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Abstract
The efficient delivery of genes and proteins into primary mammalian cells
and tissues has represented a formidable challenge. Recent advances in the
research of carbon nanotubes (CNTs) offer much promise for their use as
delivery platforms into mammalian cells. Ideally, CNT-mediated applications
should not result in cellular toxicity nor perturb cellular homeostasis (e.g.,
result in non-specific activation of primary cells). It is therefore critical to
evaluate the impact of CNT exposure on the cellular metabolism,
proliferation and survival of primary mammalian cells. We investigated the
compatibility of a recently developed CNT-mediated delivery method, termed
nanospearing, with primary ex vivo cultures of B lymphocytes. Several
parameters were evaluated to assess the impact of CNTs on naı̈ve B
lymphocytes, including cell survival, activation, proliferation and
intracellular signal transduction. Our results indicate that nanospearing does
not result in the activation of naı̈ve primary B lymphocytes nor alter survival
in ex vivo cultures. Herein, B cells exposed to CNTs were capable of
responding to extrinsic pro-survival signals such as interleukin-4 and
signaling by the B-cell antigen receptor in a manner similar to that of B cells
cultured in the absence of CNTs. Our study demonstrates the
biocompatibility of the CNT-mediated nanospearing procedure with respect
to primary B lymphocytes.

1. Introduction

The extraordinary properties of carbon nanotubes (CNTs) have
stimulated extensive research activities across the world since
their discovery in the early 1990s [1]. Various prospective
biomedical applications of CNTs have been reported and
proposed including biosensing, biointerfacing, molecular
delivery and tissue engineering, etc.

In the area of molecule delivery, CNTs with various di-
ameters and length, morphologies, and surface modifications

4 Address for correspondence: Biology Department, Boston College, 410
Higgins Hall, Chestnut Hill, MA 02467, USA.

have been used to demonstrate promising molecule introduc-
tions into a spectrum of cell types [2–4]. We recently reported
the development of a multi-step CNT-mediated delivery plat-
form for plasmid DNA delivery into ex vivo mammalian cells
and tumor cell lines [5]. The delivery platform, termed nanos-
pearing, relies on CNTs that are synthesized by a plasma en-
hanced chemical vapor deposition (PECVD) technique. Each
CNT contains a Ni particle encapsulated in one end; they are
uniform in length, and exhibit a linear morphology. The Ni
particle in the presence of an applied magnetic field allows
the CNTs to be driven into the cell membrane, thereby de-
livering into cells the molecule plasmid DNA (coupled to the
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exterior surface of the CNT). We demonstrated efficient deliv-
ery of plasmid DNA with accompanying gene expression in
difficult-to-transfect primary mammalian cells, including pri-
mary cultures of B lymphocytes and neurons [5]. This tech-
nique holds promise for the unprecedented efficient delivery
of macromolecules into primary cells and tissues, both in vitro
and in vivo. Exposure of mammalian cells to CNTs raises con-
cerns about the biocompatibility, as with other CNT-based de-
livery methods [2–4, 6]. In order to successfully manipulate the
cell function following delivery of macromolecules into mam-
malian cells by nanospearing, it is critical that exposure to the
CNTs and/or the actual spearing process does not perturb the
cellular homeostasis (i.e., result in non-specific cellular activa-
tion or alter the growth and/or survival responses).

The impact of CNTs on human and animal models
has been the subject of numerous investigations with regard
to cellular toxicity of the physical and chemical nanotube
structure and contaminants resulting from CNT fabrication.
Notably, pulmonary toxicity and inflammatory responses
have been observed upon intratracheal or intrapharyngeal
administration of CNTs [7, 8]. At the cellular level,
toxicity has been linked to oxidative stress in both in
vivo [9, 10] and in vitro [11] models. Interestingly, cytotoxicity
associated with exposure to single-walled carbon nanotubes
(SWNTs) and multi-walled carbon nanotubes (MWNTs) can
be minimized by chemical modifications to the nanotube
surface [12–15]. Germane to these studies, there is evidence
that exposure to and/or uptake of MWNTs induces release of
the pro-inflammatory cytokine, interleukin 8, from epithelial
keratinocytes [16]. Such cellular and metabolic responses
may be cell-type specific insofar as a recent study found that
exposure of T cells to CNTs at low dosage (i.e. 40 μg) did not
result in altered survival [17], whereas macrophages exposed to
an even lower amount of CNTs exhibited cellular necrosis [18].
The same study also showed that SWNTs were more toxic than
MWNTs to macrophages [18].

