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Abstract
We show herein that CNT–cell complexes are formed in the presence of a magnetic field. The
complexes were analyzed by flow cytometry as a quantitative method for monitoring the physical
interactions between CNTs and cells. We observed an increase in side scattering signals, where the
amplitude was proportional to the amount of CNTs that are associated with cells. Even after the
formation of CNT–cell complexes, cell viability was not significantly decreased. The association
between CNTs and cells was strong enough to be used for manipulating the complexes and thereby
conducting cell separation with magnetic force. In addition, the CNT–cell complexes were also
utilized to facilitate electroporation. We observed a time constant from CNT–cell complexes but not
from cells alone, indicating a high level of pore formation in cell membranes. Experimentally, we
achieved the expression of enhanced green fluorescence protein by using a low electroporation
voltage after the formation of CNT–cell complexes. These results suggest that higher transfection
efficiency, lower electroporation voltage, and miniaturized setup dimension of electroporation may
be accomplished through the CNT strategy outlined herein.

1. Introduction
Magnetic nanomaterials, such as superparamagnetic nanoparticles (MNP), are gaining
attention in biomedical applications from cell biology to clinical diagnosis and therapy [1,2]
because of the convenience to control the interaction between MNP and cells [3] with magnetic
forces. When MNP associate with cell membranes, intracellular organelles and molecules, the
derivative complexes can be moved by magnetic force in a directed fashion [4,5]. Plasmid-
attached MNP can concentrate plasmid DNA on cell surface under a magnetic field, thereby
enhancing the plasmids access to cellular internalization pathways and consequently improving
the transfection [6]. Another promising application of MNPs is the magnetically assisted
separation of biomolecules and cells, and the removal of environmental pollutants [7,8].
Similarly, magnetic nanotubes can be made multifunctional with respect to separation,
immunobinding, and drug delivery [9]. MNPs can generate hyperthermia in tumors when
exposed to high-frequency electromagnetic field [10,11]. In the clinic, MNPs have been used
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as a contrast enhancing reagent for magnetic resonance imaging (MRI) by improving the proton
relaxation. MNPs also allow efficient detection of gene expression in vivo [12,13].

Carbon nanotube (CNT) as a counterpart of the nanoparticle in biomedical applications offers
promising performance in biomolecule delivery [14] and anti-cancer therapy [15]. The surface
chemistry of CNT enables efficient molecule loading and effective biocompatible
modifications [16,17]. Different mechanisms have been employed to mediate the interaction
between CNT and cells. CNTs decorated with macromolecules or functionalized with small
groups can be readily internalized by cells [18,19]. The high aspect ratio and electrical
conductivity of CNT has been exploited to enhance the electric field, thereby facilitating the
electroporation, a long-standing transfection technique based on the phenomenon of cell
membrane permeabilization under electric field [20]. The field-mediated CNT–cell interaction
has also be used to drive CNTs by magnetic force to penetrate cell membranes and shuttle
DNA payloads into the cells, by a process termed nanospearing [21]. The spear-making CNT
are synthesized by plasma enhanced chemical vapor deposition (PECVD) process [22]. CNTs
produced by PECVD have uniform and controllable morphology (i.e., length, diameter, and
alignment). A metallic nanoparticle is always embedded in each CNT tip due to the special
growth mechanism [23]. The as-grown magnetic nanoparticle can facilitate the actuation of
CNT in magnetic field. The advantages of this one-dimensional conductive nanostructure exist
in the ease of production, geometry adjustment and surface chemistry, as well as capability to
enhance the electric field. So it holds potentials for a variety of biomedical applications such
as biological sensing, molecular delivery, separation and purification.

Biomedical applications of nanomaterials usually require effective manipulation of the
physical or chemical interactions between the nanostructures and biological cells, as well as
efficient and quantitative characterizations of the interaction in live cells. Currently, the
characterization is intensively relying on microscopy, which is difficult to generate an accurate
and prompt overview of the interactions between nanomaterials and cells. The lack of
information on the interaction also prevents people from optimization of nanomaterial
facilitated biotechniques.

In this paper, we used a magnetic field to associate the CNTs to Bal17 and primary B cells to
the CNTs. Flow cytometry was utilized to quantitatively characterize the magnetic association
between CNTs and cells. The side scattering signal (SSC) level was proportional to the amount
of CNTs that were complexed with the cells. The phenomenon was compared in cell line and
non-dividing primary cells. Cell viability and apoptosis assays were conducted to evaluate the
compatibility of the treatments to cells. The strength of the association between CNTs and cells
was demonstrated in cell separation with magnetic force. In addition, the CNT–cell complexes
were also utilized to facilitate electroporation due to the electric field enhancement by the CNT
as a conductive one-dimensional nanostructure.

