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Abstract: Single-walled carbon nanotubes (SWCNTs) can serve as drug delivery/biological imaging
agents, as they exhibit intrinsic fluorescence in the near-infrared, allowing for deeper tissue imaging
while providing therapeutic transport. In this work, CoMoCAT (Cobalt Molybdenum Catalyst)
SWCNTs, chirality-sorted by aqueous two-phase extraction, are utilized for the first time to deliver a
drug/gene combination therapy and image each therapeutic component separately via chirality-specific
SWCNT fluorescence. Each of (7,5) and (7,6) sorted SWCNTs were non-covalently loaded with
their specific payload: the PI3 kinase inhibitor targeting liver fibrosis or CCR5 siRNA targeting
inflammatory pathways with the goal of addressing these processes in nonalcoholic steatohepatitis
(NASH), ultimately to prevent its progression to hepatocellular carcinoma. PX-866-(7,5) SWCNTs
and siRNA-(7,6) SWCNTs were each imaged via characteristic SWCNT emission at 1024/1120 nm
in HepG2 and HeLa cells by hyperspectral fluorescence microscopy. Wavelength-resolved imaging
verified the intracellular transport of each SWCNT chirality and drug release. The therapeutic efficacy
of each formulation was further demonstrated by the dose-dependent cytotoxicity of SWCNT-bound
PX-866 and >90% knockdown of CCR5 expression with SWCNT/siRNA transfection. This study
verifies the feasibility of utilizing chirality-sorted SWCNTs for the delivery and component-specific
imaging of combination therapies, also suggesting a novel nanotherapeutic approach for addressing
the progressions of NASH to hepatocellular carcinoma.
Keywords: single-walled carbon nanotubes; chirality separation; NASH; drug-gene delivery; near IR
hyperspectral imaging

1. Introduction
The use of nanomaterials as gene/drug delivery agents has increased significantly over the
past few years, owing to their capability of delivering either water-insoluble or unstable drugs or
degradable gene therapeutics. Several categories of nanocarriers have been developed/utilized thus
far, including quantum dots [1–4], PLGA-PEG (polylactic acid-co-glycolic acid-polyethylene glycol)
nanoparticles [5], liposomes [6], self-emulsifying drug delivery systems (SEDDSs) [7], cyclodextrins [8],
gold nanoparticles [9], and carbon nanotubes [10,11] as delivery vehicles or diagnostic tools. Among
those, single-walled carbon nanotubes (SWCNTs) showed highly promising results for gene/drug
delivery coupled with in vitro as well as in vivo imaging [12]. Their quasi-one-dimensional hydrophobic
platform aids cellular internalization and the non-covalent or covalent attachment of active agents and
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targeting moieties [13]. At the same time, the intrinsic photostable fluorescence emission of SWCNTs
in NIR (near-infrared) I and II regions with reduced scattering and autofluorescence backgrounds
allows imaging through the layers of biological tissue [14,15]. As molecular transporters, SWCNTs can
shuttle payloads, including drug molecules [16], proteins [17], DNA [18], and RNA [19] into biological
cells and tissues. Functionalized with drugs and targeting agents covalently [20] or non-covalently
by π-π stacking [13,21], SWCNTs can provide reduced toxicity [22], greater biological activity [16],
accumulation in the liver when formulated [10], and controlled drug release [23]. Due to characteristic
NIR SWCNT fluorescent emission, their location can be imaged to confirm the payload delivery.
As near-infrared exhibits significantly enhanced tissue penetration and lower scattering, it provides
unique promise in the in vivo imaging of shallow targets. Although it has been shown that SWCNTs
can be used for the delivery of drugs [11,24], cancer therapeutic siRNA oligos [10,11], and imaging
agents [25,26], their capability for multidrug therapy and imaging has been underexplored to date,
hampering their advancement to the successful treatment of complex conditions. Additionally,
the ability to follow chirally separated SWCNTs by imaging allows one to confirm that each component
in multidrug therapies reaches the desired tissue of interest.
SWCNT formulation is known to accumulate in the liver [10], which offers the potential for the
treatment of liver diseases including nonalcoholic steatohepatitis (NASH) and its progression into
hepatocellular carcinoma (HCC). Thus, in this work, NASH was chosen as a feasible treatment target
to demonstrate the imaging/drug delivery capabilities of SWCNTs. NASH is a non-curable condition
present in 6–8% of adults in the US. It accounts for a large number of cases of cirrhosis and can
progress to HCC, leading to 75% of all liver cancer—the third leading cause of cancer-related deaths.
The transformation of NASH into HCC is known to be mediated by fibrosis [27] progressing in over
30% of NASH patients, and inflammatory response with the involvement of a variety of cytokines [28].
Due to the complexity of this condition involving both inflammation and fibrosis, multifactor treatment
strategies are required.
Current molecular therapy approaches are often restricted by drug resistance and the inability to
target multiple factors [29]. These challenges can be addressed by combination treatments involving
multidrug approaches to surmount drug resistance, decrease treatment doses, and affect multiple
therapeutic targets. Although effective in treatment [30–32], combination therapies suffer from
non-specific toxicity [33,34], difficulties in assessing the adverse effects of each drug separately, and the
lack of image-guided capabilities [35]. On the other hand, combination gene [36–38] or drug/gene [39]
therapies can circumvent the issue of non-specific toxicity due to the target-specific effects of gene
therapeutics while providing effective routes to treatment. However, due to the short lifetime of
DNA/RNA oligonucleotides in the body, additional delivery mechanisms are required [40].
Here we explore a therapeutic platform with the capacity to address both inflammation and fibrosis
pathways of NASH via combination drug/gene therapy. The therapeutic approach used an siRNA
target that has been shown to reduce the inflammatory cytokines that lead to liver fibrosis [41], and a
small-molecule PI3 kinase inhibitor, PX-866 [28], that has been shown to reduce tissue fibrosis in vivo.
Fibrosis is known to increase the risk of HCC by 25 times [42], as it leads initially to liver cirrhosis
and subsequently develops into HCC. In this progression, activated hepatic stellate cells (aHSCs)
responsible for fibrosis development are often described as pericytes for angiogenesis and vascular
remodeling in the liver [43]. Fibrosis mediated by HSCs is associated with the effects of inflammation,
as multiple inflammatory cytokines are known to elicit further activation of HSCs [44]. Although
the entire process is not fully understood, fibrotic cytokine release (i.e., TGF-β, sonic hedgehog, and
TNF-α) in the course of NASH is believed to contribute to the progression of the latter through the
fibrotic stage and cirrhosis to HCC [28]. Therefore, developing delivery and tracking through imaging
modules for therapeutic entities that address both fibrosis and inflammation in NASH could be an
important step toward mitigating the transformation of NASH into HCC.
Hepatic inflammation can be suppressed by gene therapies interfering with cytokine activation,
including several siRNA sequences against the protein. CCR5 (aka RANTES) siRNA is well-known for
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its anti-inflammatory effects [45–47], and could be a potential key to the reduction of inflammation in
the liver. Among effective fibrotic drugs, a PI3 kinase inhibitor, PX-866, was chosen for two reasons:
(1) PX-866 was previously shown to reduce fibrosis in the lungs [48]; (2) PX-866 has been evaluated in
clinical trials, its safety profile is understood, and it had shown some clinical benefit against solid-tumor
cancers [49]. To reduce off-target effects of PX-866 and protect siRNA from enzymatic degradation in
the blood, these therapies could benefit from a delivery vehicle that will direct their transport to the
liver. Additionally, to allow confirmation of the delivery of each therapeutic entity by the SWCNTs,
the capability of image-tracking chiral SWCNTs is advantageous.
In the present work, chiral SWCNTs perform the critical function of delivery/imaging agents
capable of protecting siRNA from enzymatic degradation in circulation, and protecting healthy tissue
from the off-target effects of PX-866 by focusing this delivery to the liver tissue. While using SWCNTs
of one select chirality for the delivery of either siRNA sequence or a drug payload, chirality-specific
SWCNT fluorescence [50] in the NIR can be utilized to image the location and delivery pathways of
the drug or gene separately.
The goal of this work was to assess the capabilities of SWCNTs for the non-covalent delivery
and imaging of combination therapeutics such as PX-866 and siCRR5, each attached to SWCNTs of a
particular chirality. The efficacy of each payload was evaluated using hepatocellular carcinoma cells
(HepG2) while NIR hyperspectral imaging was used to confirm the location and SWCNT-mediated
delivery of each therapeutic separately. Since SWCNTs are produced as a mixture of chiralities,
several separation strategies have been developed to isolate single chirality fractions, including gel
chromatography [51], density-gradient ultracentrifugation [52], free-solution electrophoresis [53],
aqueous two-phase extraction (ATPE) method [54], etc. ATPE is well-known and widely used for its
high yield with maximum purity, low-cost surfactants, high production scalability, and availability of
instrumentation required for separation in every laboratory. Therefore, in order to develop scalable
and affordable combination therapy platforms, in this study single-chirality SWCNTs were separated
by a modified ATPE method [54]. We isolated (7,5) and (7,6) chiral SWCNTs from raw CoMoCAT
(Cobalt Molybdenum Catalyst) SWCNT samples, as those chiralities exhibit spectrally well-separated
emission at 1035 nm and 1130 nm, respectively. NIR hyperspectral imaging was used to separately
confirm the internalization of (7,5) and (7,6) chiral nanotubes, ensuring the delivery of drug and gene
inside the HepG2 cells. Overall, this work explores the feasibility of using single-chirality SWCNTs as
efficient imaging and delivery vehicles. Eventually, the utilization of such chiral SWCNTs may lead
to the development of a unique image-guided multimodal therapy addressing several therapeutic
targets. Here we particularly explore the possibility of targeting both inflammation and fibrosis, which
facilitate the progression of NASH to HCC.
2. Results and Discussion
Since raw SWCNT samples contain nanotubes of different chiralities as well as SWCNT aggregates
that are non-emissive and unsuitable for drug delivery, prior to sorting (7,5) and (7,6) chiral nanotubes,
raw CoMoCAT SWCNT samples initially underwent aggregate depletion via 180 min centrifugation of
sodium deoxycholate (DOC)-dispersed SWCNTs at 21,380× g. This rigorous procedure resulted in
the sedimentation of SWCNT aggregates with higher specific gravity than the individually wrapped
SWCNTs. In the aqueous two-phase extraction (ATPE) method, centrifuged SWCNTs with constant
DOC concentration were combined in a PEG–dextran two-phase system with a variety of sodium
dodecyl sulfate (SDS) concentrations, yielding the separation of chiralities from the dextran-enriched
bottom to the PEG-enriched top phase. The (7,5) and (7,6) chiral nanotubes were separated at
3 and 4 mg/mL of SDS, respectively allowing a substantial degree of control over top/bottom phase
chirality composition, evident from their respective fluorescence and absorbance spectra (Supporting
Information Figures S1 and S2) that were pronouncedly different from each other and from the spectra
of the parent samples.

