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ABSTRACT: Carbon nanotubes (CNTs) were functionalized with sodium
hexadecyl sulfate (SHS). The lysozyme adsorbed on the SHS-CNTs exhibited a
higher activity than that immobilized on the nonfunctionalized CNTs. To explain
the experimental results and explore the mechanism of lysozyme adsorption, large-
scale molecular dynamics simulations have been performed for a four-component
system, including lysozyme, SHS, CNTs in explicit water. It has been found that
the assembled SHS molecules form a soft layer on the surface of CNTs. The
interactions between lysozyme and SHS induce the rearrangement of SHS
molecules, forming a saddle-like structure on the CNT surface. The saddle-like
structure fits the shape of the lysozyme, and the active-site cleft of the lysozyme is
exposed to the water phase. Whereas, for the lysozyme adsorbed on the
nonfunctionalized CNT, due to the hydrophobic interactions, the active-site cleft
of the enzyme tends to face the wall of the CNT. The results of this work demonstrate that the SHS molecules as the interfacial
substance have a function of adjusting the lysozyme with an appropriate orientation, which is favorable for the lysozyme having a
higher activity.
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1. INTRODUCTION

Nanomaterials have been extensively investigated as supporting
materials for the adsorption of proteins, because nanoscale
materials can provide high surface area for effective loading and
reduced diffusion limitations.1,2 Carbon nanotubes (CNTs)
exhibit distinct properties, including extraordinary mechanical,
electrical, and thermal properties, as well as biocompatible
properties.3 CNTs have been extensively investigated for
enzyme immobilization.4,5 Enzyme immobilization is a
promising biotechnological application of CNTs.6

van der Waals interactions between the sidewalls of
individual pristine CNTs lead to the formation of bundles.7

Functionalized CNTs can be well-dispersed in biocompatible
media, facilitating their biological applications.2,3 Surfactants
have been utilized to disperse CNTs in aqueous solutions.8−10

Surfactants are self-assembled around the CNTs, and the
CNT/surfactant complex is highly hydrophilic.11 Streptavidin
was specifically bound to the Triton X-100 functionalized
CNTs.12 Enzymes and surfactants together have been adsorbed
onto CNTs,13 and enhanced faradic responses were achieved.
For selective immobilization of enzymes, two surfactants have
been adsorbed onto CNTs.14 The solution of sodium cholate
was used to disperse CNTs,15 and [FeFe] hydrogenase was
bound to the CNTs by displacing the sodium cholate.
As a model protein, lysozyme has been extensively

investigated for the interaction with carbon nanoparticles.16

Adsorption of the lysozyme on CNTs makes the CNTs water-
soluble, the conjugate of lysozyme and CNTs can be well-

dispersed in aqueous solutions.17−21 The secondary structure of
the lysozyme adsorbed on CNTs has been preserved well.17,22

Lysozyme-functionalized CNTs can spun into fibers in the
presence of cationic surfactants,23 exhibiting antibacterial and
mechanical properties. Interactions between carbon nanotubes
and lysozyme has been studied experimentally.19 Molecular
dynamics (MD) simulation has been proved to be a powerful
tool to gain insight into the interactions between proteins and
CNTs.16,24−28 The favorite adsorption site of the lysozyme on
the CNT and the protein−tube interaction region has been
indicated.24 The simulations for the lysozyme adsorption on a
hydrophobic flat graphite surface27 and on the CNTs28

indicated that the lysozyme adsorption strength is dependent
on the surface topography.
In this work, CNTs were functionalized with an ionic

surfactant (sodium hexadecyl sulfate, SHS) and the function-
alized CNTs were utilized to adsorb lysozyme. Parallel work
has been carried out for the adsorption of lysozyme on the
nonfunctionalized CNTs. It has been found that the enzymatic
activity of the lysozyme-SHS-CNTs is much higher than the
lysozyme-CNTs. MD simulations have been performed to
interpret the experimental results and to investigate the
mechanism of lysozyme adsorption. MD simulations will reveal
that the SHS molecules rearrange themselves to fit the shape of
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the lysozyme, leading to the adsorbed lysozyme with an
appropriate position that is favorable for the enzymatic
catalysis.

