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ABSTRACT: With production of carbon nanotubes surpassing billions of tons per 
annum, concern about their potential interactions with biological systems is growing. 
Herein, we utilize second harmonic generation spectroscopy, sum frequency 
generation spectroscopy, and quartz crystal microbalance with dissipation 
monitoring to probe the interactions between oxidized multiwalled carbon 
nanotubes (O-MWCNTs) and supported lipid bilayers composed of phospholipids 
with phosphatidylcholine head groups as the dominant component. We quantify O-
MWCNT attachment to supported lipid bilayers under biogeochemically relevant 
conditions and discern that the interactions occur without disrupting the structural 
integrity of the lipid bilayers for the systems probed. The extent of O-MWCNT 
sorption was far below a monolayer even at 100 mM NaCl and was independent of 
the chemical composition of the supported lipid bilayer. 

I. INTRODUCTION 
Carbon nanotubes (CNTs) have actual and proposed 
applications in consumer product areas including optics,1,2 

electronics,3,4 biomedicine,5 drug delivery,6−9 environmental 
remediation,10−14 and energy technologies.15,16 Applications 
and technologies that do not require specific chirality,  
diameters, or bandgaps often favor multiwalled CNTs 
(MWCNTs) over single walled carbon nanotubes because of 
the much lower cost and relative ease of production of 
MWCNTs.17 The projected increase in the use of CNT-based 
nanomaterials, however, raises concern about the potential 
adverse impacts new technologies utilizing these materials may 
have on the environment.18−26 Consequently, the possibility of 
the environmental release of engineered nanomaterials in 
general,19,27 and MWCNTs in particular, and their subsequent 
interaction with biological systems has motivated laboratory 
studies of how they interact with biologically relevant systems 
of varying complexity,26,28,29 including idealized model systems 
consisting of phospholipid membranes.23,30−35 Several studies 
have indicated that CNTs may penetrate biological membranes, 
traverse the cell membrane, or lead to alterations in cellular 
function, including death. 36−43 

In the environment, CNT surfaces are likely to be decorated 
with oxygen-containing functional groups.44,45 Oxidized 
MWCNTs (O-MWCNTs) may thus represent a more realistic 
model system for studying the biogeochemical consequences of 
CNT release into the environment than pristine (unoxidized) 

CNTs.46,47 Oxygen-containing functional groups are grafted 
either deliberately into the CNT sidewalls during covalent 
functionalization strategies or inadvertently as a result of 
exposure to oxidizing conditions.48−50 The presence of oxygen-
containing functional groups on CNTs increases their hydro-
philicity51,52 and stability in aqueous solutions.44,53−55 Although 
concentrations of O-MWCNTs in the environment have yet to 
be determined, current estimates based on a number of 
parameters including production rates suggest that CNT 
concentrations may be as high as several μg/kg of soil.56 On 
the other hand, field experiments with natural benthic 
communities show that 2 mg of MWCNTs/kg aquatic 
sediment induced detectable changes in the structure of 
benthic organism communities.57 

Given the difficulty in determining the concentration of 
CNTs in environmental settings and the uncertainty associated 
with current estimates, determining reasonable O-MWCNT 
concentrations that are also environmentally relevant for 
experimental laboratory models, is challenging. Electrophysio-
logical measurements conducted by Corredor et al.  on  
suspended planar lipid bilayer membranes composed of 1,2-
dioleoyl-sn-3-phosphotidylcholine (DOPC) suggest that O-
MWCNTs at concentrations as low as 1.6 mg/L can induce 
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transmembrane current fluxes and possibly traverse the lipid 
bilayer.30 Yi and Chen explored the interactions between O-
MWCNTs and DOPC under varying ionic strength and pH 
conditions using quartz crystal microbalance with dissipation 
monitoring (QCM-D). They reported no attachment of O-
MWCNTs with surface oxygen concentrations of ca. 10% O to 
DOPC at 100 mM NaCl at pH 7.4 (10 mM HEPES) at O-
MWCNT concentrations of 500 μg/L as detected by QCM-
D.33 Though significant progress has been made in exploring 
the impact of CNTs on biological systems, molecular-level 
insight into the interactions that occur between O-MWCNTs 
and biological systems remains limited. 
Here, we apply a multipronged approach to investigate the 