Cancers 2019, 11, 1175

Cancers 2019, 11, x

4 of 18

4 of 17

Simulation of fluorescence spectra of (7,5) and (7,6) sorted fractions with single SWCNT chirality
Simulation of fluorescence spectra of (7,5) and (7,6) sorted fractions with single SWCNT chirality
Lorentzian emission profiles (Figure 1a,b) using the Applied Nanofluorescence Nanospectralyzer
Lorentzian emission profiles (Figure 1a,b) using the Applied Nanofluorescence Nanospectralyzer
fitting routine allows for quantitative assessment of the sample optical properties and composition,
fitting routine allows for quantitative assessment of the sample optical properties and composition,
yielding calculated excitation–emission maps (Figure 1c,d) and relative abundances (Figure 1e,f).
yielding calculated excitation–emission maps (Figure 1c,d) and relative abundances (Figure 1e,f). The
The spectral fitting process used in this work was based mainly on adjusting the expected widths and
spectral fitting process used in this work was based mainly on adjusting the expected widths and
positions of theoretical fluorescence peaks from a variety of semiconducting SWCNT chiralities to
positions of theoretical fluorescence peaks from a variety of semiconducting SWCNT chiralities to
simulate experimental emission spectra collected with four excitation wavelengths (532, 637, 671, and
simulate experimental emission spectra collected with four excitation wavelengths (532, 637, 671, and
782 nm), aiming for a perfect match between the simulated and measured spectra (Figure 1a,b).
782 nm), aiming for a perfect match between the simulated and measured spectra (Figure 1a,b).
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dielectric environment of SWCNTs that may have occurred due to the surfactant removal and
replacement with siRNA. Furthermore, new peak positions appeared to be close to those of raw
SWCNTs dispersed with siRNA (Figure 3a—red curve) that displayed a weak shoulder at 974 nm
along with the most prominent emission features at ca. 996, 1041, 1141, 1213, and 1315 nm
(comparison of peak positions listed in Supporting Information Figure S3). The processed SWCNTs
Cancers 2019, 11, 1175
6 of 18
were re-dispersed, and yielded substantial fluorescence emission with characteristic spectra
indicating that the SWCNTs were individualized, while the broadening could arise from only a loose
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The significantly lowered cell viability found in the assessment of the toxic profile of the parent
unsorted SWCNT sample with all separation surfactants presents the benefit of surfactant removal.
Although this does not verify complete removal of surfactants, it indicates that washed/annealed
SWCNTs are not more toxic than the raw SWCNTs, minimizing the toxicity contribution of sorting
surfactants. Further decrease in toxicity of SWCNT/siRNA formulation could be achieved by masking
it with DSPE-PEG 5000 [10], which was used for all in vitro studies in this work.
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alone, showing distinct emission features corresponding to (7,5) SWCNTs (Figure 4c). Similarly, with
only siRNA
dispersion, raw SWCNTs (Figure 4b) and sorted washed/burned SWCNTs 7((7,6)
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chirality) (Figure 4c) also formed stable emissive dispersions. In fact, corresponding fluorescence
(Figure 4c) and absorbance (Supporting Information Figure S6a,b) spectra of (7,5) SWCNT/PX-866
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to siRNA, SWCNTs
can non-covalently
complex
with another
therapeutic
(i.e., PX-866)
that
and (7,6)
SWCNT/siCCR5
fractions
still showed the
major features
of the
sorted SWCNT
chiralities.
was
used
in
this
work.
Upon
ultrasonic
processing,
raw/unsorted
SWCNTs
showed
a
stable
dispersion
Interestingly, PX-866 on its own showed emission in green with 400 nm excitation (Figure 4d) that
in
anquenched
aqueous solution
of drug
PX-866,
asloaded
well ason
distinct
fluorescence
emissionInformation
(Figure 4a). Sorted,
washed,
was
when the
was
the SWCNTs
(Supporting
Figure S7).
This
and
annealed
SWCNT
samples
of
(7,5)
chirality
could
also
be
dispersed
with
PX-866
alone,
showing
feature was used to locate/ensure the delivery of the drug in HepG2 cells as it was released from
distinct
emission
SWCNTs
and the features
emissioncorresponding
was restored. to (7,5) SWCNTs (Figure 4c). Similarly, with only siRNA
dispersion,
raw
(Figure
and sortedimproved
washed/burned
SWCNTs
(Figure
4c)
In order
toSWCNTs
ensure the
lower4b)
cytotoxicity,
stability,
and in((7,6)
vivo chirality)
compatibility
of the
also
formed
stable
emissive
dispersions.
In
fact,
corresponding
fluorescence
(Figure
4c)
and
absorbance
formulations for future studies, both SWCNTs dispersed with PX866 and siCCR5 were additionally
(Supporting
Information Figure
S6a,b)
spectra
of (7,5) SWCNT/PX-866
and (7,6)that
SWCNT/siCCR5
coated with DSPE-PEG-5000
(at 1600
µ M)
via ultrasonic
processing. Aggregates
were not fully
fractions
still
showed
the
major
features
of
the
sorted
SWCNT
chiralities.
Interestingly,
on its
dispersed were further removed by centrifugal processing at 16,000× g for 5 min, whilePX-866
the excess
of
own
showed
emission
in
green
with
400
nm
excitation
(Figure
4d)
that
was
quenched
when
the
drug
siRNA or PX-866, as well as DSPE-PEG-5000, was centrifugally filtered with 100-kDa molecular cutoff
was
loaded
on the
SWCNTs
Information
This feature
was used
to final
locate/ensure
filters,
leaving
only
drug or (Supporting
gene/SWCNT
complexesFigure
in the S7).
solution.
TEM images
of the
samples
the
delivery
of
the
drug
in
HepG2
cells
as
it
was
released
from
SWCNTs
and
the
emission
was
restored.
verify substantial SWCNT coating (Supporting Information Figure S8).