The complex was also examined through the magnetically mediated cell separation. Due to the
ideal one-dimensional conductive structure, this kind of CNT can enhance the electric field at
both ends. The potential to use CNTs to facilitate electroporation was demonstrated by the
reduced time constant and enhanced green fluorescence protein (EGFP) transfection in the
mammalian cells.

2. Experimental details
2.1. Carbon nanotube preparation

A 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 [21,23]. A base pressure of
10−6 Torr was used before the introduction of acetylene and ammonia gases. The growth
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pressure was 10–20 Torr, and the growth time was 1–10 min for proper nanotube length control.
The substrate temperature was maintained below 660 °C. The nanotubes were lifted off the
silicon wafer by sonication in ethyl alcohol to make the stock suspension. Such a stock can be
keep on shelf for months. Alternatively, stock suspension was made by resuspending the
nanotubes in phosphate buffered saline (PBS) following centrifugation at 10 000 g at room
temperature for 10 min. No noticeable difference in the performance was observed between
the two preparations.

There are different approaches to estimate the CNT concentration. The one we take is to use
the SEM image and get the rough reading of the amount of CNTs on a randomly picked area
of CNT chip as shown in figure 1(a). The length of a nanotube marked by arrow is 1 μm. The
white-lined square covers an area of 2 μm × 2 μm that contains 126 nanotubes. Therefore, the
total amount of CNTs and the concentration can be directly converted to mole and molarity.
We concentrated CNT suspension by centrifugation and drying the CNT pellet in a vacuum
desiccator. The weight of CNT was obtained with AT261 delta range balance (Mettler-Toledo
International Inc., Columbus, OH). Correspondingly, 20 fmol (according to previous
estimation) CNT obtained from 10 ml suspension is about 168 μg. On average, the CNT used
in our experiment was 1 μm in length and 100 nm in diameter. Since the graphite and single
walled CNT density are 1.7 and 1.33 g cm−3 respectively, we assume the multi walled CNT
used here has the density of 1.5 g cm−3. Then, each CNT has a mass of 11.8 fg. Correspondingly,
168 μg CNT is about 23 fmol.

2.2. CNT poly-L-lysine complex (PLL–CNT) formation
CNTs were first functionalized with carboxyl groups as described before [21]. Then they were
suspended in 1 ml 0.1 M 2-[N-morpholino]ethane sulfonic acid (MES) buffer (pH 4.5)
containing 10 μl 0.01% poly-L-lysine (PLL, 70 kD to 140 kD) (Sigma-Aldrich) and 10 mg 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (Sigma-Aldrich) to couple the primary
amine groups in the PLL molecules to the carboxylic groups on carbon nanotubes. PLL–CNT
complexes were formed after incubation in dark at room temperature for 1 h.

The complexes were washed four times with 1 ml PBS. The final dispersion was made in
complete RPMI-1640 culture medium.

2.3. Cell preparation
BALB/cByJ mice were purchased from The Jackson Laboratories (Bar Harbor, ME). The mice
were cared for and handled at all times in accordance with National Institutes of Health and
Boston College guidelines. 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 adherence [24]. Red blood cells and non-viable cells were removed by sedimentation
on Lympholyte-M gradients (Accurate Chemical and Scientific Co., Westbury, MA). The
resulting B cells were then centrifuged through discontinuous Percoll gradients in order to
isolate quiescent (naïve) B cells [25]. 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 penicillin, 100 μg ml−1 streptomycin, 0.25 μg ml−1 amphotericin B and 10% heat-
inactivated fetal bovine serum (Atlanta Biologicals, Lawrenceville, GA). B cells were cultured
at 3×106 cells ml−1 in a water-jacketed CO2 incubator.

