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Abstract: In recent years, carbon nanotubes have emerged as a potentially revolutionary material with
numerous uses in biomedical applications. Compared to other nanoparticles, discrete multiwalled
carbon nanotubes (dMWCNTs) have been shown to exhibit advantageous characteristics such as a
high surface area-to-volume ratio, biocompatibility, and unique chemical and physical properties.
dMWCNTs can be modified to load various molecules such as proteins and nucleic acids and are
capable of crossing the cell membrane, making them attractive delivery vehicles for biomolecules.
To investigate this, we measured the impact of dMWCNTs on the number of live and dead cells
present during different stages of cell proliferation. Furthermore, we used transmission electron
microscopy to produce evidence suggesting that dMWCNTs enter the cytoplasm of mammalian cells
via an endocytosis-like process and ultimately escape into the cytoplasm. And lastly, we used live-cell
staining, qPCR, and a T-cell activation detection assay to quantify the use of dMWCNTs as a delivery
vehicle for a toxic, membrane-impermeable peptide, mRNA, siRNA, and a T-cell activating synthetic
dsRNA. We demonstrate successful delivery of each payload into a range of cell types, providing
further evidence of dMWCNTs as a versatile delivery platform for biomolecular cargo.

Keywords: functionalized discrete carbon nanotubes; intracellular transport; mRNA delivery; peptide
delivery; siRNA delivery

1. Introduction

The delivery of specific molecules into cells and tissues is a fundamental utility in
bioengineering because it offers the potential to manipulate and control cellular behavior.
Intracellular transport has been an enabling step in increasingly sophisticated biomanu-
facturing of products ranging from antibodies and recombinant proteins to genetically
engineered cellular therapeutics [1,2]. More broadly, transporting molecular cargo across
the plasma membrane is a prerequisite for numerous prospective therapeutic and diagnostic
biotechnologies such as genome editing and intracellular imaging [3]. The cell membrane
is largely impermeable to many biological molecules, making efficient trafficking into cells
and tissues a significant obstacle for entire classes of molecular cargos [4]. Furthermore,
once a molecule is internalized across the cell membrane, it must be transported or rely
on diffusion to reach its appropriate intracellular target while minimizing degradation or
adverse interference from elements in the cytosol [5].

Current methods of overcoming these challenges utilize either vector-based approaches,
such as cationic polymers and lipid-based nanoparticle systems, or physical methods, such
as electroporation and sonoporation [6–12]. Physical methods theoretically allow for direct
delivery of molecules into the cytoplasm through disruption of the cellular membrane,
circumventing the endocytotic process and need for endosomal escape. While efficient
intracellular delivery can be achieved, these methods are often destructive in nature and
require more complex setup which limits their usability to ex vivo and in vitro applica-
tions [10,13]. Nanoparticles have attracted attention for intracellular delivery due to their
small size, high surface-area-to-volume ratio, and chemical tunability [9,10]. While efficient
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cellular uptake of nanoparticles can be achieved through chemical modification, they often
suffer from increased cellular toxicity, minimizing their potential impact outside of in vitro
applications [14,15]. Furthermore, attempts to modify these vectors to promote efficient
endosomal escape and release of cargo before degradation have been largely fruitless [4,16].
While extensive work has been conducted on physical and vector-based delivery methods,
identifying a versatile, systematic approach that efficiently delivers a wide variety of molec-
ular cargo to a broad range of cell types while eliciting minimal cytotoxicity has proven
elusive [17,18].

One nanoparticle species that has garnered interest for intracellular transport is carbon
nanotubes (CNTs) [19,20]. These high-aspect-ratio, submicron cylindrical structures have
unique chemical and physical properties, an exceptionally high surface area-to-volume
ratio, and can be covalently or non-covalently modified with surfactants or biological
molecules for a variety of applications [21]. CNTs exist in single-walled (SWCNT), double-
walled (DWCNT) and multiwalled (MWCNT) variants and can readily bind to a wide range
of biomolecules and have been shown to have great potential in drug delivery, imaging,
gene editing, and other biomedical areas [22–24]. Additionally, cells appear to internalize
CNTs through phagocytosis, endocytosis, and passive transport across the membrane
without significantly affecting membrane integrity [24–30].

Despite their promise, investigations of carbon nanotubes have often reported results
inconsistent with their posited versatile molecular loading, cell trafficking utility, and
non-cytotoxic properties. The primary cause for the discrepancy between theoretical
performance and experimental outcomes is a gap in understanding of how the physical and
chemical properties of CNTs impact both molecular entrapment of cargo molecules and
their cellular internalization. For example, studies of intracellular trafficking of MWCNTs
have demonstrated that a myriad of factors, ranging from particle size and stiffness to
surface chemistry and charge density, impact not only the rate of cellular uptake but the
mechanism by which the particles cross the plasma membrane [31–34]. In addition to the
chemical and physical attributes of the nanotubes themselves, de-bundling and dispersing
of discretized MWCNTs is an essential first step for exploiting their nanoscale properties
for intracellular trafficking [27].

