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1. Introduction

The interface between nanotechnology and biotechnology rep-
resents an emerging area of research. Through the combination
of biomolecules and synthetic nanostructures, such as carbon nan-
otubes (CNTs), new materials with specific functionalities can be
achieved [1,2]. Before integration in materials, exfoliation of pris-
tine CNTs into individual tubes or thin bundles is often required.
However, the intrinsic sp? carbon structure and strong van der
Waals cohesive interactions make the macrobundles of pristine
CNTs highly resistant to exfoliation and dispersion in water. Two
common strategies to meet this challenge are: (i) covalent binding
of hydrophilic functional groups; and (ii) physical adsorption of
amphiphilic molecules to the CNTs. The latter option is preferred
because the sp? hybridization, that confers unique properties to
CNTs, is kept intact. Biopolymers such as proteins [3-6], DNA [7-
9], and peptides [10,11] are attractive dispersants of CNTs in water
as they may add biocompatibility, which is important for biomed-
ical applications [6,12]. Proteins, due to their amphiphilic nature,
are assumed to adsorb on the nanotube surface and prevent their
re-aggregation through steric and/or electrostatic repulsion
between individual CNTs. Adsorption is also essential during the
exfoliation stage [13,14]. The binding of proteins to CNTs is gov-
erned by their amino acid composition (primary structure) as well
as the secondary and tertiary structures [12,15-17]. pH variations
may change both the net charge and the conformation of the pro-
tein, thereby affect binding and, consequently, CNT dispersibility
[3,18].

Up to date, the dispersion of CNTs by a range of proteins with
different structures has been studied [11,12,19-23]. However, no
reports on the ability of intrinsically disordered proteins (IDPs) to
disperse CNTs have been presented. The closest case concerns an
engineereed protein domain that is partially disordered [24]. IDPs
are proteins that lack a well-defined three-dimensional fold in
solution and behave more like random polymer chains [25]. Such
proteins could tentatively exploit the full potential of the polypep-
tide chain as a block copolymer. In the present study, we assess the
dispersibility of single-walled carbon nanotubes (SWNTs) and the
binding mechanism of the IDP a-synuclein, a 14 kDa protein with
distinct physicochemical properties in the different regions of the
polypeptide chain. The N-terminal part is involved in lipid binding
and has a propensity to fold into helical structures [26] while the
C-terminal part is highly negatively charged at neutral pH. The pro-
tein also contains a region with pronounced hydrophobicity, the
so-called “NAC” region [27], which plays a central role in the for-
mation of amyloid fibrils. Although o-synuclein is frequently stud-
ied, both as a model IDP [28] and because of its association with
Parkinson’s disease [29] its interaction with CNTs has not been
characterized yet.

In order to understand, rationalize and design protein-CNT sys-
tems, it is important to assess both structural and dynamic aspects
of adsorption. Previously, we have used nuclear magnetic reso-
nance (NMR) diffusometry to study the exchange regime for
bovine serum albumin (BSA) and the synthetic block copolymer
Pluronic F127 between their respective states in solution and
adsorbed at the surface of SWNTs. [4,30] Here, we use the same
method supplemented by a number of other spectroscopic and
microscopic techniques.

2. Materials and methods
2.1. Materials

CoMoCat single-walled carbon nanotubes of nominal (6,5) chi-
rality and median diameter of 0.78 nm (SG65i, SouthWest
NanoTechnologies, dominantly (95%) semiconducting with its lar-
gest (41%) single fraction consisting of (6,5) nanotubes with major
residual fractions of (8,4), (7,5) and (9,2) nanotubes and, in
addition, 28% of nanotubes with unknown chirality) were used as
provided by the manufacturer. Pluronic F127 (Sigma-Aldrich pro-
duct number P2443, ~12.5 kDa), a triblock (PEOx — PPOy — PEOx)
polymer with hydrophilic poly(ethylene oxide) (PEO), and
hydrophobic poly(propylene oxide) (PPO) blocks with nominal com-
position of x =100 and y = 65, heavy water (Sigma-Aldrich, 99.9
atom % D), Tris (Sigma-Aldrich, >99.9% purity) and NaCl (Sigma-
Aldrich, >99% purity) were used as received. Expression and purifica-
tion of a-synuclein was performed as previously described [31]. The
protein concentration was estimated by absorbance at 276 nm using
a molar extinction coefficient of 5600 M~! cm™".

