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Abstract Concern about the toxicity of engineered

nanoparticles, such as the prototypical nanomaterial C60

fullerene, continues to grow.While, evidence continues

to mount that C60 and its derivatives may pose health

hazards, the specific molecular interactions of these
particles with biological macromolecules require fur-

ther investigation. In this article, we report combined
experimental and theoretical studies on the interaction

of one of themost prevalent proteins in the human body,

human serum albumin (HSA), with C60 in an aqueous
environment. The C60–HSA interaction was probed by

circular dichroism (CD) spectroscopy, small-angle

neutron scattering (SANS), and atomistic molecular
dynamics (MD) simulations to understand C60-driven

changes in the structure of HSA in solution. The CD

spectroscopy demonstrates that the secondary structure
of the protein decreases in a-helical content in response
to the presence of C60 (0.68 nm in diameter). Similarly,
C60 produces subtle changes in the solution conforma-

tion of HSA (an 8.0 nm 9 3.8 nm protein), as evi-

denced by the SANS data and MD simulations, but the
data do not indicate that C60 changes the oligomeriza-

tion state of theprotein, suchasby inducing aggregation.

The results demonstrate that the interaction is not highly
disruptive to the protein in a manner that would prevent

it from performing its physiological function.
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Introduction

The fullerene C60 (Kroto et al. 1985) was one of the
first extensively-studied nanoparticles, and served as

the prototypic building block that drove the explosive

growth of the nanosciences. Fullerene derivatives,
which are true macromolecular nanoparticles, have

been studied for biological and pharmacological

applications (Bosi et al. 2003a,b). For instance,
functionalized C60 was proposed as an HIV protease

inhibitor, (Friedman et al. 1993a,b ; Sijbesma et al.

1993) a photosensitizer for cancer treatment, (Tokuy-
ama et al. 1993), and a delivery agent for gene therapy

(Sitharaman et al. 2008; Raoof et al. 2012; Xu et al.

2012). While, the incredible promise of nanomaterials
continues to drive research in this exciting field,

consumer groups are increasingly concerned about the

health effects of nanomaterials, leading to calls for the
labeling of nanoparticle-containing products as poten-

tially hazardous. (Using nanotechnology: What must

be done, (Consumer Reports 2007)).
In the case of C60, the debate about its health

hazards, as well as those of related carbon nanoma-

terials, has intensified as evidence mounts on both
sides of the debate. On one hand, several studies

suggest that non-functionalized C60 is not acutely or is

subacutely toxic to higher organisms, and may even be
beneficial (Nelson et al. 1993; Scrivens et al. 1994;

Gharbi et al. 2005; Baati et al. 2012). Dermal

application of C60 was not demonstrated to be either
toxic or cancerous in mice (Nelson et al. 1993).

Aqueous suspensions of C60 were also found to be

nontoxic to rats and indicated that the fullerenes
protected against free-radical damage to the liver

(Gharbi et al. 2005). While, it was found that
incubation of C60 with isolated human keratinocytes

resulted in cellular uptake of the nanoparticles, no

evidence of toxicity was observed (Scrivens et al.
1994). A recent in vivo study in rats demonstrated that

oral administration of C60 doubled the lifespan of the

rats in the absence of chronic toxicity due to its
attenuation of the oxidative stress (Baati et al. 2012).

Similarly, C60 solubilized with polyvinylpyrrolidone

did not cause hemolysis (Yamakoshi et al. 1994).

Further, C60 was reported as a promising anti-amyloid
agent that prevents in vitro accumulation of the

amyloid-b25–35 peptide fragment (Makarova et al.

2012). These results help to drive the continued
development of fullerene-based materials for biomed-

ical applications.

In contrast, several studies have reported significant
toxicity for C60. Fullerene exposure was reported to

produce oxidative stress in the brains of fish through

the formation of reactive oxygen species, (Oberdorster
2004) raising particular concern because the fullerene

has created an effect across the blood–brain barrier. In

addition to showing the potential for causing long-
term health effects, the study demonstrated a negative

impact of fullerene dispersion into the environment. It

has also been reported that the viability of cultured
human skin and liver cells dramatically decreased in

response to C60 application (Sayes et al. 2004). The

potential for inheritable effects resulting from fuller-
ene damage to DNA, as evidenced from a study using

human lymphocytes, (Dhawan et al. 2006) is a great

concern. Computational studies support a strong
interaction between fullerenes and DNA/RNA that

induces a structural deformation capable of inhibiting

function (Zhao et al. 2005; Zhao 2008; Xu et al. 2012).
Clearly, additional experimental and computational

studies are required to establish the toxicity of C60 and

to elucidate the specific molecular interactions that
drive the toxicology of non-functionalized C60.