2. MATERIALS AND METHODS
2.1. Materials. Multiwalled carbon nanotubes (MWNTs) were

purchased from Nanotech Port Co., Ltd. (Shenzhen, China), with a
purity of >95%. Sodium hexadecyl sulfate (SHS), lysozyme, Micro-
coccus lysodeikticus cells, and sucrose were purchased from Sigma−
Aldrich Chemical Co., China. Sulfuric acid, nitric acid, ferric nitrate,
and 2-propanol were purchased from Sinopharm Chemical Reagent
Co. All chemicals are analytical grade or higher, and they were used as-
received without any further purification. Deionized double-distilled
water was used in the preparation of the solutions.
2.2. Experimental Measurements. Preparation of Magnetic

MWNTs. MWNTs were purified and oxidized as reported elsewhere.29

By refluxing in a nitric acid solution (2.6 M), the purification of
MWNTs was carried out at 70 °C for 45 h. By filtering through a
polycarbonate membrane (0.8 μm), the suspensions of MWNTs were
washed with double-distilled water. Oxidation of the purified MWNTs
was carried out in a H2SO4/HNO3 mixture (3:1) for 3 h. The
polycarbonate membrane (0.45 μm) was utilized to filter the oxidized
MWNTs, rinsing with double-distilled water. The final samples were
obtained through vacuum drying at 80 °C.
Methods described in the literature30 were used to prepare magnetic

MWNTs (M-MWNTs). The solution, consisting of 1.0 g of H2O, 0.1
g of H2SO4 (98%), 0.23 g of sucrose, and 1.5 g of Fe(NO3)3·9H2O,
was prepared. The oxidized MWNTs were impregnated through
dropwise addition of this solution. The impregnated samples were
dried at 120 °C. They were further treated under nitrogen at 450 °C
for 2 h.
Determination of the Amount of SHS Adsorbed. Malachite green

(MG) can form a complex with SHS, as shown in Scheme S1 in the
Supporting Information; within the pH range of 4.00−6.50, the
complex is quite stable. The SHS solutions were prepared with various
concentrations, including 0.4. 0.8. 1.2. 1.6. 2.0. 2.4 mg/mL. In
preparing the samples, 3 mL of the SHS solution was used and the
amount of MG was calculated according to a 1:1 molar ratio. The pH
of the mixture was adjusted to be 5.0 by adding acetic acid. Ten
milliliters (10 mL) of chloroform was added to the mixture and stirred
under shaking for 10 min. Then, another 10 mL of chloroform was
added and the mixture was equilibrated for 20 min. The absorbance of
the chloroform phase, in which the MG/SHS complex was extracted,
was measured at 616 nm. The obtained calibration curve is shown in
Figure S1 in the Supporting Information.
Adsorption of the Surfactant SHS on M-MWNTs. Sixty milligrams

(60 mg) of surfactant SHS was added to the 2-propanol/water
solution (40 mL volume, concentration = 15%). The mixture was
sonicated for 20 min, and then 20 mg of M-MWNTs was added.
Further sonication was carried out for 1 h. The SHS-functionalized M-
MWNTs were separated from the mixture by centrifugation at 12 000
rpm for 30 min.
Saturation Adsorption of the Lysozyme onto the SHS-Function-

alized M-MWNTs. The concentrations of the lysozyme solutions
ranged from 0.02 mg/mL to 0.15 mg/mL. The solution of SHS-
functionalized M-MWNTs was prepared with a concentration of 0.075
mg/mL. The lysozyme solutions were added to the CNTs solution,
and then the mixtures were shaken at 4 °C in an incubator shaker at
150 rpm for 4 h. The concentrations of lysozyme in the solutions were
determined using the micro bicinchoninic acid assay.30 The solutions
with a concentration range from 0.0 to 0.80 mg/mL were prepared for
measurement of the standard curve. Twenty microliters (20 μL) of
each protein standard solution and each unknown sample were
pipetted into a 96-well micro plate. Two hundred microliters (200 μL)
of the BCA working reagent was added to each well, and the plate was
mixed thoroughly on a plate shaker for 30 min. The plate was
incubated at 37 °C for 30 min. Using an automated microplate reader,
the absorbance at 562 nm was recorded for the plates. For each
unknown sample, the concentration was determined using the protein

standard curve. By detecting the protein remaining in the supernatant,
the amount of lysozyme adsorbed onto the SHS-functionalized M-
MWNTs was determined. Average values were obtained from
triplicate measurements of three adsorption operations. Similar
procedures were used to measure the adsorption of lysozyme on the
nonfunctionalized M-MWNTs. The contents of lysozyme adsorbed
are 0.48 mg/mg CNTs and 0.32 mg/mg CNTs for SHS-M-MWNTs
and for M-MWNTs, respectively. The relative changes in adsorption
capacities are below 2.15%.