Forming stable dispersions of discreet particles is critical for utilizing MWCNTs in
biological applications. Typically, commercial grade carbon nanotubes are produced as
tangled bundles of pristine carbon tubules, many microns in length. In this aggregated
state, the capability of the nanotubes to serve as effective vehicles for intracellular transport
is significantly reduced [31,35,36]. If CNTs are aggregated, a substantial portion of their
surface area is unavailable for loading biomolecular cargo, reducing their capacity to carry
relevant molecules. Additionally, aggregation limits the ability of CNTs to traffic across
the cell membrane, as the relatively large bundles of particles can only be internalized via
phagocytosis [25]. Lastly, aggregated CNTs have been shown to elicit toxic effects both
in vitro and in vivo, limiting their application in living systems [36]. Thus, discretization
of CNTs not only improves their ability to serve as effective vehicles for intracellular
trafficking it also improves their biocompatibility.

We have used a proprietary process to produce discrete, surface functionalized, multi-
walled CNTs (dMWCNTs). These dMWCNTs are normally distributed around 900 nm in
length, approximately 11 nm in outer diameter and ~5 nm inner diameters, and typically
consist of 12 concentric nanotubes, and are oxidized for improved functionality and bio-
compatibility. Our process began with bundles of multiwalled carbon nanotubes containing
approximately 5% residual metal catalyst by weight. These bundles were oxidized with
concentrated nitric acid at 90 ◦C for 3 h under sonication. Afterwards, the nanotubes
were washed to remove any soluble metal nitrates. MWCNTs and dMWCNTs have been
quantitatively characterized and compared in a previous work through scanning and trans-
mission electron microscopy, FTIR spectroscopy, TGA, and microtitration [37]. Some of the
characterization is reproduced in Table 1 for reference.
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Table 1. Characterization of MWCNTs and dMWCNTs, reproduced from [35].

Characterization Parameter MWCNTs dMWCNTs

% oxidized wt/wt 0.3334% 2.22%
% residuals wt/wt 2.796% 0.2036%

Density of -COOH groups N/A 0.09 mmol/g
Density of -OH groups N/A 0.17 mmol/g

In this work, dMWCNTs are further modified by surface physisorption of either
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]
(DSPE-PEG) and/or polyethyleneimine (PEI) for improved aqueous dispersibility and
biocompatibility. We then assess the impact of dMWCNTs on the proliferation of a range of
cell types at concentrations relevant for biomolecule delivery. After assessing the in vitro
cellular compatibility of dMWCNTs, we show that peptides, mRNA, siRNA, and synthetic
dsRNA can be loaded onto carbon nanotubes and internalized by a range of cell types,
including mesenchymal stem cells (MSCs), LNCaPs, T lymphocytes, and HEK cells. Once
delivered into the cytoplasm, these cargoes reach their intracellular target with intact
functionality and produce a measurable response. We quantified the internalization of
carbon nanotubes and the effects of the corresponding cargo using various techniques,
including scanning electron microscopy, fluorescence microscopy, live/dead staining, and
real-time PCR. With these results, we demonstrate the potential of discrete CNTs as versatile
intracellular delivery molecules. We provide critical evidence that the molecular species
delivered by the particles traffic into cells and retain their bioactivity by participating in
intracellular processes.

2. Materials and Methods
2.1. CNT Functionalization and Discretization

The MWCNTs used in this work are oxidized and de-bundled using a process previ-
ously described [37]. The resulting wetcake of functionalized carbon nanotubes was then
dispersed via water bath sonication in DSPE-PEG (MW = 2000, Laysan Bio, Arab, AL, USA)
or by covalently binding mPEG (MW = 5000, Sigma Aldrich, St. Louis, MO, USA) followed
by further dispersal in DSPE-PEG, depending on the experiment. Dispersal of oxidized
MWCNTs in PEI (270 kDa, Sigma Aldrich. St. Louis, MO, USA) was also performed using
a water bath sonicator and was used to load and deliver Poly(I:C) (Invivogen, San Diego,
CA, USA) intracellularly. The discretized nature of each formulation of dMWCNTs was
confirmed via brightfield microscopy.