interactions of O-MWCNTs in the ng/L to mg/L concen-
tration range with supported lipid bilayers (SLBs), which have 
been used as model systems for probing the interaction of O-
MWCNT with cellular membranes.30,34,58,59 We employ, for 
the first time, second harmonic generation (SHG) to track the 
adsorption of nanotubes to the SLB and estimate binding 
equilibria and adsorption free energies. We also report the first 
vibrational sum frequency generation (SFG) spectra of the 
carbon tail and headgroups within the lipids comprising the 
bilayer before, during, and after interaction with O-MWCNTs. 
Finally, we complement our spectroscopic measurements with 
mass measurements using QCM-D to estimate the total mass 
attached. Our use of SLBs most likely prevents us from 
addressing possible experimental outcomes such as membrane 
piercing, and the formation of transmembrane channels, which 
molecular dynamics simulations34,58,59 and experiments30,37 

indicate can occur under certain conditions. Instead, we focus 
on the initial step of attachment to the surface. We estimate the 
interaction free energies and assess whether changes occur to 
the SLB structure before, during, and after interaction with the 
O-MWCNTs. Our results in the sub-ppb regime extend current 
molecular insights toward lower O-MWCNT concentrations 
than what had been available thus far, which may be of further 
relevance to biogeochemical conditions. 

II. EXPERIMENTAL SECTION 
SHG and SFG spectroscopies are surface-general, label-free, 
and interface-specific techniques that allow interfacial processes 
to be monitored without the overwhelming contribution from 
bulk processes. When working with systems as complex as the 
nano/bio interface, we find that combining several techniques is 
advantageous in terms of facilitating data interpretation. 
Therefore, this work combines SHG and SFG spectroscopies, 
described below in sections II.A−II.E, and QCM-D measure-
ments, described below in section II.F. 
II.A. Laser System. Detailed descriptions of our SHG 

approach can be found elsewhere.60−63 In one set of 
experiments, an optical parametric amplifier (OPA-CF, 
Spectra-Physics) is tuned to a fundamental wavelength between 
570 and 610 nm and a variable density filter is used to attenuate 
the energy of the 120 fs pulses to 0.40 ± 0.05 μJ/pulse, 
translating to a pump fluence of approximately 60 mJ/cm2 to 
avoid thermal degradation of the sample and/or bilayer, as 
described in section III. The incident beam is focused to a 30 
μm diameter focal spot, at an angle just below the angle of total 
internal reflection, onto a silica/water interface containing an 
SLB formed as described below. The reflected fundamental 
light is selectively filtered out through the use of appropriate 
optical filters and a monochromator tuned to the SHG 
wavelength. For reasons described below, a second set of 

experiments consisted of using the output from a 10 nJ, 120 fs 
oscillator (Spectra Physics Mai Tai, 82 MHz) operating at 800 
nm in lieu of the OPA output. In both sets of experiments, the 
second harmonic signal was collected using single photon 
counting methods as described elsewhere.60−63 As described 
below, SHG bandwidth studies were conducted to confirm that 
fluorescence or similar sources of radiation other than SHG did 
not contribute to the observed SHG signal. 

II.B. Flow Cell, Substrate, Solution, and Bilayer 
Preparation. The flow cell and bilayer preparation procedures 
used in our experiments have been described in detail before.63 

We note that concerns about the potential “stickiness” or 
adhesion of O-MWCNTs to the PTFE tubing we use in our 
flow cell prompted us to increase the frequency with which we 
exchanged our tubing to once every other experiment. Before 
use, and between trials, the tubing was thoroughly rinsed with 
methanol, ultrapure water (≥18 MΩ·cm), and buffer solution. 
All other procedures used to prepare buffers and lipid bilayers 
were identical to those described earlier.63 All buffers contained 
10 mM Tris adjusted to pH 7.4 using dilute HCl or NaOH as 
needed and are henceforth referred to as Tris buffer. 
For most of the work described herein, we studied SLBs 