Figure
of raw
CoMoCAT
SWCNTs
dispersed
with (a)with
PX-866,
siRNA.
Figure 4.4.Emission
Emissionspectra
spectra
of raw
CoMoCAT
SWCNTs
dispersed
(a) (b)
PX-866,
(b)Emission
siRNA.
spectra
of (c)
(7,5) and
sorted
washed/annealed
SWCNTs dispersed
with
PX-866 and
CCR5
siRNA,
Emission
spectra
of (c)(7,6)
(7,5)
and (7,6)
sorted washed/annealed
SWCNTs
dispersed
with
PX-866
and
respectively.
Visible emission
spectrum
of PX-866
with of
400PX-866
nm excitation.
CCR5 siRNA,(d)
respectively.
(d) Visible
emission
spectrum
with 400 nm excitation.

In
order tosuccessful
ensure theseparation,
lower cytotoxicity,
stability,
andand
in vivo
compatibility
of the
Following
removal ofimproved
the sorting
surfactants
non-covalent
attachment
formulations
for
future
studies,
both
SWCNTs
dispersed
with
PX866
and
siCCR5
were
additionally
of the drugs and DSPE-PEG-5000, we further assessed the capability of (7,5) and (7,6) SWCNTs to
coated
with
DSPE-PEG-5000
1600
µM)
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processing.
Aggregates
that
were not fully
trace the
delivery
of the drug(at
and
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intracellularly.
combination
therapy
is envisioned
for
dispersed
were
further
removed
by
centrifugal
processing
at
16,000×
g
for
5
min,
while
excess of
NASH, sorted (7,5) and (7,6) SWCNTs complexed with PX-866 and CCR5 siRNA werethe
respectively
siRNA
or PX-866,
as well as DSPE-PEG-5000,
was centrifugally
filteredconcentrations
with 100-kDa molecular
cutoff
combined
in one suspension
in equal proportions
based on SWCNT
and introduced
filters,
leaving
only
drug
or
gene/SWCNT
complexes
in
the
solution.
TEM
images
of
the
final
samples
to HepG2 cells. After up to 3 h incubation, cells were washed twice with PBS (phosphate-buffered
verify
(Supporting
Information
S8). that were internalized were
saline)substantial
solution toSWCNT
removecoating
any extracellular
SWCNTs,
andFigure
only those
Following
removal
the sorting
surfactants
and non-covalent
attachment
imaged.
Amongsuccessful
0.5, 1, andseparation,
3 h incubation
timesoftested,
the highest
intracellular
emission was
assessed
of
the
drugs
and
DSPE-PEG-5000,
we
further
assessed
the
capability
of
(7,5)
and
(7,6)
SWCNTs
to trace
at 3 h post transfection which was also found to be one of the optimal time points in the previous
the
delivery
of
the
drug
and
gene
intracellularly.
Since
combination
therapy
is
envisioned
for
NASH,
works [10,59,60].
sortedHowever,
(7,5) and the
(7,6)efficiency/maximum
SWCNTs complexedintracellular
with PX-866 emission
and CCR5and
siRNA
wereuptake
respectively
combined
in
cellular
may vary
with cell
one
suspension
in
equal
proportions
based
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SWCNT
concentrations
and
introduced
to
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types, SWCNT length, and SWCNT functionalization. For example, Sekiyama et al. [61] used oxygenAfter
to 3 h incubation,
cells were
washed twice
with PBS
(phosphate-buffered
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to
dopedup
SWCNTs/PEG
to perform
the intracellular
imaging
in cultured
murine cancer
cells solution
(Colon-26)
remove
any
extracellular
SWCNTs,
and
only
those
that
were
internalized
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0.5,
showing no emission/uptake up to 1 day, but started showing/increasing internalization from day 1,3
and 3 h incubation times tested, the highest intracellular emission was assessed at 3 h post transfection
which was also found to be one of the optimal time points in the previous works [10,59,60].
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However, the efficiency/maximum intracellular emission and cellular uptake may vary with
cell types, SWCNT length, and SWCNT functionalization. For example, Sekiyama et al. [61] used
oxygen-doped
Cancers 2019, 11, x SWCNTs/PEG to perform the intracellular imaging in cultured murine cancer8cells
of 17
(Colon-26) showing no emission/uptake up to 1 day, but started showing/increasing internalization
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cellular
uptake
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to day
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more
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The efficacy of the delivered and imaged therapeutics was assessed separately for each drug and
gene. The biocompatibility of SWCNTs in DSPE-PEG5000 coating used in these efficacy studies was
verified both in HepG2 (Figure 6) and HeLa (Supporting Information Figure S13) cells, indicating
that at imaging and treatment concentrations SWCNTs do not exhibit substantial toxicity to several
cell lines. Due to the complexity of testing antifibrotic properties of PX-866 in vitro, its efficacy was
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The efficacy of the delivered and imaged therapeutics was assessed separately for each drug and
gene. The biocompatibility of SWCNTs in DSPE-PEG5000 coating used in these efficacy studies was
verified both in HepG2 (Figure 6) and HeLa (Supporting Information Figure S13) cells, indicating that
at imaging and treatment concentrations SWCNTs do not exhibit substantial toxicity to several cell lines.
Due to the complexity of testing antifibrotic properties of PX-866 in vitro, its efficacy was assessed through
Cancers
2019, 11, xto HepG2 cancer cells. A comparative MTT cytotoxicity assay was used to
9 of
17
the toxic
response
assess
the
toxic effect of PX-866 alone or delivered by the SWCNTs (Figure 6). When formulated with SWCNTs,
was used to assess the toxic effect of PX-866 alone or delivered by the SWCNTs (Figure 6). When
PX-866 showed more significant cytotoxic (Figure 6) effect, increased by the factor of ~2.8 at 2.5 µg/mL
formulated with SWCNTs, PX-866 showed more significant cytotoxic (Figure 6) effect, increased by
likely the
duefactor
to improved
transport
with
the nanomaterial
delivery
vehicle,
known to
enhance the
of ~2.8 at
2.5 µ g/mL
likely
due to improved
transport
withgenerally
the nanomaterial
delivery
efficacy
of
delivered
therapeutics
[67–69].
The
antifibrotic
effect
of
the
drug
leads
to
apparent
toxicity that
vehicle, generally known to enhance the efficacy of delivered therapeutics [61–63]. The antifibrotic
is besteffect
analyzed
theleads
cancer
cells. The
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by SWCNTs
be toxicity
responsible
of the in
drug
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thatadded
is best analyzed
in thealone
cancercannot
cells. The
addedfor that
by SWCNTs
alone
cannot be
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for µg/mL
that increase,
those at 2.5 µ g/mL
equivalent
2.5 toxic
increase,
as those at
2.5 µg/mL
equivalent
to 2.5
PX-866asconcentrations
showed
only atosmall
µ g/mL
PX-866
concentrations
only
small toxic response,
cell viability above
80%. For was
response,
with
cell viability
aboveshowed
80%. For
thea cytotoxicity
testing, with
the SWCNT/PX-866
conjugation
the cytotoxicity
testing,
the SWCNT/PX-866
conjugation
wasand
accomplished
using
the concentration
accomplished
using the
concentration
ratio of 1:1
for SWCNT
PX-866. This
yielded
a stable SWCNT
ratio of 1:1 for SWCNT and PX-866. This yielded a stable SWCNT dispersion via non-covalent
dispersion via non-covalent complexation with the drug.
complexation with the drug.