2.2. Sample preparation

The SWNT powder (0.29 mg) was dispersed in 900 pL of D,0. In
order to minimize any protein damage due to the strong shear
forces created during the ultrasonication process, a combined
method of tip- and bath sonication was employed. Before adding
any protein, the SWNTs were pre-exfoliated by tip sonication
(Qsonica Q500, power density of 1.8 W- mL™! as estimated by
calorimetry) [32] during 7 min (2 s on, 10 s off cycle). Even though
the nanotubes will re-aggregate in the absence of dispersant, they
will not return to the original compact state. Instead, they will
form millimeter size aggregates with a mesh-like structure some-
what similar to a loose aggregate recently observed [33]. In the
second step, 100 pL of concentrated protein was added (yielding
a final protein concentration of 1 mg-mL~"). After 20 min equilibra-
tion to enhance the adsorption of protein to the SWNTs, the sample
was subjected to the following sonication sequence: 10 min bath
sonication (Elma Sonic S10, power density of 3.2 x 1072 W-mL™"),
1 min tip sonication (2 s on, 10 s off), 15 min bath sonication, 5 min
quiescence and 10 min bath sonication; delivering a total energy of
approximately 158 J-mL~!. During the whole process the samples
were kept in ice/water. To remove any non-dispersed SWNT the
sample was centrifuged at 4000 x g at 4 °C during 15 min. About
40% of the supernatant was collected and used for further analysis.
The amount of SWNT was estimated by UV-vis absorbance (Varian
BIO-300 spectrophotometer) at A=660nm with an extinction
coefficient &£=29 mL-mg-cm~' [14]. a-synuclein does not absorb
light at this wavelength. A solution of F127 with a final concentra-
tion of 1.0 mg mL~' was prepared and added to 0.28 mg of SWNT
powder. All procedures were then performed as described for the
a-synuclein samples above.

2.3. Colloidal stability assay
The amount of dispersed SWNTs was monitored by UV-vis

absorbance (A=660nm) over 30days of time. The samples
were stored at 4°C for the complete set of experiments.
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The a-synuclein/SWNT and F127/SWNT dispersions were diluted
10 times in 10 mM Tris-HCl and 10 mM NacCl buffer (pH 7.4) before
the absorbance measurements.

2.4. Atomic force microscopy (AFM)

AFM was performed using a Bruker Dimension Fastscan instru-
ment in tapping mode using Fastscan-A cantilevers (SNL, Bruker,
AFM Probes), with a nominal tip radius of 5 nm. The samples for
AFM measurements were prepared by depositing approx. 5 pL of
SWNTs dispersed by protein on a freshly cleaved mica surface. To
remove salt impurities, the sample was rinsed with distilled water.
All images were recorded in tapping mode at room temperature
under dry conditions. The images were processed and analyzed
using NanoScope Analysis v. 1.5 software (Bruker).

2.5. Circular dichroism spectroscopy (CD)

CD measurements were performed using a Chirascan CD Spec-
trometer (Applied Photophysics) at room temperature in 10 mM
Tris-HCl and 10 mM NacCl buffer (pH 7.4) at a protein concentration
of 0.1 mg-mL~!. CD spectra were recorded between 190 and
260 nm (with a band width of 1 nm) in a quartz cuvette with
0.1 mm path length. Each spectrum was averaged from 5 accumu-
lative scans. Spectra decomposition was carried out using the BeSt-
Sel algorithm [34,35].

2.6. NMR spectroscopy

Two-dimensional (2D) 'H-'°N heteronuclear single quantum
correlation (HSQC) NMR experiments [36-38], were recorded at
5.0 °C on a 500 MHz Bruker Avance III spectrometer using a sample
with 0.1 mM !°N-labelled o-synuclein dissolved in 85% H,0/15%
D,0. The number of time domain points and acquisition times
were 640 points and 210 ms for >N (F1) and 2048 points and
307 ms for 'H (F2), respectively. A recycle delay of 2.5 s was used.
The peak analysis of H-'>N HSQC spectra were performed using
the software PINT [39,40]. Only peaks with fitting quality of 3 or
4 are shown in Fig. 4B.

