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Abstract: A series of surfactant peptides were created to evaluate the affinity of aromatic AAs for single-walled carbon nanotubes
in the absence of complications from peptide folding or self-association. Each surfactant peptide has a lipidlike architecture,
with two Lys residues at the C-terminus as a hydrophilic head, five Val residues to form a hydrophobic tail, and the testing AA
at the N-terminus. Raman and CD spectroscopic studies reveal that the surfactant peptides have a large unordered structural
component which is independent of peptide concentration, suggesting that the peptides undergo minimal association under
experimental conditions, thus removing this interference from interpretation of the peptide/carbon nanotube interactions. A lack
of peptide self-association is also indicated by sedimentation equilibrium ultracentrifugation results. Optical spectroscopy of the
peptide/carbon nanotube dispersions indicate that among the three aromatic AAs, tryptophan has the highest affinity for carbon
nanotubes (both bundled and individual states) when incorporated into a surfactant peptide, while the Tyr-containing peptide
is more selective for individual carbon nanotubes. Phe has the lowest overall affinity for carbon nanotubes. Raman spectra of
dispersions made with SPF, SPY and SPW display similar types of nanotubes dispersed, although differences in the relative
nanotube populations are observed by optical spectroscopy. Copyright  2007 European Peptide Society and John Wiley & Sons,
Ltd.
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INTRODUCTION

Carbon nanotubes possess extraordinary physical and
mechanical properties because of their ordered, one-
dimensional structures. A CNT is a seamless cylinder
formed from the rolling of a single sheet of graphite
with diameters that vary between 0.5 and 5 nm and a
range of lengths that can exceed 1 µm [1]. Depending
on the spiral arrangement of the hexagonal rings in the
graphite and the diameter of the resulting cylinder,
CNTs can be either semiconductors or metallic in
nature. A great deal of attention has been focused on
this novel nanoscale material, and a variety of potential
applications of CNTs have been proposed [1]. However,
many of these research activities have been hampered
by the fact that as-synthesized CNTs lack dispersability
in aqueous solution because of their hydrophobic
surfaces [2]. Currently, the strategies employed in
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dispersing CNTs can be divided into two categories. One
group of processes involves chemical functionalization,
or the covalent attachment of solubilizing moieties
to the surface of the CNTs [3–7]. Although effective
at enhancing the solubility of CNTs, this approach
disrupts the sp2 hybridization of the carbon atoms,
consequently changing the inherent properties of the
CNTs [8,9]. Another dispersal method that preserves
the properties of the CNTs is the noncovalent coating
of CNTs with surfactant molecules [10,11], conjugated
polymers [12–14] or biological macromolecules [15,16].

Small designed peptides present another exciting
method for the noncovalent dispersion of CNTs [17,18].
Previous work from our group has demonstrated that
designed amphiphilic α-helical peptides are excellent
at dispersing SWNTs [19–23]. The basic design of
the helical peptides makes use of a (Val-b-b-X-b-b-
b) heptad repeat [24], where X is an aromatic AA (Phe,
Tyr or Trp) and b typically represents more polar AAs.
Once the peptide is folded into a helical secondary
structure, an amphiphilic architecture is achieved.
The aromatic AAs in the sequence lead to strong
interactions with the SWNT hydrophobic surface via π-
stacking [23,25,26], with more aromatic AAs resulting
in improved dispersion of SWNTs.

Amphiphilic helical peptides are also capable of self-
associating into helical aggregates [27–29]. The fact
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that these peptides both fold and self-associate compli-
cates efforts to evaluate the strength of peptide/SWNT
interactions and design more effective SWNT dispersal
agents. What is needed is a simple model system that
will allow easy analysis of the interactions between a
particular AA and SWNTs in the absence of compli-
cating factors like peptide aggregation or folding. In
the present work, we have designed a series of sur-
factant peptides to compare the interactions between
different aromatic AAs and SWNTs. These eight-residue
peptides, each approximately 2 nm in length, have a
lipidlike architecture, with two Lys residues at the C-
terminus as a hydrophilic head, five Val residues to
form a hydrophobic tail, and the testing aromatic AA
at the N-terminus (Figure 1). We first demonstrate that
the surfactant peptides display minimal folding and
self-association properties under the experimental con-
ditions used to disperse CNTs. We then investigate the
ability of different peptides to form SWNT dispersions
and show that various surfactant peptides differ in their
abilities to disperse SWNTs. SPW, the peptide contain-
ing Trp, is best at dispersing SWNTs in both bundled
and individual states. The peptide containing Tyr (SPY)
is more selective for individual SWNTs.

