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Abstract

Carbon nanotubes (CNTs) have one of the highest production volumes among carbonaceous 

engineered nanoparticles (ENPs) worldwide and are have potential uses in applications including 

biomedicine, nanocomposites, and energy conversion. However, CNTs possible widespread usage 

and associated likelihood for biological exposures have driven concerns regarding their 

nanotoxicity and ecological impact. In this work, we probe the responses of planar suspended lipid 

bilayer membranes, used as model cell membranes, to functionalized multi-walled carbon 

nanotubes (MWCNT), CdSe/ZnS quantum dots, and a control organic compound, melittin, using 

an electrophysiological measurement platform. The electrophysiological measurements show that 

MWCNTs in a concentration range of 1.6 to 12 ppm disrupt lipid membranes by inducing 

significant transmembrane current fluxes, which suggest that MWCNTs insert and traverse the 

lipid bilayer membrane, forming transmembrane carbon nanotubes channels that allow the 

transport of ions. This paper demonstrates a direct measurement of ion migration across lipid 

bilayers induced by CNTs. Electrophysiological measurements can provide unique insights into 

the lipid bilayer–ENPs interactions and have the potential to serve as a preliminary screening tool 

for nanotoxicity.

1. INTRODUCTION

There is a growing interest in understanding the toxic potential and environmental impact of 

engineered nanoparticles (ENPs).[1,2] Due to their unique properties, ENPs have found a 

wide range of applications in over 1,300 commercial products such as drug delivery carriers, 
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cosmetics, antibiotics, bioimaging, nanoelectronics, etc.[3] ENPs are anticipated to 

ultimately come into contact with biological systems, considering that some ENP-containing 

products are designed for direct human contact (e.g., food, cosmetics, drug delivery) and that 

they will be released into the environment at some point in their life cycle such as during 

manufacturing, usage, or disposal. However, understanding the dynamic processes at the 

interface between biological membranes and ENPs is still in its nascent stages.[4] Probing 

the interactions of ENPs at the biological interface may aid in the understanding of potential 

toxicity, design of safe nanoproducts, and advancement of nanomedicine.[4,5]

Lipid bilayers, which mimic the natural fluidity and permeability of cellular membranes, 

constitute a continuous barrier between cells and their environment.[6,7] The contact of 

engineered nanoparticles with lipid bilayers is important because it is one of the first steps 

towards subsequent biological effects. Our review study and previous work have attempted 

to elucidate ENPs’ effect on lipid membrane integrity and their relevancy to cell-ENP 

interaction.[8] Leroueil et al. used atomic force microscopy on a supported lipid bilayer to 

detect pore formation and thinning of lipid membranes by the exposure of cationic 

engineered nanoparticles.[9] Each cationic particle presented in their work, despite the shape, 

chemical composition, size, deformability, or charge density, disrupted the lipid membranes 

integrity by forming holes in the membrane.[9] Similarly, Goodman et al. showed that 

positively charged gold nanoparticles (2 nm) increase the permeability of cell membranes 

and lipid vesicles (i.e., liposomes) more than anionic gold nanoparticles.[10] In a similar 

fashion, we have detected leakage from 100 nm unilamellar liposomes, via fluorescence 

spectroscopy, upon their exposure to 10 nm metal and metal oxide ENPs with different 

surface functionalities, at concentrations down to 30 ppb.[11] We found that liposome 

leakage increases with the ENPs’ number density. Our data shows that leakage is mediated 

by electrostatic interactions that are primarily governed by the ENP surface functional 

groups and is not dependent on the particle core composition. We found that, on average, 

only one particle per liposome is required to disrupt membranes. We examined the lipid 

bilayer-water distribution of functionalized gold, C60, and fullerene ENPs with the aim of 

developing quantitative methods that can be used to predict the bioaccumulation, 

ecotoxicology (e.g. aquatic environments), transport, and fate of these materials.[12–14] 

This work showed that the adsorption of ENP to bilayers is also largely governed by 

electrostatic forces.