formed from 1,2-dimyristoyl-3-sn-glycerophosphatidylcholine 
(DMPC), as phospholipids bearing a zwitterionic PC head-
group are the majority lipids in the extracellular leaflet of 
eukaryotic cell membranes.63 To prepare vesicle suspensions, 2 
mg of 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 
Avanti Polar Lipids) in chloroform were dried under a gentle 
stream of N2. The dried lipids were then placed in a vacuum 
desiccator overnight to remove any remaining organic solvent, 
and then stored in the freezer under nitrogen. Prior to use, the 
dried lipid vesicle films were rehydrated with a 100 mM NaCl, 
10 mM Tris, 5 mM CaCl2 solution at pH 7.4 and gently 
warmed to a temperature above the chain melting temperature 
(Tm = 24 °C)64 for approximately 1 h. Vortexing the solution 
produced a suspension of multilamellar lipid vesicles that was 
then mechanically extruded through a polycarbonate mem-
brane with a pore size of 0.05 μm (Avanti Polar Lipids). The 
suspension was passed through the polycarbonate membrane 
11 times, as suggested by the manufacturer. Bilayers composed 
of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) were pre-
pared in a similar fashion. The vesicle suspensions were stored 
in glass scintillation vials or polypropylene Falcon tubes until 
use. Vesicle-containing suspensions were used within 2 d of 
preparation. The vesicle fusion method was employed to form 
supported lipid bilayers.65 In SHG and SFG experiments, the 
flow cell was first equilibrated with Tris buffer containing 100 
mM NaCl. After acquiring a steady background signal, 4 mL of 
a 0.5 mg/mL vesicle-containing solution (100 mM NaCl, 10 
mM Tris, 5 mM CaCl2, pH 7.4) was introduced into the flow 
cell. After allowing the SLB to form at the silica/water interface 
over the course of at least 20 min, the SLB was rinsed with 
CaCl2-free Tris buffer (100 mM NaCl) to remove remaining 
intact vesicles. 

II.C. Preparation and Characterization of O-MWCNT 
Suspensions. A detailed procedure for the oxidation of 
MWCNTs is documented elsewhere.52,46 Briefly, pristine 
multiwall carbon nanotubes (MWCNTs) were purchased 
from NanoLab Inc. (Waltham, MA). The as-received 
MWCNTs were characterized by the manufacturer to have 
an outer diameter of 15 ± 5 nm, a length of 5−20 μm, and a 
carbon purity of >95%. As described in detail in the Supporting 
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Information, we used two  different batches of oxidized 
MWCNTs that we prepared to contain 12 and 7% surface 
oxygen, denoted below as 7 and 12% O-MWCNTs, using 
H2SO4/HNO3. Uncertainties are in the 1% range. The CNT 
purification procedure developed by Bitter et al. (2014)46 was 
followed for all O-MWCNTs produced. Transmission electron 
microscopy (TEM, Philips CM 300) was used to examine the 
structure of the O-MWCNTs following the oxidation 
procedure. TEM samples were prepared by dipping a lacey-
carbon grid into a colloidal suspension of O-MWCNTs in 
water; the sample was imaged at 300 kV, and the images were 
collected with a CCD camera (Figure 1A,B). Figure 1A shows 
that the oxidation process leaves the MWCNTs structurally 
intact with approximately 10 walls and lengths on the order of 
several hundreds of nanometers. Dynamic light scattering 
(DLS) and laser Doppler microelectrophoresis (Zetasizer Nano 
ZS, Malvern Instruments, 632.8 nm, 173° backscattering angle) 
were used to estimate changes in hydrodynamic diameter over 
time and to measure electrophoretic mobility (EPM) for 
assessing the stability of aqueous O-MWCNT-containing 
suspensions used in the SHG, SFG, and QCM-D experiments. 
II.D. SHG Experiments. In SHG adsorption experiments, 

the O-MWCNT-containing suspensions were introduced into 
the cell at a given nanotube concentration using a flow rate of 
2.5 mL/min for a total volume of approximately 8 mL. To 
avoid changes in SHG signal that could be attributable to 
changes in ionic strength or pH, the O-MWCNT solutions 
were prepared such that the conditions of the background 
electrolyte and pH remained constant (1 or 100 mM NaCl, 10 
mM Tris, pH 7.4). The pH of the particle suspensions was 
determined prior to each introduction and adjusted to pH 7.4 
using dilute HCl and NaOH as necessary. Each suspension was 
vortexed for approximately 20 s immediately prior to 
introduction into the flow cell. 
II.E. SFG Experiments. Following our previously described 