MATERIALS AND METHODS

Peptide Synthesis and Purification

The peptides, which contain the AA sequence Ac-X(Val)5
LysLys-CONH2 (Ac indicates N-terminal acetylation, CONH2

indicates C-terminal amidation, and X indicates the testing
AA), were synthesized and purified following previously
published methods [19].

Peptide/SWNT Sample Preparation

Unpurified SWNTs produced by the method of high-pressure
disproportionation of carbon monoxide (HiPco process) were
obtained from Carbon Nanotechnologies, Inc. (lot # R0223).
Solutions of 100 µM peptide were prepared using D2O or

Figure 1 Ball-and-stick schematic representation of the
surfactant peptide SPF. Substitution of Trp, Tyr and Lys for
the testing AA generates the other peptides SPW, SPY and SPK,
respectively [atom colors: green, carbon; blue, nitrogen; red,
oxygen; white, hydrogen]. Hydrogen atoms have been removed
from the side chains for clarity.

H2O, with peptide concentrations determined by UV–Vis
absorption spectrometry using the absorbance of the pep-
tide chromophore (Phe: ε257 = 197 cm−1 M−1; Trp: ε280 =
5600 cm−1 M−1; Tyr: ε275 = 1420 cm−1 M−1) or estimated by
mass (for SPK). For each sample, a 1.0 ml volume of 100 µM

peptide was added into a plastic 1.5-ml Eppendorf tube con-
taining HiPco SWNTs (0.75–1.50 mg), and the mixture was
then vortexed for approximately 1 min. Sonication was per-
formed using a VWR Scientific Branson Sonifier 250-horn
sonicator with the peptide/SWNT sample immersed in an
ice–water bath, and the 2-mm diameter tip placed into the
sample at approximately one-third of the distance from the
surface. Samples were sonicated for 4 min at a power level of
10 W, yielding dense black mixtures. The sonicated samples
were first centrifuged in an Eppendorf 5417C centrifuge for
10 min at 16 000 g. The upper 75% of the supernatant was
then recovered using a small-bore pipet, avoiding sedimen-
tation at the bottom. The supernatant was then transferred
to a Beckman centrifuge tube and centrifuged for 120 min
at 100 000 g and 4 °C in a Beckman TL-100 ultracentrifuge.
The upper 50% of the supernatant was recovered using a
small-bore pipet, avoiding sedimentation at the bottom, and
transferred to a clean tube, yielding homogeneous gray disper-
sions. For peptide/SWNT dispersion concentration studies, the
samples were prepared in deionized water (DI) and centrifuged
twice for 10 min with each spin at 16 000 g.

CD Spectroscopy

CD spectral measurements were made at 25 °C using an
Aviv model 202 CD spectrophotometer and 1-mm path length
rectangular quartz cuvettes. Spectra were collected from 190
to 260 nm at 1-nm intervals and an averaging time of 5 s at
each wavelength step. The CD signal was converted to mean
residue ellipticity ([θ ], deg cm2 dmol−1) using Eqn (1):

[θ ] = Sobs

10 × l × c × n
(1)

where Sobs is the corrected CD signal (millidegrees), l is the
pathlength of the cell (cm), c is the peptide concentration
(mol l−1) and n is the number of AAs per peptide. CD data
were analyzed for secondary structure composition using the
deconvolution software CDPro [30].

Optical Spectroscopy

Absorption spectra of peptide/SWNT dispersions were
obtained using a Perkin-Elmer Lamda 900 UV–Vis–NIR
(UV–visible–near-infrared) spectrophotometer. For samples
prepared in D2O, spectra were collected from 400 to 1600 nm
at 1-nm intervals. For samples prepared in DI water, spectra
were collected from 400 to 1000 nm.

Raman Spectroscopy

Peptide solutions were prepared as above with the exception
that the concentrated stock solutions were generated (∼2 mM)
and then diluted to the desired concentrations. Peptide spectra
were collected on both solid and liquid samples. Each solid
sample (peptide and peptide/SWNT dispersion) was prepared
by dropping a stock solution onto a SpectRim Substrate
(Tienta Sciences, Inc., Indianapolis, IN) and desiccating for
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∼30 min prior to spectra acquisition. Each liquid sample
was loaded into a 200 − µl glass cylinder, with spectra
collected by focusing the laser inside the cylinder. Raman
spectra were recorded on a Jobin Yvon Horiba high-resolution
LabRam Raman microscope system. The laser excitations used
were 633 nm and 488 nm output. The laser power at the
sample was ∼8 mW and was focused to ∼1 µm. Wavenumber
calibration was carried out using the 520.5-cm−1 line of the
silicon wafer. Peptide spectra were recorded by scanning the
800–1800 cm−1 region with a total acquisition time of 60 min,
and the spectra of peptide/SWNT dispersions were recorded
by scanning the 50–3000 cm−1 region with a total acquisition
time of 8 min. A spectral resolution of ∼1 cm−1 was used.
Spectra were fitted with Lorentzian functions by searching
for the minimum number of frequencies that fit the different
bands equally well without fixing the positions and widths of
the individual peaks.