2.2. Cell Lines

HEK 293 cells, LNCaP cells, Human T lymphocytes (Jurkat), and monocyte-like cells
(U937) were obtained from ATCC (ATCC, Gaithersburg, MD, USA). Human bone marrow
mesenchymal stem cells were provided by StemBioSys (StemBioSys, San Antonio, TX,
USA). HEK-293/GFP cells were provided by Cell Biolabs (Cell Biolabs, San Diego, CA,
USA). Human T lymphocytes (Jurkat-Dual) were provided by Invivogen (Invivogen, San
Diego, CA, USA).

2.3. MWCNT Internalization

Human bone marrow mesenchymal stem cells (StemBioSys, San Antonio, TX, USA)
were cultured in growth media (GM), consisting of α-MEM (Life Technologies, Grand
Island, NY, USA) containing glutamine (2 mM), penicillin/streptomycin, 15% fetal bovine
serum (FBS) (Atlanta Biologicals, Lawrenceville, GA, USA and 0.001 mg/mL dMWCNTs
for 72 h.

2.4. Sample Preparation and TEM Imaging

Prior to fixation, bone marrow mesenchymal stem cells were washed with PBS (Life
Technologies) and switched to 0.1M Sodium Cacodylate buffer (Sigma-Aldrich). Fixa-
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tion was performed in 4% glutaraldehyde (Sigma-Aldrich, St. Louis, MO, USA) with
3% paraformaldehyde (Sigma-Aldrich), followed by staining with 1% osmium tetroxide
(Sigma-Aldrich), followed by 1% uranyl acetate (Sigma-Aldrich) in water. After dehy-
dration through graded alcohols and embedding in resin (Hard Plus Epon 812, EMS,
Electron Microscopy Sciences, Hatfield, PA, USA), thin sections were cut on a Leica UC7
ultramicrotome and mounted to grids. Images were captured on a Tecnai Spirit TEM at
80 kV.

2.5. Proliferation and Live/Dead Assay

Cell lines were seeded in a 12-well flat-bottom plate at a concentration of 1.0 × 105 cells/mL
per well. Cells were then incubated for 24 h in growth media (GM), consisting of α-
MEM (Life Technologies, Grand Island, NY, USA) containing glutamine (2 mM), peni-
cillin/streptomycin, and 15% fetal bovine serum (FBS) (Atlanta Biologicals, Lawrenceville,
GA, USA). After 24 h, cells were treated with respective experimental groups and controls
(0.1 mg/mL, 0.01 mg/mL, 0.001 mg/mL dMWCNTs). The dMWCNT formulation used in
this study was dispersed in DSPE-PEG (MW = 2000, Laysan Bio, Arab, AL, USA). After
treatments, cells were then collected from the plate at the 24 and 72 h time points and then
stained with trypan blue for live/dead counting via Thermo Fishers Countess II.

2.6. KLA Delivery Study

dMWCNTs were loaded with proapoptotic peptide, KLA (klaklakklaklak-NH2; AnaSpec,
Fremont, CA, USA), in a 1:2 KLA:dMWCNT mass ratio in DI water via incubation at
4 ◦C for 18 h. a volume of 50 µL of dMWCNT-KLA complex was added to 450 µL of
LNCaP cell culture and incubated for 48 h on tissue culture plastic (TCP). LNCaP cells
were plated at a density of 2.5 × 105 cells/mL in 2D culture in a 24-well plate. The final
concentration of dMWCNTs in treated wells was 0.138 mg/mL, and the corresponding
final concentration of KLA in treated wells was 0.069 mg/mL. A concentration-matched
control group of free KLA peptide was also prepared. A dMWCNT alone group was added
to this study at a concentration of 0.138 mg/mL. The dMWCNT formulation used in this
study consisted of carbon nanotubes dispersed in DSPE-PEG (MW = 2000, Laysan Bio,
Arab, AL, USA). Cellular live/dead ratio was assessed via trypan blue staining to examine
cellular compatibility.