Carbon nanotubes (CNTs) production and usage is rapidly growing.[15] There is concern 

over carbonaceous nanomaterial’s toxicity and fate in the environment due to their use in 

biomedicine, nanocomposites, and energy conversion.[16] Previous studies have shown that 

CNTs can exert toxic effects on cells such as oxidative stress, inflammation, inhibition of 

cell growth and activity, etc.[7,17–20] Recent works by Semberova et al. and De Paoli et al. 

have shown that CNTs induced aggregation of blood platelets as well as provoked an influx 

of extracellular ions through cell membranes.[21,22] These studies demonstrated the ability 

of CNTs to penetrate plasma membranes without noticeable membrane damage. Similarly, 

Kang et al. showed a direct correlation between physicochemical modifications of CNTs and 

cytotoxic effect that this carbonaceous nanomaterial has in Escherichia coli. [23] This work 

showed a higher toxic effect in bacterial systems when the nanotubes are uncapped, 

debundled, short in length, and well dispersed in media. Collectively, these studies suggest 
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that CNTs compromise cellular membranes and induce leakage of intracellular contents or 

influx of extracellular materials. Molecular simulation studies also indicate that CNTs can 

penetrate lipid bilayers[24] and transport water, biomolecules as well as ions by creating 

artificial biomembrane channels.[25–28] However, there is no experimental evidence that 

CNTs can disrupt lipid bilayers and modulate a bilayers natural resistance to the flux of ions 

and molecules.

Electrophysiological measurements, such as patch clamp techniques, are capable of 

quantifying small electrical currents passing through cellular membranes as well as 

suspended planar lipid bilayers. The great sensitivity of electrophysiological measurements 

in detecting current fluctuations on the order of picoamperes (pA) across the perturbed 

membranes have made these techniques widely employed to monitor the formation of ion 

channels,[29,30] to measure the fusion of lipid membranes via single-channel recordings,[31] 

and to study electroporation.[32] These techniques have also been used to probe the 

interaction of ENP with cells and lipid bilayers. Chen et al. reported that a range of cationic 

polymer nanoparticles induced current fluxes across living human cell membranes and 

estimated the formation of nanoscale hole defects ranging from 3 to 20 nm.[33] 

Ramachandran et al. and our group have shown that water-soluble CdSe/ZnS quantum dots 

(QD) induce current flux across planar lipid bilayer membranes (pBLMs), which are protein 

free phospholipid bilayers suspended across a ~150 μm diameter aperture.[34,35] We 

correlated the current fluctuations induced by QDs adsorption on pBLMs with fluorescent 

microscopy.[35] Our measurements showed that electrical fluctuations occur when QDs 

adsorb and aggregate on fluid lipid bilayers. This work suggests that QD aggregates form 

nanoscale pore defects (~2 nm), which allow the passage of ions. However, there was not 

experimental evidence on how ENPs’ concentration affects lipid membrane disruption and 

quantification methods that describe this interaction. More recently, de Planque et al. used 

electrophysiological measurements to evaluate the ENP disruption of lipid membranes on 

suspended planar lipid bilayers that are formed by bringing two monolayer lipid 

microdroplets into contact within a microfluidic channel.[36] All these prior studies 

collectively demonstrate that there are significant ENP-lipid bilayer interactions (e.g. 

adsorption, disruption, etc.) and suggest that these interactions may be indicative of cellular 

responses to ENPs and toxicity effects.

In this paper, we report on the interaction of functionalized multi-walled carbon nanotubes 

(MWCNTs) with 1,2-dioleyl-sn-3-phosphatidylcholine (DOPC) lipid bilayers as model cell 

membranes using electrophysiological measurements on pBLM. We focus on MWCNTs, 

because they are carbonaceous ENPs with the highest volume manufacturing worldwide 

with an estimate production rate of 3400 ton/yr.[15] In this work, we use carboxyl 

functionalized MWCNTs, which have been characterized in a wide range of toxicity assays 

as part of the NIEHS NANO-GO consortium.[37,38] Here, we compare the lipid bilayer 

disruption behavior of MWCNTs with that of QDs, and melittin, a well-known pore-forming 

peptide.[39–41] We quantify the current flux events resulting from lipid bilayer-ENP 

interactions by calculating the fractional event interaction (FEI) and average conductance as 

a function of multiple ENPs’ concentrations. The results show that the MWCNT disrupt the 

bilayer in a different mechanism than melittin and QDs, which require aggregate complexes 

to cause leakage. Our data suggest that MWCNTs insert and traverse the lipid bilayer 
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membrane, forming transmembrane carbon nanotubes channels that transport ions. Current 

fluxes patterns, FEI, and average conductance calculations of ENPs are used to shed light on 

the possible interaction mechanism of lipid membrane disruptions.