Scanning Electron Microscopy

SEM images were acquired using a LEO 1530 field-emission
scanning electron microscope with accelerating voltages of
either 1 or 20 keV. One drop of the 100 000 g peptide/SWNT
dispersion was placed on a precleaned aluminum foil substrate
and then dried in the air. No metal coating was used for the
samples.

Sedimentation Equilibrium Ultracentrifugation

Sedimentation equilibrium studies were performed on a Beck-
man XL-I analytical ultracentrifuge equipped with interference
optics and an An-60 Ti rotor (Beckman Instruments, Palo Alto,
CA). Sample data were collected at 20 °C at three rotor speeds
(20 000, 30 000 and 40 000 rpm) for each peptide (100 µM) in
the absence of SWNTs. The resulting data for each peptide
were globally fit using the software package Igor Pro (Wave-
Metrics, Inc.) to two different models: (i) a single homogeneous
species model using Eqn (2):

S(r) = S(r0) exp[HM(r2 − r2
0 )] + E (2)

where S(r) is the experimentally observed signal in fringes
at radius r, S(r0) is the signal at reference radius r0,
H = (1 − υρ)(ω2/2RT ) (where υ is the partial specific volume of
the peptide, ρ is the solvent density, ω is the angular velocity
in rad s−1, R is the gas constant, and T is the temperature in
K), M is the molecular mass, and E is the baseline offset; and
(ii) a monomer/nmer equilibrium model using Eqn (3):

S(r) = S(r0) exp[HM(r2 − r2
0 )] + nS(r0)n

Kd(n,1)

exp[HnM(r2 − r2
0 )] + E

(3)

where Ks(n,1) is the dissociation constant, and n is
the Hill Coefficient (describes the association state of a
peptide). The partial specific volume (ml g−1) for each peptide
(SPK, 0.8425; SPF, 0.8339; SPW, 0.8253; SPY, 0.8221) was
calculated from the peptide composition [31,32]. The solvent
density (0.99707 g ml−1) was calculated using the program
SEDNTERP [32].

RESULTS AND DISCUSSION

CD Spectroscopy of Surfactant Peptides in Solution

Each surfactant peptide (Figure 1) has an eight-residue
amphiphilic sequence, consisting of two Lys residues at
the C-terminus to provide a hydrophilic head, five Val
residues, and one testing AA at the N-terminus. The C-
terminus was amidated and the N-terminus acetylated
for each peptide. The testing AAs are Phe, Trp and
Tyr, with the corresponding peptides named SPF, SPW
and SPY, respectively. A control peptide (SPK) was also
synthesized, which has a Lys as the testing AA.

Amphiphilic peptides can interact with each other
and, in some cases, self-assemble into nano-structured
materials. In order to understand the interactions
between a peptide and SWNTs, it is optimal to conduct
experiments under conditions where peptide/peptide
interactions are minimized. In the case where protein
folding is coupled to protein self-association, monitor-
ing the folding of the protein can be utilized to study
aggregation. Therefore, the secondary structures of the
surfactant peptides in the absence of CNTs were first
studied as a function of peptide concentration and mon-
itored by CD. The CD spectra of all the peptides show
identical behavior; at concentrations ranging from 50
to 200 µM, the CD spectra are largely unchanged with
a strong negative feature at ∼200 nm and a weaker
negative band around 220 nm, suggesting that each
peptide contains primarily a random coil structure at
concentrations below 200 µM (Figure 2). The CD data
were further analyzed using CDPro [30], a suite of CD
analysis programs that compares a CD spectrum to ref-
erence spectra of structurally characterized proteins to
predict the secondary structure content of the polypep-
tide in question. The results of the CDPro analysis,
presented in Table 1, also suggest that each surfac-
tant peptide contains a mix of secondary structures at
all concentrations measured, with the primary single
feature being unordered structure.