approach,61,66 we tune the broadband IR output of an OPA to 
the C−H stretching region between 2800 and 3000 cm−1. SFG 
spectra are collected using near total internal reflection 
geometry and the ssp polarization combination, which probes 

components of the vibrational modes that are oriented 
perpendicular to the surface. Each SFG spectrum is composed 
of an average of five acquisitions each integrated over 4 min. In 
SFG experiments, the SLBs were rinsed with 30 mL of Tris 
buffer at a flow rate of 1.5 mL/min because of the larger volume 
of the flow cell used in those experiments. SFG spectra of the 
SLBs before exposure to O-MWCNTs (Figure 2) agree well 
with our previous report,63 and are consistent with the presence 
of well-formed bilayers. 

II.F. QCM-D Experiments. QCM-D experiments were 
conducted using a modified version of our previously described 
procedures.63 In these experiments, the particle attachment 
period was extended to 140 min, and the flow rate was reduced 
to 10 μL/min. More details are provided in the Supporting 
Information. 

III. RESULTS AND DISCUSSION 
III.A. Assessing the Stability of O-MWCNT Suspen-

sions. Our DLS data indicates that some O-MWCNT 
aggregation occurs over the course of the SHG and SFG 
experiments, while UV−vis data indicates the absence of 

Figure 1. (A) Low- and (B) high-magnification TEM images of O-MWCNTs prepared by refluxing in 70% HNO3. (C, D) UV−vis absorbance 
spectra of 1 mg/L (C) O-MWCNT (7% O) and (D) O-MWCNT (12% O) in 100 mM NaCl, 10 mM Tris buffer, pH 7.4, over the span of 2 h. (E) 
Effective hydrodynamic diameter (DH) of O-MWCNT with surface oxygen concentrations of 7% O (filled black circles) and 12% O (open circles) 
MWCNT suspensions at 1 mg/L, 100 mM NaCl, 10 mM Tris buffer, pH 7.4, as a function of time. 

Figure 2. ssp-Polarized SFG spectra of SLBs formed from DMPC 
before (green) and after interaction with 1 mg/L O-MWCNT (gray), 
and after rinsing with 100 mM NaCl buffer solution (blue) at 100 mM 
NaCl. 
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settleable aggregates (Figure 1C,D). Specifically, the UV−vis 
data shown in Figure 1 indicates that the 7% O and 12% O 
MWCNTs are stable toward sedimentation over the time scale 
of the SHG and SFG experiments. Although DLS measure-
ments (Figure 1E) indicate some aggregation of the O-
MWCNTs occurs over the time period of the optical 
experiments (2 h), the increase in the hydrodynamic diameter 
(DH) of the 7% O-MWCNTs and 12% O-MWCNTs stabilizes 
after approximately 20 min at which point our SHG 
measurements were conducted. Comparable EPM values 
(−6.1 (±2.9) × 10−9and −5.7 (±1.1) × 10−9 m2·V−1·s−1 for 
O-MWCNTs with surface oxygen concentrations of 7% and 
12% O, respectively) were obtained despite the difference in 
the relative percentage of oxygen-containing functional groups. 
The lack of correlation between the atomic percent surface 
oxygen concentration and the measured electrophoretic 
mobilities at pH values higher than 6 has been observed in 
other studies of O-MWCNTs.54 These various particle stability 
measurements indicated that the SHG and SFG data are best 
described as representing the interactions of individual O-
MWCNTs and small O-MWCNT aggregates with SLBs. 
III.B. Attachment of O-MWCNTs to Supported Lipid 