2.7. mRNA Delivery Study

Human T lymphocytes, Jurkat (ATCC, Gaithersburg, MD, USA) and monocyte-like
cells, U937 (ATCC, Gaithersburg, MD, USA) were grown to a confluency of 70–80%, as per
manufacturer instructions. Suspended cells were then harvested and diluted to a concentra-
tion of 4.0 × 104 cells/mL in RPMI medium (RPMI supplemented with 10% FBS). Both cells
were then seeded into a flat-bottom 12-well plate and incubated at 37 ◦C (5% atmospheric
CO2) for 24 h prior to treatments. eGFp mRNA (StemMACS eGFP, Miltenyi Biotec, Gaithers-
burg, MD, USA) was loaded onto dMWCNTs in a 1:500 mRNA:dMWCNT mass ratio.
Groups containing mRNA were treated with 500 ng of eGFP coding mRNA. The dMWCNT
formulation used here consisted of MWCNTs covalently bound to mPEG (MW = 5000 Da,
Sigma Aldritch) and further dispersed in DSPE-PEG(NH2) (MW = 2000 Da, Laysan Bio).
Cell groups were then extracted for RNA isolation 72 h after treatments using Trizol reagent
(Invitrogen, Carlsbad, CA, USA) following the manufacturer instructions. Single-stranded
cDNA was synthesized from the isolated RNA with High-Capacity cDNA Reverse Tran-
scription Kit from Applied biosystems. The expression of eGFP was analyzed via qRT-PCR
using Taqman by Quantstudio 3 Real-Time PCR system. Values were generated using
delta–delta CT calculations.

2.8. siRNA Delivery Study

Adherent HEK-293/GFP cells (Cell Biolabs, San Diego, CA, USA; Cat. No. AKR-200)
were grown in RPMI-1640 (10% FBS, 1% Anti-anti) to a confluency of 90% at 37 ◦C with 5%
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CO2 prior to harvesting for study. The harvested cells were then diluted to a concentration
of 3.0 × 106 cells/mL in RPMI-1640. Diluted cells were then seeded in a flat-bottom 12-well
plate at a final cell density of 1.0 × 105 cells per well. After 24 h, growth media was removed
and replaced with Opti-MEM. Cells were then treated with experimental conditions PBS,
siRNA alone (Stealth RNAi siRNA GFP, Thermo Fisher, Waltham, MA, USA), siRNA-
dMWCNT and incubated for 72 h. Then, 50 µM of siRNA was used for each treatment
of siRNA containing groups, and 50 µM of siRNA was loaded onto 5 mM dMWCNTs
in a 1:100 ratio for dMWCNT containing groups. The dMWCNT formulation used here
consisted of MWCNTs covalently bound to mPEG (MW = 5000 Da, Sigma Aldritch, St.
Louis, MO, USA) and further dispersed in DSPE-PEG(NH2) (MW = 2000 Da, Laysan Bio,
Arab, AL, USA). Cells were then imaged and harvested at the 72 h time point for real-time
PCR analysis (ThermoFisher, QuantStudio 3). Values were generated using delta–delta
CT calculations.

2.9. T-Cell Activation via PolyI:C

Human T lymphocytes, Jurkat-Dual (Invivogen, San Diego, CA, USA) were grown
to a confluency of 70–80%, as per manufacturer instructions. Suspended cells were then
harvested and diluted to a concentration of 5.0 × 105 cells/mL in a selection medium
(IMDM supplemented with 10% FBA, penicillin/streptomycin). Cells were seeded in a
flat-bottom 96-well plate at a final concentration of 3.5 × 105 cells/well and then treated
with experimental conditions, Poly(I:C) (Invivogen, San Diego, CA, USA) alone, PEI loaded
with Poly(I:C), and dMWCNTs dispersed in PEI loaded with Poly(I:C). The concentration
of PEI selected for loading Poly(I:C) was based on the mass of PEI physisorbed onto
the surface of the corresponding dMWCNT dispersion. This mass was measured using
thermogravimetric analysis as previously described [37]. Cells were incubated for 18 h
at 37 ◦C with 5% CO2. Cells were then pelleted (150 RCF, 5 min) and SEAP-enriched
supernatant was then utilized for detection media (QUANTI-Blue, Invivogen) activation.
This colorimetric assay’s values were obtained through endpoint absorption readings using
a spectrophotometer at 655 nm.

2.10. Statistical Analysis

Student’s t-test was used to determine significance in all pairwise statistical compar-
isons; p < 0.05 was considered significant for all comparisons. Error bars in replicate data
sets represent the standard error of the mean (SEM). The multiway statistical comparison
for Poly(I:C) delivery was performed using one-way ANOVA with Tukey’s post hoc test.
At a minimum, experimental replicates were performed in triplicate and each experiment
was repeated a minimum of 3 times.

3. Results
3.1. Impact of dMWCNTs on Cell Proliferation

To demonstrate the utility of dMWCNTs as molecular delivery vehicles at the cellular
level, we investigated their impact on cell proliferation. As such, we treated Jurkat T-cells,
HEK cells, and MSCs with 0.001, 0.01, and 0.1 mg/mL of dMWCNTs, dispersed with DSPE-
PEG(NH2). The changes in live and dead cell numbers from day 1 to day 3 of incubation
are shown in Figure 1.