Aberrant growth and survival responses can promote the
clonal expansion of B lymphocytes, leading to malignancies
and autoimmune diseases. To understand the molecular basis
underlying dysregulated B-cell growth and/or survival and
ultimately to provide therapeutic intervention, B lymphocytes
need to be rendered amenable to the uptake of macromolecules
such as recombinant proteins and genes. Nanospearing, the
CNT-mediated delivery, allows for the efficient introduction of
plasmid DNA into naı̈ve B lymphocytes [5]. It is recognized
that the CNTs and the actual spearing process must preserve
the naı̈ve ‘resting’ state of ex vivo B cells and result in minimal
cytotoxicity. The original procedure of the nanospearing
involved multiple steps and, while there was no detectable
impact on cell cycle distribution induced by the nanospearing
event, we noted by phase contrast microscopy B-cell blasts and
cellular aggregation, suggesting non-specific B-cell activation
(i.e., increased cell size, activation of signal transduction
pathways, increased protein and RNA content, normally
associated with stimulation by extrinsic growth factors). We
have therefore conducted a comprehensive characterization
of the potential effects of exposing ex vivo primary B cells
to CNTs as it pertains to cellular activation. Our previous
method also exploited covalent linkage between plasmid
DNA and CNTs. Although DNA immobilization through

this avenue has proved effective and has been characterized
recently [6, 19], it may reduce the potential to generate stable
cell lines with plasmid DNA and preclude effective gene
knock-down with siRNA, because these applications require
the release of molecules from the CNTs. Herein, we have
modified the original multistep nanospearing protocol using
a non-covalent DNA immobilization strategy. Furthermore,
the compatibility of this delivery method was investigated in
ex vivo primary B cells with respect to cellular activation,
survival, and signal transduction. The results indicate that
CNT-mediated nanospearing of primary B cells does not result
in non-specific activation of naı̈ve B lymphocytes. We believe
that this technique could be used to introduce macromolecules
into primary B lymphocytes in order to manipulate cellular
signaling, metabolic and growth responses.

2. Experimental details

2.1. Reagents

Poly(L-lysine) (PLL) (70 kD to 140 kD) and 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide (EDC) were pur-
chased from Sigma-Aldrich (Saint Louis, MO). Fluorescein
isothiocyanate (FITC) conjugated oligonucleotides (FITC-
oligo) (FITC-5′CTTCTTCATGCTCAACCTGGTGCTC3′ ) in
a scrambled sequence (i.e., random sequence that does not cor-
respond to any known mammalian gene) were obtained from
Sigma-Genosys (Woodlands, TX). 2.4G2 monoclonal antibody
(mAb) was purchased from BD PharMingen (San Diego, CA).
F(ab′)2 fragments of goat anti-mouse IgM (anti-IgM) were
purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA). Recombinant mouse interleukin-4 (IL-4) was pur-
chased from BioSource (Camarillo, CA). The anti-phospho
(S217/221) MEK1/2 and anti-MEK1/2 antibodies (Abs) were
purchased from Cell Signaling Technology (Beverly, MA).
Phycoerythrin (PE) conjugated anti-CD71 Ab was obtained
from BD Pharmingen (San Diego, CA). All other chemicals
were obtained from Sigma-Aldrich.

2.2. B-cell isolation

Balb/c mice were purchased from The Jackson Laborato-
ries (Bar Harbor, ME) and housed at Boston College. The
mice were cared for and handled at all times in accordance
with the National Institutes of Health and Boston College
Institutional Animal Care Use Committee (IACUC) guide-
lines. Splenic B cells were purified by depletion of T
cells with anti-Thy-1.2 plus rabbit complement; macrophages
(and other adherent cells) were removed by plastic adher-
ence [20]. Red blood cells and non-viable cells were re-
moved by sedimentation on Lymphocyte-M gradients (Accu-
rate Chemical and Scientific Co., Westbury, MA). The re-
sulting B cells were then centrifuged through discontinu-
ous Percoll gradients in order to isolate quiescent (naı̈ve)
B cells [21]. The cells were then cultured in RPMI-1640
medium supplemented with 10 mM HEPES (pH 7.5), 2 mM
L-glutamine, 50 μM β-mercaptoethanol, 100 U ml−1 peni-
cillin, 100 μg ml−1 streptomycin, 0.25 μg ml−1 ampho-
tericin B and 10% heat-inactivated fetal calf serum (Atlanta
Biologicals, Lawrenceville, GA). B cells were cultured at
3 × 106 cells ml−1 in a water-jacketed CO2 incubator.
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2.3. Immunoblotting