Optical Spectroscopy. Ultraviolet−visible (UV-vis) spectra were
measured in a Shimadzu Model UV2550-PC spectrophotometer, using
1-cm-path-length quartz cuvettes. Spectra were collected within a
range of 190−800 nm.

For measuring infrared spectra, a Fourier transform infrared (FTIR)
spectrometer (Bruker TENSOR 27) was used, which was equipped
with a horizontal, temperature-controlled attenuated total reflectance
(ATR) device with a ZnSe crystal (Pike Technology). Mercury−
cadmium−telluride detector was used. Each spectrum was collected at
a resolution of 2 cm−1 with 128 scans. Corrected FTIR spectra were
obtained by subtracting the background of the ATR element spectrum.
Ultrapure nitrogen gas was introduced to purge water vapor.

By measuring circular dichroism (CD) spectra, the secondary
structures of the free lysozyme and lysozyme/SHS-CNTs were
monitored. CD data were collected with a JASCO instrument
(Model J-810). The CD data were measured at a scan speed of 50
nm/min. The cell length was 10 mm. The lysozyme concentration was
kept at 50 μg/mL, and CD measurements were carried out at 25 °C.

Lytic Activity of Lysozyme. The rate of lysis of Micrococcus
lysodeikticus by the lysozyme was measured as reported.31 The activity
of the lysozyme was measured using spectrophotometric turbidity
assay. The lysozyme was added into the potassium phosphate buffer
(66 mM, pH 6.2) in vials, and the mixture was shaken for 2 h at 4 °C.
The lysozyme concentration was 50 μg/mL. The Micrococcus
lysodeikticus solution was prepared in the potassium phosphate buffer
(66 mM), and the concentration was 0.3 mg/mL. In the cuvette, 0.2
mL of the lysozyme solution was mixed with 4.0 mL of the Micrococcus
lysodeikticus solution. The absorbance at 450 nm was recorded on a
Shimadzu Model UV-vis 2500 spectrophotometer at 30 °C, and the
data were used to calculate the extent of the hydrolysis of the cell wall
substrate. Triplicate measurements were carried out to obtain the
average values.

The conjugate SHS-M-MWNTs immobilized more lysozyme than
the nonfunctionalized M-MWNTs. In order to compare the enzyme
activity on the same basis, the relative activity of the immobilized
lysozyme was used. The relative activity is defined as the ratio of the
activity of immobilized lysozyme to the activity of free lysozyme.
Through the BCA method, the amount of lysozyme immobilized was
determined. Both the activity of free lysozyme and that of immobilized
lysozyme were measured. To measure the activity of free lysozyme, the
amount of free enzyme used is equivalent to the amount of lysozyme
immobilized. The relative activity is the retained activity by the
immobilized lysozyme.

2.3. Molecular Dynamics Simulation. The crystal structure
(7LYZ) was used as the initial structure of the lysozyme, which was
taken from the Protein Data Bank. It is composed of a peptide chain
containing 129 amino acid residues that form four α-helical segments:
one 310 helix and one three-stranded antiparallel β-sheet with four
disulfide bridges. The optimal pH for lysozyme is pH ∼6.2; under this
pH condition, the lysozyme exhibits maximal enzymatic activity.32 The
H++ program33 was applied to calculate protonation states of titratable
groups at pH 6.2.

The VMD software was used to generate a coordinate of carbon
nanotube with a chiral index (15,15). For the lysozyme−SHS−CNT
system, the carbon nanotube is 10.0 nm long with a diameter of 2.03
nm. For the system lysozyme−CNT, the CNT is 10.0 nm long with a
diameter of 4.0 nm. The parameters for the CNT are the same as that
in our previous work.26 The geometric parameters and potential
parameters for SHS were obtained from the Dundee PRODRG
server,34 and the charge parameters were derived from Schweighofer.35
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The partial charges for isopropanol were download from ATB (http://
compbio.chemistry.uq.edu.au/atb/index.py).
The GROMACS software package (version 4.5.4)36 was applied to