In Jurkat cells, no significant differences in cell counts were observed between the
untreated group (NT) and all concentrations of dMWCNTs at the 1 and 3 day incubation
time points (Figure 1A). Additionally, the cell proliferation increase between days 1 and
3 of dMWCNT treatment is constant for Jurkat cells across all conditions tested. In HEK
cells, the two highest concentrations of dMWCNTs elicited increased cell proliferation
on day 1 (Figure 1B). However, there were no significant differences between untreated
cells and any of the dMWCNT-treated conditions on day 3. Finally, MSCs appeared to be
affected by dMWCNTs differently than the other two cell types (Figure 1C). Average cell
densities were not significantly different after 1 day or 3 days of incubation for all dMWCNT
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concentrations compared to the NT group. However, the 0.01 mg/mL concentration of
MGMR produced higher cell densities relative to the NT group at 1 and 3 days of culture.
Interestingly, cell numbers for this treatment group did not appear to increase from day 1
to day 3. Additionally, the difference between cell densities measured on day 1 and day 3
for MSCs was not statistically significant for any condition in this study, unlike the other
two cell types. Regardless of the differences between Jurkat, HEK, and MSC cell response
to dMWCNTs, discrete carbon nanotubes do not appear to inhibit cell proliferation at any
concentration tested.
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Figure 1. Proliferation of Jurkat T-cells (A), HEK cells (B), and MSCs (C) after 1 day and 3 days of
incubation with 0.001, 0.01, and 0.1 mg/mL of functionalized dMWCNTs. NT = Not Treated. Error
bars represent standard error of the mean (SEM). * p < 0.05, vs. NT for day 1. + p < 0.05, vs. NT for
day 3.

3.2. Internalization of dMWCNTs into the Cell

To investigate the processes through which cellular internalization of dMWCNTs
occurs, we incubated human bone marrow-derived (hBM) MSCs with dMWCNTs for
72 h. Discrete carbon nanotubes appear as black filament-like structures under TEM
and dark-colored ends suggest points at which the particle was sectioned by the ul-
tramicrotome. Accordingly, slices of dMWCNTs lying within the TEM sections are
generally shorter than the average reported length of the entire nanotube. In Figure 2A,
we find evidence of a carbon nanotube (white arrow) internalized within an intracellular
vesicular structure, suggesting that carbon nanotubes enter the cell membrane via an
endocytosis-like mechanism.

Cytoplasmic trafficking of carbon nanotubes is strongly influenced by its discretized
state. Thus, in the following experiments, we investigate dMWCNTs-mediated intracellular
delivery of various payloads into the cell. This demonstrates that various loaded cargo
types remain functional and provides evidence of the utility of carbon nanotubes as a
versatile vehicle for intracellular trafficking.
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3.3. Intracellular Delivery of KLA Peptide

In this experiment, dMWCNTs were loaded with (KLAKLAK)2 (KLA), a membrane-
impermeable pro-apoptotic peptide, in a 1:2 KLA:dMWCNT mass ratio and combined
with LNCaP cell culture for 48 h. A concentration-matched control group of free KLA
peptide was also prepared to account for any effects that free KLA may have on cell number.
Similarly, a dMWCNT-alone group was added to this study to measure any effects that the
dMWCNTs may have on LNCaP cells independent of KLA delivery. Cell counts after 48 h
were performed and are shown in Figure 3.
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Relative to the untreated cells, the KLA-alone group did not produce a significant
difference in cell number after 48 h of incubation. This observation confirms that KLA
alone is membrane-impermeable under the concentration and conditions used. Similarly,
the dMWCNT-alone group did not produce a statistically significant difference in the
measured cell number. However, the groups treated with dMWCNTs loaded with KLA
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peptide showed significant reductions in cell number, suggesting substantial apoptotic
activity of the peptide-loaded on dMWCNTs. The observation that cell growth was
inhibited with the combination of KLA and dMWCNTs and unaffected by either compo-
nent alone) suggests that dMWCNTs facilitate intracellular trafficking and delivery of
functional KLA peptides.

3.4. Intracellular Delivery of mRNA

Next, we measured the ability of dMWCNTs to deliver genetic material into the
cytoplasm for gene transfection, genetic knockdown, and T-cell activation. First, we used
eGFP mRNA as a model payload to quantify the level of transmembrane delivery and
subsequent transient expression of mRNA delivered into cells using carbon nanotubes. We
investigated mRNA internalization in two cell types: Jurkat T lymphocytes and monocyte-
like U937 cells (Figure 4). For both cell lines, eGFP expression was compared across three
conditions: no treatment, mRNA alone, and mRNA loaded onto dMWCNTs. Cells were
incubated with mRNA or mRNA bound to dMWCNTs for 72 h at an mRNA concentration
of 500 ng/mL. We used qPCR to quantify gene expression with GAPDH as the endogenous
gene for both cell types and three experimental conditions [38,39].
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monocyte-like U937 cells. Error bars represent the SEM. * p < 0.05, vs. NT for Jurkat. + p < 0.05, vs.
NT for U937.