Lymphocytes were solubilized in lysis buffer (50 mM Tris-
Cl pH 7.4, 150 mM NaCl, 20 mM EDTA, 0.5% Tween-20)
containing 1 mM PMSF, 1 mM NaF, 1 mM Na3VO4, 10 mM
β-glycerophosphate and protease inhibitor cocktail (Sigma-
Aldrich). Insoluble debris was removed by centrifugation
(10 000 × g for 10 min, 4 ◦C). Whole cell lysate protein was
separated by polyacrylamide SDS gel electrophoresis and then
transferred to Immobilon-P membrane (Millipore, Bedford,
MA). Membranes were blocked by incubation in TBS-T
(20 mM Tris, pH 7.6, 137 mM NaCl, and 0.05% Tween-20)
containing 5% nonfat dry milk for 1 h, followed by incubation
overnight with 2 μg ml−1 primary Ab. The membrane
was then washed with TBS-T, incubated with secondary Ab
conjugated horseradish peroxidase (1/2500 dilution) for 1 h,
and detected by enhanced chemiluminescence.

2.4. Flow cytometry

B lymphocytes (1–5 × 106 cells) were incubated in 100 μl
staining buffer (1 X PBS, 1% FCS, and 0.1% sodium azide)
containing 2.4G2 mAb (1:500 dilution) on ice (20 min) to
block Fcγ RIIb receptors. Anti-CD71 conjugated PE Ab (1:500
dilution) was then added and incubated for 1 h (4 ◦C). Parallel
B cells were stained with a control isotype conjugated PE
antibody. The cells were washed three times with 100 μl
of ice-cold staining buffer, resuspended in 500 μl of staining
buffer, and analyzed by flow cytometry using a BD FACSCanto
flow cytometer (BD Bioscience, San Jose, CA). The data
were acquired and analyzed with BD FACSDiva software.
To monitor cell viability, B cells were resuspended in 1 ml
of staining solution (10 μg ml−1 propidium iodide (PI) in
1X PBS) for 5 min and then analyzed by flow cytometry.
Bromodeoxyuridine (BrdU) incorporation was carried out
according to the manufacturer’s instructions (BD Pharmingen).
In brief, B lymphocytes were incubated with 20 μM BrdU
during the last 24 h of culture. The cells were fixed,
permeabilized, and stained with FITC conjugated anti-BrdU
Ab (FITC BrdU flow kit). 7-AAD was added to each sample
to quantitate DNA content. The cells were analyzed by flow
cytometry.

2.5. Microscopy

The cells were absorbed to poly-lysine-coated glass cover slips.
The cells were fixed in PBS containing 4% paraformaldehyde
for 30 min at room temperature and then stained with
10 ng ml−1 PI for 15 min. The cells were then washed
twice with ice-cold PBS and analyzed with a Zeiss Axioplan
2 microscope for phase contrast observation and Olympus
FluoView FV1000 confocal microscope (Center Valley, PA)
section analysis. The three-dimensional reconstruction is
based on a stack of 40 sections, and the section depth is 0.3 μm.

2.6. Nanotube preparation

A 2 cm × 2 cm silicon wafer was coated with chromium and
nickel layers of 350 and 30 nm, respectively. The nanotubes
were grown in a hot filament PECVD system [5]. A base
pressure of 10−6 Torr was used before the introduction of
acetylene and ammonia gases. The growth pressure was

10–20 Torr, and the growth time was varied between 1 and
10 min. The substrate temperature was maintained below
660 ◦C. The nanotubes were removed from the silicon wafer
and suspended in 5 ml ethyl alcohol at approximately 2 pM.
Following centrifugation (10 000 × g, room temperature)
for 10 min, the pellet containing nanotubes was resuspended
in 0.5 M HNO3 to a functionalized CNT with a carboxyl
group. The nanotubes were collected by placing a Nd–Fe–B
magnet adjacent to the wall of the centrifuge tube (overnight).
The nanotubes were then washed three times with deionized
water and stored in 5 ml ethyl alcohol at room temperature.
The procedure is identical to that previously described [5].
Transmission electron microscopy characterization of the Ni-
encapsulated CNT is provided in the supporting information
of [5].