carry out molecular dynamics (MD) simulations. The Gromos96 45a3
force field was adopted.37 For the systems of free lysozyme and CNT−
lysozyme, the explicit SPCE water was used,26,38 and eight Cl− ions
were added to neutralize the system charge. Sufficient water molecules
were included in the simulations, ensuring the presence of a water bulk
phase around the SHS−CNT or SHS−CNT−lysozyme. Steepest
descent energy minimization were carried out for the systems. For the
MD simulations, a time step was 2 fs, and coordinates of lysozyme
were saved every 0.5 ps for later analysis. A Berendsen-type
algorithm39 was used to control temperature and pressure, and the
coupling constants were 0.1 and 0.5 ps, respectively. The particle-
mesh-Ewald algorithm40 was used to calculate the electrostatic
interactions. The interpolation order was 6, and the grid spacing was
1.2 Å. The cutoff for van der Waals interactions was 14 Å. During the
MD simulations, the CNT coordinates were fixed, while those of the
lysozyme, SHS, water, and ions were allowed to move. MD simulations
were carried out at 1 bar and 323 K. The temperature and pressure
conditions correspond to the experimental conditions. MD
simulations for the self-assembly of SHS on the CNT were performed
for 100 ns in the solution of water and isopropanol (85:15 (vol %)).
The trajectories from the 100th nanosecond simulation were used as
the starting structure for another 100 nanosecond simulations for the
adsorption of lysozyme on the CNT in water.
Potential of mean force (PMF) calculation was carried out

according to the literature.41 For the process of lysozyme adsorption,
the free energy, enthalpy, and entropy were extracted from the PMF
profile. The umbrella sampling method42 was used to calculate the
PMFs. A harmonic potential was applied through the center of mass of
lysozyme at the ith window with a size of 0.1 nm along the x-
coordinate, and a set of separate umbrella simulations were performed.
The harmonic potentials were expressed by

= −w x k x x( )
1
2

( )i i i

where k is the force constant, x the coordinate of the lysozyme, and xi
the center position of the ith window. The initial position of the center
of lysozyme is located 3.1 nm from the center of CNT, and the last
position is located 6.4 nm from the center of CNT. To cover this
distance, 34 independent configurations for 34 windows were
generated. For each window, an equilibrium run was performed for
10 ns, and then an additional 10 ns production run was carried out.
Analysis of results was performed with the weighted histogram analysis
method.43

3. RESULTS AND DISCUSSION
3.1. Adsorption of SHS on Carbon Nanotubes.

Experimental Results. The carbon nanotubes (CNTs) were
oxidized by sulfuric and nitric acids, and negative charges
(carboxylate groups) on their surface were introduced. The
negative charges interact with Fe(III) ions in the solution
through electrostatic interactions,44,45 and nucleation sites for
the iron oxide were generated. As can be seen in Figure S2 in
the Supporting Information, magnetic nanoparticles are
attached on the CNT, but most of the area of the CNT
surface was uncovered, which exhibits hydrophobic properties.
The adsorption of SHS molecules on the magnetic CNTs
confirms that the hydrophobic interactions happened between
the tails of SHS and the surface of the CNTs. From this point,
it can be concluded that the effect of decorated magnetic
nanoparticles on the adsorption of SHS surfactant is limited.
Compared to the transmission electron microscopy (TEM)

image of purified CNTs (see Figure S2a in the Supporting
Information), in the TEM image of SHS-functionalized CNTs
(Figure S2b in the Supporting Information), a thin layer is

clearly observed, which is due to the adsorption of SHS
molecules. The functionalization of M-MWNTs was also
confirmed by the FTIR spectra illustrated in Figure S3 in the
Supporting Information. The two intense bands at ∼2917 and
2850 cm−l were assigned to asymmetric and symmetric
stretching vibration of C−CH2 from the methylene chain,
respectively. The band at 1176 cm−1 is due to SO of SHS.
The conjugate of M-MWNTs with the surfactant can be easily
separated from the solution by utilizing a magnet (see Figure
S4 in the Supporting Information). Alcohol solutions have been
found to promote the assembly of a sugar-based surfactant on
CNTs.46 Alcohols are co-solvents for surfactants.47 For ionic
surfactants, alcohols can destabilize micelles by displacing water
from the surface, therefore decreasing its effective dielectric
constant, increasing headgroup repulsions, and disrupting
surfactant packing.48 When redispersing in water, the
dispersibility of the functionalized M-MWNTs was evaluated
by measuring the UV-vis spectra. A higher UV-vis absorbance
means a larger aqueous dispersibility of the functionalized M-
MWNTs. It was found that the M-MWNTs functionalized in
the 2-propanol solution with a concentration of 15% (v:v) had
the largest dispersibility in water (see Figure S5 in the
Supporting Information). The good water dispersibility
facilitates the adsorption of proteins on the functionalized M-
MWNTs.