2. EXPERIMENTAL SECTION

2.1 Materials and Methods

We examined the interactions of ENPs with suspended planar lipid bilayers using 

electrophysiological measurements. We used functionalized carboxyl MWCNTs obtained as 

a consortium material from NIEHS NANO-GO where their fabrication and characterization 

have been documented in a previous reports.[37,38] MWCNTs have a reported outer diameter 

of 20–25 nm, an inner diameter of 5–10 nm, and a length of 10–30 μm, as confirmed by 

TEM, shown in Figure S1. The MWCNTs have a reported purity greater than 99% by 

weight as carbon nanotubes with no metal catalyst impurity measured by thermogravimetric 

analyses.[37] The carboxyl functionalized MWCNT stock solution was prepared by 

dispersing dry powder (10 mg/10 mL) in ultrapure water (18.3 MΩ-cm, Nanopure®) 

followed by mild sonication for 1 h (40 Hz, 2510DTH Branson, Ultrasonic Corp., Danbury, 

CT). We compared the MWCNT results with carboxyl CdSe/ZnS QDs (Q21341MP - 

Invitrogen, Eugene, OR) and melittin (CAS: 20449-79-0 Sigma Aldrich St. Louis, MO), a 

peptide well known to disrupt lipid membranes. We dissolved 5 mg/mL of the dry melittin 

powder in 20 mM N-(2-hydroxyethyl)piperazine-N′-(2-ethanesulfonic acid) (HEPES) buffer 

(CAS: 7365-45-9 Sigma Aldrich St. Louis, MO) at pH = 7.4 and kept frozen at −20°C. The 

melittin sample was thawed at 23°C prior to use.

Our suspended lipid bilayers were constituted by 1,2-dioleyl-sn-3-phosphatidylcholine 

(DOPC) lipids (CAS: 4235-95-4 Avanti Polar Lipids, Alabaster, AL). 20 mM HEPES and 20 

mM KCl at pH = 7.4 was used in all experiments, prepared using purified water (Milli-Q 

Advantage A10 ® system, Millipore Corp., Billerica, MA). We chose this electrolyte to keep 

the electrophysiological measurement signal to noise ratio as large as possible (i.e., higher 

conductivity results in larger signal to noise) without sacrificing particle stability (i.e., 

aggregation due to reduction in electric double layer thickness or surface charge). We did not 

use any surfactants or dispersion stabilizing chemicals so as to avoid any other perturbation 

of the suspended lipid membrane.

We measured the hydrodynamic size and zeta potential of the particles and lipids 

membranes using dynamic light scattering (DLS) (NICOMP 380 ZLS, Particle Sizing 

Systems, Santa Barbara, CA) over a 60 min time period, during which typical interaction 

experiments were performed. The relationship between the size of particles and their 

Brownian motion is described by the Stokes-Einstein equation.[42] The zeta potentials of 

particles influence their electrophoretic mobility, as describe by the Henry equation and the 

Smoluchowski approximation.[43] DOPC lipids zeta potential were measured using 

liposomes that were prepared using the extrusion method.[44] Briefly, dry DOPC lipid 

powder was dissolved in chloroform and then dried with N2. The resulting lipid film was 

hydrated with the same buffer electrolyte solution (20 mM HEPES with 20 mM KCl) under 

vortex mixing to form multilamellar liposome suspensions. The suspensions were passed 

through polycarbonate membrane filters with a pore size of 100 nm using a commercial 
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extruder (LIPEX, Northern Lipids Inc., BC, Canada) 11 times to obtain ~100 nm unilamellar 

liposomes.