Incubating both cell types with free mRNA produced an approximately 1.6-fold in-
crease in eGFP expression relative to GAPDH using delta–delta Ct values. However, when
the same mass of mRNA is loaded onto dMWCNTs, we measured a 5.5- and 7.3-fold
increase in eGFP expression for T lymphocytes and monocyte-like U937 cells, respectively.
This increase in gene expression observed in both cell lines suggests that dMWCNTs signifi-
cantly facilitate mRNA transfection, ultimately resulting in higher rates of gene expression.

3.5. Intracellular Delivery of siRNA

To further investigate dMWCNTs as a nucleic acid delivery platform, we treated a
transformed human embryonic kidney (HEK) cell line that stably expresses GFP with small
interfering RNA (siRNA) with and without dMWCNTs and observed changes in GFP
expression. In this experiment, successful delivery of siRNA was indicated by interference
in cellular GFP expression, measured as fluorescence output. For control groups, we
treated HEK cells with PBS, dMWCNTs alone, and siRNA alone to compare against the
effects of siRNA combined with dMWCNTs. Using brightfield microscopy, we observed
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less fluorescence in cells treated with dMWCNT loaded with siRNA than in any control
group (Figure 5A). To quantify GFP expression at the transcription level, we measured
GFP expression of all groups relative to endogenous control ACTB [40], normalizing to the
untreated control using delta–delta Ct values.
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Figure 5. Internalization of GFP knockdown siRNA in HEK 293/GFP cells. (A) Fluorescent micro-
scope images collected from populations of HEK 293/GFP cells that were not treated (NT), treated
with dMWCNTs alone, treated with GFP knockdown siRNA alone, and treated with GFP knockdown
siRNA loaded onto dMWCNTs. Scale bar corresponds to 500 µm. (B) GFP expression relative to the
endogenous gene ACTB in HEK 293/GFP cells treated with PBS (control), dMWCNTs only, siRNA
only, and dMWCNTs loaded with siRNA. Error bars represent the SEM. * p < 0.05, vs. NT.

From the fluorescent images, a bright lawn of fluorescent cells were visible for the no
treatment, dMWCNT alone, and siRNA-alone groups. However, the fluorescence produced
by the siRNA + dMWCNT-treated group was visibly darker, with more dark regions
corresponding to a lack of fluorescent cells. We found that normalized GFP expression
of cells treated with unloaded dMWCNTs or siRNA only was not significantly different
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than untreated controls. However, cells treated with siRNA-loaded dMWCNTs exhibited a
statistically significant, 0.6-fold reduction in mRNA-level expression of GFP (Figure 5B).

3.6. Intracellular Delivery of Synthetic dsRNA

Finally, we investigated the ability of dMWCNTs to deliver nucleic acids for im-
munoactivation. We selected the synthetic double-stranded RNA polylysine-polycytidylic
acid (Poly(I:C)), which activates the IRF signaling pathway of Jurkat cells when inter-
nalized. Furthermore, this activation of the IRF signaling pathway initiates the reporter
gene SEAP to secrete embryonic alkaline phosphatase (SEAP) that can be detected with
spectrophotometers (see Methods in Section 2).

Polyethyleneimine (PEI) is a cationic polymer that is commonly used to transfect
cells and has high binding affinity to negatively charged nucleic acids [6]. To improve
nucleic acid loading, we physisorbed 270 kDa branched PEI to the nanotube surface,
creating a modified dMWCNT. However, to distinguish between the delivery capability
of PEI alone and dMWCNTs, we incorporated a concentration-matched control group of
Poly(I:C) loaded onto PEI alone. In this way, relative T-cell activation was quantified upon
treatment with free Poly(I:C), Poly(I:C) complexed with PEI, and Poly(I:C) loaded onto
carbon nanotubes physisorbed to PEI (Figure 6).
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Figure 6. Intracellular delivery of Poly(I:C) to Jurkat-Dual cells as measured by relative T-cell
activation. Cells were treated with Poly(I:C) alone (control), Poly(I:C) loaded onto PEI, and Poly(I:C)
loaded onto dMWCNTs physisorbed with PEI to the carbon nanotube surface. Represented values
correspond to activation units (a.u.) generated from absorbance readings of treated groups at 655 nm.
Error bars represent the SEM. * p < 0.05, vs. Poly(I:C). + p < 0.05, dMWCNT vs. PEI.