The transverse relaxation experiments were performed using a
500 MHz Bruker Avance III spectrometer at 5.0 °C. The method is
based on a 2D spin echo experiment with the pulse sequence 90°
— 7 — 1807, using a list of 23 delay times (7) ranging from 10 ms
up to 5s. The 90° pulse length was 6.5 s, the recycle delay
was set to 3s and a total of 16 scans were acquired for each
spectrum/point. The NMR spin-echo signal decay follows the Bloch
equations, expressed as:

I=Aexp(-1/T) (1)

where [ is the signal intensity from its initial T = 0 value A, 7 is the
delay time between the radio frequency pulses, and T is the time
constant, called the transverse relaxation time, that characterizes
the time required for I to decay down to 1/e (37%). T, was obtained
by least-square fitting of Eq. (1) to the experimental data.

The 'H NMR diffusion experiments were carried out using a
500 MHz Bruker Advance Il spectrometer equipped with a
standard-bore magnet and a z-gradient probe DIFF30 (Bruker).
The gradient pulses were provided by a Bruker GREAT 60 gradient.
The diffusion experiments were performed using the stimulated
echo sequence with a 90° pulse length of 6.5 s, the gradient pulse
length set to § = 2 ms, the gradient stabilization delays to 1 ms, and
the diffusion time A=10ms. The gradient strength g was
increased stepwise in 23 steps to a maximum of typically
6.5T-m . All the measurements were carried out at 5.0 °C and
the gradient strength was calibrated by measuring the diffusion
of THDO in D,0 (1.034 x 1072 m?s~! at 5 °C, reference value from

literature) [41]. The longitudinal relaxation time, T;, obtained for
protein peaks was 500-600 ms, thus the recycle delay was set to
3 s (~5Ty). To allow for small sample volumes (~100 pL) and pro-
vide a homogeneous gradient, 5 mm Shigemi tubes were used.
'HDO peak (T =5 °C) was calibrated to 5.00 ppm according to the
Ref. [42] and additional parameters used were as previously
described [4,30,43].

3. Results and discussion

First, pristine SWNT powder added to pure water was pre-
sonicated (microTip) to break up the large initial SWNT grains into
smaller ones. Addition of concentrated protein solution yielded a
mixture with a protein concentration of 1 mg-mL~! that was then
subjected to mild sonication (bath). To prevent protein damage,
the sonication power was kept at approx. 160 ]-mL~!, a much lower
value than that used in similar studies [14,32,44-46]. Sonication
breakage in synthetic- and biopolymers is often observed at trans-
mitted sonication power/energy densities significantly higher than
this [43,47,48]. However, low sonication power can also reduce the
reproducibility of the dispersions [32] and we indeed experienced
some variation in the final SWNT concentrations (Table 1). This had
no apparent effect on the dispersion stability.

The sonicated sample was centrifuged (15 min, 4000 x g), and
the upper part of the supernatant (approx. 40%) was collected
and the concentration of dispersed SWNT (Table 1) was quantified
by measuring the absorbance at A =660 nm [49]. Compared to
other dispersants, a-synuclein displays a very good dispersion
capability. Since the dispersion yield is highly dependent [50] on
the preparation protocol and the origin of the SWNTs, a quantita-
tive comparison with other reports is difficult. However,
0.12 mg-mL~! is in level with some of the highest numbers in the
literature [51], especially when taking the mild sonication condi-
tions into account. Attempts to disperse SWNTs using the same
solution conditions, i.e. Tris-HCl and NaCl in water, but without
a-synuclein yielded no measurable SWNT content (data not
shown).

For comparison, we applied the same protocol with Pluronic
F127 (a widely used dispersant) and found lower amounts of dis-
persed SWNTs (Table 1). Interestingly, the colloidal stability of
the SWNT dispersion in F127 was much lower than for o-
synuclein. Over a period of 23 days, the amount of solubilized
SWNTs in F127 decreased to approx. 25% of the initial concentra-
tion while approx. 90% of the SWNTs were still dispersed with o-
synuclein after comparable time (Fig. 1). Similar trends were qual-
itatively observed in several samples (data not shown).