2.2 Electrophysiological Measurement Platform

We examined the interactions of ENPs with suspended lipid bilayer membranes using 

electrophysiological measurements by continuously monitoring the current across the 

suspended pBLM (Figure 1). 3 ml polystyrene reservoirs (i.e., cis and trans) (Warner 

Instruments LLC., Hamden, CT) are separated by a 150 μm diameter aperture over which 

the lipid bilayer is suspended. The reservoir chamber is mounted in a Faraday cage on a 

vibration isolation table to achieve optimal shielding from spurious electromagnetic 

radiation and reduction of mechanical noise. A low-noise extracellular patch clamp amplifier 

(EPC8, HEKA Instruments Inc., Bellmore, NY) with Ag/AgCl electrodes immersed into 

each reservoir measured the current that migrates across the bilayer. The current passing 

through the bilayer is amplified, filtered with a low-pass, 8-pole Bessel filter at 1 kHz, 

sampled at 10 kHz (National Instrument, PCIe-6251 DAQ board), recorded using a custom 

LabView script, and processed with an in-house Matlab code. A positive ion migration flux 

from the cis to the trans compartment is measured as positive current. All experiments 

presented in this paper were conducted at ~20°C.

The suspended lipid bilayer was painted across the 150 μm aperture using the conventional 

Montal-Mueller technique.[45] First, a DOPC (0.4 mL at 10 mg/mL) in chloroform solution 

was placed in a test tube and dried by a gentle stream of pure N2 gas and left in a desiccator 

overnight. The dry lipid film was reconstituted in 1 mL of decane. The DOPC lipid solution 

was freshly prepared immediately prior to every use to minimize potential variability in the 

lipid membrane permeability. Next, we primed the 150 μm aperture with a small quantity of 

lipids prior to adding electrolyte. Then 3 mL HEPES-KCl buffer electrolyte was added to 

each reservoir in an effort to minimize the differential hydrostatic pressure across the 

reservoirs. We painted the membrane by immersing a pipette in the DOPC lipid solution and 

gently spreading it on the working aperture using the Montal-Mueller technique.[45] A true 

bilayer exhibits a high resistance of ~10 GΩ and the ability to be ruptured with a voltage 

pulse.[34,35,46] We examined the existence of proper pBLM by applying a 500 mV voltage 

pulse to rupture the bilayer. This experimental step is repeated three times to confirm of a 

proper bilayer membrane formation before initiating experiments by adding nanoparticles to 

the cis reservoir. For the case of MWCNTs experiments, we mixed the particle suspension in 

situ with a stirring bar for 5 s prior to recording the current flux, which is a standard practice 

in pBLM measurements when studying ion channels.[40,47,48]

We performed experiments to ensure that adsorption of the particles to the bilayer and 

subsequent disruption was not induced by the applied electric field. In some experiments we 

reversed the field and still measured similar disruptions. We conducted experiments where 

the applied voltage was set to zero for several minutes to allow the particles to interact. 

When turning the voltage back up to 100 mV we observed electrical currents that were 

consistent with the time that had transpired with the amplifier off. These experiments 

provide confidence that the electric field generated by the amplifier does not significantly 

contribute the observed ENP interaction with the bilayer.
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3. RESULTS AND DISCUSSION

3.1. Lipid bilayer and ENPs Characterization

We measured the zeta potential and particle sizes every 15 minutes for a total time of 60 min 

period. Over this time, the measured size and charge remained relatively constant, 

suggesting that the particles do not aggregate in HEPES-KCl buffer (pH 7.4, 20 mM). 

Hydrodynamic sizes and zeta potentials of particles are reported herein as means of triplicate 

measurements. The MWCNTs had an average hydrodynamic diameter of 112.0 ± 0.46 nm 

(one standard deviation) and an average zeta potential of −16.0 ± 0.7 mV. Although the use 

of DLS is not appropriate for non-spherical particles or for long-aspect ratio materials, we 

obtained semi-quantative data to show the lack of aggregation in our buffer solution. This 

measured size correlates with the size revealed by TEM micrographs of MWCNTs (Figure 

S1). The QDs had an average hydrodynamic diameter of 12.7 ± 0.79 nm and an average zeta 

potential of −9.8 ± 1.1 mV. The melittin and DOPC lipids revealed an average zeta potential 

of 13.4 ± 1.1 and −12.1 ± 1.5 mV, respectively (Table S1).