Comparing the Poly(I:C)-alone control and the Poly(I:C) with PEI-alone group, we
measured a significant increase in T-cell activation when Poly(I:C) is bound to PEI, as
expected given the ability of PEI to deliver nucleic acids [6,41]. However, we observed the
greatest degree of T-cell activation from Poly(I:C) loaded onto dMWCNTs physisorbed to
PEI. This group produced an approximately 100% improvement from the Poly(I:C) alone
and a ~20% improvement from the PEI-complexed Poly(I:C) group.

4. Discussion

Discretizing carbon nanotubes and preventing their aggregation is essential for their
use as biocompatible delivery vehicles [31,35]. While aggregated CNTs strongly decrease
cell and tissue viability [36], discrete MWCNTs do not demonstrate cytotoxic effects, likely
attributable to lung clearance, as acute intravenous toxicity of bundled of CNTs is generally
associated with pulmonary embolism [37]. Furthermore, discrete tubes are purified of
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potentially toxic metals, internalize into cells more efficiently, and have more available
surface area for biomolecule loading.

This work demonstrates how dMWCNTs act as versatile intracellular delivery vehicles
that do not moderate cell proliferation at concentrations practical for intracellular trafficking.
Utilizing TEM imaging, we presented evidence that the dMWCNTs used in this study
were de-bundled and internalized into mesenchymal stem cells and, critically, can escape
from intracellular vesicles in order to delivery their biomolecular cargo into the cytoplasm
(Figure 2). Though the exact mechanisms are not fully understood, the micrographs in
Figure 2 suggest that internalization appears to occur through a vesicle-mediated process,
followed by vesicular escape and release of the dMWCNTs into the cytoplasm. The
TEM micrographs show significantly shortened particles, as well as dark-colored fracture
points caused by microtome slicing, indicating that particles lay in the same plane as the
relevant cellular sections and supporting the assertion for intracellular trafficking. These
observations are supported by studies demonstrating that MWCNTs are internalized with
clathrin- and caveolae-mediated endocytic mechanisms, as well as by micropinocytosis [42].

Importantly, the nanotubes used in our study retained their discreet state and did
not appear to interact with the intracellular cytoplasmic mineralized calcium produced
by differentiating hBM-MSCs [43,44]. Biomolecular payloads including the peptide KLA,
mRNA, siRNA, and dsRNA were delivered in LNCaP, Jurkat, U937, and HEK cells using
dMWCNTs. Furthermore, the functionality of delivered biomolecules was preserved in
each case tested.

In order to serve as an effective and versatile delivery vehicle for biomolecules, dMWC-
NTs carrying a molecular payload must not only enter the cytoplasm but release their cargo
within a reasonable time scale without altering its biological functionality. In this regard,
a potential advantage of the nanotubes prepared in our study is that their dispersed
and discretized state, high surface-to-volume ratio and variety of charge densities in its
polymeric/lipid coating (i.e., DSPE-PEG), supported numerous types of electrostatic inter-
actions (i.e., hydrogen bonding, and ionic, van der Waals, and hydrophobic interactions)
useful for biomolecular loading. In addition, because each of the cargo molecules we
tested complexed with dMWCNTs through non-covalent chemical bonding, it is likely that
they were eventually released from the surface of the particles by simple diffusion and/or
replacement by other chemical species inside the cell. The rationale for employing the
polymeric surfactants, used in our study to coat the extremal surfaces of the dMWCNTs,
was to leverage a variety of regions of polarity and varying electron density as a means
to support multiple mechanisms of non-covalent loading of biomolecules. For example,
we believe that DSPE-PEG is a useful surfactant due to its hydrophobic lipid region that
can non-covalently bind to the hydrophobic region of the nanotube surface, while the
hydrophilic PEG branch is free to extend or curl in an aqueous environment and entangle
with or attract relevant biomolecules. While this approach does not offer the same degree
of control over biomolecular payload delivery as covalent interactions, it does not require
structurally modifying the cargo molecules or breaking chemical bonds in order to release
into the cytoplasm.

In order to evaluate this approach, the pro-apoptotic peptide KLA was selected as
a representative cargo molecule to evaluate this capability. KLA is membrane imperme-
able but toxic to mitochondrial membranes if internalized into LNCaP cells, resulting in
apoptosis [45–48]. As its apoptotic mechanism of action relies on its ability to disrupt the
cellular mitochondrial membrane, its effectiveness is influenced by conformational changes
in the peptide [49]. For these reasons, KLA serves as a helpful test payload to validate
that physisorption on the carbon nanotube surface does not cause changes that impair
its functionality.