The toxicity of water-soluble fullerenes has also

been studied. While, a dendritic C60 mono-adduct
decreased the viability of human lymphocytes, a

malonic acid C60 tris-adduct did not (Rancan et al.

2002). However, exposure to UVA and UVB light
caused both forms to become toxic. Carboxylated and

polyhydroxyl-C60 (fullerol) were found to be consid-

erably less toxic than non-functionalized C60, (Sayes
et al. 2004) and a separate study showed that fullerol

did not produce toxic levels of oxidative stress (Xia

et al. 2006). In contrast, fullerol nanoparticles dis-
played dose-dependent cytotoxicity in human periph-

eral blood lymphocytes (Mrdanovic et al. 2012).
Further, orally-introduced, water-soluble trimethyle-

nemethane-functionalized C60 was found to be trans-

ported to the liver in rats, (Yamago et al. 1995) and
intravenous introduction rapidly dispersed it through-

out the body before longer-term residence in the liver

took place. Intravenously administered p,p0-bis
(2-amino-ethyl)-diphenyl-C60 did not show toxicity
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(Schinazi et al. 1993) and was excreted by rats with a
half-life of roughly 7 h (Rajagopalan et al. 1996).

Studies of fullerene toxicity are invaluable for

identifying potential health issues associated with
these important nanoparticles, but little work has been

done to investigate specific molecular interactions that

may take place in the body. Here, we present a study of
the interaction of non-functionalized C60 with the

protein human serum albumin (HSA) in aqueous

solution, where free C60 forms colloidal aggregates,
(Andrievsky et al. 2002) to characterize the interaction

of C60 with a model, biologically-relevant protein.

HSA, a single polypeptide chain of 585 amino acids, is
the most abundant protein in human plasma and is

involved in a variety of physiological functions,

including blood pH and pressure maintenance, as well
as binding small hydrophobic molecules. HSA was

studied in the presence of C60 using a combination of

circular dichroism (CD) spectroscopy, small-angle
neutron scattering (SANS), and atomistic molecular

dynamics (MD) simulations to determine the impact

of the nanoparticle on the protein. The experiments
and simulations demonstrate that the structure of the

protein is altered by its interaction with C60, but it does

not unfold or aggregate. This study supports the
possibility that C60 can interact with HSA in a manner

that would not entirely negatively impact all aspects of

its function.

Experimental

Chemicals and solutions

Essentially fatty acid-free HSA (catalog number

A3782), Trizma hydrochloride, Trizma base, and C60

were purchase from Sigma-Aldrich (St. Louis, MO).
All materials were used as provided. A stock solution

of HSA was prepared by dissolving the protein in

20 mM tris buffer at pH 7.4. The final stock con-
centration, as determined by UV–Vis spectroscopy

with a Shimadzu 2401-PC spectrophotometer, was
10.1 mg/mL (0.152 mM) for the SANS measure-

ments. Concentrations of 5 and 8 mg/mL were used

for spectroscopy measurements. A stock solution of
C60 in toluene was made at 10.4 mM. Sample prepa-

ration at 1:2, 1:1, 2:1, and 4:1 C60:HSA ratios followed

a procedure comparable to a previously described
method for preparing aqueous dispersions of C60

(Andrievsky et al. 2002). Briefly, an appropriate
amount of C60 in toluene was added to the HSA stock

solution, vortexed vigorously. The toluene was blown

off under a stream of dry air. The higher C60:HSA
ratios required additional vortexing and evaporation

time to remove the toluene. The toluene removal

process significantly reduced the sample volume (up
to 25 %), which was made up using deionized water to

maintain the concentration of the proteins and buffer

salts. These relatively small changes in concentration
are not anticipated to have a negative impact on the

structure or aggregation state of the protein because of

the higher concentration at which it natively exists in
the blood. The final concentration of the C60:HSA

samples were approximately, but not exactly, the same

as the starting stock solution as a result of the sample
preparation. Presence of C60 in the solution was

confirmed by UV–Vis spectroscopy by measuring a

difference spectrum directly in the aforementioned
instrument, which is a dual-beam model that allowed

for direct collection of a difference spectrum from

HSA samples with and without C60.