3.2 Lipid Bilayer and ENPs Interactions

A set of representative nanoparticle and suspended lipid bilayer interactions are shown on 

Figure 2. In the absence of nanoparticles (Figure 2A), the current passing through the lipid 

bilayer was very low at ~8 pA at an applied voltage of 100 mV and remained steady for a 

period of ~600 s. The lipid membrane created a good ion flux seal with a resistance of ~8 

GΩ, as measured by applying a ramp voltage and determining the slope of the resulting 

current-voltage curve. The low bilayer current flux is consistent with the fact that bilayers 

serve as an effective barrier to the flux of ions as shown in prior studies.[34–36] The low 

current flux and the ability of facile disruption after the application of a 500 mV voltage 

pulse confirms the formation of a suspended lipid bilayer. Our bilayers were typically stable 

for ~20 h. To the right of Figure 2A, we report normalized histograms of current flux events. 

The normalized histograms are discrete estimates of probability density functions defined as,

H j =
N j

∑ jN j
1

where Nj is number of events in bin j at a given current. Figure 2A displays a single peak 

spanning from 4.5 to 10.5 pA and a mean of 8 pA, which represents the baseline current due 

to the intrinsic ion permeability of the lipid bilayer and instrument noise under the applied 

electric field.

Figure 2B shows the current flux across the suspended lipid bilayer induced by 6 ppm 

melittin, our reference organic compound that is well know to generate pores in lipid 

membranes. After 10s of melittin exposure, we observe an initial sharp current burst (~50 

pA) that lasts for 90 ms. Next, a current step of ~80 pA occurred at 83.5 s that lasts for ~300 

ms. The current bursts became more intense and frequent, eventually resulting in total 

membrane failure after 600 s. This disruption of the membrane was consistently observed at 

all studied concentrations, shown in Figure S2 A and B. The histogram shows a distinctive 
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current peak at 147 pA or 1.47 nS, corresponding to the multiple bursts shown in inset on 

Figure 2B. The spontaneous formation and temporal instability of the current signatures is 

thought to influenced by the peptide’s Brownian motion. These results are consistent with 

previous studies that also reported burst-like current traces due to defined nanopores formed 

from four or more melittin molecules.[40,47] Melittin incorporates into lipid membranes and 

induces sporadic disruption and current signals (i.e., pore formation) due to Brownian 

rearrangement and conformational changes of the peptides in the membrane association.

Upon the addition of carboxyl QDs at 6 ppm we observe similar current-time traces to 

melittin, as shown in Figure 2C. Initially, the current flux remained steady at the baseline 

level, similar to what is observed in the control and melittin experiments, suggesting that 

there is no interaction of the QDs with the bilayer. A first set of current bursts is later 

observed at 500 s with an event time duration of ~200 ms and maximum current amplitude 

of 40 pA. The current bursts in the presence of QDs occur intermittently with peak currents 

varying from 10 to 105 pA. 210 s after the first interaction event, we observe larger and 

more frequent current fluctuations at amplitudes between 15 to 105 pA with an average 

current of 60 pA. The QDs do not cause a complete lipid bilayer failure at this concentration 

or at 60 ppm (see Figure S2 C). The histogram of Figure 2C presents a broadened primary 

peak at 7 pA and a second broad peak centered at 60 pA. The primary peak at 7 pA, which 

represents the baseline signal, has an extended tail into higher currents because of low 

magnitude current spikes induced by QDs. The secondary peak in the histogram at 60 pA or 

0.6 nS represents an increase in the membranes permeability due to QDs. These current 

fluctuations has been attributed to the oligomeric aggregation of QDs onto the bilayer that 

creates nanopore defects on the lipid bilayer, through which ion transport occurs.[34,35] We 

previously showed that QDs aggregate on membranes and diffuse freely allowing the 

passage of ions.[35] This current signature of QDs is similar to melittin, which suggests that 

they too require an aggregate of particles to induce ion leakage. Spherical, carboxyl 

polymeric nanoparticles have also shown to create pores on supported lipid bilayers.[49] The 

sporadic current bursts in the data suggest that the defects induced by QDs open and close 

intermittently, similar to melittin.