Bilayers Prepared from DMPC. We recently determined 
that, after accounting for the interfacial potential contributed by 
the SiO2 substrate, SLBs rich in phospholipids with PC 
headgroups carry a negative interfacial potential at 100 mM 
NaCl at pH 7.4,63 which is important, given the negative surface 
potentials of the O-MWCNTs used here. Upon exposure to 1 
mg/L O-MWCNTs in the presence of 100 mM NaCl buffer, 
we observe a ca. 200 cm−1 broad contribution underneath the 
relatively sharp vibrational features observed prior to O-
MWCNT exposure for 7% O-MWCNTs (Figure 2A) and 12% 
O-MWCNTs (Figure 2B). We putatively attribute this broad 
spectral feature to the production of a nonresonant SFG 
response from the pool of polarizable free electrons associated 
with the π-electron system of the O-MWCNTs, reminiscent of 
the well-known nonresonant SFG response from polarizable 
metals.67 Upon rinsing the bilayer with O-MWCNT-free 
solution, the SHG signal remains unchanged, indicating 
irreversible adsorption of O-MWCNTs to the SLBs over the 
time scale investigated. 
The appearance of a nonresonant response, on top of which 

ride well-resolved vibrational features of the SLB, is observed in 
the majority of the experiments conducted across three O-
MWCNT samples. However, we note that a subset of 
experiments conducted with 7% O-MWCNTs produced no 
change in the SFG signal (i.e., no increased nonresonant 
background develops; see Supporting Information Figure S7), 
which we attribute to possible variation in aggregation state or 
solution stability for the batch used in those specific 
experiments, though these differences were not evident in 
UV−vis and DLS measurements. 
QCM-D studies conducted under conditions similar to those 

discussed in the SFG experiments (100 mM NaCl buffer and 1 
mg/L 7% O-MWCNTs) reveal a small but measurable 
frequency shift, Δf = −0.57 ± 0.16 Hz (Figure S5). Upon 
rinsing the SLB formed from DMPC with buffer solution (i.e., 
no O-MWCNT present), the frequency shift increases to −0.33 
± 0.10 Hz (Figure 3). This observation is attributable to the 
removal of weakly bound carbon nanotubes, some portion of 
the bilayer, or both, along with loss of associated water and 
electrolyte. However, given that the SFG results do not indicate 
further bilayer alteration (Figure 2), the rinsing likely leads to 

the loss of weakly bound 7% O-MWCNTs. QCM-D studies 
conducted under the same conditions with 12% O-MWCNTs 
yield larger frequency shifts of −3.5 ± 1.7 Hz, albeit with larger 
uncertainties of the point estimate (Figure 3) and no 
reversibility. The energy dissipation relative to the frequency 
changes for these systems (ΔD5/(Δf5/5) = 9.4 (±2.7) × 10−7 

and 8.3 (±2.0) × 10−7 Hz−1 for the 7 and 12% O-MWCNTs, 
respectively) precludes application of the Sauerbrey equation to 
estimate the mass of O-MWCNTs on the SLBs.68 Nevertheless, 
the small frequency shifts observed indicate that the surface 
coverages here are far below a monolayer. 

III.C. SHG Control Studies. Given that these experiments 
are the first to employ SHG to probe O-MWCNTs at liquid/ 
solid interfaces, we briefly discuss outcomes from the control 
experiments we carried out to assess the validity and origin of 
the detected nonlinear optical signals. When compared to the 
bare SLB response at 100 mM NaCl and 10 mM Tris buffer 
(no O-MWCNTs present), we observed fractional SHG signal 
intensity increases as large as approximately 20% at λSHG = 300 
nm (kHz amplifier laser source) for all of the O-MWCNTs 
studied. Adsorption of O-MWCNTs to bare silica or defects in 
the SLB structure cannot be ruled out as a potential source for 
the observed SHG signal increases, given that adsorption 
isotherms for bare silica yield similar fractional increases in 
SHG intensity though adsorption to the underlying silica 
support is unlikely given that micron-scale defects in the SLB 
structure have not been observed. On the basis of QCM-D 
frequency shifts (24−26 Hz) and surface coverages (∼(3.4 to 
4.1) × 1014 cm−2), SFG spectroscopy (well-resolved spectra), 
AFM, and fluorescence microscopy (diffusion coefficients of ∼2 
μm2/s), forming supported lipid bilayers via the vesicle fusion 
method does result in the formation of fluid nearly complete 
supported lipid bilayers, as was shown in our previously 
published work.63 Given the QCM-D results indicating mass 
uptake upon introducing O-MWCNTs with surface oxygen 
concentrations of 7 and 12% to SLBs formed from DMPC, we 
interpret this SHG response to indicate nanotube attachment 
to the bilayer. Further, attachment of 7% O-MWCNTs to SLBs 
formed from DMPC depends on ionic strength with no 
significant change in SHG signal intensity relative to the initial 
SLB observed at 1 mM NaCl (Figure S6), indicative of a 
repulsive electrostatic interaction between the O-MWCNTs 
and the SLBs. Similar trends in the adsorption of O-MWCNT 
under conditions of increasing ionic strength were also 
described in other work investigating the interactions of O-