CD spectroscopy

CD spectroscopymeasurements were carried out using

a Jasco 810 spectropolarimeter over wavelengths

ranging from 280 to 195 nm. Sample concentrations
were 5 or 8 mg/mL, and a 1 mm path-length sample

cell was used. Protein secondary structure content was

evaluated using the set of basis spectra determined
from proteins of known structure (Chang et al. 1978),

which were obtained from the K2D webpages (http://

www.embl-heidelberg.de/*andrade/k2d.html) (And-
rade et al. 1993).

SANS data collection

SANS experiments were performed using the Bio-

SANS instrument at the High Flux Isotope Reactor at
Oak Ridge National Laboratory (Lynn et al. 2006),

Sample-to-detector distances of 1.1 and 6.8 m were
used for the measurements. The wavelength, k, was set
to 0.6 nm, and the wavelength spread, Dk/k was 0.15.

The configurations provided the necessary q-range of
0.1–2.0 nm-1 for fitting and comparison against the

crystal structure of the protein, and provided sufficient

additional higher-q data for determination of the
correct background subtraction. Data were corrected
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for detector sensitivity and buffer or buffer-C60

backgrounds, as appropriate, before being azimuthally

averaged into I(q) versus q, where q = (4psin(h))/k
and 2h is the scattering angle from the direct beam.

SANS data analysis

SANS data were analyzed according to Guinier for the

radius of gyration,Rg, (Guinier and Fournet 1955), and

for the distance distribution function, P(r), which is
related to I(q) by Eq. 1.

PðrÞ ¼ 1

2p2

Z1

0

d q ! ðq rÞ ! I qð Þ ! sin q rð Þ ð1Þ

The indirect Fourier transform algorithm imple-
mented in the software GNOM (Svergun 1992) was

used to determine P(r) and the maximum linear

dimension, dmax, from the measured intensity profiles.
Comparison of the scattering data to a model intensity

profile calculated from the crystallographic structure

of HSA (PDB ID: 1AO6 (Sugio et al. 1999)) was
performed using the program ORNL_SAS. (Tjioe and

Heller 2007).

Molecular dynamics simulation

All molecular dynamics simulations were performed
using the NAMD package (Phillips et al. 2005). An all-

atom Amber force field (Cornell et al. 1996) was

employed for both HSA protein and C60. The initial
configuration of HSA was obtained from the RCSB

Protein Data Bank (PDB ID: 1AO6 (Sugio et al.

1999)). A C60:HSA complex docking study was
performed to predict the possible binding sites in

HSA using PATCHDOCK (Duhovny et al. 2002;

Schneidman-Duhovny et al. 2005). The final, starting
structure of the 4:1 C60:HSA complex was assembled

from the four highest-ranked unique binding sites of

C60 on HSA found by PATCHDOCK (Duhovny et al.
2002; Schneidman-Duhovny et al. 2005). PATCH-

DOCK has been used for predicting protein–protein

and protein–small molecules interactions previously,
specifically for, including HSA–Virstatin (Chatterjee

et al. 2012), HSA–C60 (Belgorodsky et al. 2005;

Benyamini et al. 2006) interactions. It was also
successfully used to explore the possible binding sites

of b-lactoglobulin with four carboxyl-modified C60

derivatives, inwhich the four ligandswere docked onto

b-lactoglobulin one-by-one and the highest-scored
structure was found to strongly agree with experiment

(Belgorodsky et al. 2007). Free HSA and the 4:1

C60:HSA complex were solvated in an explicit TIP3P
water box and neutralized by adding Cl- andNa? ions.

The system was allowed to undergo energy minimiza-

tion and equilibration under isothermal-isobaric
ensemble conditions. The equilibration was examined

by checking the fluctuation of temperature, potentials,

and root mean square displacement (RMSD), as shown
in the supplementary information (Figures S1 and S2).