In the case of KLA delivery, we observed a slight decrease in cell number in the
dMWCNT-alone group when compared to the no treatment condition (Figure 3). In
this case, the concentration of dMWCNT used for KLA loading was 0.138 mg/mL, a
relatively high value when compared to the proliferation studies performed in Figure 1
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(0.001 mg/mL, 0.01 mg/mL, 0.1 mg/mL). The high concentration was needed in order
to ensure the binding of KLA to some amount of dMWCNTs in solution, as we found
that the binding affinity of KLA to dMWCNT to be relatively low. This affinity could be
improved in future studies by further modifying the surface of the dMWCNT. However,
the physisorption and desorption of bimolecular payloads requires fine tuning of binding
affinities, as a biomolecular payload that is too strongly adhered to the nanotubes surface
may not be able to perform its desired function inside of the cell.

Similarly, binding affinity may also have been an important factor in both experiments
involving intracellular delivery of nucleic acids. The particles were shown to significantly
improve transfection efficiency relative to uptake of free mRNA (Figure 4). Similarly, we
observed that siRNA alone did not reduce GFP expression; however, loaded dMWCNTs
were shown to be an effective vehicle for siRNA transfection into the cytoplasm (Figure 5).
Although the combination of siRNA and dMWCNTs markedly improved cellular uptake
and resulted in approximately 40% knockdown of gene expression, it is likely that transfec-
tion effectiveness could have been improved by further optimization of siRNA interaction
with the dMWCNT surface chemistry. In particular, a higher degree of control over off-
loading kinetics may improve the release profile of the molecular payload and increase
transfection efficiency.

Another aspect of using dMWCNTs for intracellular biomolecule delivery that is
worth further investigation is the retarding effect that nanotubes may have on molecular
degradation. Nucleic acids, such as the mRNA and siRNA delivered in Figures 4 and 5,
were shown to be delivered intracellularly and have a stronger effect when loaded onto
dMWCNTs than when incubated with cells without any delivery vehicle. Though this could
be partially or entirely explained by the dMWCNTs’ ability to cross the cell membrane, it is
a possibility that carbon nanotube loading prevents nucleases from cleaving bound nucleic
acids. Optimizing this protective effect could lead to the use of dMWCNTs as transfection
agents for cell and gene therapy applications.

Finally, the Poly(I:C) used in this study is a comparatively large nucleic acid (1.5–8 kbp)
in comparison to the mRNA and siRNA tested earlier in this work (Figure 6). Poly(I:C) is
an immunostimulant, which has been studied for decades as a vaccine adjuvant [50]. While
a previous study used single-walled carbon nanotubes (SWCNTs) for intracellular delivery
of Poly(I:C) [51], to our knowledge, our study is the first to describe to use of dMWCNTs
for this purpose. A potential benefit of dMWCNTs over SWCNTs would be the increased
surface area available for biomolecule loading, resulting in much more Poly(I:C) delivered
per nanotube or more favorable binding for larger molecules. The use of dMWCNTs as
vehicles for adjuvant delivery, or as adjuvant materials in their own right, could be an
attractive intracellular delivery modality and warrants further study. Furthermore, the
increase in cell activation observed when Poly(I:C) is loaded onto dMWCNT physisorbed to
PEI compared to Poly(I:C) complexed with PEI alone suggests that the nanotube provides
a benefit independent of PEI activity. It is possible that carbon nanotubes physisorbed
with other transfection or drug delivery agents could provide a similar benefit, opening up
additional avenues of biomedical applications of dMWCNTs.

5. Conclusions

While significant progress has been reported in exploiting the unique properties of
MWCNTs for biomolecular delivery to cells, these have generally involved highly special-
ized formulations, developed for intracellular trafficking of a specific molecular payload to
a single cell type. While these tailored approaches are very helpful for demonstrating the
immense potential of these particles, we suggest that a single, versatile MWCNT dispersion,
capable of transport and release of proteins, nucleic acids, and peptides, across the plasma
membranes of various cell types, may offer advantages for translatability. Notably, our
work has demonstrated that dMWCNTs do not impede cell proliferation at the concentra-
tions necessary for biomolecule delivery, while also providing evidence of transmembrane
trafficking via an endocytosis-like mechanism. The formulations of dMWCNTs used in
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our study successfully delivered peptides, mRNA, siRNA, and dsRNA into the cellular
cytoplasm, where each demonstrated persistence of bioactivity. These findings advance
our understanding of dMWCNTs as a promising platform for biomedical applications, sug-
gesting future research for design optimization and functionalization for targeted delivery
and therapeutic interventions.
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