Bal17 B-lymphoma cells were cultured in RPMI 1640 medium supplemented as above with
5% heat-inactivated fetal calf serum at 1 × 106 cells ml−1 in the incubator.
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2.4. Flow cytometry
We used a BD FACSCanto flow cytometer (BD Bioscience, San Jose, CA). The data were
acquired and analyzed with BD FACSDiva software. Cells were suspended at 5 × 104 ml−1

prior to acquisition. A blank sample was first used as a reference for adjusting controlling
voltages of FSC, SSC and other channels such as propidium iodide (PI), Annexin V-Cy-5 and
green fluorescence (GFP). To evaluate cell death and apoptosis, the speared B cells were
incubated in 1 ml staining solution containing Annexin V-Cy-5 (5 μg ml−1) and propidium
iodide (10 μg ml−1) for 5 min. The leaky membrane of a dying cell allowed the positively
charged PI molecules to enter and stain the cell by intercalating double stranded DNA in
nucleus. Upon excitation with laser of 488 nm, the PI stained cells can emit fluorescence at
617 nm and produce signals in the corresponding recording channel of the flow cytometer. In
apoptotic cells, Annexin V can bind to phosphatidyl serine which flips to the outer surface of
the cell membrane. The excitation and emission wavelength maxima of Cy-5 are 650 nm and
670 nm respectively.

2.5. Magnetic CNT and cell association
Two hours before the experiment, the cells were dispersed in a 12-well plate at 1 × 106/well
and 3 × 105/well for primary splenic B cell and Bal17 cells respectively. The cell culture
medium was replaced by 1 ml CNT suspension for each well. After the plate was placed on a
Nd–Fe–B permanent magnet for 5–20 min, the cells were resuspended in new culture medium
and washed twice with PBS. To separate the CNT associated cells from the non-associated
cells, the magnet was put beside the 1.5 ml centrifuge tube containing the cells. It required 10–
20 min to attract the CNT associated cells to the sidewall. After the separation, the supernatant
became clear indicating very few CNT associated cells inside. The supernatant was extracted
and marked as ‘clear part’; the dark pellet on the sidewall was resuspended as ‘dark part’ with
equal volume of PBS as ‘clear part’. Then the samples were analyzed with flow cytometer.

2.6. Electroporation
Each electroporation cuvette (cooled on ice) was loaded with 3 × 106 regular or CNT associated
Bal17 cells in suspension adjusted to 200 μl. A Gene Pulser electroporation system (BIO-RAD,
Hercules, CA) was High Cap, 960 μF. Voltages were selected from 100 to 250 V. For the
transfection experiments, pEGFP plasmid DNA (Clontech, Mountain View, CA) was
supplemented to the cell suspensions in the cuvettes. After the electroporation, the cells were
placed on ice for 5 min and then dispersed in a 6-well plate with 2 ml complete culture medium.
The cells were checked with flow cytometer 48 h later.

3. Results and discussion
CNTs were grown on a silicon substrate. According to scanning electronic microscopy (SEM)
of the nanotube array (figure 1(a)), the on-chip CNT amount was estimated. CNTs from a 2
cm × 2 cm chip were then placed into 5 ml ethanol to make ~4 pM suspension. If the container
was placed beside a Nd–Fe–B magnet, the nanotubes were collected on the sidewall by the
magnetic force (figure 1(b)).

To start experiments, the stock CNT suspension was briefly sonicated and resuspended in fetal
bovine serum (FBS) supplemented RPMI-1640 cell culture medium. The protein components
in FBS such as albumin can non-specifically attach to the CNT [26], thereby allowing CNTs
to remain in solution for more than 1 h. UV–vis spectrometry was used to evaluate the amount
of nanotubes suspended in RPMI1640 with FBS. CNT samples were observed with UV–vis
spectrometry immediately after sonication, in order to obtain standard charts, as shown in figure
1(c). The characteristic signal of our CNT was observed at 450–600 nm. The absorbance at
λ460 was used to indicate CNT concentration. After sitting for 2 h, the sample containing 2 pM
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was centrifuged at 2000 g for 5 min to remove aggregated large CNT clusters. Then the
supernatants were measured again. More than 95% of the CNT remained stably in serum
supplemented suspension.

Nanospearing molecular delivery [21] was used to associate CNTs with cells by a magnetic
field. As shown in scheme 1, CNTs in suspension can be directed down to the bottom following
the magnetic field lines. If there are cells dispersed on the bottom in advance, the CNTs will
stop on the cell surface and then be driven by the magnetic force to attach or even penetrate
the cell membranes; we anticipate the association between the CNTs and cells will be strong
enough to support the physical manipulations such as physical resuspension and separation
with magnetic field. The Bal17 cells treated with CNT in the presence and absence of magnetic
forces were inspected by microscopy in figure 2 together with the comparison of CNT dosages.
No obvious CNT–cell association was observed without magnetic field. Other
characterizations of the association were carried out with scanning electron microscopy and
confocal microscopy in our previous reports [21,27].