2.7. DNA condensation

The PECVD CNTs containing functional carboxyl groups
were resuspended in 1 ml 0.1 M 2-[N -morpholino]ethane
sulfonic acid (MES) buffer (pH 4.5) containing 10 μl 0.01%
PLL and 10 mg EDC to couple the primary amine groups
in the PLL molecules to the carboxylic groups on carbon
nanotubes. Nanotube PLL complexes (PLL–CNT) were
formed after incubation in dark at room temperature for 1 h.
The complexes were washed four times with 1 ml MES buffer.
The PLL–CNT was incubated with either pBluescript plasmid
(pBT) or FITC-oligos. The PLL–CNT nucleic acid complexes
(DNA–PLL–CNT) were then condensed [22]. Condensation
efficiency was determined by measuring the residual DNA in
the extracted supernatant of the condensation mixture by agar
gel electrophoresis, ultraviolet–visible spectrometry (DU530,
Beckman Coulter, Inc., Fullerton, CA) and fluorescence
emission reader (Spectramax plate reader, Molecular Devices,
Sunnyvale, CA). The MES buffer was used as the blank. The
relative DNA adsorption (%) is calculated according to 100 ×
(1 − Absn

Abs0
)%, where Absn = O.D.n260 − O.D.n240−O.Dn

300
2 , n denotes

the index of the samples, and n = 0 designates the sample
with DNA solution only. Similarly, the supernatant samples
of FITC-oligo–PLL–CNT were extracted in the fluorescence
measurement.

2.8. Nanospearing

Single-step nanospearing was carried out with Bal17 B-
lymphoma cells (3 × 105) or primary murine B lymphocytes
(1 × 106) following attachment to PLL-coated cover slips
(18 mm diameter). The DNA–PLL–CNTs were resuspended
at 2, 0.5, or 0.1 pM in serum-free RPMI-1640 medium. The
DNA–PLL–CNT (200 μl) suspension was then applied to each
cover slip. The cells were speared by positioning the cover
slips directly over a Nd–Fe–B permanent magnet (15 min). The
cells were then placed back in the incubator and cultured for
30 min before further assay.

3. Results and discussion

The cell membrane is a formidable barrier to the delivery of
therapeutic nucleic acids [23]. A majority of chemical-based
artificial DNA delivery systems involve charge neutralization
and condensation of DNA into nanometer-scale condensates
that facilitate DNA entry into cells [24]. Cationic lipids, for
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Figure 1. (a) Agarose gel electrophoresis, (b) UV–vis spectrophotometry characterization of plasmid DNA and (c) fluorescence emission
measurement of FITC-oligo condensations on PLL–CNTs. The pBT plasmid DNA was mixed with PLL–CNTs at different ratios, i.e. 0, 0.5,
1, 2, and 4 fmol PLL–CNTs per μg DNA. The supernatant was extracted from each sample and loaded to the gel or the spectrometer cuvette
in equal volumes. The gel bands and UV absorbance (inset in (b)) represent the remaining DNA in solution, i.e. DNA not complexed to
PLL–CNTs. The relative DNA adsorption was calculated as described in section 2. For fluorescence emission measurement, supernatant
extractions were collected from FITC-oligo–PLL–CNT assembly mixtures that containing 50 nM FITC-oligo and respectively 4, 2, 1, 0.5 and
0.25 pM PLL–CNTs, of which the FITC-oligo to CNT ratios were 12 500, 25 000, 50 000, 100 000, and 200 000:1 respectively. The inset in
(c) is the standard chart of fluorescence emission from FITC-oligo.

example, have enhanced cell transfection by several fold [25].
Efforts to improve oligonucleotide delivery have driven
the development of novel reagents for DNA condensation
that include cationic liposomes [26, 27], polycationic
dendrimers [28], polyethylenimine (PEI) [29, 30] and various
cationic peptides [31]. Recently, DNA condensation was also
observed on amine functionalized CNTs [32] and polymer
grafted CNTs [33]. The toroid- or rod-like condensate
DNA structure allows for an enhanced density of DNA
loading onto CNTs and a low hydrodynamic radius of the
DNA–CNT complex. Moreover, the non-covalent basis of
condensation avoids possible DNA mutations, unlike covalent
immobilizations, and enables DNA release upon entry into the
cells.

