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ABSTRACT 
 
The calcium ion channel is a voltage gated channel that 

enables calcium to enter electrically active cells.  Proper 
function of these channels is essential for gene expression, 
neuronal excitability, muscle contraction and the release of 
neurotransmitters and hormones.  As carbon nanotubes are 
electrically conductive and hydrophobic, they may interact 
with cell membranes and ion channels and adversely affect 
cells that rely on membrane potential for proper function.  
In this study, tsA201 cells were transfected with the CaV2.2 
neuronal calcium ion channel and exposed to sulfonated 
SWNTs prior to electrophysiological characterization.  As-
produced SWNTs were found to strongly inhibit calcium 
channel function.  Surprisingly, the same inhibitory dose 
response curve was seen in supernatant solutions after the 
nanotubes were removed by centrifugation.  Careful study 
of this system reveals that the inhibitory effect is due to 
soluble yttrium ion that is mobilized from residual catalyst 
nanoparticles imbedded in these arc-synthesized SWNTs.   
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1 INTRODUCTION 
 
Single walled nanotubes are being developed for 

various biomedical applications including cancer 
therapeutics, biomedical sensors and scaffolds for tissue 
engineering.  The nanomaterials are well suited for these 
applications given their small aspect ratio, thermal and 
electrical conductance, and strength.   

Films of carbon nanotubes have demonstrated 
capacitance in aqueous solutions(6) and the ability to 
conductively stimulate neural cells grown upon them(3) 
making carbon nanotube films a promising scaffold or 
implant for healing brain related injuries.  Additionally, the 
surface texture provided by carbon nanotube composites 
results in increased cell adhesion and subsequently the 
potential for more durable prosthetics.  However, the 
qualities that make these materials valuable for these 
applications may also result in unique and potentially 
detrimental interactions with biological systems if the 
nanomaterials are released from the films or composites.   

In cell studies on electrically active cardiomyocytes, 
short-term assays suggest that SWNTs are biocompatible, 

however long term studies indicate that the SWNTs bind to 
the membrane of the cells resulting in a physically induced 
change in cell morphology, altered proliferation and 
increase in cell death.(2)  Given the nanotubes’ affinity for 
the cellular membrane and the potential hydrophobic 
interactions that may result combined with the conductive 
capabilities of the nanomaterial, it is possible that the 
carbon nanotubes may have a unique effect on cells which 
rely on membrane potential for proper function.   

In this paper we investigate the interaction of SWNT 
with electrically active cells with the specific aim of 
determining the direct effect of SWNTs on the calcium ion 
channel.  The calcium ion channel is a voltage gated 
channel that enables calcium to enter when the cell 
membrane undergoes depolarization.  Proper function of 
these channels is essential for gene expression, neuronal 
excitability, muscle contraction and the release of 
neurotransmitters and hormones.  In order to make this 
assessment, tsA201 cells, a modified human embryonic 
kidney (HEK) cell line, were transfected with the CaV2.2 
neuronal calcium ion channel and exposed to aryl-
sulfonated SWNTs prior to electrophysiological 
characterization.  Metal leaching data was obtained in order 
to assess the concentrations of soluble metals in each 
sample and a comparison was drawn between the 
electrophysiological effect of the SWNTs and that of the 
supernatant.  Based upon these experiments, it was 
determined that release of yttrium from catalyst residues in 
the SWNT is the main mechanism behind calcium channel 
inhibition. 

 
2 MATERIALS 

 
Preparation of SWNT:  As Produced (AP) and vendor 

purified SWNTs were obtained from Carbolex.  In order to 
suspend the hydrophobic SWNT in the cell media, the 
SWNTs were made hydrophilic through aryl-
sulfonation(11).  SWNTs were immersed in 8.4mM 
sulfanilic acid solution at 70ºC.  While maintaining 
constant temperature and agitation, 1.5mL of .2M sodium 
nitrite solution was added and allowed to incubate for 2 
hours.  The SWNTs were subsequently washed with 
distilled water six times and dried at 100 ºC for 8 hours.  
Aryl-sulfonated SWNTs were then suspended in external 
solution (see below) through bath sonication.   
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Transient expression of CaV2.2 calcium channels in 
tsA201 cell line.  Calcium channel subunits CaV2.2 
CaV2.2e[37b] (AF055477(5)) together with CaVβ3 
(sequence homologous to M88751), CaVα2δ1 
(AF286488((4)), and enhanced green fluorescent protein 
cDNAs (eGFP; BD Bioscience) were transiently expressed 
in tsA201 cells as described previously using 
Lipofectamine 2000 (Invitrogen)(10).  