The box dimensions are approximately 10.0 nm 9

8.8 nm 9 10.6 nm. Periodic boundary conditions
were applied in all three dimensions. The temperature

was controlled by Langevin method and the constant

pressure was achieved by Langevin piston Nose-
Hoover method. All hydrogen-linked bonds were

constrained at fixed lengths during the simulation

using the SHAKE algorithm (Ryckaert et al. 1977).
Non-bonded interactions were calculated with a

1.0 nm cutoff. The particle mesh Ewald method

(Darden et al. 1993) was used for electrostatic inter-
actions. After 0.2-ns energy minimization and 5-ns

equilibration, the 32 ns production run employed a 2 fs

timestep. The trajectory was saved every 2 ps. Trajec-
tories for free HSA and the 4:1 C60:HSA complex were

then used to calculate secondary structure evolution

using STRIDEprogram (Heinig and Frishman 2004) in
visual molecular dynamics (VMD). The binding sites

on HSA for C60 were identified as the amino acid

residues within 0.7 nm from C60. The same residues in
binding sites for free HSA and 4:1 C60:HSA complex

were used for secondary structure content analysis,

respectively. The solvent accessible surface area
(SASA) was evaluated from the MD trajectories and

the ensemble SANS intensity profile, and P(r) were

computed from the coordinates using ORNL_SAS
(Tjioe and Heller 2007). The Rg values for both free

HSA and 4:1 C60:HSA complex were also directly

computed for comparison with the SANS data.

Results and discussion

The UV–Vis spectra of the free HSA and the 4:1
C60:HSA sample are shown in Fig. 1. Excess absor-

bance, which is small relative to the tryptophan

absorption band of the protein at 280 nm, can be seen
in the spectra of the 4:1C60:HSAsample. The difference
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between the spectra for the 4:1 C60:HSA sample and the

free HSA is shown in the inset of the figure over the

wavelength range of 260–400 nm, which includes the
tryptophan absorption of the protein and one absorption

peak of the C60. The peak in the difference spectra is at

345 nm,which is consistentwith othermeasurements of
aqueous, colloidal solutions of C60 (Andrievsky et al.

2002; Fortner et al. 2005). The position of this feature

depends on the preparation method. A previous study
utilizing a similar organic-solvent based method for

preparing a protein-free aqueous C60 dispersion found

the samepeakposition, compared to 355 nmfor directly
dissolving the nanoparticle in water (Liu et al. 2012).

The authors of the aforementioned study speculated that

the size distribution of the C60 aggregates may have
produced the differences in UV–Vis absorption. The

present results are in reasonable agreement with another

study that directly dissolved C60 in water with bovine
serumalbumin, and found an absorption peakof343 nm

(Wu et al. 2011). The results indicate that the C60 in the

presence of a serum albumin is in a comparable state
regardless of whether or not an organic solvent is used,

although the organic solvent may have impacted the

results, as suggested by Liu et al.(2012).
The CD spectra for free HSA and the C60:HSA

samples are shown in Fig. 2. The spectra are consistent

with a predominantly a-helical protein, as expected
from the crystal structure of HSA (Sugio et al. 1999),

and show subtle changes in response to the addition of

C60. Fitting the spectrum of the freeHSA for secondary
structure content yields 62 % a-helix, 21 % b-struc-
ture and 17 % random coil, all with uncertainties of a

few percent, and is consistent in helical content with
previous measurements of HSA near neutral pH

(Dockal et al. 2000). As can be seen in the main plot

and in the inset, where the curves are overlaid onto one
another, there are differences in the CD spectra in

response to the addition of C60 that can be most clearly

seen as a slight strengthening of the negative band near
208 nm relative to that near 222 nm with increasing

C60 concentration. Fitting the spectra for secondary

structure content, as described in the ‘‘Experimental’’
Section, finds that for the 1:2 C60:HSA, the second-

ary structure content becomes 56 % a-helix, 24 %

b-structure and 20 % random coil. Considering the
sub-stoichiometric amount of C60 present and the

Fig. 1 UV-Vis spectra of 4:1 C60:HSA (cyan) and free HSA
(black) as-prepared samples. The difference spectrum, collect-
ing using the free HSA sample as the background sample in the
dual-beam spectrophotometer employed, is shown in the inset
figure. No attempt was made to normalize for slight differences
in concentration beyond making of the evaporated water volume
during toluene evaporation as described in the ‘‘Experimental’’
Section. (Color figure online)