Figure 2D reports the current flux across the suspended lipid bilayer induced by MWCNTs 

at 6 ppm. In contrast to melittin and QDs, MWCNTs interacted with the suspended lipid 

membrane more rapidly (typically within ~5 s) and in a stepwise manner. MWCNTs 

induced a rapid increase in trans-membrane current of ~50 pA followed by a short plateau 

lasting for 4 s. We then observe a drastic escalation of current to 950 pA during an 11 s time 

lapse. The current then remained constant for 20 s and then rapidly increased to 1200 pA. 

The current flux increased in steps, with each step possessing a different magnitude. For 

example, the first current step was at 50 pA followed by 950, 1200, 1400, 1800, 2150, and 

3200 pA. Eventually, the current flux reached 3650 pA and then a complete lipid bilayer 

failure occurred after 600 s of exposure. The normalized histogram shows multiple current 

peaks ranging from 26 pA to 3650 pA (0.26 nS to 36.5 nS) corresponding to the current 

steps recorded in Figure 2D. We observe similar behavior at lower (1.6 ppm) and higher (12 

ppm) MWCNT concentrations as shown in Figure S2 D and E.
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We believe that melittin and QDs disrupt the bilayer by similar mechanisms. They both show 

sporadic current spikes and both require several particles/molecules assembled to generate 

leakage. In contrast, MWCNTs show step-like currents that increase with time, suggesting 

that a different mechanism may be at work. We hypothesize that MWCNTs insert and 

traverse the lipid bilayer membrane, forming transmembrane channels that transport ions 

through the tube’s core. The current steps increase as individual nanotubes span the bilayer, 

creating additional channels for ion transport.

Our hypothesis is supported by previous experimental and computational studies which have 

shown than CNTs can insert into or passively diffuse (i.e., endocytosis independent) across 

cell membranes.[26,24,20] These molecular dynamic simulations show that the insertion of 

CNTs into a biomembrane can occur in a spontaneous fashion. The CNT- lipid mechanism 

involves a two-step process, first the tubular particle adheres onto the membrane surface, and 

then reorients to adopt a transmembrane configuration. In a similar fashion, ions in an 

electrolyte have been shown to electromigrate through cores of CNT,[27,50,51] suggesting that 

our observed current flux may be made up of ions electromigrating through the core of 

CNTs that are inserted and span the suspended lipid bilayer. Lee et al. and Choi et al. 

measured ion transport through cores of CNT embedded within resins, which strongly 

supports our hypothesis.[52,53] They showed that current flux through the cores occurred 

with quantized current steps with stark similarity to our measurements shown in Figure 2D 

and Figure S2D and E. A definitive investigation of the mechanism in causing the bilayer 

current flux is ongoing work in our lab.

3.3 Quantification of Lipid Bilayer-ENPs Interactions

Our results suggest that different particles can induce significantly different current 

signatures (e.g., time to create a disturbance, current level, current burst length, etc.) which 

presents a challenge to quantitatively compare their interaction with the bilayer. Because the 

leakage caused by the ENP is a dynamic phenomenon, there are not obvious single-valued 

quantitative measures that can be used to assess the relative potential for ENP to disrupt a 

bilayer. Historically, current-time traces and histograms have been used to quantify 

electrophysiology measurements, yet these measures do not lend themselves well to 

comparison with varying particle properties or concentration. Here, we provide single-value, 

quantitative measures that can be potentially used to compare ENP against each other and 

other toxicity assays.

In this paper, we present the average conductance and the fraction event interaction (FEI) 

measure. The average conductance represents the average magnitude of all the lipid bilayer-

nanoparticle interaction events integrated over a current-time trace plot, excluding the 

background noise events at I<10 pA, which corresponds to ~2 standards deviation from the 

mean current background noise. The FEI describes the fraction of time the bilayer is 

disrupted, defined as,

FEI = ∑ j = jnoise

∞ N f
∑ jN j

2
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where jnoise is the bin associated with the background noise current at I=10 pA. This is equal 

to the area under the normalized histograms (e.g. Figure 2) excluding the area under the 

curves due to background nose, I=0–10 pA. The FEI is a measure of the fraction of time (0

—1) that the particles disrupt the bilayer significantly from the background levels. A larger 

FEI for a particular particle indicates that the lipid membrane spends more time interacting 

over the recorded experiment duration. The average conductance and FEI values reported are 

averages of triplicate experiments at a fixed ENP mass concentration.