AFM was used to image the o-synuclein-dispersed SWNTs in a
dry state. The SWNTs are visible as fibrillar structures with bead-
like objects collected along them that plausibly originate from
adsorbed protein (Fig. 2). Cross-sectional profiles at different posi-
tions along the SWNTs between the “beads” (see example in Fig. 2)
provided a height of approx. 0.7 nm that is in good agreement with
the median diameter of the SWNTs used (0.78 nm according to the
manufacturer). This result proves that o-synuclein exfoliates
SWNTs into individual tubes even at mild sonication, a feature that
is not common among other dispersants [14,32]. In contrast,

Table 1
The initial SWNT concentration (cswnr-init)» the concentration of SWNTs dispersed in
the supernatant (Cswnr-sup) and the yield () = CswNT-sup/CswiT-init) in SWNT disper-

sions prepared with either a-synuclein or F127. The initial mass concentration of the
dispersant was 1 mg mL~! in both cases.

Dispersant CsWNT-init/mg mL ™’ CswiT-sup/mg mL~" n
a-synuclein 0.29 0.12 £ 0.085 0.41
F127 0.28 0.048 £ 0.02 0.17
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Fig. 1. SWNT dispersion stability assay. (A) Normalized amounts of dispersed SWNTs in the supernatant at set times after preparation, as estimated by UV-Vis absorbance at
660 nm. (B) and (C) show an a-synuclein-based SWNT dispersion at day 1 and day 31, respectively, while (D) and (E) show an F127-based SWNTs dispersion at day 1 and day

23, respectively.
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Fig. 2. (A) Single SWNTs could be visualized using AFM. White arrows point to objects that are interpreted as proteins adsorbed onto SWNTs. The inset highlights the bead-
like objects on SWNTSs. (B) Representative cross-sectional profiles of the SWNTSs at positions that coincide (light blue) or do not coincide (red) with beads. Lines with matching
color in A indicate the actual measuring positions. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

cross-sectional profiles coinciding with the “beads” provided sig-
nificantly higher profiles (approx. 1.5 nm) that we interpret as
one or a few bound a-synuclein molecules adsorbed to the SWNT.
Although the hydrodynamic radius of a-synuclein in solution is
around 2.7 nm [52], the bound form could be more compact, in
particular in the dry state examined by AFM. A recent AFM study
of monomeric a-synuclein in solution suggest an apparent height
of 1.0-1.5 nm for extended conformations of the protein [53].

By comparing the 'H NMR intensities (Fig. S1 in Supplementary
material) of protein peaks in neat protein solutions and in the pre-
pared dispersions, we estimated the remaining concentration of o-
synuclein in the supernatant to Cy.syn-sup ~ 0.8 mg mL~!, ie. 20%
less than the initial concentration. The signal loss can be assumed
to originate from protein depletion by adsorption to the precipi-
tated portion of SWNTSs, as observed for other dispersants [54]. In
order to quantify the fraction of adsorbed a-synuclein on the dis-
persed SWNTs we rely on '"H NMR diffusometry. This approach
has previously been used to characterize molecular aspects of

interactions between SWNT and various dispersing agents, such
as the surface coverage by and average residence time of the dis-
persant adsorbed on SWNT [4,14,30,55,56]. The diffusional decays
recorded for several 'H spectral sections of o-synuclein in a neat
protein solution and in an SWNT dispersion prepared by o-
synuclein are shown in Fig. 3 (see also Fig. S2 in Supplementary
material). The decays seem to be single-exponential down to a
few percent of the initial intensity which indicates that, on the
time scale set by the selected diffusion time A =10ms, the
a-synuclein molecular displacement is characterized by a single
self-diffusion coefficient D,s. The SWNT-surface-bound and free-
in-bulk states of a-synuclein must attain different diffusion coeffi-
cients, Dpouna and Dgee, Tespectively, as explicitly shown to be the
case for other dispersants [43]. The presence of a single experimen-
tal Dyps indicates that, under current conditions, the experiment
detects the population average expressed as:

2)