Raman Spectroscopy of Surfactant Peptides in
Solution and Solid State

We also utilized Raman spectroscopy to characterize
the structure of the surfactant peptides both in
the solid and liquid states. Peaks in the amide I
region (1600–1700 cm−1)of polypeptides (Table 2) can
be correlated with the specific secondary structures
they adopt [33,34]. Figure 3 displays the amide I region
of the Raman spectra for the liquid samples at a
peptide concentration of 500 µM. The higher peptide
concentration was used, because 100 µM samples gave
signals too weak to analyze. All liquid spectra are
similar, characterized by a broad band between 1612
and 1618 cm−1 and a sharp more intense band at
1648 cm−1. The broad band at 1618 cm−1 in SPK
is consistent with the amide I for β-sheet structure
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Figure 2 CD spectra of SPK (a), SPF (b), SPW (c) and SPY (d) in the absence of CNTs as a function of peptide concentration.

Table 1 Results from CDPro analysis of CD spectra for the
surfactant peptides

Peptide [peptide]
(µM)

% Ordereda

(helix/sheet/turn)
% Unordereda

SPK 50 58 ± 1 42 ± 1
100 54 ± 8 46 ± 3
150 52 ± 7 48 ± 7
200 58 ± 12 42 ± 12

SPF 50 64 ± 2 36 ± 2
100 58 ± 2 42 ± 2
150 56 ± 2 44 ± 2
200 62 ± 1 38 ± 1

SPW 50 61 ± 4 39 ± 4
100 58 ± 1 42 ± 1
150 56 ± 1 44 ± 1
200 60 ± 3 40 ± 3

SPY 50 64 ± 0 36 ± 1
100 59 ± 7 41 ± 7
150 61 ± 5 39 ± 5
200 64 ± 6 36 ± 6

a Average result from two algorithms (CONTINLL and SEL-
CON3) in the CDPro software. For details, see Ref. 30.

(either parallel or antiparallel architectures) [35–38].
In addition, the side chains of aromatic residues often
have ring-mode signals between 1600 and 1620 cm−1

[38–44]. Therefore, the broad band below 1620 cm−1

in SPF, SPW and SPY likely contains a contribution
from such a ring-mode signal which shifts the broad
band in these spectra to a slightly smaller frequency.
Unfortunately, the signal-to-noise (S/N) ratio for the
liquid samples is low enough that we are unable
to resolve the amide I and ring-mode components
in the broad signal. The sharp band at 1648 cm−1

falls in the amide I region that is often assigned to
the α-helical structure [33,34], although there are a
number of reports correlating a band between 1640
and 1648 cm−1 to an unordered or random secondary
structure [38,45]. On the basis of our solution-CD
results, which suggest that all surfactant peptides have
a mixture of secondary structures with the primary
one being random structure, we are unable to make
a definitive assignment of this band to one of these
options.

Figure 4 displays the amide I region of the Raman
spectra for solid samples of the surfactant peptides.
Although the liquid samples are more important for
correlation with the CD results, solid samples, where
the peptide solutions were dried on a surface, have
higher local concentrations and so are amenable to
the collection of Raman spectra with better S/N
ratios. A caveat, however, is that the dried samples
may show effects of peptide aggregation. The solid
spectra are again similar for the peptides, with a
large band located at 1665 cm−1 and a weaker band
between 1602 and 1612 cm−1. A signal at 1665 cm−1
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Table 2 Assigned Raman bands in the 1600–1700 cm−1 amide I region (peptide only samples)

Sample ν (cm−1)a % Total Areab Assignment

Liquid samples
SPK 1618 (b) 70.4 β-sheets (parallel/antiparallel) [35–38]

1648 (sh) 21.2 α-helix [33,34]; unordered [38,45]
1665 8.4 unordered or turns [33,34,64]

SPF 1612 (b) 63.2 β-sheets (antiparallel) [36–38]; Phe side chain [41,42,44]
1648 (sh) 36.8 α-helix [33,34]; unordered [38,45]

SPW 1612 (b) 69.3 β-sheets (antiparallel) [36–38]; Trp side chain [42–44]
1648 (sh) 30.7 α-helix [33,34]; unordered [38,45]

SPY 1614 (b) 65.0 β-sheets (antiparallel) [36,37]; Tyr side chain [38–40,42,44]
1648 (sh) 35.0 α-helix [33,34]; unordered [38,45]

Solid samples
SPK NDc ND
SPF 1602 14.7 Phe side chain [39,40,42]

1635 (w) 6.1 β-pleated sheet [65–67]
1665 79.2 Unordered or turns [33,34,64]

SPW 1603 (b) 49.3 Trp side chain [42]
1647 13.5 α-helix [33,34]; unordered [38,45]
1665 37.2 Unordered or turns [33,34]

SPY 1612 24.2 β-sheets (antiparallel) [36–38]; Tyr side chain [38–40,42]
1665 75.8 Unordered or turns [33,34,64]

a b, broad; sh, sharp; w, weak.
b Based on fitting of spectra; see Materials and Methods for details.
c Not determined.