MTTassay
assay cell
cell viability
cellscells
treated
with with
either either
SWCNTs,
PX-866, or
FigureFigure
6. 6.MTT
viabilityofofHepG2
HepG2
treated
SWCNTs,
PX-866,
SWCNT/PX866
conjugates.
or SWCNT/PX866 conjugates.

The efficacy of SWCNT/siCCR5 formulation was evaluated by assessing the CCR5 siRNAThe efficacy
of SWCNT/siCCR5 formulation was evaluated by assessing the CCR5 siRNA-mediated
mediated knockdown in HepG2 cells after 48 h transfection via flow cytometry, as CCR5 is known to
knockdown in HepG2 cells after 48 h transfection via flow cytometry, as CCR5 is known to be expressed
be expressed in HepG2 cells [64]. SWCNTs-formulated siRNA transfection showed much lower
in HepG2
cells of
[70].
SWCNTs-formulated
siRNA
transfection
showed
lower
expression
of
expression
chemokine
receptor type 5 (CCR5)
as compared
to the
natural much
expression
exhibited
in
chemokine
receptor
type
5
(CCR5)
as
compared
to
the
natural
expression
exhibited
in
the
control
the control sample (Figure 7), indicating substantial (over 90%) knockdown above or comparable to
sample
(Figure
7), indicating
90%)siRNA
knockdown
above or comparable to that regularly
that
regularly
achieved bysubstantial
lyposomally(over
delivered
[18,65,66].
achieved by lyposomally delivered siRNA [18,71,72].
It is evident that SWCNTs also facilitated siRNA transfection, as it does not transfect mammalian
cells on its own [73–75]. IgG (immunoglobulin G) antibody was used as isotype control, to help
differentiate the non-specific background signal from specific antibody signal. Overall, this study
verifies the efficacy of SWCNT/siCCR5 formulation and suggests SWCNTs as a promising gene-silencing
carrier for NASH therapeutics.
It is also noteworthy that SWCNTs have the ability to protect the probe (siRNA) from degradation
in blood circulation, because: (1) they offer only a small window for nucleases/proteins to degrade
siRNA bound to the SWCNT surface; and (2) conjugation of SWCNT/siRNA may form an unusual
RNA structure which helps to disguise the siRNA from enzyme binding sites [76]. Additionally, siRNA
coating can prevent blood proteins from binding to the SWCNT surface [10], reducing the protein
corona formation. The delivered therapeutics were analyzed separately in vitro as the effects of PX-866
would interfere with the determination of protein knockdown. However, in vivo they are expected to
Figure 7. Downregulation of CCR5 in HepG2 cells by siRNA/nanotubes complex. CCR5 expression
perform synergistically against NASH-induced inflammation and fibrosis. The present work shows
was detected by flow cytometry after nanotubes-delivered siRNA-mediated knockdown for 48 h. IgG
staining was used for isotype control (left). Control indicated natural expression of CCR5 in HepG2
cells without any treatment (middle) compared to CCR5-targeting siRNA/nanotubes treatment
(right).
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Figure
6.1175
MTT assay cell viability of HepG2 cells treated with either SWCNTs, PX-866, or

SWCNT/PX866 conjugates.

the potential of chirality-sorted SWCNTs for delivery, separate NIR fluorescence imaging, and increase
The efficacy of SWCNT/siCCR5 formulation was evaluated by assessing the CCR5 siRNAin the efficacy of combination drug/gene therapy aimed to address inflammation and fibrosis in NASH,
mediated knockdown in HepG2 cells after 48 h transfection via flow cytometry, as CCR5 is known to
which is necessary for the further application of SWCNT-mediated combination therapy for NASH
be expressed in HepG2 cells [64]. SWCNTs-formulated siRNA transfection showed much lower
in vivo. Further NASH animal model studies will lead to the direct assessment of the antifibrotic
expression of chemokine receptor type 5 (CCR5) as compared to the natural expression exhibited in
potential of the SWCNT-delivered PX-866 via PCR analysis of TGF-B1, B2 expression, together with
the control sample (Figure 7), indicating substantial (over 90%) knockdown above or comparable to
the assessment of the synergistic effects of the nanotherapeutics developed here.
that regularly achieved by lyposomally delivered siRNA [18,65,66].

Downregulation of CCR5 in HepG2 cells by siRNA/nanotubes
Figure 7. Downregulation
siRNA/nanotubes complex. CCR5 expression
was detected
detectedby
byflow
flowcytometry
cytometry
after
nanotubes-delivered
siRNA-mediated
knockdown
forh.48
h.
after nanotubes-delivered siRNA-mediated
knockdown
for 48
IgG
IgG
staining
was
used
for
isotype
control
(left).
Control
indicated
natural
expression
of
CCR5
in
HepG2
staining was used for isotype control (left). Control indicated natural expression of CCR5 in HepG2
(middle)
compared
to CCR5-targeting
siRNA/nanotubes
treatment
(right).
cells without
withoutany
anytreatment
treatment
(middle)
compared
to CCR5-targeting
siRNA/nanotubes
treatment

(right).