Figure 3 compares the fractional event interaction (FEI) of MWCNTs, QDs and melittin at 

several mass concentrations. The FEI increases with ENP number density (number of 

particles/per volume). Number density should directly correlate with the particle-membrane 

collision frequency, which should result in greater nanoparticle adsorption and subsequent 

leakage. Figure 4 shows the average conductance across the bilayer. The MWCNTs induced 

the largest average conductance ranging from 0.5 to 3.3 nS for mass concentrations of 1.6 to 

12 ppm, respectively. QDs exhibited the lowest average conductance, which ranged from 

0.20 to 0.45 nS for mass concentration of 6 to 60 ppm. We calculated the number density of 

the particles at 12 ppm as 2.5E15, 2E10, and 1.3E12 ml−1 for the melittin, MWCNT, and 

QDs, respectively. These results show that MWCNT exhibit stronger interactions with the 

bilayer with less than two orders of magnitude number density, consistent with the argument 

that the tube’s interaction with the bilayer are distinct from the spherical particles and 

melittin.

Collectively, the average conductance and FEI measures show that the membrane disruption 

increases with mass concentration. The dose dependency can be attributed to a larger 

number of particles present, which results in a greater probability of particle contact with the 

lipid membrane. Although the average conductance and FEI combined allow a quantitative 

analysis that captures the average interaction behavior of nanoparticle and lipid bilayers, it 

does not reflect the specific interaction patterns (i.e., sporadic spikes versus stepwise current 

increase) and the eventual breakdown of lipid bilayer, which varies from particle to particle 

and can only be observed in the current-time traces. Thus, for a comprehensive and unbiased 

assessment of lipid bilayer-nanoparticle interactions, an analysis including the three pieces 

of information may be necessary.

4. SUMMARY

In this paper we report a direct measurement of ion migration across lipid bilayers induced 

by CNTs. Our results suggest that the distinctive current flux behavior for MWCNTs may be 

attributed to ions electromigrating through the core of CNTs that are inserted and span into 

the suspended lipid bilayer. Electrophysiological measurements enabled monitoring of ENP-

lipid bilayer interaction dynamics in real time with millisecond temporal sensitivity. The 

diverse set of current traces suggests that the mode of bilayer disruption is dependent on the 

shape and concentration of particles. Furthermore, we presented a quantitative analysis (e.g., 

FEI and average conductance) of the interaction of ENPs-lipid membranes that captures the 

ion migration effect induced by particle shape, size and concentration. Given that cellular 

membrane disruption is one of the potential mechanisms leading to nano-toxicity, probing 

Corredor et al. Page 9

Carbon N Y. Author manuscript; available in PMC 2019 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the lipid bilayer disruption may provide insight into the nontoxicity mechanisms as well as a 

potential predictor of cytotoxicity studies for preliminarily screening of ENPs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic of the experimental setup for electrophysiological measurements on pBLM. The 

ion migration across the bilayer is monitored using a low-noise amplifier and Ag/AgCl 

electrodes. A lipid bilayer is suspended across a 150-μm polystyrene aperture that separates 

the cis and trans well. ENPs (shown here as MWCNT) are added to the cis-well and disrupt 

the bilayer and results in an increase in the measured electrical current.
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Figure 2. 
Current-time traces of the and normalized current histograms with DOPC lipid bilayers at 

pH = 7.4 (20 mM HEPES and 20 mM KCl). (A) absence of nanoparticles; (B) melittin, a 

well-known pore forming peptide on lipid bilayers, at 6 ppm; (C) carboxyl quantum dots at 6 

ppm; (D) functionalized multi-walled carbon nanotubes at 6 ppm.
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Figure 3. 
Fractional event interaction of QD, MWCNT, and melittin with DOPC lipid bilayers at pH = 

7.4 (20mM HEPES and 20mM KCl) at several nanoparticle concentrations. The fraction 

event interaction is a quantitative measure of the fraction of time that the nanomaterials 

disrupt the bilayer. The FEI increases with concentration and varies with particle 

composition and shape.
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Figure 4. 
Average conductance induced by QD, MWCNT, and melittin on DOPC lipid bilayers at pH 

= 7.4 (20mM HEPES and 20mM KCl) at several particle mass concentrations. The average 

conductance is calculated excluding the background signal.
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