We used PLL as a condensation reagent to form
the DNA–PLL–CNT complexes between plasmid DNA and
functionalized CNTs. As described in section 2, the PLL
was first covalently linked to CNTs. DNA was then adhered
onto PLL–CNTs via non-covalent electrostatic interactions to
form the complete condensation structure. The condensation
efficiency of plasmid DNA onto PLL–CNTs was monitored
by agarose gel electrophoresis and UV–vis (figure 1). These
results suggest that approximately 4 fmol PLL–CNTs is
capable of adsorbing greater than 90% of 1 pmol pBluescript
plasmid (pBT). Once we had determined the adsorption
ability of our CNTs, we employed a 25 mer FITC-oligo

to study the CNT-mediated delivery into B cells, and the
subsequent effects of the complex on B-cell homeostasis.
According to the data in figures 1(a) and (b), each nanotube
can carry approximately 250 copies of plasmid DNA (pBT),
which is equivalent to 30 000 25 mers. The estimation was
confirmed by fluorescence emission measurement of samples
from FITC-conjugated oligonucleotide–PLL–CNT complexes
(FITC-oligo–PLL–CNTs), as shown in figure 1(c). After
FITC-oligo (50 nM) were mixed with PLL–CNTs (2 pM), less
than 4 nM FITC-oligo was detected in the supernatant, which
means more than 90% of the molecules were absorbed to the
PLL–CNTs. To achieve maximum loading of PLL–CNTs with
the FITC-oligo 25 mers, the condensation reaction was carried
out with 2 fmol nanotubes per μg DNA, (i.e., 60 pmol FITC-
oligos).

The compact structure of the DNA–PLL–CNTs resulting
from condensation should facilitate plasma membrane pene-
tration, thereby enhancing the plasmid delivery efficiency as
well as simplifying the nanospearing procedure. With this in
mind, we modified our previously reported multi-step mag-
netically driven procedure to a single step. Both ex vivo pri-
mary B lymphocytes and Bal17 B-cell lymphomas were used
to demonstrate the efficacy of our single-step nanospearing
protocol. The membrane penetration of Bal17 B cells medi-
ated by the nanospearing was evaluated by phase contrast and
confocal microscopy as shown in figure 2(a). Visual inspection
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Figure 2. Nanospearing and DNA oligomer delivery. (a) B lymphocytes characterized with phase contrast (left, 30 μm image size) and
confocal microscopy (right, 70 μm image size) after being speared by FITC-oligo–PLL–CNTs. Following nanospearing (15 min), the B cells
were fixed, stained with PI, and viewed by microscopy with an Olympus FluoView™ FV1000 confocal microscope. A z-series was obtained,
consisting of 40 sections, with a total image depth of 12 μm. Captured images are shown as the top view (large image) and vertical-section
side views (on the right and bottom sides) of reconstructed 3D images. The top view represents a layer of the sample identified as the green
lines in the side-view sections. The yellow lines in the top view mark the positions of sections of each side-view. The white arrows in the side
views indicate the locations of CNTs inside the cells. (b) Delivery of FITC-oligo–PLL–CNTs into B lymphocytes following nanospearing.
Bal17 cells were speared with 0.4 fmol non-FITC-oligo–PLL–CNT complexes (Control A) or with 0.02, 0.1, or 0.4 fmol
FITC-oligo–PLL–CNTs. More control results are shown as ‘Control B’ (FITC-oligo alone) and ‘Control C’ (FITC-oligo-PLL) with the
corresponding reagent treatments to cell following the spearing procedures. In the lower right panel, primary splenic B cells were nanospeared
with 0.2 fmol FITC-oligo–PLL–CNTs. The cells were incubated for 30 min after nanospearing and then examined by confocal microscopy.
CNT clusters are noticeable when used at high concentrations, such as in Control, 0.4, and 0.2 fmol. Scale bars = 10 μm. (c) Flow cytometry
of B cells following nanospearing. Bal17 cells were subjected to nanospearing with 0.2 fmol FITC-oligo–PLL–CNTs (FITC-oligo) or
non-FITC-oligo–PLL–CNTs (oligo, shaded histogram). After 30 min, the cells were analyzed by flow cytometry.
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Figure 3. The viability of ex vivo B lymphocytes is not affected by
nanospearing. B cells were subjected to CNT-mediated nanospearing
(+Sp) as described in section 2; control non-nanospeared B cells
were cultured in parallel (−Sp). B cells were then cultured in
medium. At the indicated times, cells were collected, stained with PI
and analyzed by flow cytometry. The inset represents the statistical
results of B cells cultured in medium alone (Med) or IL-4 for 48 h
(n = 3).