3. Experimental Methods and Procedures
3.1. Sample Preparation
The suspensions of SWCNTs (CoMoCAT, (7,6) chirality, ≥77% carbon as SWCNT) were prepared by
dispersing 1.5 mg of SWCNTs in 1 mg/mL sodium deoxycholate (DOC) aqueous solution. The samples
were further processed via direct probe ultrasonic treatment (QSonica, Q55) for 60 min at 33 W in an
ice bath. The suspension was further centrifuged (Southwest Science, D3024) for 180 min at 21,380× g
followed by the removal of SWCNT aggregates into the decant and collecting the supernatant only.
The collected SWCNTs were used for the chirality sorting. In order to create two phases, 0.25 g/mL
aqueous solution of PEG (MW—6 kDa) and 0.25 g/mL aqueous solution of dextran (MW—75 kDa) were
used to produce the stock solution. After that, a ratio of 0.4:0.28:0.28:0.04 (SWCNTs:PEG:dextran:water)
was maintained to prepare the final sample for the separation. Sodium dodecyl sulfate (SDS) was
added to this final suspension with a variation in concentration from 1 to 7 mg/mL. The targeted (7,5)
and (7,6) chiral tubes were separated in the top phase at 3 and 4 mg/mL SDS concentration.
In order to remove sorting surfactants, we performed repeated centrifugal filtration (Amicon Ultra
0.5 mL; 100,000 MWCO filter) using methanol (to condense the samples first) for five times followed by
15 times filtration with ethanol to wash the remainders of the surfactants from the separated SWCNTs.
As surfactants were washed through the filter pores, SWCNTs remained on the filter. Washed samples
were collected and further processed for thermal annealing at 200 ◦ C for one hour in the mechanical
convection oven (precision-18EM laboratory oven). Processed (7,5), (7,6) chiral SWCNTs were then
collected and dispersed with PX-866 and CCR5 siRNA (Biolegend, San Diego, CA, USA, Cat#359105)
in aqueous suspension, respectively. To assure non-covalent complexation, 0.3 mg/mL of SWCNTs
and 0.5 µg/mL of siRNA in nuclease-free water or 0.3 mg/mL of PX-866 in DI water were mixed and
subjected to ultrasonic treatment using a Covaris S2 (SN001263) ultrasonic disperser at 70 W for 2 min,
which allowed avoidance of contact with the non-sterile probe. Both siRNA and PX-866 were used at
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concentrations substantially below saturation [10] for SWCNT binding, ensuring maximum loading
assumed for PX-866/SWCNT cell viability assays. SWCNTs dispersion with active agents was finally
followed by the addition of 1600 µM of DSPE-PEG 5000 (NanoCS, Boston, MA, USA) attached to
SWCNTs via additional ultrasonic agitation with Covaris at 50 W for 6 min. SWCNT concentration
in the samples was matched via absorption measurements with an extinction coefficient of 31.25 mL
mg−1 cm−1 at 632 nm [10].
Transmission electron microscopy (TEM JEOL JEM-2100) was utilized to observe the morphology
of final SWNT formulations. The sample for TEM measurement was prepared on a carbon-coated
200-mesh copper grid under ambient conditions.
3.2. Optical Characterization
Fluorescence and absorbance spectra were measured using an NS2 NanoSpectralyzer (Applied
NanoFluorescence, Houston, TX, USA). To measure the photoluminescence of SWCNTs, a 637-nm diode
laser excitation was used. The collected fluorescence spectra were simulated using fully integrated
Nanospectralyzer GlobalFit software. The software allows for the simulation of experimental SWCNT
spectra with individual chirality SWCNT emission peaks for spectra with four excitations, models
excitation–emission maps based on those, and extracts relative emissive SWCNT chirality abundances
in the sample.
SWCNTs concentration was calculated using the absorbance spectrum similarly to [77,78]:
SWCNTs Concentration (mg/mL) = Absorbance at 632 nm/31.25 mL mg−1 cm−1
(Experimental extinction co-efficient).
3.3. Fluorescence Microscopy Measurements
Fluorescence microscopy was performed using an Olympus IX73 fluorescence microscope with
60× (IR-corrected Olympus Plan Apo, Japan) water immersion objective coupled to two detectors:
spectrally filtered by 10 filters throughout the visible Hamamatsu Image EMCCD camera, and InGaAs
Xenics (Xeva-7870, XEN-000110) coupled to a hyperspectral fluorescence imager (Photon etc., Montreal,
QC, Canada) This allowed for spectrally-resolved imaging both in the visible and near-infrared.
3.4. Imaging in the Visible Region
We imaged the green (535 nm) emission of PX-866 in vitro with lamp excitation and (375 ± 25 nm)
excitation and (535 ± 20 nm) emission filters by first determining the integration and lamp intensity
settings that resulted in zero autofluorescence emission from non-treatment control cells and using the
corresponding settings for PX-866 fluorescence imaging.
3.5. Imaging in the NIR Region
SWCNTs fluorescence in hepatocellular carcinoma (HepG2) and HeLa cells was imaged with an
InGaAs camera (Xenics Xeva, Belgium) and an NIR hyperspectral imager (Photon etc. IMA-IRTM ) with
637 nm (130 mW output power) diode laser excitation. This infrared hyperspectral imager captures full
spatial information simultaneously utilizing a Bragg grating imaging filter [79] which collects spectral
information successively providing spectrally resolved imaging. Individual SWCNT fluorescence
could be resolved for all emissive chiralities using band-pass filtering mode (950–1450 nm), but only
particular SWCNT chiralities can be imaged by selecting a specific spectral region. For (7,5) and (7,6)
SWCNT chiralities dispersed with PX-866 and CCR5 siRNA, 1030 and 1130 nm filter positions were
found optimal. In-vitro control images without SWCNTs were also captured, ensuring no emission in
the NIR region.
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3.6. Cell Culture
In this work, we used liver hepatocellular carcinoma (HepG2) and HeLa cell lines maintained in a
Thermo-Scientific Midi 40 CO2 Incubator at 37.1 ◦ C with 5% carbon dioxide and 95% air. In order to
prepare the glass coverslips for microscopy imaging, they were placed at the bottom of 6-well plates
followed by adding cells in the media. SWCNT-carried formulations were added at a concentration
of 2 µg/mL in each well after 4 hours of cell attachment to the coverslips. Cells were further washed
with 0.5 mL of PBS (phosphate-buffered saline) to remove extracellular SWCNTs, followed by fixing
them with 4% paraformaldehyde at room temperature for 30 min. After that, the cell samples were
rewashed with 0.5 mL of PBS for the microscopy imaging. Transfection points of 0.5, 1, 3 h were used
for imaging, with 2 µg/mL SWCNTs added to each well.
3.7. MTT Assays
In order to assess the cytotoxicity for SWCNT, PX866, and their complex, HepG2 (human
hepatocellular carcinoma) and HeLa cells were plated in a 96-well plate at a density of 5000 cells per well
(100 µL/well) and kept in an incubator overnight at 37.1 ◦ C while maintaining the CO2 /air ratio of 1:19.
After 24 h of incubation, the samples (PX-866, SWCNTs, or SWCNT/PX-866 formulations) were added
into each well at concentrations ranging from 0.125 to 2.5 µg/mL. After 24 h of incubation, the medium
was replaced by 100 µL of 1 mg/mL thiazolyl blue tetrazolium bromide. The cells were incubated
further for 4 h followed by the replacement of MTT (3-(4–dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) with 100 µL of DMSO (dimethyl sulfoxide) in order to solubilize the precipitation. Reduction