Flow cytometry allows a large number of cells to be analyzed individually. Basically, a single
wavelength laser beam illuminates each cell and generates forward scatter signal (FSC), side
scatter signal (SSC). FSC correlates with cross-sectional area of a cell and SSC depends on the
intracellular complexity of the cell such as the membrane roughness, the shape of nucleus, and
the amount of cytoplasmic granules. Hypothetically, the presence of CNTs on cell membranes
can alter laser scattering signals, which should be quantitatively measured by flow cytometry.
We therefore used flow cytometry to quantitatively measure the level of CNTs and cells
association, as illustrated in scheme 1.

The nanospeared primary B cells generated distinctive SSC pattern (figure 3(a)). Normal viable
cells have lower SSC and higher FSC compared to dying cells or cell debris. The normal cell
population can be gated in the SSC–FSC scatter plot, as shown in the control data. The FSC
and SSC histograms of the gated population are displayed separately. Upon association with
CNTs, a larger cellular SSC was observed, while the level of FSC and percentage of normal
cells remained the same as control (i.e., non-speared cells). Both primary B cells and Bal17
cells exhibited CNT induced SSC increases. The difference was that the enhanced SSC
persisted for several days in primary B cells, while the enhanced SSC was lost by 24 h in Bal17
cells (figure 3(b)) indicating dissociation with CNTs. This may reflect the continuous turn-
over of the Bal17 cell plasma membrane with each division. On the contrary, primary B cells
do not divide in the absence of growth factors [27]. The primary B cell membranes remained
stable and maintained the CNT–cell complexes.

We also investigated the effects of spearing periods and amount of CNT on the SSC. In figure
4(a), 0.4 mol CNTs increased SSC from 19 000 to 39 000 units, while changing the spearing
period from 5 to 20 min produced no significant change, suggesting that 5 min was sufficient
to allow association of CNTs with the cell surface. This time is determined by parameters such
as magnetic field gradient, buffer volume, dimensions of the CNTs, solution viscosity and
membrane fluidity in our nanospearing setup. We initially used PLL–CNT to study the CNT
and cell association. However, when it was compared with PLL-free CNT, we noticed that
PLL–CNT induced the same level of SSC at the concentration as low as one fourth of the latter
(figure 4(b)), suggesting that PLL–CNT had higher potency than regular CNT to associate to
cell membrane and enhance the SSC. A plausible explanation was that the electrostatic
attraction between the counter charges carried by the PLL–CNT and the cell membranes
facilitated the formation of CNT–cell complexes.

The PLL–CNTs were used to demonstrate the SSC responses with respect to the CNT dosage
up to 6.4 fmol. In parallel, the cells were stained with propidium iodide (PI) to monitor the cell
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viability by flow cytometry. In figure 5(a), the viable splenic B cell population in SSC–FSC
plot was marked in green according to the PI positive gate in the histogram. The nanospeared
cell viability remained at a similar level despite a high SSC level that was saturated when 6.4
fmol CNTs were used for nanospearing (figure 5(b)). Of note, the CNT tended to precipitate
and formed clusters at high concentration. This led to the reduction of spearing efficiency and
might be the reason that SSC decreased 6.4 fmol.

We also investigated apoptosis, which may be triggered by the CNT association in the cells.
CNT suspensions in 400 μl containing 0.2, 0.8 and 2.4 fmol respectively were applied onto
Bal17 cells. The cells without CNTs were taken as the control. The apoptosis assay was
conducted after cell incubation for 2 and 24 h. As shown in figure 6, no apparent changes in
the percentage of Annexin positive cells (Q2 + Q4) were observed corresponding to the CNT
dosages as well as with respect to the incubation time. For Q1 and Q3, the percentages
correspond to 0.5 and 95%, respectively, regardless of the concentration of CNTs used. The
result indicated that CNT association does not produce additional programed cell death.

Following the magnetic separation of the speared cells, we obtained ‘dark part’ and ‘clear part’
suspension samples following the procedures in section 2. The samples contained cells with
and without CNTs, respectively. The SSC of the two parts exhibited significant difference. For
the dark part, the SSC increased to 15 × 104, while the clear part exhibited SSC under 3 ×
104 (figure 7(a)). The cell counts in both parts were normalized to the total amount of cells.
As shown in figure 7(b), the cells were magnetically collected into the dark part at a percentage
depending on the amount of CNTs associated with cells. For example, at 1.6 fmol, more than
90% of the cells were in complexes with CNTs. The complex structure remained stable during
the process to support the physical handling of cells.