Simulation Results. Figure 1 shows the side view and front
view of the representative equilibrium snapshots for the SHS

adsorption configuration on the CNT surface with a packing
density of SHS of 2.90 SHS molecules/nm2, corresponding to
the experimental concentration ratio of SHS to CNTs. The
hydrophobic interactions between the hydrophobic chains and
the wall of CNT are the driving force for the adsorption of
SHS, and the tail groups of SHS are close to the nanotube
surface. The assembly of SHS molecules on the CNT was
driven by chain−chain interactions, and most of the head
groups are nearly vertically oriented against the surface and
extend to the outer aqueous phase. The simulated morphology
SHS is similar to that for sodium dodecyl sulfate (SDS).11

3.2. Lysozyme Adsorption on SHS-Functionalized
CNTs. Experimental Results. The method for the adsorption
of lysozyme onto the functionalized M-MWNTs has been
described in detail in the Supporting Information. The TEM
image (Figure S2c in the Supporting Information) shows the
conjugate of SHS-M-MWNT with lysozyme, which can be
easily separated from the solution by utilizing a magnet (Figure
S4 in the Supporting Information). The separation was carried

Figure 1. Representative simulation snapshots of equilibrated SHS−
CNT aggregate (CHn− groups in surfactant tails are shown as green
lines, sulfur atoms in surfactant heads appear as orange spheres, and
oxygen atoms in surfactant heads are shown as blue spheres). CNT is
shown in gray. Water molecules have been removed for clarity.
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out without causing any loss of the protein remaining in the
solution, exhibiting advantages over the methods such as
filtration through membranes and precipitation by centrifuga-
tion. Thus, the amount of lysozyme remaining in the solution
was determined through the BCA method49 with a high
precision. To measure the amount of lysozyme adsorbed on the
CNTs, average values were taken from triplicate measurements
of three adsorption operations, and the relative changes in
lysozyme adsorption capacities are less than 2.2% ± 0.4%.
Circular dichroism (CD) spectroscopy is extensively applied

to monitor the secondary structure and conformation of
proteins in solutions.50 CD spectra can be used to estimate the
fraction of the residues in the protein structure that are
involved in α-helix and β-sheet. In order to understand the
conformational changes of lysozyme induced by the adsorption,
we studied the CD spectra of the lysozyme after adsorption.
Figure S6 in the Supporting Information represents the CD
spectra of free and adsorbed lysozyme. The CD spectrum of
free lysozyme shows a minima at 208, indicating the existence
of α-helix present in the protein. The line (red) for the
lysozyme adsorbed has kept the shape of the line (black) for
the free lysozyme, the two lines are close to each other. It is
indicative of that the secondary structure of the lysozyme has
been preserved well during adsorption.
Simulation Results. There are 6 Lys and 11 Arg residues

presented on the surface of the enzyme. At pH 6.2, the Arg and
Lys residues of the lysozyme are at protonation states. The
head groups of SHS adsorbed on CNT are negatively charged.
For selecting initial orientations of the lysozyme, the
distribution of Arg and Lys residues on the surface of the
protein and the steric hindrance for the adsorption were taken
into account. Finally, seven initial orientations toward the
functionalized CNT were selected, as illustrated in Figure S7 in
the Supporting Information. Compared to other orientations,
orientation 6 had the largest interaction energy between the
lysozyme and SHS (Figure S8a in the Supporting Information).
Orientation 6 was finally selected for the analysis of molecular
dynamics simulations.
Potential of Mean Force (PMF) Analysis. PMF calculations

were used to examine the changes of system energy as a
function of the distance between the center of mass of the CNT
and that of the lysozyme. The profile of the PMF versus
distance (d) is shown in Figure 2, starting from d = 3.1 nm to d
= 6.4 nm. The distance d is specified as the inset in Figure 2. As
d > 6.0, the PMF value is almost zero, indicating that the

interactions between the SHS-CNT and lysozyme have been
significantly reduced. The values of PMF increase with the
distance d when d < 6.0 nm, indicating a spontaneous process
for the lysozyme adsorption