reveals both plasma membrane and intracellular localization
of FITC-oligo–PLL–CNTs. FITC-oligo–PLL–CNTs were also
used to incubate with cells to examine the basal level of CNT
internalization. It showed no obvious presence of CNTs in-
side the cells. Actually, without spearing treatment, the FITC-
oligos and cells were not associated well to each other, and
most of the CNTs were washed away. This is an unexpected
result since it has been widely held that CNTs have the ca-
pacity of membrane entry. Since the internalization is a size-
sensitive process [34], this result may be ascribed to the rela-
tively large size of the CNTs used here, i.e. 100 nm× 1500 nm
(diameter by length) on average. In contrast, the internal-
ized CNTs are either SWNTs or MWNTs between 20 and
30 nm in diameter [2, 3]. Notice that PI can selectively stain
the cell nucleus. So the FITC signals inside the PI signal
areas in the confocal image indicate nuclear penetration by
the FITC-oligo–PLL–CNTs and suggest the ability to mod-
ulate intranuclear signaling by nanospearing. Bal17 B cells
were also subjected to CNT-mediated nanospearing with vary-
ing amounts of FITC-oligo–PLL–CNT complexes. The cells
were cultured for 1 h and analyzed by confocal microscopy.
As shown in figure 2(b), the intracellular fluorescence signal
following delivery increased with the increasing amounts of
FITC-oligo–PLL–CNTs. We also achieved efficient delivery
of FITC-oligo–PLL–CNT complexes into primary B lympho-
cytes (figure 2(b), lower right panel). Moreover, flow cytomet-
ric analysis of Bal17 cells nanospeared with 0.2 fmol FITC-
oligo–PLL–CNT complexes revealed greater than 90% of the
B cells expressing a fluorescent signal (figure 2(c)). These re-
sults demonstrate efficient delivery of oligonucleotides to B
cells via the single-step nanospearing method.

We next sought to evaluate the potential effects of
nanospearing on the survival of primary B cells in ex vivo
culture. It is well established that splenic B lymphocytes die
from neglect following culture in the absence of pro-survival
cytokines such as IL-4 [35]. B-cell viability was monitored
by PI staining and flow cytometry at various times after
nanospearing (figure 3). To determine whether nanospearing
affected IL-4-dependent survival of splenic B lymphocytes,
control and nanospeared B cells were cultured for 48 h in

the absence or presence of IL-4. Nanospearing did not affect
IL-4-mediated B-cell survival in comparison to control non-
nanospeared cells (figure 3, inset).

We next investigated whether nanospearing resulted
in a non-specific activation of naı̈ve (resting) ex vivo B
lymphocytes. Activation of B lymphocytes following cross-
linking of the B cell receptor (BCR) with anti-IgM is
associated with increased cell size and increased expression
of surface markers, such as CD71 and signaling via numerous
pathways, including PKC, Akt, and MEK1/2 [36]. Control and
nanospeared B cells were stimulated with anti-IgM and then
monitored over time for increase in size by flow cytometric
forward scatter (FSC). The results suggest that nanospearing
does not detectably alter the anti-IgM-mediated increase in cell
size beyond that of control B cells (figure 4(a)). The increase
in cell size that accompanies stimulation of naı̈ve B cells with
IL-4, albeit relatively minor in comparison to anti-IgM, was
not affected by nanospearing (figure 4(a)). We also found that
culture of nanospeared naı̈ve B cells for 18 h did not result
in increased surface CD71 expression in comparison to non-
nanospeared B cells (figure 4(b)). In addition, the increase
in surface CD71 expression that accompanies cross-linking
of the BCR with anti-IgM was not affected by nanospearing
(figure 4(b)).