Figure 3. Attachment of O-MWCNTs (1 mg/L) to supported lipid 
bilayers formed from DMPC at 100 mM NaCl (10 mM Tris buffer, 
pH 7.4) as determined by QCM-D. Decreases in frequency 
correspond to increases in mass. Frequency data are reported for 
the fifth harmonic. Error bars represent one standard deviation (n = 
3). Full QCM-D traces are provided in the Supporting Information. 
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MWCNT and SLBs formed from DOPC.33 To be clear, the 
term attachment here should not be taken to imply that 
covalent bonds are formed. Instead, the expectation is that the 
O-MWCNTs are physically adsorbed to the SLBs. 
To better understand the origin of our SHG signal gains, a 

second set of SHG experiments were conducted. At λSHG = 400 
nm (MHz oscillator laser source), we observe no change in 
SHG signal intensity upon interaction of SLBs formed from 
DMPC with O-MWCNTs (Figure 4). The finding of significant 

increases in the SHG response at 300 nm that coincides with 
O-MWCNT addition and a lack of signal increase at 400 nm 
indicates that SHG resonance enhancement, which can 
substantially boost signal intensities when the SHG wavelength 
matches an electronic transition in the surface-bound 
species,69−71 may be an important contributor to the SHG 
signals recorded here. Indeed, given the optical absorbance 
features of the O-MWCNTs toward the shorter wavelengths 
(Figure 1), it is likely that our experiments are approaching 
electronic two-photon resonance with the π → π* transitions of 
the nanotubes. However, further experiments using SHG 
spectroscopy with varying incident and SHG wavelengths are 
needed to unambiguously assess the role of resonance 
enhancement here. 
To determine the damage threshold of the SLB systems and 

the bare silica substrate in the presence of 2 mg/L O-MWCNT, 
we introduced, in two separate experiments, two concentrations 
(1 and 2 mg/L) of O-MWCNTs in 100 mM NaCl buffer to the 
flow cell and increased the incident visible pulse energy in 
increments of 0.05 μJ up to 0.5 μJ. Fits of a power function to 
the SHG intensity as a function of pulse energy yield a 
quadratic dependence at a concentration of 1 mg/L (Figure 
5A) but deviate somewhat (P = 2.6) at a concentration of 2 
mg/L (Figure 5B). Departures from the expected quadratic 
dependence indicate optical breakdown, optical processes other 
than SHG, or sample damage, which may be attributable to 
nanotube aggregation specifically at the interface, as opposed to 
the bulk aqueous solution, and strong absorbance at this high 
concentration and pulse energy. Given the data shown in 
Figure 5A and B, all SHG experiments were carried out using 
nanotube concentrations ≤1 mg/L and incident pulse energies 
of 0.40 ± 0.05 μJ so as to remain within the regime of well-
behaved SHG responses. 

Additional SHG bandwidth studies show that SHG signals 
recorded at λSHG of 300 and 400 nm (Figure 5C and D, 
respectively) are well behaved, showing no evidence of 
fluorescence or radiation other than SHG entering the 
photomultiplier tube. Finally, SHG polarization studies carried 
out with p-polarized incident light and at λSHG = 300 nm show 
that the SHG signal is well polarized along the surface normal 
(Figure 5E). 