in MTT influences the metabolic activity of living cells, which can be assessed with absorbance
measurements since living cells metabolize the MTT and form a highly absorbing purple colored
byproduct known as formazan [80]. We measured the absorbance (essentially the cell viability) of the
final sample at 540 nm wavelength using the FLUOstar Omega microplate reader.
3.8. siRNA Transfection
The day before transfection, HepG2 cells were seeded onto 24-well plates in DMEM medium
with 10% FBS to give ~30% confluence at the time of transfection. Before the transfection, the culture
medium was replaced with fresh DMEM medium supplemented with 15% FBS and the SWCNTs
complexed with CCR5 siRNA and DSPE-PEG 5000 as described above were then added to the medium,
after which the cells were cultured for 48 h. For transfection efficiency examination, flow cytometry
assay was performed at 48 h post-treatment.
3.9. Flow Cytometry
For the flow cytometry of the transfection efficiency experiment, HepG2 cells were washed
twice with PBS and harvested by trypsin/EDTA. Following trypsinization, the cells were washed by
centrifugation and resuspended in staining buffer (1 × PBS, 2% FBS, 0.5% EDTA, and 0.1% NaN3 ).
The cell suspension was stained with PE (phycoerythrin)-conjugated human anti-CCR5 antibody
(Biolegend, Cat#359105) for 30 min on ice. To test the unspecific antibody binding, IgG (BioLegend,
Cat#359105) was used as the isotype control. Flow cytometry was performed using an Accuri C6
plus flow cytometer (BD Biosciences, San Jose, CA, USA), and the data were analyzed using FlowJo
software (www.flowjo.com/solutions/flowjo).
3.10. Image Analysis
We utilized ImageJ software to analyze all the images, including the subtraction of the backgrounds
and overlays of the bright-field cell images with emission from PX-866 and two sorted SWCNT chiralities
(i.e., (7,5), (7,6)) at 1030 and 1130 nm, respectively.
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4. Conclusions
In this work, we developed and tested a single-walled carbon nanotube-based drug/gene
combination therapeutic platform that allows for the image-tracking of each therapeutic agent.
Chirality-sorted SWCNTs emitting at different wavelengths in the NIR were used to selectively
track and deliver two therapeutic payloads in vitro: CCR5 siRNA and the small-molecule drug
PX-866, targeting inflammation and fibrosis factors that mediate the translation of nonalcoholic
steatohepatitis into hepatocellular carcinoma. For that purpose, (7,5) and (7,6) chiral SWCNTs
separated from raw CoMoCAT starting material via aqueous two-phase extraction with over ~40%
fluorescence-derived purities and cleared from toxic sorting surfactants were individualized by the
dispersion and non-covalent complexation with the corresponding drug or gene. Hyperspectral NIR
and spectrally-resolved visible fluorescence imaging allowed simultaneous monitoring at 1030 nm
emission of (7,5) SWCNTs carrying PX-866 and at 1130 nm emission of (7,6) SWCNTs complexed
with CCR5 siRNA internalized in HepG2 cells, as well as the visible 528 nm emission from PX-866
as it was released from the SWCNTs inside the cells. This work demonstrates: (1) the successful
delivery of drug/gene therapy with sorted chiral SWCNTs; (2) the potential for locating each therapeutic
agent separately through characteristic SWCNT fluorescence; and (3) the improved efficacy of both
therapeutics when delivered with SWCNTs with substantially increased effect of SWCNT/PX866 over
PX866 alone and high (over 90%) apparent knockdown of CCR5 siRNA when carried by SWCNTs,
suggesting a promising potential of these formulations for combination NASH therapy. The emission
of individual chiral SWCNTs in the near-infrared with low autofluorescence and high penetration
depth could be utilized for multi-gene/drug delivery and imaging in animal models, whereas the high
non-targeted liver accumulation of SWCNTs makes them advantageous candidates for liver conditions
such as NASH.
Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6694/11/8/1175/s1.
Figure S1: Fluorescence and corresponding absorbance spectra of Parent SWCNT sample: raw SWCNTs dispersed
with DOC/PEG/Dextran that are used as a starting material for ATPE sorting, bottom phases of ATP system with
3 mg/mL and 4 mg/mL SDS added to sort top phases containing (7,5) and (7,6) chirality-sorted SWCNTs at 3 mg/mL
and 4 mg/mL SDS, respectively, Figure S2: Fluorescence and corresponding absorbance spectra of SWCNT collected
from top phases containing (7,5) and (7,6) chirality-sorted SWCNTs at 3 mg/mL and 4 mg/mL SDS, respectively,
Figure S3: Table describing the peak positions and peak shifts for the following samples: Sample-1: SWCNTs
+ sorting surfactants; Sample-2: SWCNTs + siRNA; Sample-3: Washed/annealed SWCNTs + siRNA. The oval
shaped marker denotes the full restoration of the peak positions after the centrifugal washing/annealing and siRNA
dispersion to those of raw SWCNTs dispersed with sRNA, whereas rectangle marker depicts partial but significant
peak position recovery after washing/thermal annealing, Figure S4: Fluorescence spectra of untreated (no thermal
annealing) SWCNTs/EGFR siRNA formulations, and thermally annealed SWCNTs dispersed with EGFR siRNA,
Figure S5: Comparison between the fluorescence spectra of washed/annealed SWCNTs + siRNA before and after
the centrifugation, Figure S6: Absorbance spectra of (7,5) SWCNT/PX-866, and (7,6) SWCNT/CCR5 siRNA, Figure
S7: Fluorescence spectra of only PX-866 and PX-866+SWCNT showing the quenching of PX-866 fluorescence after
the loading of PX-866 on the SWCNTs, Figure S8: TEM images of the mixture of (7,5) SWCNTs/DSPE-PEG/siCCR5
and (7,6) SWCNTs/DSPE-PEG/PX-866 showing SWCNTs coating (DSPE-PEG-5000, and gene or drug), Figure S9:
Fluorescence images of non-treatment control (without SWCNTs), Parent CoMoCat SWCNTs in aqueous dispersion
with ATPE surfactants containing SWCNTs of various chiralities imaged at 1030 nm corresponding to (7,5) SWCNT
emission, 1130 nm corresponding to (7,6) SWCNT emission, and Fluorescence overlay image of both (7,5) and (7,6)
SWCNTs in the sample, Figure S10: Brightfield/fluorescence overlay images of cellular (HepG2 cells) uptake of
(7,5) SWCNTs/PX-866 imaged at 1030 nm, (7,6) SWCNTs/siRNA imaged at 1130 nm, and px-866 released from
SWCNTs imaged at 535 nm, Figure S11: Brightfield/fluorescence overlay images of cellular (HepG2 cells) uptake
and release of px-866 from SWCNTs with 1, 3, 4.5, 12 h incubation time imaged at 535 nm, Figure S12: Brightfield/
NIR fluorescence overlay images of cellular (HeLa cells) uptake of SWCNTs/siRNA imaged with 637 nm laser
excitation, Figure S13: MTT assay cell viability of HeLa cells treated with SWCNT/siRNA.
Author Contributions: M.T.H. sorted the SWCNT samples using the ATPE method, prepared the samples for
the study, performed optical characterization/TEM characterization/cellular imaging, and wrote the draft of the
manuscript; E.C. and V.L. assessed the cytotoxicity; O.S. performed the flow cytometry experiment; G.A. prepared
the slides for the cellular imaging and supervised the cytotoxicity study; L.K. and A.V.N. edited the manuscript
and directed the research project; All authors reviewed the manuscript.
Funding: This work is supported by the TCU Invests in Scholarship grant funding.