Dops = (1 = Ppound)Drree + Ppound X Dbound
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Fig. 3. 'TH NMR diffusional decays of defined spectral integrals within the
a-synuclein spectrum as a function of the Stejskal-Tanner [69] factor b = (7g5)?
(A — 8/3) where 7y is the magnetogyric ratio of 'H and the other experimental
parameters are defined in the Supplementary material. Data for neat solutions
(green, blue) and SWNT/a-synuclein dispersions (black, red) are shown. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

where pyouna corresponds to populations of the bound state. Instru-
mental limitations prohibit experiments with A < 10 ms, and there-
fore we cannot explore the exchange process [43] in greater detail.
With Dg.e obtained from a neat protein solution (Table 2) and
assuming Dfee > Dpound [4:43], Pbound Can be estimated as:

Table 2

Self-diffusion coefficients obtained from the fitting in different regions of the 'H
spectrum of neat o-synuclein and SWNT dispersion. The diffusional signal decays for
integration regions are shown in Fig. 3 and Supplementary material Fig. S2. The
estimated precision of the extracted average diffusion coefficients is in the order of
+1.5% (while accuracy is in the order of +2.5% as affected by gradient calibration) [70].
The extracted ppouna Parameter is insensitive, see Eq. (3), to calibration errors.

Integration 3.09- 2.2- 1.5- 1.0-
region 2.8 ppm 1.8 ppm 1.3 ppm 1.3 ppm
Self-diffusion D10~ D10~ D/10~ ! D10~
coef. m?s~! m?s~! m?s~! m?s~!
Dfree (Neat a-syn)  4.11 3.72 3.62 411
Dobs (SWNT/at-syn) 3.23 3.05 3.12 3.52
Pbound 0.21 0.18 0.14 0.14

The results are shown in Table 2. The self-diffusion coefficients
derived from different chemical shift ranges within the protein
spectrum differ from each other more than would be expected
by random experimental error typical for diffusion experiments.
Since the relative variation is similar in neat samples and the
SWNT dispersions, this seems to be caused by some minor non-
protein impurity with a diffusion coefficient different from that
of a-synuclein. Yet, the data consistently yield ppouna in the order
of 15-20%. This points to the same limitation by microscopic kinet-
ics to the dispersion process that was observed for other systems
[14].

The fractions of SWNT-bound dispersants, which have not been
quantified in many studies, were previously determined to be
approx. 4% in SWNT/BSA [4] and 4-6% SWNT/F127 [14,30]. Com-

~1 Dops 3 pared to those systems, the bound fraction of the a-synuclein dis-
Ppound = 1 — Diec (3) persant is relatively high, which could point to a stronger binding
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Fig. 4. Changes in the 'H-'>N HSQC spectrum of o-synuclein upon binding to SWNTs. (A) Weighted 'H'>N chemical shift changes [AS(*H)? + (0.2 - AS(*°N))?]'/2. (B) 'H
linewidths for residues with good quality lineshape fitting.
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to the SWNT. Yet, in contrast to F127, the residence time of o-
synuclein on the SWNT surface is one order of magnitude shorter,
which indicates weaker interactions (under the assumption of a
first-order process for desorption) [57].

Combining the Cy-syn-sup With ppounda and the cswnr-sup, the sur-
face coverage can be estimated as Ppound X Co-syn-sup/ CSWNT-sup»
yielding 0.64 mg (o-synuclein)/mg (SWNT). This value is slightly
above the approx. 0.5 mg (dispersant)/mg (SWNT) obtained in pre-
vious work using F127 as dispersant [30]. One possible explanation
for this observation is a higher degree of exfoliation by o-
synuclein, leading to more individual nanotubes (as compared to
a higher proportion of thin bundles obtained by F127). Indeed,
the AFM analysis of the SWNT/a-synuclein dispersion, together
with the lack of SWNT aggregation during the colloidal stability
assay, indicates that the degree of exfoliation of nanotubes by o-
synuclein is quite high. Assuming a theoretical specific surface area
(SSA) [58] of the SWNT = 1315 m? g~! (corresponding to full exfo-
liation) being valid here, the area per adsorbed o-synuclein mole-
cule (As) on the SWNT surface is As = 47 nm?. With due caution,
mainly to different experimental conditions and assumptions
(e.g. dispersant and SWNT concentrations, assumed SWNT SSA,
etc.), we observe that the obtained A;=47 nm? is line with
reported values for BSA [4], F127 [59] and blood proteins [60].