III.D. SHG Adsorption Isotherm Measurements. Having 
verified that the nonlinear signal response was indeed due to 
SHG, we proceeded to record the SHG response as a function 
of O-MWCNT (7% O) concentration. Figure 6 shows the 
average of 18 individual adsorption isotherm measurements, 
each time using a newly formed SLB and newly prepared O-
MWCNT (7% O) suspension. We find that the SHG response 
increases with O-MWCNT (7% O) concentration and begins 
to plateau at approximately 10 μg/L in the case of all O-
MWCNTs investigated here, regardless of the surface oxygen 
concentration. This plateau indicates some limiting surface 
coverage has been reached. 
To provide an estimate for the interaction energy, we fit the 

Langmuir adsorption model72−74 to the SHG adsorption 
isotherms. The Langmuir fit yielded an apparent equilibrium 
constant, KL 

app , of 1.2 ± 0.2 and 2.0 ± 0.4 L/μg for 100 mM 
NaCl buffer, corresponding to adsorption free energy estimates 

Figure 4. Fractional increase in SHG signal intensity as a function of 
O-MWCNT concentration, in mg/L, in the presence of supported 
lipid bilayers formed from DMPC at 100 mM NaCl, 10 mM Tris 
buffer at pH 7.4 as monitored at 600 nm (λSHG = 300 nm, filled 
circles) and 800 nm (λSHG = 400 nm, open circles) incident 
wavelengths. 

Figure 5. (A) Normalized SHG intensity as a function of pulse energy 
at 600 nm fundamental light field for 1 mg/L O-MWCNT interacting 
with an SLB formed from DMPC at 100 mM NaCl. The green curve is 
a power function of the form y = A + Bxp, where p = 2.1 ± 0.1. (B) 
Normalized SHG intensity as a function of pulse energy at 600 nm 
fundamental light field for 2 mg/L O-MWCNT interacting with an 
SLB formed from DMPC at 100 mM NaCl. The green curve is a 
power function of the form y = A + Bxp, where p = 2.6 ± 0.1. The 
black dashed line is a representative quadratic curve with a power of 2. 
(C) SHG intensity with the fundamental beam at 600 nm collected as 
a function of monochromator wavelength and Gaussian fit (solid green 
line) resulting in 3.9 ± 0.4 nm bandwidth for 2 mg/L concentration of 
O-MWCNT interacting with an SLB formed from DMPC at 100 mM 
NaCl. (D) SHG intensity with the fundamental beam at 800 nm 
collected as a function of monochromator wavelength and Gaussian fit 
(solid red line) resulting in 2.5 ± 0.1 nm bandwidth for 2 mg/L 
concentration of O-MWCNT interacting with an SLB formed from 
DMPC at 100 mM NaCl. (E) SHG intensity as a function of output 
polarization angle aligned with the surface normal while probing with 
p-polarized fundamental light field for 2 mg/L O-MWCNT interacting 
with a SLB formed from DMPC at 100 mM NaCl. 
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of −52 ± 0.4 and −53 ± 0.8 kJ/molC for the O-MWCNTs with 
surface oxygen concentrations of 7 and 12%, respectively. In 
this analysis, we used the 55.5 M (or 109 μg/L) concentration 
of water as a standard state for adsorption from solution.75 

Departures from the Langmuir model could be attributable to 
the lack of reversibility, (direct or indirect) particle−particle 
interactions (e.g., O-MWCNT aggregation), and the heteroge-
neous nature of O-MWCNTs, and are likely to be masked by 
the uncertainty in the reported point estimate. 
III.E. O-MWCNT Adsorption to SLBs Prepared from 

DOPC and DOPC/DOTAP. O-MWCNTs with surface oxygen 
concentrations of 8% O also adsorbed to SLBs composed of 
zwitterionic DOPC and DOPC bilayers containing cationic 1,2-
dioleoyl-3-trimethylammoniumpropane (DOTAP) (Figure 7). 
(The batch of O-MWCNTs used in these experiments had a 

surface oxygen concentration of 8%, while those described in 
the previous sections had 7% O.) While we hypothesized that 
the adsorption of these negatively charged O-MWCNT 
particles would be higher in the presence of DOTAP, a 
cationic lipid, our SHG signals were comparable across SLBs 
formed from DOPC, DMPC, and 9:1 DOPC/DOTAP (Figure 
7). Given that the surface charges of the pure SLB formed from 
DOPC and 9:1 DOPC/DOTAP are comparable,63 the lack of a 
significant difference in the adsorption behavior for these two 
bilayer systems is not surprising. 