CNTs are usually considered as 1D conductive structures. The electric field enhancement at
their tips was utilized for improving electroporation [20]. The field enhancement coefficient
is a function of the distance to CNT tips (figure 8(a), inset table). Provided that the CNT is 1
μm long and 100 nm thick, the electric fields (E) nearly at the tips will be 33.5-fold of the
applied electric field (E0). However, at a 200 nm distance from the tips, the electric fields only
have 0.6-fold enhancement. Thereafter, the efficiency of electroporation largely depends on
the proximity of the cell membrane to the CNT tips. Moreover, the electroporation will be
enhanced by using the method address above to associate CNTs to cell membranes prior to
applying the electric field. The close contact between CNTs and cell membranes will guarantee
the poration of membranes with the highly enhanced field by CNTs.

A general indicator of electroporation is the transient time constant at the decaying phase when
an electric pulse is used to generate the field. It is correlated to the permeability of cell
membrane as the result of electroporation. The extra and intracellular molecular (or ionic)
exchange can lead to increase of the ionic strength and decrease of the dielectric constant. The
corresponding reduction of resistance and capacitance result in smaller time constant. Thus,
the time constant is inversely proportional to the level of electroporation.

We used Bal17 cells to test nanotube-facilitated electroporation since the lymphoma cells are
more amenable to transfection than the primary B cells. The time constants corresponding to
cells without CNTs and CNT associated cells were plotted versus voltages in figure 8(b).
Clearly, the time constant decreased in CNT associated cells comparing to CNT-free Bal17
cells. The time constant of CNT associated cells at 150 V was 58 ms. The value was comparable
to the time constant obtained from CNT-free cells at 230 V, which was the voltage we can
obtain transfection in the CNT-free cells. The transfection was carried out by adding pEGFP
plasmid to the cell suspension in the cuvette. We checked the transfection results 48 h after the
electroporation by flow cytometry. As shown in figure 8(c), CNT associated cells demonstrated
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improvement in the EGFP transfection in terms of the percentage of EGFP positive cells and
the average amplitudes of EGFP signals in comparison to the control cells electroporated
without the plasmid, cells.

The results of CNT facilitated electroporation suggest that magnetic CNT may be used to
improve electroporation with the following advantages: (1) the magnetic association between
the cells and CNTs can bring the cell membranes and CNT tips in close contact to optimally
facilitate the electroporation; (2) the metal particles located inside the CNTs can provide more
free electrons at the tip to afford higher enhancement of the electric field; (3) the consistency
of CNT length and aspect ratio allow quantitative control and adjustment of the electroporation
strength. Such advantages hold promise for the enhancement of the electroporation upon
optimization of the parameters, such as amount of CNTs, level of CNT association to cells,
buffer contents, pulse waveform and cuvette size.

4. Conclusion
We show herein that magnetically drivable CNTs can form complexes with cells in the presence
of a magnetic field. The complexes can be analyzed by flow cytometry based on the discovery
of the relationship between CNT–cell association and the SSC. The amplitude of SSC is
proportional to the amount of CNTs that are associated with cells. In contrast to undividing
primary B cells, dividable Bal17 cells associated to CNTs can recover the regular SSC level
of normal cells overnight due to the membrane turnover. This indicates the loss of CNT
association on the cell surface. Immediately after the association between CNTs and cells, the
complexes are strong enough to be magnetically manipulated and separated with magnetic
force. The cell viability and levels of apoptosis and necrosis under the applicable high CNT
concentration remain the same as the CNT-free cells giving support to the biomedical
applications of the CNT–cell association process. The CNT–cell complexes can be utilized to
facilitate electroporation. A high level of pore formation in cell membranes is indicated by the
reduced electroporation time constant in CNT–cell complexes. The expression of enhanced
green fluorescence protein can be achieved with a low electroporation voltage in the CNT
associated cells. These results suggest a feasible approach to achieve efficient electroporation
with mild electrical conditions.

Briefly, our research demonstrates a practical method to magnetically manipulate mammalian
cells with nanomaterials as well as the quantitative assessment of the interaction between live
cells and nanomaterials, and shows a promising method for efficient molecular delivery.