Free-Energy Components. The free energy (ΔG) is given as

Δ = Δ − Δ = Δ + Δ − ΔG H T S E P V T S
where ΔH, ΔE, ΔS, and ΔV are the changes in enthalpy,
internal energy, entropy, and volume of the system,
respectively.
For the systems investigated, ΔV is negligible, compared with

ΔE (see Figure S9a in the Supporting Information). The
internal energy consists of the potential energy Ep and the
kinetic energy Ek. There is a little change in the kinetic energy
Ek for each umbrella sampling window (see Figure S9b in the
Supporting Information), and ΔEp can be approximated to be
ΔH. The potential energy variation, with respect to the distance
d, is presented in Figure S10a in the Supporting Information; it
shows that the variation trend of the potential energy curve is in
accordance with the free-energy profile, implying that the
lysozyme adsorption is dominated by enthalpy. Bonded and
nonbonded interactions contribute to the potential energy Ep of
the system. The change in the bonded interaction energy
(Figure S10a in the Supporting Information) is rather small,
while there is a significant variation of the magnitude in the
nonbonded interactions (Figure S10b in the Supporting
Information).
With the lysozyme approaching to the CNT (d decreasing),

the total entropy is decreased (Figure 3). The components of

lysozyme, SHS and water have different contributions to the
entropy change. The entropy of water is increased. At initial
states, water molecules were solvated around the SHS
molecules and the lysozyme in an ordered structure. During
the lysozyme approaching to the CNT, the interactions of SHS
with water have to be destroyed due to the stronger
interactions of lysozyme with SHS. As a result, the water
molecules move out of the interval region and finally water
molecules are found at the interval region shorter than 1.6 nm,
as illustrated in Figure 4. This results in an increased entropy of
water molecules, which is favorable for the lysozyme
adsorption. The interaction between lysozyme and SHS
provides less freedom for lysozyme and SHS. This leads to
that the entropy of lysozyme and SHS are decreased with d
decreasing. The PMF profile (Figure 2) indicates that the

Figure 2. PMF profile versus distance d is the distance between the
mass center of CNT and that of lysozyme.

Figure 3. Changes in the entropy of every components of the system
over the lysozyme position.
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adsorption of lysozyme is a spontaneous process, i.e., ΔG is
negative, while the values of −TΔS of the system is positive, as
shown in Figure 3. It can be reasoned that the lysozyme
adsorption is dominated by enthalpy.
The attractive interaction between the lysozyme and the SHS

molecules ESHS‑Lys is consistently increased (Figure 5).

Meanwhile, the interaction energy between the lysozyme and
water ELys‑H2O and that between SHS and water ESHS‑H2O each
decrease as the distance d decreases. Note that the most
important characteristic in ELys‑H2O, ESHS‑Lys, and ESHS‑H2O

variation curves is that these interactions favor the adsorption
of lysozyme on the SHS-CNT. The interaction energy between
the lysozyme and SHS ESHS‑Lys is decomposed into electrostatic
and van der Waals contributions, denoted by Ecoul(SHS-Lys)
and Evdw(SHS-Lys), respectively. It can be seen clearly in Figure
S8b in the Supporting Information that both electrostatic and
van der Waals interactions between the lysozyme and SHS are
attractive. However, the electrostatic interaction energy
between the lysozyme and SHS is larger, in comparison to
the van der Waals interaction energy.

Essential Dynamics Analysis. Essential dynamics (ED)
analysis51 was used to further investigate the conformational
change of the lysozyme. ED analysis can identify the
displacements of groups of residues that are functionally
relevant and describe the overall motion of the protein. A
subset of the principal eigenvalues and eigenvectors of the
residue pair covariance matrix were calculated from MD
simulations.52 The trajectories of the lysozyme were projected
onto the first eigenvector.51,53 In Figure 6, the essential motions

of the region are presented, and the superposition of six
configurations was obtained by projecting the motion of the
atom Cα onto the first eigenvector. The structure displacement
with respect to the initial structure is shown in Figure 6. For the
active site regions around Glu 35 and Asp 52, the displacement
was not significant. The distance between Glu 35 and Asp 52
for measuring the size of the pocket of active site has little
change, as illustrated in Figure S11 in the Supporting
Information. The results (see Figure 6 and Figure S11 in the
Supporting Information) indicate that the conformation around
active sites has been well-preserved after lysozyme adsorption
onto the SHS−CNT. Other regions with α-helix and β-sheet
structures also exhibit little change, indicating that the
secondary structure of the lysozyme has been preserved well.
This is consistent with the experimental result of CD spectra, as
shown in Figure S6 in the Supporting Information, which
shows that the red line is close to the black line. The ED
analysis is in accordance with the values of radius of gyration of
lysozyme, which does not change too much (see Figure S12 in
the Supporting Information), indicating that the conformation
of the protein has been preserved well during the adsorption
process.