Figure 3 Raman spectra (amide I region, solid lines) of liquid samples of SPK (a), SPF (b), SPW (c) and SPY (d) in the absence of
CNTs. Dotted lines represent fitted bands (see Materials and Methods for details).

is typically associated with unordered or turn (e.g.

β-turn) structures, whereas the weaker signal below

1615 cm−1 is assigned to aromatic residue ring modes.

The SPW peptide had a surprisingly poor S/N, which

leads to less confidence in the exact positions of the
contributing bands (Figure 4(b)); the broad feature at
∼1603 cm−1 is likely composed of at least two closely
spaced bands as seen in SPF and SPY, and the feature
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at 1648 cm−1 in SPW could well be similar in position
to the 1635 cm−1 band (amide I, β-pleated sheet)
observed for SPF. Interestingly, an intense signal for
each surfactant peptide at 1665 cm−1 suggests that
they, counter to expectation, do not form ordered (and
more folded) secondary structures when dried on the
substrate surface. It is unclear if this result indicates
that the surfactant peptides (i) do not self-associate
(and form a more folded structure) in the dried state, or
(ii) are unable to do so because of sample preparation
conditions such as drying rate, or the specific type of
substrate used.

Sedimentation Equilibrium Studies of Surfactant
Peptides in Solution

The lack of concentration-dependent changes in the CD
spectra suggests that these peptides exhibit minimal
self-association below a concentration of 200 µM in
water. Sedimentation equilibrium ultracentrifugation
was also used to assess the solution molecular masses
of the surfactant peptides at a 100 µM concentration.
Sedimentation experiments were conducted at three
different speeds. The resulting data for each peptide
were then globally fit using two different models: (i) a
single homogeneous species model to generate an
apparent molecular mass, and (ii) a monomer/nmer
equilibrium model to obtain the associated state. The
results of the fits are reported in Table 3.

The single species model yielded reasonable fits to
the data for SPK, SPW and SPY as judged by the small,
random residuals; Figure 5(c) shows the single species
fit for SPY as a representative example. For SPF, a
less-satisfactory fit is obtained; we observe residuals
which are less random and have a slight pattern, with
the fits above the data at low-radius values, below the
data in mid-radius region and finally above the data
again at high-radius values (Figure 5(a)). The apparent
molecular mass obtained for each peptide was smaller
than the actual molecular mass of a single peptide
(Table 3), with large associated error bars also being
observed. SPF again stands out with a significantly
larger error bar than seen for the other peptides,
again suggesting that the quality of its fit is somewhat
worse than that for SPK, SPW and SPY. The low

Figure 4 Raman spectra (amide I region, solid lines) of solid
samples of SPF (a), SPW (b) and SPY (c) in the absence of CNTs.
(see Materials and Methods for details).

molecular masses are likely the result of nonideality
arising from steric exclusion or charge–charge repulsive
interactions [46–48]. Electrostatic interactions between
solutes are usually screened by the addition of a
sufficient concentration of a salt such as NaF which
can act to screen the charge–charge interactions. A
screening salt was intentionally not added in these
experiments in order to mimic the peptide solution
conditions used to disperse CNTs. Unfortunately, the

Table 3 Results from fits of the sedimentation equilibrium data

Peptide Single species fit

Apparent molecular
mass (g mol−1)

Expected molecular
mass (g mol−1)

Monomer/nmer fit
Hill Coefficient (n)

SPK 490 ± 250 939 0.26 ± 1.6
SPF 220 ± 1.30 × 103 958 1.4 × 10−3 ± 3.7 × 103

SPW 230 ± 380 997 7.1 × 10−2 ± 0.95
SPY 330 ± 680 974 0.59 ± 0.36
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Figure 5 Sedimentation equilibrium ultracentrifugation data and associated fits shown for SPF (a and b); SPY (c and d). See
Materials and Methods for details of the single species (a), (c) and monmer/nmer (b), (d) models used. In each panel, the residuals
of the fits are shown at the top and the actual data with associated fits shown at the bottom.

low-molecular masses make it difficult to interpret
these results from the single species fits.

The monomer/nmer model was also utilized to fit the
sedimentation data for each peptide, with the molecular
mass fixed, and the Hill Coefficient (n) and dissociation
constant allowed to vary for each fit. The resulting
fit was deemed reasonable for each peptide with the
exception of SPF, which again displayed nonrandom
residuals and exceptionally large errors in the fitted
value for n (Figure 5(b) and (d)). The values obtained for
n for SPW, SPY and SPK were all close to a value of 1
(Table 3), suggesting that these peptides remain largely
monomeric in aqueous solution at a concentration of
100 µM.