IL-4 treatment of naı̈ve B cells fails to induce proliferation
in the absence of a co-stimuli, whereas pre-activation of
naı̈ve B lymphocytes renders them responsive to IL-4, as
evidenced by G 1-phase progression and DNA replication [37].
Therefore, we sought to determine if nanospearing perturbed
naı̈ve splenic B lymphocytes, such that they were rendered
competent to proliferate following treatment with IL-4 alone.
For these experiments, we used BrdU incorporation to monitor
de novo DNA synthesis (figure 5). Naı̈ve B cells subjected to
nanospearing in the absence of IL-4 did not incorporate BrdU
(figure 5, panels marked as ‘Unstimulated’). Approximately
5.9% of naı̈ve B lymphocytes treated with IL-4 following
nanospearing incorporated BrdU, which was similar to the
percentage (5.5%) of non-nanospeared B cells (figure 5,
panels marked as ‘IL4’), herein suggesting that CNT-mediated
nanospearing does not render naı̈ve B cells competent to enter
the S phase in response to IL-4. As a control for these studies,
BrdU incorporation in B cells stimulated with mitogenic doses
of anti-IgM was similar in both control and nanospeared
B cells (figure 5, panels marked as ‘IgM’), indicating that
nanospearing does not affect the ability of mitogenically
stimulated B cells to enter the S phase.

Finally, we evaluated whether CNT-mediated nanospear-
ing resulted in the ‘non-specific’ activation of signaling path-
ways involved in B-cell proliferation [38]. BCR engagement
leads to the activation of MEK1/2 signaling [39]; phospho-
rylation of MEK1/2 on S217/221 results in catalytic activa-
tion [40]. Naı̈ve B cells subjected to nanospearing did not ex-
hibit detectable phosphorylation of MEK1/2 on S217/221, sim-
ilar to non-nanospeared B cells (figure 6). The phosphorylation
of MEK1/2 on S217/221 that accompanies BCR cross-linking
with anti-IgM was not affected by nanospearing (figure 6).

We describe herein a modification of a CNT-mediated
nanospearing methodology that affords the efficient introduc-
tion of oligonucleotides into B lymphocytes in a single step.
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Figure 4. Ex vivo B lymphocyte activation after nanospearing characterized by flow cytometry. (a) Increased B-cell size measured by flow
cytometry and FSC. B cells were subjected to CNT-mediated nanospearing (+Sp). Control non-nanospeared B cells were cultured in parallel.
B cells were then cultured in medium alone (Med), stimulated with 10 μg ml−1 anti-IgM (IgM), or 30 ng ml−1 IL-4. At the indicated times,
cells were collected and analyzed for flow-cytometric FSC. The inset shows the average FSC values at 48 h (n = 3). (b) Surface expression of
CD71 on naı̈ve and anti-IgM-stimulated B cells after CNT-mediated nanospearing. B cells were subjected to CNT-mediated nanospearing
(+Sp); control non-nanospeared B cells were cultured in parallel (-Sp). B cells were then cultured in medium alone (Med) or stimulated with
10 μg ml−1 anti-IgM (IgM) for 18 h. The cells were collected and analyzed for CD71 expression by flow cytometry.
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Figure 5. Proliferative responses of primary B lymphocyte following CNT-mediated nanospearing. B cells were subjected to CNT-mediated
nanospearing (speared) as described in section 2. Control non-nanospeared B cells were cultured in parallel (unspeared). B cells were then
cultured in medium alone (unstimulated), stimulated with 10 μg ml−1 anti-IgM, or 30 ng ml−1 IL-4 for 48 h. BrdU incorporation was carried
out and analyzed by flow cytometry as described in section 2. The cells in the dot plot were gated into three populations that represented cells
in the G0/G1, G2/M , and S phase of the cell cycle, respectively. The percentage of cells in the S phase in each condition is show in the panel.

We observe that naı̈ve B cells exposed to CNT-mediated nanos-
pearing in the absence of external stimuli (e.g., IL-4 or anti-
IgM) do not exhibit a detectable increase in cell size, surface
CD71 expression, or phosphorylation of MEK1/2; we also
demonstrate that CNT-mediated nanospearing does not affect
the survival of naı̈ve B cells in long-term ex vivo cultures.