Fig. 2 CD spectra of C60: HSA samples. The data for 1:2 (red),
1:1 (green), 2:1 (blue), and 4:1 (cyan) C60:HSA and free HSA
(black) in the main panel are not overlaid to allow for easy
inspection. A relative normalization of the CD spectra at
222 nm was applied in the inset plot to highlight any changes in
the spectra. (Color figure online)
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possible colloidal nature of C60 in these samples, it is
most appropriate to consider this to be an average

secondary structure content, as the possibility exists that

some HSA remains free in solution. At 1:1 C60:HSA,
the average secondary structure is 55 % a-helix, 22 %

b-structure, and 23 % random coil. Similarly at 2:1

C60:HSA, fitting theCD spectrum for protein secondary
structure yields 56 % a-helix, 22 % b-structure, and
22 % random coil. A further change is observed when

the C60:HSA ratio increases to 4:1, resulting in 53 %
a-helix, 23 % b-structure, and 24 % random coil. Data

from a control experiment comparing the 4:1 C60:HSA

complex with HSA prepared in the same way with a
C60-free toluene solution are presented in the supple-

mentary information (Figure S3). Exposure to toluene

alone increased the b-structure content of the structure,
and did not indicate significant denaturation of the

structure during the process of toluene exposure and

solvent evaporation. Considering that C60 can form
colloidal aggregates in aqueous solution (Andrievsky

et al. 2002; Fortner et al. 2005), it is possible that a

fraction of the population of HSA is strongly altered by
its association with C60, while, the remainder may be in

a free and unperturbed state. The CD data alone cannot

resolve which state exists in the samples.
The C60-driven changes in the CD spectra indicate

that the conformational changes produced in HSA

upon association with the nanoparticle are not large,
such as might result from an extensive unfolding of the

protein. Similar CD measurements of serum albumins

(human and the closely-related bovine) associated
with C60 have been performed previously (Song et al.

2011; Wu et al. 2011; Liu et al. 2012). At first glance,

the results seem to be presenting a mixed message. For
instance, Song et al. (2011) found that the a-helix of

the structure increased, rather than decreased, upon

binding the nanoparticle. The magnitude of the change
is comparable to what is reported here. However,

visual inspection of the data presented in the previous

study finds that the spectra change in the same way,
with an increase in the relative strength of the 208 nm

band relative to the 222 nm band. In contrast,Wu et al.
(2011) found visually similar spectral changes when

bovine serum albumin associated with C60 under

conditions suitable for solubilizing the nanoparticle
and interpreted it as a loss of secondary structure,

being presumably an increase in the random coil

content, although no specifics were provided. These
seemingly contradictory results can be reconciled by

realizing that deconvolution of protein CD spectra for
secondary structural content depends on the method

and software employed. In all cases, the changes in the

spectra, and thus protein conformation, appear con-
sistent even if the interpretation differs. In contrast,

Liu et al. (2012) observed what appeared to be

qualitatively similar but lesser changes in the CD
spectra of serum albumins associated with C60,

although the data are noisier and led the authors to

conclude that no significant C60 dose-dependent
changes in protein secondary structure took place. It

is clear from the results viewed in aggregate that the

nanoparticle does not cause large-scale changes in the
secondary structure of the protein upon binding. It is

interesting to note that the extent of the changes in CD

spectra observed appears to be largely independent of
whether the C60 was dissolved directly from powder or

whether a C60 solution in toluene was employed.

The SANS data andGuinier fits are shown in Figs. 3
and 4, respectively, while P(r) curves determined from

the data fitting are shown in Fig. 5A. The SANS data

and Guinier plots provide no indication of significant
aggregation or the presence of a considerable popula-

tion of high molecular weight particles, such as the

protein-encapsulated C60 assemblies proposed in
Scheme 1 of Wu et al. (2011), which are clearly larger

than the particles indicated by the SANSdata presented

here, but are not so large as to be outside the range of
length scales probed by the SANS measurements

performed. The absence of high molecular weight

species is most clear in the Fig. 4, which shows a linear
Guinier region (q 9 Rg\ 1.3). The Rg determined

from the free HSA data is 2.67 ± 0.12 nm, while the

dmax determined from the P(r) fitting was 8.50 ±
0.50 nm (Fig. 5A). The Rg values are unchanged to

within the experimental uncertainty in response to the

addition of C60, being 2.67 ± 0.12, 2.62 ± 0.12,
2.68 ± 0.10, and 2.65 ± 0.09 nm for the 1:2, 1:1,