Cancers 2019, 11, 1175

14 of 18

Acknowledgments: We would like to thank Jason Strait at Airforce Research Laboratory, Wright-Patterson AFB,
OH for his suggestions regarding the nanotubes separation using ATPE method and Bong Lee for the preparation
of slides for imaging with HeLa cell lines.
Conflicts of Interest: The authors declare no conflicts of interest.

References
1.
2.

3.

4.
5.

6.
7.
8.
9.
10.
11.

12.
13.

14.
15.
16.

17.

18.
19.

Iannazzo, D.; Pistone, A.; Salamò, M.; Galvagno, S.; Romeo, R.; Giofré, S.V.; Branca, C.; Visalli, G.; di Pietro, A.
Graphene quantum dots for cancer targeted drug delivery. Int. J. Pharm. 2017, 518, 185–192. [CrossRef]
Bagalkot, V.; Zhang, L.; Levy-Nissenbaum, E.; Jon, S.; Kantoff, P.W.; Langer, R.; Farokhzad, O.C. Quantum
Dot−Aptamer Conjugates for Synchronous Cancer Imaging, Therapy, and Sensing of Drug Delivery Based
on Bi-Fluorescence Resonance Energy Transfer. Nano Lett. 2007, 7, 3065–3070. [CrossRef] [PubMed]
Guo, W.; Qiu, Z.; Guo, C.; Ding, D.; Li, T.; Wang, F.; Sun, J.; Zheng, N.; Liu, S. Multifunctional Theranostic Agent
of Cu2 (OH)PO4 Quantum Dots for Photoacoustic Image-Guided Photothermal/Photodynamic Combination
Cancer Therapy. ACS Appl. Mater. Interfaces 2017, 9, 9348–9358. [CrossRef] [PubMed]
Cai, X.; Luo, Y.; Zhang, W.; Du, D.; Lin, Y. pH-Sensitive ZnO Quantum Dots–Doxorubicin Nanoparticles for
Lung Cancer Targeted Drug Delivery. ACS Appl. Mater. Interfaces 2016, 8, 22442–22450. [CrossRef] [PubMed]
Cheng, J.; Teply, B.A.; Sherifi, I.; Sung, J.; Luther, G.; Gu, F.X.; Levy-Nissenbaum, E.; Radovic-Moreno, A.F.;
Langer, R.; Farokhzad, O.C. Formulation of functionalized PLGA–PEG nanoparticles for in vivo targeted
drug delivery. Biomaterials 2007, 28, 869–876. [CrossRef] [PubMed]
Sercombe, L.; Veerati, T.; Moheimani, F.; Wu, S.Y.; Sood, A.K.; Hua, S. Advances and Challenges of Liposome
Assisted Drug Delivery. Front. Pharmacol. 2015, 6, 286. [CrossRef]
Neslihan Gursoy, R.; Benita, S. Self-emulsifying drug delivery systems (SEDDS) for improved oral delivery
of lipophilic drugs. Biomed. Pharmacother. 2004, 58, 173–182. [CrossRef]
Kanasty, R.; Dorkin, J.R.; Vegas, A.; Anderson, D. Delivery materials for siRNA therapeutics. Nat. Mater.
2013, 12, 967. [CrossRef]
Kim, D.; Jeong, Y.Y.; Jon, S. A Drug-Loaded Aptamer−Gold Nanoparticle Bioconjugate for Combined CT
Imaging and Therapy of Prostate Cancer. ACS Nano 2010, 4, 3689–3696. [CrossRef]
Kirkpatrick, D.L.; Weiss, M.; Naumov, A.; Bartholomeusz, G.; Weisman, R.B.; Gliko, O. Carbon Nanotubes:
Solution for the Therapeutic Delivery of siRNA? Materials 2012, 5, 278. [CrossRef]
Karimi, M.; Solati, N.; Ghasemi, A.; Estiar, M.A.; Hashemkhani, M.; Kiani, P.; Mohamed, E.; Saeidi, A.;
Taheri, M.; Avci, P.; et al. Carbon nanotubes part II: A remarkable carrier for drug and gene delivery.
Expert Opin. Drug Deliv. 2015, 12, 1089–1105. [CrossRef] [PubMed]
Liu, Z.; Tabakman, S.; Welsher, K.; Dai, H. Carbon nanotubes in biology and medicine: In vitro and in vivo
detection, imaging and drug delivery. Nano Res. 2009, 2, 85–120. [CrossRef] [PubMed]
Pantarotto, D.; Singh, R.; McCarthy, D.; Erhardt, M.; Briand, J.P.; Prato, M.; Kostarelos, K.; Bianco, A. Functionalized
Carbon Nanotubes for Plasmid DNA Gene Delivery. Angew. Chem. Int. Ed. 2004, 43, 5242–5246. [CrossRef]
[PubMed]
Barone, P.W.; Baik, S.; Heller, D.A.; Strano, M.S. Near-infrared optical sensors based on single-walled carbon
nanotubes. Nat. Mater. 2004, 4, 86. [CrossRef] [PubMed]
Welsher, K.; Sherlock, S.P.; Dai, H. Deep-tissue anatomical imaging of mice using carbon nanotube fluorophores in
the second near-infrared window. Proc. Natl. Acad. Sci. USA 2011, 108, 8943–8948. [CrossRef]
Bhirde, A.A.; Patel, V.; Gavard, J.; Zhang, G.; Sousa, A.A.; Masedunskas, A.; Leapman, R.D.; Weigert, R.;
Gutkind, J.S.; Rusling, J.F. Targeted Killing of Cancer Cells in Vivo and in Vitro with EGF-Directed Carbon
Nanotube-Based Drug Delivery. ACS Nano 2009, 3, 307–316. [CrossRef]
Liu, Z.; Fan, A.C.; Rakhra, K.; Sherlock, S.; Goodwin, A.; Chen, X.; Yang, Q.; Felsher, D.W.; Dai, H.
Supramolecular Stacking of Doxorubicin on Carbon Nanotubes for in Vivo Cancer Therapy. Angew. Chem.
Int. Ed. 2009, 48, 7668–7672. [CrossRef]
Liu, Z.; Winters, M.; Holodniy, M.; Dai, H. siRNA Delivery into Human T Cells and Primary Cells with
Carbon-Nanotube Transporters. Angew. Chem. Int. Ed. 2007, 46, 2023–2027. [CrossRef]
Liu, Z.; Sun, X.; Nakayama-Ratchford, N.; Dai, H. Supramolecular Chemistry on Water-Soluble Carbon
Nanotubes for Drug Loading and Delivery. ACS Nano 2007, 1, 50–56. [CrossRef]

Cancers 2019, 11, 1175

20.
21.

22.

23.

24.

25.

26.
27.
28.
29.
30.

31.
32.

33.
34.

35.

36.

37.

38.

15 of 18

Bianco, A.; Kostarelos, K.; Prato, M. Applications of carbon nanotubes in drug delivery. Curr. Opin. Chem. Biol.
2005, 9, 674–679. [CrossRef]
Bartholomeusz, G.; Cherukuri, P.; Kingston, J.; Cognet, L.; Lemos, R.; Leeuw, T.K.; Gumbiner-Russo, L.;
Weisman, R.B.; Powis, G. In vivo therapeutic silencing of hypoxia-inducible factor 1 alpha (HIF-1α) using
single-walled carbon nanotubes noncovalently coated with siRNA. Nano Res. 2009, 2, 279–291. [CrossRef]
[PubMed]
Han, Z.J.; Ostriko, K.K.; Tan, C.M.; Tay, B.K.; Peel, S.A. Effect of hydrophilicity of carbon nanotube arrays on
the release rate and activity of recombinant human bone morphogenetic protein-2. Nanotechnology 2011, 22,
295712. [CrossRef] [PubMed]
Ji, Z.; Lin, G.; Lu, Q.; Meng, L.; Shen, X.; Dong, L.; Fu, C.; Zhang, X. Targeted therapy of SMMC-7721 liver
cancer in vitro and in vivo with carbon nanotubes based drug delivery system. J. Colloid Interface Sci. 2012,
365, 143–149. [CrossRef] [PubMed]
Ohta, T.; Hashida, Y.; Yamashita, F.; Hashida, M. Development of Novel Drug and Gene Delivery Carriers
Composed of Single-Walled Carbon Nanotubes and Designed Peptides with PEGylation. J. Pharm. Sci. 2016,
105, 2815–2824. [CrossRef] [PubMed]
De La Zerda, A.; Zavaleta, C.; Keren, S.; Vaithilingam, S.; Bodapati, S.; Liu, Z.; Levi, J.; Smith, B.R.;
Ma, T.J.; Oralkan, O.; et al. Carbon nanotubes as photoacoustic molecular imaging agents in living mice.
Nat. Nanotechnol. 2008, 3, 557. [CrossRef] [PubMed]
Hernández-Rivera, M.; Zaibaq, N.G.; Wilson, L.J. Toward carbon nanotube-based imaging agents for the
clinic. Biomaterials 2016, 101, 229–240. [CrossRef]
Starley, B.Q.; Calcagno, C.J.; Harrison, S.A. Nonalcoholic fatty liver disease and hepatocellular carcinoma:
A weighty connection. Hepatology 2010, 51, 1820–1832. [CrossRef]
Sun, B.; Karin, M. Obesity, inflammation, and liver cancer. J. Hepatol. 2012, 56, 704–713. [CrossRef]
Ke, X.; Shen, L. Molecular targeted therapy of cancer: The progress and future prospect. Front. Lab. Med.
2017, 1, 69–75. [CrossRef]
Bang, Y.J.; van Cutsem, E.; Feyereislova, A.; Chung, H.C.; Shen, L.; Sawaki, A.; Lordick, F.; Ohtsu, A.;
Omuro, Y.; Satoh, T.; et al. Trastuzumab in combination with chemotherapy versus chemotherapy alone
for treatment of HER2-positive advanced gastric or gastro-oesophageal junction cancer (ToGA): A phase 3,
open-label, randomised controlled trial. Lancet 2010, 376, 687–697. [CrossRef]
Einhorn, L.H.; Donohue, J. CIs-diamminedichloroplatinum, vinblastine, and bleomycin combination
chemotherapy in disseminated testicular cancer. Ann. Intern. Med. 1977, 87, 293–298. [CrossRef] [PubMed]
O’Shaughnessy, J.; Miles, D.; Vukelja, S.; Moiseyenko, V.; Ayoub, J.P.; Cervantes, G.; Fumoleau, P.; Jones, S.;
Lui, W.Y.; Mauriac, L.; et al. Superior Survival with Capecitabine Plus Docetaxel Combination Therapy in
Anthracycline-Pretreated Patients with Advanced Breast Cancer: Phase III Trial Results. J. Clin. Oncol. 2002,
20, 2812–2823. [CrossRef] [PubMed]
Li, M.C.; Whitmore, W.F., Jr.; Golbey, R.; Grabstald, H. Effects of combined drug therapy on metastatic cancer
of the testis. JAMA 1960, 174, 1291–1299. [CrossRef] [PubMed]
Baum, M.; Budzar, A.U.; Cuzick, J.; Forbes, J.; Houghton, J.H.; Klijn, J.G.; Sahmoud, T.; ATAC Trialists’
Group. Anastrozole alone or in combination with tamoxifen versus tamoxifen alone for adjuvant treatment
of postmenopausal women with early breast cancer: First results of the ATAC randomised trial. Lancet 2002,
359, 2131–2139.
Uematsu, M.; Shioda, A.; Suda, A.; Fukui, T.; Ozeki, Y.; Hama, Y.; Wong, J.R.; Kusano, S. Computed
tomography-guided frameless stereotactic radiotherapy for stage I non-small cell lung cancer: A 5-year
experience. Int. J. Radiat. Oncol. Biol. Phys. 2001, 51, 666–670. [CrossRef]
Xue, W.; Dahlman, J.E.; Tammela, T.; Khan, O.F.; Sood, S.; Dave, A.; Cai, W.; Chirino, L.M.; Yang, G.R.;
Bronson, R.; et al. Small RNA combination therapy for lung cancer. Proc. Natl. Acad. Sci. USA 2014, 111,
E3553–E3561. [CrossRef]
Yang, D.; Song, X.; Zhang, J.; Ye, L.; Wang, S.; Che, X.; Wang, J.; Zhang, Z.; Wang, L.; Shi, W. Therapeutic
potential of siRNA-mediated combined knockdown of the IAP genes (Livin, XIAP, and Survivin) on human
bladder cancer T24 cells. Acta Biochim. Biophys. Sin. 2010, 42, 137–144. [CrossRef] [PubMed]
Han, L.; Zhang, A.L.; Xu, P.; Yue, X.; Yang, Y.; Wang, G.X.; Jia, Z.F.; Pu, P.Y.; Kang, C.S. Combination gene
therapy with PTEN and EGFR siRNA suppresses U251 malignant glioma cell growth in vitro and in vivo.
Med. Oncol. 2010, 27, 843–852. [CrossRef] [PubMed]