Taken together, the Raman, CD and sedimentation
results indicate that SPW, SPY and SPK are all
largely monomeric at 100 µM concentration. This is
not surprising, considering the high positive charge
originating from the (Lys)2 ‘head group’ of each peptide;
the pH of each peptide solution in water is ∼5–6,

which is well below the pKa of the Lys side chain,
so each Lys residue should be protonated. The results
for SPF are less conclusive; however, the similarity in
the CD results of SPF with the other three peptides
suggest that SPF likely behaves similarly. Since it
is important to minimize peptide/peptide interactions
while having as much peptide available to interact
with the SWNTs for nanotube dispersion, we selected
a peptide concentration of 100 µM for use in the
peptide/CNT dispersion studies.

Optical Spectroscopy of Surfactant Peptide/SWNT
Dispersions

Our motivation for designing the surfactant peptide
system was to better understand the interactions of
specific aromatic AAs with SWNTs. The stronger the
peptide/SWNT interaction, the more peptide that will
bind to the surface of the SWNTs and, consequently, the
better that the SWNTs will be dispersed. Sonication of
SWNTs with each surfactant peptide solution (100 µM
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peptide concentration), followed by centrifugation at
16 000 g for 10 min, yielded gray to dark-gray liquid
dispersions characteristic of peptide-dispersed CNTs
(not shown). Optical spectroscopy was then used to
quantify the amount of CNTs dispersed, with the
absorbance at 500 nm (A500) used as a measure of the
relative concentration of CNTs [2]. Figure 6 compares
the CNT content in the four-surfactant peptide/SWNT
dispersions after the 16 000 g-centrifugation step. SPW
displays the highest capability in dispersing CNTs, with
more than twice the absorbance as is measured for the
SPF or SPY dispersions. SPY and SPF display similar
amounts of CNTs dispersed. SPK, in contrast, disperses
a negligible amount of CNTs as compared to the SPF,
SPY and SPW samples.

Another question we wished to address was how well
the various surfactant peptides debundle CNT aggre-
gates. Because of their hydrophobic nature, SWNTs
naturally bundle, forming CNT ‘ropes’ containing multi-
ple individual SWNTs. At a relatively low centrifugation
speed (16 000 g used above), a CNT dispersion will typ-
ically contain a mixture of individual SWNTs and small
CNT bundles each containing two to several SWNTs;
increasing the centrifugation to at least 50 000 g greatly
enriches the relative population of individual SWNTs
[20]. To address the issue of CNT aggregate debundling
by the surfactant peptides, we centrifuged the original
16 000 g-dispersions at 100 000 g (120 min) and again
used UV–Vis–NIR spectroscopy to assess the resulting
dispersions. The resulting optical spectra of the sur-
factant peptide/SWNT dispersions, in general, reveal
absorption features in the UV, visible and NIR regions
consistent with dispersed CNTs (Figure 7). The SPY and
SPW dispersions display multiple sharp, well-separated

Figure 6 Concentration of CNTs in peptide/SWNT disper-
sions after 16, 000 g-centrifugation step. The absorbance at
500 nm is used as a measure of CNT concentration. Value
(and associated error bar) reported for each peptide is the
average of three separate experiments.

Figure 7 UV–Vis–NIR spectra of peptide/SWNT dispersions
after 100, 000 g-centrifugation step.

absorption bands. The bands correspond to transitions
between van Hove singularities of the SWNTs, with the
first van Hove transition (E11) of semiconducting SWNTs
between 800 and 1600 nm, E22 transitions between
550 and 900 nm, and transitions of metallic SWNTs
between 400 and 600 nm [10]. The sharpness of these
bands, which depends on the bundling state of SWNTs
in the dispersion, suggests that the SWNTs are pre-
dominantly isolated. The optical spectrum for the SPF
dispersion has a lower overall absorption and less-
defined features at all wavelengths as compared to the
SPY and SPW dispersions. In contrast to the other three,
the SPK dispersion is practically featureless, suggest-
ing that a minimal amount of SWNTs are present. The
spectra for SPY, SPW and SPF have a similar number of
absorption bands with similar wavelengths, suggesting
that the specific SWNT species in each dispersion are
similar for the three samples, with the main variation
being changes in the relative concentrations of specific
SWNT types.