We believe the ability to maintain the ‘resting’ state of pri-
mary B cells may be attributed to the chemical modification of
the CNTs (i.e., the functionalization with carboxyl groups and
coating with PLL) as well as the low dosage of CNTs used for
nanospearing. Indeed, functionalization has been shown to ren-
der CNTs less cytotoxic [12–15], even in primary immune cells
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Figure 6. Phosphorylation of MEK1/2 in naı̈ve and anti-IgM
stimulated B cells following CNT-mediated nanospearing. B cells
were subjected to CNT-mediated nanospearing (+Sp) as described in
section 2. Control non-nanospeared B cells were cultured in parallel
(−Sp). B cells were then cultured in medium alone (Med) or
stimulated with 10 μg ml−1 anti-IgM (IgM) for 20 min. The
phosphorylation of endogenous MEK1/2 on S217/221 was
determined by Western blot analysis (upper panel). The blots were
stripped and reprobed for total MEK1/2 protein (lower panel).

(This figure is in colour only in the electronic version)

with SWNTs [41]. We also observed that nanospearing did
not induce S-phase entry in naı̈ve B cells subsequently stimu-
lated with IL-4. These findings suggest that the CNTs prepared
as outlined herein and/or the actual spearing event do not re-
sult in non-specific activation of naı̈ve primary B lymphocytes.
Our findings demonstrate that subjecting B cells to nanospear-
ing does not alter their ability to subsequently respond to BCR
cross-linking. Although we note some blast-like cells and ag-
gregated cells following nanospearing (by phase contrast mi-
croscopy), a plausible explanation could be that the residual
magnetism of metal particles in the CNTs tends to generate a
magnetic force and cluster the CNT-containing structures to-
gether.

The nanospearing technique described here may serve
as a platform for the introduction of recombinant proteins,
siRNA, and plasmid DNA into primary B cells, without
perturbing the ‘resting’ state. Current methods for the
introduction of macromolecules into primary lymphocytes,
such as transfection and retroviral-mediated transduction,
require prior stimulation with lipopolysaccharide (LPS). In
both methods, the transduction efficiency is low (less than 15%
of cells) and requires lymphocytes to be engaged in the cell
cycle prior to transfection/transduction [42]. These techniques
preclude analysis of the cellular and molecular regulation
of B-cell activation, proliferation, and cell cycle control.
Moreover, these techniques tend to perturb numerous signal
transduction pathways and induce the expression of surface
activation markers [43]. By contrast, the single-step CNT-
mediated spearing procedure described here should allow the
introduction of macromolecules into naı̈ve B cells without a
prior need to activate or engage B cells in the cell cycle (by
stimulation with LPS or the combination of phorbol diester
plus calcium ionophore) [44].

It has been previously reported that no appreciable cell
death was observed with 10 μg single-wall nanotubes in
cultures containing 3 × 105 cells [3]. The amount of CNTs
used in our method is only 2 μg,5 a concentration below the

5 Concentrate 10 ml CNT suspension in ethyl alcohol by centrifugation and
vacuum dry the CNT pellet in a desiccator for 1 day. The weight of CNTs
was obtained by measuring with AT261 delta range balance (Mettler-Toledo
International Inc., Columbus, OH). Correspondingly, 20 fmol CNTs obtained
from 10 ml suspension is about 168 μg.

previously determined threshold. Nanospearing, therefore, has
the potential for in vivo applications where cytotoxicty is a
potential concern.

Finally, amine and lysine functionalized CNTs have been
shown to exhibit the ability to efficiently condense plasmid
DNA [32, 33]. We achieved DNA condensation by covalently
linking PLL to CNTs before DNA immobilization. The
free amine groups render the complex positively charged,
allowing for efficient adsorption of the negatively charged
nucleic acid oligomer backbone. Our experiments indicate
that DNA condensation onto PLL–CNTs occurs in a similar
ratio to that seen for amine functionalized CNTs. Since
the condensed plasmid DNA can resist disruptive sonication
and DNase I catalyzed hydrolysis [45, 46], we envision that
siRNA immobilized by adsorption onto CNTs will remain
stable during CNT-mediated delivery.

4. Conclusion

The oligo-PLL–CNT complex formed by the condensation
strategy is able to facilitate efficient delivery of nucleic acids
into B cells through the single-step nanospearing procedure.
Nanospearing does not result in the activation of naı̈ve ex
vivo primary B cells nor measurably impact subsequent B-
cell stimulation via the BCR. These results indicate that CNT-
mediated nanospearing can be used to deliver macromolecules
into naı̈ve primary B cells in order to study metabolic and
proliferative responses.
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