2:1, and 4:1 C60:HSA samples, respectively, with

corresponding dmax values of 8.25 ± 0.50, 8.25 ±
0.50, 8.50 ± 0.50, and 8.50 ± 0.50 nm, as found in

the P(r) fitting (Fig. 5A). These values are in reason-
able agreement with a previous study of free HSA in

aqueous solution, (Baker and Heller 2009; Heller

2013) although the samples reported in the earlier
previous work (Baker and Heller 2009) may have

contained *10 % HSA dimers, resulting in a some-

what larger Rg. The SANS data demonstrate that no
large-scale changes in tertiary structure or aggregation
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state have taken place. Some suggestion of a confor-
mation change can be found by inspecting the

P(r) curves. However, the variations in the shape of

the P(r) curves are small, being at the edge of the
uncertainties in the P(r) fitting by GNOM (Svergun

1992). The extent of the changes in the global structure

of the protein found by SANS are consistent with the
changes in secondary structure found by CD spectros-

copy (Fig. 2). Further, the choice of dmax, which is a

fitting parameter left up to the user, can be subjective
and can subtly impact the shape of P(r). Taken

together, the CD and SANS results make it possible

to exclude the possibility that a portion of the HSA
remains free and properly folded while, a population is

associated with large colloidal C60 aggregates, as

suggested by previous researchers (Song et al. 2011;

Wu et al. 2011; Liu et al. 2012).
MD simulations were performed for free HSA and

for the 4:1 C60:HSA complex formed using the four

highest ranked binding sites of C60 on HSA as
determined using PATCHDOCK (Duhovny et al.

2002; Schneidman-Duhovny et al. 2005). The C60 sits

within hydrophobic pockets on the surface of the
protein, including in three locations along the cleft

where the polypeptide chain folds into a heart-shape.

The binding sites found are near the Myr2 and Myr4
myristic acid binding sites and the TIB2 tri-iodoben-

zoic acid binding site identified crystallographically

(PDB ID:1BK5 and 1BKE (Curry et al. 1998)) and a
different myristic acid binding site identified in

another crystallographic study of the protein (PDB
ID: 1E7G (Bhattacharya et al. 2000)). The Type I and

Type II binding sites identified computationally (Be-

nyamini et al. 2006) for C60 and carboxy-C60 are
represented in the four sites identified here. Binding of

C60 to HSA in vivo would involve competition

between the nanoparticle and any fatty acids or other
hydrophobic compounds, and would depend strongly

on the specific compound occupying a site being

competed for.
A snapshot of the simulation of the 4:1 C60:HSA

complex is shown in Fig. 6 in two views. The heart-

shaped HSA structure observed crystallographically

Fig. 3 SANS intensity profiles of C60:HSA samples. The data
for 1:2 (circles), 1:1 (up triangles), 2:1 (down triangles), and 4:1
(diamonds) C60:HSA and free HSA (squares) have been offset
for clarity. The solid lines are the intensity profiles calculated
from the MD simulations of the free HSA and the 4:1 C60:HSA
complex. The differences at larger q-values are due to slight
differences in the baseline that results from subtle differences in
the background subtraction during data reduction

Fig. 4 Guinier plots of the C60:HSA SANS data. The data for
1:2 (circles), 1:1 (up triangles), 2:1 (down triangles), and 4:1
(diamonds) C60:HSA and free HSA (squares) have been offset
for clarity. The solid lines are Guinier fits to the data
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(Sugio et al. 1999) is not greatly disrupted by the bound

C60 even after 32 ns of simulation. Interpretation of the

trajectory for secondary structure content using the
STRIDE program (Heinig and Frishman 2004), which

is presented in Figure S4, shows little change in the

relative contents of secondary structural elements over
the course of the simulation, and subtle differences

between the MD and experimental results can be

attributed to the idealization inherent to the calcula-
tions relative to experiments performed. The second-

ary structure analysis of binding sites on free HSA and
C60:HSA complex, shown in Figure S5, suggests a

slight decrease ina-helix content and increase inb-turn
upon binding of C60. Considering there is no obvious
difference observed in the overall secondary structure

contents between freeHSA andC60:HSA complex, it is

reasonable to predict a corresponding subtle increase in
a-helix and decrease inb-turn for the regions ofHSA to

which C60 binds. Therefore, the binding of C60 may

cause the slight shift of secondary structure contents
between the bound and unbound regions of HSA.