A comparison of A500 for the different peptide/SWNT
dispersions reveals that the same general absorbance
trend is observed at 100 000 g that was seen at
16 000 g (Figure 8). SPW still disperses the most CNTs,
although under these conditions SPY is now able to
disperse a comparable amount of CNTs. SPF generates
a dispersion with about half the CNT concentration, and
SPK is shown to be completely inefficient at dispersing
nanotubes. Although the general trend between peptide
dispersions is similar at the two centrifugation speeds,
an important difference is revealed when, for each
peptide, the A500 ratio at the two different speeds is
compared [(A500)16k/(A500)100k]. Whereas SPF and SPY
have similar ratios (0.21 and 0.26, respectively), SPW
has a significantly smaller ratio of 0.11, indicating
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Figure 8 Concentration of CNTs in peptide/SWNT disper-
sions after 100, 000 g-centrifugation step. The absorbance at
500 nm is used as a measure of CNT concentration.

that a larger fraction of the dispersed CNTs are
removed by the high-speed centrifugation in the SPW
dispersion than for the other two peptides. We attribute
this difference to an enhanced ability of SPW to
disperse CNT bundles versus the other peptides.
Upon dispersion in the presence of peptide, SWNT
bundles are disrupted forming smaller bundles or
individual SWNTs. Depending on the coverage of the
peptide coating, those CNTs will either be dispersed
or precipitate. At low-centrifugation speeds, bundles
and individual CNTs stay dispersed as long as they
have enough peptide coating, but when a high-speed
centrifugation (100000 g) is performed, larger bundles
and most small bundles will precipitate, leaving
the dispersion containing mostly individual SWNTs.
Thus, for a sample with a higher concentration of
individual SWNTs, high-speed centrifugation decreases
the CNT concentration less than those samples with
more bundled SWNTs. The larger decrease in CNT
concentration for the SPW dispersion indicates that a
larger fraction of CNTs are bundled in the 16 000 g-
dispersion (stated differently, SPW is nonselective,
dispersing both CNT bundles and individual SWNTs);
at the high speed, the majority of the bundles are
removed from the dispersion, leaving mainly individual
SWNTs. In contrast, both SPY and SPF are more
selective for individual SWNTs as evidenced by the
smaller change in A500 observed for those dispersions.
The complete loss of SWNTs from the SPK dispersion
upon centrifugation at 100 000 g indicates that SPK is
ineffective at debundling SWNT aggregates.

A general mechanism has been proposed for the
debundling and dispersal of CNTs in aqueous solution
using sonication and surfactants which provides possi-
ble insight into the observed behaviors of the surfactant
peptides [49]. In the proposed mechanism, shearing

forces from sonication are thought to generate fraying
at bundle ends. The newly exposed CNT surfaces then
provide locations for the surfactants to adsorb. This
process of exfoliation/surfactant adsorption continues
until individual CNTs are removed from the bundle.
Once coated with surfactant, the individual CNTs are
then inhibited from reassociation. As discussed previ-
ously, the presence of one or more aromatic groups in
a surfactant increases adsorption to CNTs [23,25,26].
In our surfactant peptide system, the larger Trp side
chain, with more aromatic surface area, is likely what
makes SPW better at dispersing both bundled and
individual CNTs at 16 000 g. The effectiveness of a sur-
factant at debundling CNTs, however, should also be
related to its ability to intercalate between CNTs at the
frayed ends of a bundle. The results presented in this
work suggest that the smaller aromatic side chain in
Tyr and Phe (as compared to Trp) give SPY and SPF an
advantage at intercalation and debundling. The addi-
tional hydroxyl group in Tyr makes this peptide slightly
more polar than SPF. Intercalation of SPY should make
the frayed opening more polar and, therefore, disfavor
CNT/CNT reassociation and allow further insertion of
additional peptides and solvent.

Raman Spectroscopy of Surfactant Peptide/SWNT
Dispersions

Raman spectroscopy is a method which has been uti-
lized extensively to characterize CNT-based dispersions
and solid-state materials [50–57]. In the low wavenum-
ber region (from 150 to 350 cm−1), a prominent feature
observed for CNTs is the radial breathing mode, which is
associated with a symmetric expansive and contractive
movement of all carbon atoms in the radial direction;
peaks in this region indicate the presence of a par-
ticular population of CNTs [52,58]. The diameter of a
given SWNT is inversely related to the frequency of its
observed RBM. At a particular excitation wavelength,
the (n,m) of the SWNTs in resonance can be identified
directly [59,60], where n and m are the roll up vec-
tor integers that identify a nanotube’s specific chirality
and diameter [58]. Figure 9(a) shows the Raman spectra
(633 nm excitation) of the same SPF/SWNT, SPY/SWNT
and SPW/SWNT dispersions used for optical absorption
measurements, with all spectra normalized to the G-line
feature at ∼1590 cm−1. The three spectra show similar
SWNT-based resonances, including those in the RBM
region, the D-band at ∼1310 cm−1 and the G-band at
∼1591 cm−1 [55,61,62]. The comparison of the RBM
region for each peptide/SWNT dispersion (Figure 9(b))
indicates that each dispersion contains similar SWNT
populations that are resonant with the 633-nm inci-
dent laser. These Raman spectra are similar to those
for a raw HiPco SWNT sample (data not shown) and
for previous SDS dispersions of HiPco SWNTs [63],
suggesting that the surfactant peptides do not display
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Figure 9 Raman spectra of peptide/SWNT dispersions (633 nm excitation). (a) full spectra, (b) RBM regions.