Electrophysiology:  We performed standard whole cell 
patch clamp recording as described previously(10). 
External solution contained: 1 mM CaCl2, 4 mM MgCl2, 10 
mM HEPES, 135 mM choline chloride, pH adjusted to 7.2 
with CsOH. Control internal solution contained: 126 mM 
CsCl, 10 mM EGTA, 1 mM EDTA, 10 mM HEPES, 4 mM 
MgATP, pH 7.2 with CsOH. Recording electrodes had 
resistances of 2-4 MΩ when filled with internal solution 
and were coated with Sylgard (Dow Corning) to reduce 
capacitance. Series resistances (< 6 MΩ for whole cell 
recording) were compensated 70-80% with a 10 μs lag 
time. Calcium currents were evoked by voltage-steps and 
currents leak subtracted on-line using a P/-4 protocol. Data 
were sampled at 20 kHz and filtered at 10 kHz (-3 dB) 
using pClamp V8.1 software and the Axopatch 200A 
amplifier (Molecular Devices). All recordings were 
obtained at room temperature. Cells were typically held at -
100 mV to remove closed-state inactivation(10). Test 
potentials 20-25 ms in duration were applied every 6 
seconds.  

Metal Mobilization:  Metal mobilization assays were 
performed by sonicating aryl-sulfonated SWNTs in a bath 
sonicator for 2 hours in external solution.  The suspensions 
were then transferred to a 5000 NMWL Amicon Ultra 
Centrifuge tube (Millipore, MA) and centrifuged at 4500 
RPM and 4ºC for 30 min.  The resultant supernatant 
contained soluble metals.  Metal content was determined 
through Inductively Coupled Plasma Atomic Emission 
Spectroscopy (ICP). 

 
3 RESULTS AND DISCUSSION 

 
Voltage-gated calcium ion channels are essential for 

coupling membrane depolarization to an increase in 
intracellular calcium. They control a large number of 
essential calcium-dependent cellular events including 
muscle contraction, neurotransmitter release, hormone 
release, gene expression, neurite extension, and overall cell 
excitability. CaV2-type calcium channels are prototypic 
presynaptic calcium channels which control calcium entry 
that triggers neurotransmitter release. Synaptic transmission 
in all parts of the nervous system therefore relies on normal 
functioning of CaV2 channels. 

Upon first exposure to the aryl-sulfonated AP SWNTs, 
the tsA201 cells expressing the Ca V2 neuronal calcium 
channel exhibited signs of extreme and rapid channel 
inhibition through electrophysiological assays.  
Surprisingly, after the nanotubes were removed through 
centrifugation, the cells demonstrated the same channel 

inhibitory response.  This suggested that the primary 
mechanism was related to changes in the fluid medium 
caused by the release of some substance from the 
nanotubes, or depletion of some substance through 
adsorption on or destruction by the nanotubes.  Auxiliary 
experiments were needed to test this hypothesis.  The 
SWNTs utilized in this study are made through an arc-
synthesis procedure that relies on the incorporation of 
nickel and yttrium catalytic components to the original 
graphite target  Based on our previous work with nickel 
(8,7), we hypothesized that metal may be mobilized into 
solution from these imbedded catalyst residues in 
concentrations sufficient for channel inhibition. In order to 
ascertain the concentration of nickel and yttrium present in 
the extracellular solution an ICP based bioavailability assay 
was conducted.  In this assay, solutions of purified and AP 
SWNTs were suspended in external solution in 
concentrations typical of cell studies (i.e. 5-100 μg 
SWNT/ml external solution.)  The samples underwent 
centrifugation to remove the nanotubes leaving the 
supernatant containing the bioavailable metals.    
Inductively coupled plasma atomic emission spectroscopy 
(ICP) was then used to simultaneously analyze the 
supernatants for nickel and yttrium content.  ICP is accurate 
at low concentrations down to 10 PPB.   