A majority of nano-biotechnology applications comprise direct interactions between
nanomaterials and biological cells correlated to receptor binding, antigen–antibody
recognition, and internalization. Flow cytometry is an established tool in cell biology research
and herein has revealed new values in nano-biotechnology. The change in laser scattering
signals can be observed once the nanomaterials associated with the cell membranes. Emerging
concerns about nanomaterial toxicity and biocompatibility extended the corresponding cell
biology and immunology interests to the subcellular structures and signal transduction
pathways [28–31]. It is foreseeable that the presence of nanomaterials in the subcellular
apparatuses will be indicated by SSC, so that the interaction can be rapidly and quantitatively
evaluated. The information obtained can provide invaluable reference to monitor and optimize
the processes in biomedical applications of nanomaterials.
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Figure 1.
(a) Carbon nanotube array grown by plasma enhanced chemical vapor deposition. The length
of a nanotube marked by arrow is 1 μm. The white-lined square covers an area of 2 μm × 2
μm that contains 126 nanotubes. (b) Carbon nanotubes collected on the sidewall by a magnet.
(c) UV–vis measurement of carbon nanotube suspensions in culture medium. The absorbance
values at λ460 is correlated to the concentration of CNTs. The inset is a typical spectrum of
CNT at 4 pM scanning from 190 to 800 nm.
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Figure 2.
Bal17 cells associated with different amount of CNTs. The cells were pipetted several times
to remove the non-associated CNTs. The CNTs bundled together appeared as black dots in
cells.
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Figure 3.
Flow cytometry of CNT associated cells. (a) Speared primary B cells exhibit enhanced SSC.
Scatter plots (left) show the recordings of FSC and SSC from 15 000 cells. The healthy cells
were gated (grey (red online)) in the scatter plot and similar percentages in the total control
and speared cells were compared. The histograms of FSC (middle) and SSC (right) of the
selected populations are shown with the average values. (b) SSC have different transients in
CNT associated primary B cells and Bal17 cells over the culture periods. Cells were speared
with 0.4 fmol (a) and 1.6 fmol (b) CNTs.
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Figure 4.
SSC corresponding to CNT amount, the spearing time (a), and PLL modification of CNT (b).
Each data point was obtained from 15 000 primary B cells.

Cai et al. Page 13

Nanotechnology. Author manuscript; available in PMC 2009 May 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
The viability of CNT associated primary B cells and the SSC dose response to PLL–CNT
amount. (a) The population correlation between SSC–FSC scatter plots (left) and PI histograms
(right). Each figure represents recordings from 15 000 cells. (b) The dose response of SSC
(column) and the cell viability (line) versus PLL–CNT amount. Each data point was extracted
from 15 000 primary B cells.
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Figure 6.
Apoptosis assay with Annexin V and propidium iodide in Bal17 lymphoma cells. The cells
were treated at three CNT dosages, i.e. 0.2 and 0.8 and 2.4 fmol. The assays were taken at 2 h
of incubation after the association. The scatter plots (a) shows data from cells associated with
0.8 fmol CNTs and incubated overnight. The SSC and FSC of each population is shown
correspondingly (left). The number in each portion represents the percentage of the cells. In
(b), the percentages of cells in populations Q2 + Q4 (i.e. Annexin V positive) under various
conditions were compared.
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Figure 7.
Characterization of magnetically mediated cell separation. The average SSC levels (a) and cell
percentage (b) of the dark and clear fractions yielded from the separation were plotted versus
the amount of CNTs associated to cells. In (a), each data point was recorded from 15 000
primary B cells.
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Figure 8.
Electric field enhancement by CNT in electroporation. (a) Sketch of electroporation with CNT-
free (left) and CNT associated cells (right). Table insert: theoretical electric field (E)
enhancement over the applied field (E0) by a nanotube of 1 μm long. d denotes the distance to
nanotube tip. a1 and a2 are the aspect ratios (i.e. diameter/length) of nanotubes, and equal to
0.1 and 0.5 respectively. (b) Electroporation time constants versus the voltages. A series of
time constants of the CNT associated Bal17 cells were obtained under various voltages. They
were compared to the time constant of regular Bal17 cells at 230 V. (c) Improvement of EGFP
transfection by CNT mediated electroporation in Bal17 cells. The gates of EGFP positive cells
were adjusted based on the Neg Contl and Pos Contl. The mean values of EGFP levels (left
axis) and the percentages (right axis) of gated viable cells are shown. Neg Contl: negative
control, cells speared and electroporated without plasmid; Pos Contl: positive control, cells
without spearing and electroporated at 230 V with EGFP plasmid; 180, 200 and 220 V: CNT
associated cells and electroporated with EGFP plasmids at corresponding voltages.
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Scheme 1.
Magnetic field-mediated CNT–cell association and the characterization with flow cytometry.
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