dispersion selectivity. Similar results are also seen for
Raman spectra collected with 488-nm excitation of the
SPF/SWNT, SPY/SWNT and SPW/SWNT dispersions
(Figure 10). Taken together, the Raman results indi-
cate that the surfactant peptides SPF, SPY and SPW
disperse similar types of SWNTs.

Phosphate-induced Peptide/SWNT Self-Assembly

Interestingly, the surfactant peptides exhibit a tendency
to self-assemble when KH2PO4 is added to the peptide
solution to buffer the pH. Figure 11 compares the CD
spectra of each peptide in DI water versus phosphate
buffer (pH 5). For SPF, a slight precipitate slowly forms
when phosphate buffer is used to dissolve the peptide.
Consistent with this is the significant decrease which
is observed in the overall intensity of the CD spectrum

in the presence of phosphate, again suggestive of a loss
of peptide. SPY shows a slight change in secondary
structure with phosphate, with a small negative feature
evident at ∼215 nm, indicative of the formation of β-
sheet secondary structure. In contrast, no structural
change was observed for SPW. The precipitation of
SPF and the phosphate-induced folding of SPY are
consistent with peptide aggregation. It should be noted
that the pH of the peptide solutions without buffer is
already between 5 and 6, which indicates that it is
the addition of the phosphate salt that likely promotes
peptide self-assembly and not a change in pH.

The addition of phosphate also leads to the formation
of interesting peptide/SWNT architectures upon drying.
Figure 12(a) and (b) show SEM images of the SPF/SWNT
dispersion upon drying on SEM grids in the absence
and presence of phosphate, respectively. In the absence

Figure 10 Raman spectra of peptide/SWNT dispersions (488-nm excitation). (a) full spectra, (b) RBM regions.
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Figure 11 CD spectra of 100 µM SPF (a), SPW (b) and SPY
(c) in water and phosphate buffer in the absence of CNTs.

of phosphate, the dispersion dries to form only
small bundles of peptide-coated SWNTs (Figure 12(a)),
similar to those seen before in our laboratory for
other peptide/SWNT systems [19,21]. In the presence
of phosphate buffer, however, we observe fibrous
structures that form upon drying, suggesting that the
self-assembly of SPF tends to promote the formation of
these organized SPF/SWNT structures (Figure 12(b)).
A control experiment was also conducted with SPF
plus phosphate buffer solution (no SWNTs) dropped
on the same grid; no fibrous structures were observed.
Figure 12(c) shows the Raman spectra (RBM region)
of the SPF/SWNT solid samples (Figure 12(a) and (b)).
The two solid samples give similar RBM Raman spectra,
implying that the formation of the organized SPF/SWNT
structures is not due to dispersion of different types

Figure 12 (a) SEM image of SPF/SWNT dispersion in water;
(b) SEM image of SPF/SWNT dispersion in phosphate buffer;
(c) RBM region of Raman spectra of SPF/SWNT dispersions
(633-nm excitation).

of SWNTs, but is instead due to the phosphate-
induced peptide self-assembly. The negatively charged
phosphate ion is likely acting by screening the positive
head groups of the surfactant peptides, allowing them
to self-associate.

Similar experiments were performed using SPW
and SPY. Solid-peptide/SWNT structures were also
observed when phosphate buffer was present in the
other peptide/SWNT dispersions (not shown) However,
the solid structures formed by the SPY and SPW
dispersions were not as ordered as that observed for
SPF, which we attribute to the fact that under the
same experimental conditions, phosphate induces more
peptide self-assembly in SPF than in SPW or SPY.
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CONCLUSIONS

A series of surfactant peptides were designed to build
a system which can test the affinity of different AAs
for SWNTs. Among the three tested aromatic AAs,
Trp is best at dispersing all SWNTs, including both
bundled and individual SWNTs. Both SPF and SPY
are more selective for individual SWNTs. Optical and
Raman spectra reveal that the specific SWNT species
dispersed by each peptide are the same, with small
differences observed in the populations of certain types
of SWNTs. Surfactant peptides were also found to have
the potential of being scaffolds to induce self-assembly
of the peptide/SWNT composites.
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