiocyanate.

energy levels. This phenomenon was driven mainly by the
VDW forces via MWCNT-FITC rapid dissociation as an
intermediate phase. Therefore, it is important to improve this
promising nano-vector for successful CNS-targeting therapy
of various neurological disorders by decreasing its aggrega-
tion and increasing its BBB permeation potential.
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