Cancers 2019, 11, 1175

39.

40.
41.

42.

43.
44.

45.
46.

47.

48.

49.

50.
51.
52.
53.
54.

55.

56.

57.
58.

16 of 18

Ganesh, S.; Iyer, A.K.; Weiler, J.; Morrissey, D.V.; Amiji, M.M. Combination of siRNA-directed Gene Silencing
with Cisplatin Reverses Drug Resistance in Human Non-small Cell Lung Cancer. Mol. Ther. Nucleic Acids
2013, 2, e110. [CrossRef]
Mendes, R.; Fernandes, A.R.; Baptista, P.V. Gold Nanoparticle Approach to the Selective Delivery of Gene
Silencing in Cancer—The Case for Combined Delivery? Genes 2017, 8, 94. [CrossRef]
Seki, E.; de Minicis, S.; Gwak, G.Y.; Kluwe, J.; Inokuchi, S.; Bursill, C.A.; Llovet, J.M.; Brenner, D.A.;
Schwabe, R.F. CCR1 and CCR5 promote hepatic fibrosis in mice. J. Clin. Investig. 2009, 119, 1858–1870.
[CrossRef] [PubMed]
Guzman, G.; Brunt, E.M.; Petrovic, L.M.; Chejfec, G.; Layden, T.J.; Cotler, S.J. Does Nonalcoholic Fatty Liver
Disease Predispose Patients to Hepatocellular Carcinoma in the Absence of Cirrhosis? Arch. Pathol. Lab. Med.
2008, 132, 1761–1766. [PubMed]
Lee, J.S.; Semela, D.; Iredale, J.; Shah, V.H. Sinusoidal remodeling and angiogenesis: A new function for the
liver-specific pericyte? Hepatology 2007, 45, 817–825. [CrossRef] [PubMed]
Chen, Y.N.; Hsu, S.L.; Liao, M.Y.; Liu, Y.T.; Lai, C.H.; Chen, J.F.; Nguyen, M.H.T.; Su, Y.H.; Chen, S.T.;
Wu, L.C. Ameliorative Effect of Curcumin-Encapsulated Hyaluronic Acid–PLA Nanoparticles on
Thioacetamide-Induced Murine Hepatic Fibrosis. Int. J. Environ. Res. Public Health 2017, 14, 11. [CrossRef]
Fallowfield, J.A. Therapeutic targets in liver fibrosis. Am. J. Physiol. Gastrointest. Liver Physiol. 2011, 300,
G709–G715. [CrossRef] [PubMed]
Doodes, P.D.; Cao, Y.; Hamel, K.M.; Wang, Y.; Rodeghero, R.; Farkas, B.; Finnegan, A. CCR5 is Involved
in Resolution of Inflammation in Proteoglycan-Induced Arthritis. Arthritis Rheum. 2009, 60, 2945–2953.
[CrossRef] [PubMed]
Louboutin, J.P.; Chekmasova, A.; Marusich, E.; Agrawal, L.; Strayer, D.S. Role of CCR5 and its ligands in the
control of vascular inflammation and leukocyte recruitment required for acute excitotoxic seizure induction
and neural damage. FASEB J. 2011, 25, 737–753. [CrossRef]
Le Cras, T.D.; Korfhagen, T.R.; Davidson, C.; Schmidt, S.; Fenchel, M.; Ikegami, M.; Whitsett, J.A.; Hardie, W.D.
Inhibition of PI3K by PX-866 Prevents Transforming Growth Factor-α–Induced Pulmonary Fibrosis. Am. J. Pathol.
2010, 176, 679–686. [CrossRef]
Pitz, M.W.; Eisenhauer, E.A.; MacNeil, M.V.; Thiessen, B.; Easaw, J.C.; Macdonald, D.R.; Eisenstat, D.D.;
Kakumanu, A.S.; Salim, M.; Chalchal, H.; et al. Phase II study of PX-866 in recurrent glioblastoma. Neuro Oncol.
2015, 17, 1270–1274. [CrossRef]
Bachilo, S.M.; Strano, M.S.; Kittrell, C.; Hauge, R.H.; Smalley, R.E.; Weisman, R.B. Structure-Assigned Optical
Spectra of Single-Walled Carbon Nanotubes. Science 2002, 298, 2361. [CrossRef]
Liu, H.; Nishide, D.; Tanaka, T.; Kataura, H. Large-scale single-chirality separation of single-wall carbon
nanotubes by simple gel chromatography. Nat. Commun. 2011, 2, 309. [CrossRef] [PubMed]
Arnold, M.S.; Green, A.A.; Hulvat, J.F.; Stupp, S.I.; Hersam, M.C. Sorting carbon nanotubes by electronic
structure using density differentiation. Nat. Nanotechnol. 2006, 1, 60. [CrossRef] [PubMed]
Ihara, K.; Endoh, H.; Saito, T.; Nihey, F. Separation of Metallic and Semiconducting Single-Wall Carbon
Nanotube Solution by Vertical Electric Field. J. Phys. Chem. C 2011, 115, 22827–22832. [CrossRef]
Fagan, J.A.; Hároz, E.H.; Ihly, R.; Gui, H.; Blackburn, J.L.; Simpson, J.R.; Lam, S.; Walker, A.R.H.; Doorn, S.K.;
Zheng, M. Isolation of >1 nm Diameter Single-Wall Carbon Nanotube Species Using Aqueous Two-Phase
Extraction. ACS Nano 2015, 9, 5377–5390. [CrossRef] [PubMed]
Weisman, R.B.; Bachilo, S.M. Dependence of Optical Transition Energies on Structure for Single-Walled
Carbon Nanotubes in Aqueous Suspension: An Empirical Kataura Plot. Nano Lett. 2003, 3, 1235–1238.
[CrossRef]
Lain-Jong, L.; Nicholas, R.J.; Chien-Yen, C.; Darton, R.C.; Baker, S.C. Comparative study of photoluminescence
of single-walled carbon nanotubes wrapped with sodium dodecyl sulfate, surfactin and polyvinylpyrrolidone.
Nanotechnology 2005, 16, S202.
Park, J.; Yang, H.; Seong, M.J. Comparative study on raman and photoluminescence spectra of carbon
nanotubes dispersed in different surfactant solutions. J. Korean Phys. Soc. 2012, 60, 1301–1304. [CrossRef]
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