IV. POSSIBLE INTERACTION MECHANISM AND 
CONCLUSIONS 

The results from our SHG, SFG, and QCM-D studies show 
that O-MWCNTs attach to the SLBs probed here at 100 mM 
NaCl to a small extent. Adsorption of the CNTs to the SLBs 
likely does not cause significant disruption or displacement of 
the SLB, as indicated by the retention of the characteristic SFG 
spectral features associated with DMPC, despite the develop-
ment of a strong nonresonant background. Yi and Chen33 

previously reported no attachment of O-MWCNTs (10.6% 
oxygen) to SLBs composed of DOPC below a NaCl 
concentration of 200 mM at pH 7.3 (0.2 mM NaHCO3) at  
37 °C. The two studies differed with respect to lipids used to 
form SLBs (DOPC vs DMPC), O-MWCNT concentration, the 
nature and concentration of the buffer, flow rate, and, likely 
most importantly, temperature. Nonetheless, similar to the 
results of Yi and Chen,33 we observe more attachment to SLBs 
formed from DMPC or DOPC at higher ionic strength and no 
attachment at lower ionic strength (1 mM NaCl). 
As the O-MWCNTs carry small negative zeta potentials 

under the conditions of the experiments33,54,55 and given that 
SLBs composed of lipids having zwitterionic headgroups carry 
negative interfacial potentials,56 the mechanism by which O-
MWCNTs adsorb to SLBs formed from DMPC and DOPC 
likely involves sizable entropy gains as water molecules and 
electrolyte ions are displaced upon attachment of the 
nanotubes. Coulomb repulsion between the like-charged O-
MWCNTs and the SLBs are thus overcome. Indeed, SHG 
experiments using bilayers prepared from 9:1 mixtures of 
DOPC/DOTAP, which are also associated with a negative 
interfacial potential under the experimental conditions,63 yield 
comparable fractional increases in SHG intensity upon 
exposure to O-MWCNTs as that of DOPC and DMPC further 
supporting our conclusion. 
In summary, we have employed SHG and SFG spectroscopy 

to directly probe O-MWCNTs interacting with supported lipid 
bilayers. We showed that O-MWCNTs adsorb to SLBs rich in 
PC lipids at 100 mM NaCl under the conditions explored in 
this study and at concentrations in the sub-ng/L range. 
Resonantly enhanced SHG spectroscopy served as a chemically 
specific probe and is demonstrated to provide higher sensitivity 
to sub-μg/L O-MWCNT adsorption processes than QCM-D. 
We also showed that adsorption of O-MWCNTs to SLBs does 
not result in significant disruption or displacement of the lipid 
bilayer, as indicated by SFG spectroscopy. We cannot, however, 
rule out the formation of pores or assess the extent of local 
disruption to the bilayer. 
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Figure 6. SHG E-fields as a function of O-MWCNT concentration 
(7% O), in μg/L, collected at 300 nm, normalized to maximum E-field 
at high O-MWCNT concentration recorded at 100 mM NaCl, 25 °C, 
pH 7.4, in the presence of a SLB formed from DMPC at 100 mM 
NaCl and referenced to the SHG signal from an SLB formed from 
DMPC at the silica/water interface (filled circles). The black solid line 
is a fit of the Langmuir adsorption model to the experimental data 
collected at 100 mM NaCl in the presence of a SLB formed from 
DMPC, specifically of the form θ = KL 

appC/(1 + KL 
appC), where KL 

app 

is the apparent equilibrium attachment constant, C is the 
concentration of O-MWCNT in μg/L, and θ is the relative SHG E-
field. Error bars are generated from the standard deviation of data 
points collected at high particle concentration. 

Figure 7. Fractional increase in SHG signal intensity as a function of 
O-MWCNT concentration, in μg/L, in the presence of supported lipid 
bilayers formed from 9:1 DOPC/DOTAP (blue open circles), DOPC 
(red open circles), and DMPC (black open circles) at 100 mM NaCl, 
10 mM Tris buffer at pH 7.4. For both the DOPC and 9:1 DOPC/ 
DOTAP  SLBs,  the O-MWCNTs used have surface  oxygen  
concentrations of 8%, while, for the interaction studies involving 
DMPC, the concentration is 7% O. 
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