Besides diffusion NMR experiments, 2D heteronuclear 'H-'°N
correlation (HSQC) spectroscopy is a frequently used NMR method
to probe molecular interactions of proteins, including binding of
a-synuclein to various ligands [61-65]. In an attempt to reveal
structural alterations in a-synuclein upon association to the SWNT
surface, '"H-'>N HSQC spectra were recorded for o-synuclein alone
and in the samples with SWNTs. We observe only minor changes in
the chemical shifts of the peaks (Fig. 4A) with the largest changes
for the histidine in position 50, which is notoriously sensitive to
changes in the surrounding. This also confirms that sonication
did not cause any damage to the protein. In addition, the apparent
H linewidths become larger for all residues (20 + 5 Hz in the dis-
persion compared to 17 +5Hz in pure a-synuclein solution)
(Fig. 4B). This general increase is, probably to a large part, a conse-
quence of the presence of paramagnetic impurities in the SWNTs
(e.g. Co and Mo as catalyst for preparation). Indeed, the homoge-
neous line width (as detected by spin echo experiments, see mate-
rials and methods) for the 'HDO peak of water increases from
approx. 1Hz to approx. 10 Hz upon the dispersion of SWNTs.
Beside the general increase, the line width increases more for some
residues in the N-terminal region. Notably, the same region dis-
plays the largest linewidths also in the free protein, which makes
it difficult to speculate about the role of this region in the binding
process.

CD spectra were measured in the absence and presence of
SWNTs (Fig. 5A) to assess how SWNT-binding affects the secondary
structure of o--synuclein. The spectrum of the free protein indicates
mostly random coil structures, as previously reported [26,65-67].
The difference spectrum (Fig. 5B), representative of the 15-20%
of the protein molecules in the bound state, is clearly different
from that in the free state and is similar to spectra expected for
a-helical proteins. Spectral decomposition [34,35] confirms that
the helical component exhibits the largest relative increase in
structural content upon binding (see Table S1 in Supplementary
material). Indeed, a-synuclein is known to fold into helical struc-
tures upon binding to lipid membranes and membrane mimics
[26,66] and similar structural transformations seem to occur also
when binding to hydrophobic SWNTs. However, the uniform
chemical shift changes (Fig. 4A) indicate that the transition is not
located at specific regions of the protein chain. Helical secondary
structures have previously been observed to constitute the CNT-
binding segment of lysozyme by molecular dynamics simulations
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Fig. 5. (A) CD spectra recorded for a-synuclein with (+) and without (—) SWNTs. (B)
The difference spectrum of the two spectra in panel A.

[68]. Simulations of the interactions of an IDP are, however, very
challenging because of the lack of a defined native structure.

4. Conclusions

Our results demonstrate that IDPs, exemplified in this study by
a-synuclein, can be highly efficient dispersing agents for SWNTs,
yielding very stable dispersions with a high degree of SWNT exfo-
liation. Full exfoliation was indeed observed by AFM. NMR diffu-
sometry shows that 15-20% of the protein is adsorbed on the
SWNT, which is higher than that in previously studied dispersants.
The residence time on the surface is, however, shorter (below
10 ms) than for many other dispersants. Although CD spectroscopy
indicates the formation of helical secondary structures in the
protein upon binding, HSQC NMR did not reveal any specific
regions of the a-synuclein that are responsible for the interaction
with the SWNTs. Hence, the binding does not rely on the
block copolymer-like structure of the amino acid sequence of
a-synuclein. We hypothesize that, while the instantaneous binding
fraction of the chain matches its conformation so that the binding
to SWNTs is strong, the major non-binding part of the a-synuclein
chain remains disordered and freely fluctuating (as do other
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random polymers in a solvent). This fluctuating part may occasion-
ally destabilize the binding competent conformation and thereby
the protein can detach. The binding fraction can be anywhere in
the chain and thereby we observe no specific effects along the
sequence. This scenario is consistent with the experimental find-
ings we present. Taken together, our study suggests a potential
for intrinsically disordered proteins to enhance the solubility of
nanomaterials in general. The possibility to disconnect the interac-
tion from specific tertiary structures of the protein facilitates the
use of biotechnological methods to redesign and optimize
protein-based dispersants.
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