 

 
 

Figure 1.  Dose-dependent release of metals from 
SWNTs in external solution.  Concentration of nickel and 
yttrium available in the extracellular media (µM) as a 
function of the concentration of AP and purified SWNTs 
(µg/ml) present in suspension before centrifugation. 

 
The metal mobilization results presented in Figure 1 

indicate that the AP SWNTs contain soluble nickel and 
yttrium, whereas the purified SWNTs only contain a 
reduced amount of nickel.  The combination of sulfonation 
and vendor purification removed roughly 60% of the 
bioavailable nickel and all of the bioavailable yttrium.  In 
addition to defining the metal composition of the 
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supernatant, this information also enables the generation of 
metal salt solutions commensurate with the concentrations 
leached from the SWNTs.   

 

 
Figure 2:  Calcium channel inhibitory response 

generated from the addition of varying concentrations of 
nickel and yttrium salts (left) and representative current-
voltage curves (right). 

 
In order to simulate and isolate the individual effects of 

CNT nickel and yttrium release on calcium channel 
dynamics, current-voltage analyses were conducted on cells 
exposed to varying amounts of fully soluble nickel and 
yttrium salts respectively.  The results, presented in Figure 
2, demonstrate that yttrium is a significantly more effective 
channel blocker than nickel.  Yttrium produces a 50% 
inhibition of CaV2 currents at 0.5 μM and completely 
blocks at 5 μM. Nickel was about 100-fold less sensitive, 
500 μM inhibited 30% of current and 5000 μM induced 
100% inhibition.  These results are comparable to 
previously published data. (9,1) 

It is possible for the supernatant to contain another 
component in addition to the metals that may interact with 
the channel.  In order to address this concern, physiological 
time course traces were performed on a solution of purified 
SWNTs.  In this assay, the supernatant, the solution 
containing the purified SWNTs and a nickel salt solution 
(commensurate with the concentration of metal leaching 
from the purified SWNTs as determined by ICP) are 
serially added while current readings are recorded from the 
cell undergoing a uniform voltage step.  If any of these 
components is an inhibitor than the inward current (pA) 
would decrease resulting in a sloping line.  If, however, 
these components are not inhibitory to the channel, then a 
horizontal line representing no change in inward calcium 
current would result.  The assay was performed in triplicate 
and presented in Figure 3.   

The three traces presented in Figure 3, are recorded 
from three independent cells.  While all three traces are 
relatively horizontal, with minor wavering caused by the 
physical action of changing the samples, the third appears 
to have a slight slope.  This slope is steady across the 
samples and is considered to be due to cellular run down.   

 
 

Figure 3.  Electrophysiological effect of serial addition 
of supernatant, SWNTs and nickel salt solutions.  The three 
traces are recorded from three individual cells.  The y-axis 
is pA of inward calcium current under constant voltage 
step.  The arrows indicate when each sample was applied to 
the cell.  Samples included 100 μg/ml purified SWNTs, 
associated supernatant and 5.5µM nickel salt solution all in 
extracellular solution. 

 
The cell requires nutrients in order to open channels.  When 
a cell is “run down” these nutrients are depleted, resulting 
in fewer open channels and a decrease in inward calcium 
current. 

It can therefore be concluded that the high concentration 
of purified SWNTs, the associated supernatant and the 
commensurate nickel salt solution do not have any 
appreciable inhibitory effect on the calcium ion channel.  
Additionally, the similarity in inhibitory response among 
the supernatant and the nickel salt solution at such a high 
concentration of SWNTs suggests that there is no 
previously unforeseen element in the supernatant that is 
acting independently of the known metals to cause 
inhibition.   

 

 
 
Figure 4  Dose response curve for AP SWNTs and the 

corresponding supernatant on calcium channel inhibition. 
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A dose response curve was generated incorporating 

samples of AP SWNTs and the associated supernatant 
(Figure 4).  The channels are completely blocked by 
50ug/ml AP SWNTs.  The amount of metal leached from 
this sample is 6.1µM Ni and 1.5 µM Y.  Based on the 
results presented in Figure 2, 5,000 µM Ni would be 
required for complete channel block whereas 0.5 µM Y 
would be required.  Therefore, it can be concluded that the 
inhibitory response observed from the AP SWNT samples 
is caused essentially entirely by yttrium release.  The result 
emphasizes the need to carefully investigate the 
mechanistic origin and material basis for biological impacts 
of complex nanostructures. 
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