SASA of the free and nanoparticle-bound protein is

presented in Figures S6 and S7, and indicates that
binding the nanoparticle does result in localized

conformational changes that decrease the SASA and

that such changes are primarily in the hydrophobic
surface residues of HSA. Further, the global fold of the

protein is not disrupted, which is consistent with the

SANS results. The average Rg values for free HSA and
4:1 C60:HSA from the MD simulation snapshots are

2.67 ± 0.01 and 2.65 ± 0.01 nm, respectively, which

is in excellent agreement with the Rg determined from
the SANS data for the free protein and 4:1 C60:HSA

complex. The MD results, being calculated from a

single trajectory, cannot be considered a comprehen-
sive examination of the conformational space avail-

able, but do support that the structure retains stability

and overall fold rather than being driven to unfold. The
MD simulations confirm the experimental findings that

the binding of C60 to HSA does not cause a significant

unfolding of the polypeptide chain from its native
structure. The root mean square deviation (RMSD)

relative to the initial structures (see Figure S2) are

virtually identical (see Figure S2), suggesting that the
crystal structure relaxes in the simulations. However,

the average RMSD value calculated between simula-

tion snapshots after equilibration of the free HSA and
the 4:1 C60:HSA complex, using SuperPose (Maiti

et al. 2004), was determined to be 0.424 ± 0.010 nm,

indicating significant atomic-level structural differ-
ences. The SANS intensity profiles calculated from the

ensemble of structures in the snapshots of the simula-

tions for free HSA and the 4:1 C60:HSA complex are
shown in Fig. 3 with the SANS data, while the

P(r) curves determined from the simulations are

presented in Fig. 5B. The SANS profiles calculated
from the MD simulations agree very well with the data

with primary discrepancies in the higher-q region,
where the noise in the experimental SANS data is

greatest. The P(r) curves calculated from the MD

simulations show a slight shift of 0.2 nm in the position
of the main peak to lower distances in response to C60,

but the dmax was unchanged. It should be noted that the

simulation, which was performed using a specific
complex at a well-defined binding stoichiometry

Fig. 5 A P(r) curves derived from the SANS data. The curves
for 1:2 (red), 1:1 (green), 2:1 (blue), and 4:1 (cyan) C60:HSA
and free HSA (black) have been normalized to have equal value
at the main peak. The error bars obtained during the P(r) fitting
have been omitted for clarity, but are slightly larger than twice
the line width. B P(r) curves calculated from the ensemble of
MD simulation snapshots. The curves for 4:1 (cyan) C60:HSA
and free HSA (black) have been normalized to have equal value
at the main peak. (Color figure online)
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identified by computational docking, only represents a
small fraction of the potential conformational space

available to the samples measured in the SANS

experiments. However, the results are in qualitative
agreement.

Conclusions

Here, the interaction of C60 with HSA, the most
abundant protein found in blood plasma, was probed

using CD spectroscopy, SANS and atomistic MD

simulation. While no large colloidal aggregates of C60

were observed, a stable interaction between HSA and

the nanoparticle was found. HSA plays an important

biological role and is present in large quantities
throughout the body. Its constant circulation and

known interaction with molecules having hydrophobic
moieties, such as fatty acids, makes it a candidate for

transporting C60 and other hydrophobic nanoparticles.

C60 is transported throughout the body to various
organs, such as the liver (Gharbi et al. 2005), suggest-

ing that transportation via the circulatory system is

possible and could be facilitated by HSA through
formation of a stable, non-covalently bound complex.

The current study shows that the HSA structure

becomes slightly distorted when it interacts with C60,
as opposed to aggregating or unfolding. The present

study expands on previous studies of C60 interacting

with HSA in solution (Song et al. 2011;Wu et al. 2011;
Liu et al. 2012) by providing insight into the confor-

mation and aggregation state of the protein-nanopar-

ticle complex in solution. Structural impacts of C60 of
comparable scale were observed in computational

studies of the binding of C60 to DNA (Zhao et al. 2005;
Zhao 2008). The obvious consequences of unfolding

are reduction or elimination of the function of a

protein, and would raise health concerns about acute
exposures to C60. Maintaining a near-native HSA

structure and oligomerization state would allow the

nanoparticle–protein complex to move throughout the
body, thereby providing an opportunity for C60 to

accumulate in tissues not directly accessible through

routes of entry, such as inhalation or ingestion.
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