Structure of SHS after the Adsorption of Lysozyme. When
the lysozyme interacted with SHS, the RMSD values of SHS
molecules varied significantly until 40 ns (see Figure S13 in the
Supporting Information). By comparing Figures 1 and 7, it was
found that the packing of the SHS tails close to the surface of
CNT after the lysozyme adsorption is not as dense as that
observed before the lysozyme adsorption. Figures 1 and 7, as
well as Figure S13 in the Supporting Information, indicate that
that the assembled SHS molecules have been reorganizing
themselves during the lysozyme adsorption. The reorganized
SHS molecules formed a saddle-like structure, which fits the
shape of the lysozyme well. In the left and right parts of the
saddle-like structure, the SHS molecules aggregated with a
larger packing density, in comparison to the density of the SHS

Figure 4. Distribution of water molecules with respective to lysozyme
position. Scale bar is for water density: red meaning more water, green
representing less water, blue representing the wall of carbon nanotube.
For clarity, SHS molecules and lyozyme are not present. As SHS
molecules were adsorbed onto the nanotubes as illustrated in Figure 1,
the outside region close to the nanotube wall is shown in green. The
arrow indicates the regions where the lysozyme remained. The color
change along the right side of CNT indicates that, as the lysozyme
approaches the CNT, the water molecules are expelled out of the
interval region.

Figure 5. Interaction energy versus distance d.

Figure 6. Superposition of six configurations obtained by projecting
the motion of the atom Cα onto the first eigenvector. [Colored lines:
red = 0 ns, orange = 10 ns, black = 20 ns, green = 30 ns, cyan = 40 ns,
and blue = 50 ns.]
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molecules close to the CNT surface. This larger packing density
means that more head groups of SHS molecules contact with
the lysozyme, interacting with the positively charged residues
through Coulombic interactions. The head groups of SHS are
located away from the CNT surface in a relative wide range of
8−16 Å, and they display less probability to be perpendicular to
the surface (see Figure S14 in the Supporting Information). It
can be concluded that the SHS reorganization to form the
saddle-like structure is induced mainly by the Coulomb
interactions between lysozyme and SHS, as the electrostatic
interaction energy is larger than the van der Waals interaction
energy (see Figure S8b in the Supporting Information).
Because of the well-fitting structure formed and the interactions
occurred, the lysozyme is finally positioned with the active-site
cleft toward the water phase (Figure 7), facilitating the
interaction of substrates with the active site.
To have a comparison, we have performed the MD

simulations for the system consisting of lysozyme, CNT, and
water. Calvaresi et al. performed MD simulations for lysozyme
adsorption on CNTs.24 Two initial preferential CNT positions
were provided through docking procedure. The CNT 1
position is localized in the α-domain of lysozyme, the CNT 2
position is wedged between the α and β domains, in proximity
of the catalytic site. In present work, by considering the
distributions of hydrophobic residues on the surface of lysozyne
and steric hindrance, six initial positions of lysozyme, with
respect to the CNT, were selected as indicated in Figure S15 in
the Supporting Information. The secondary structure of the
lysozyme adsorbed on CNTs has been preserved well, as
indicated in the articles.17,22 However, the lysozyme has some
changes according to the simulations in this work. The major
changes are that the residues in contact with the CNT surface
tend to spread on the surface, as illustrated in Figure S15 in the
Supporting Information. Position 4 with the lowest interaction
energy (Figure S16 in the Supporting Information) was finally
selected for the MD analysis. The hydrophobic interactions
between lysozyme and CNT are responsible for the lysozyme
adsorption. In the active-site region, most residues are
hydrophobic in nature, possibly this is the reason that the
lysozyme tend to be adsorbed with the active-site cleft toward
the wall of CNT (Figure 8). This final position of the lysozyme
is not favorable for the substrate entering into the active site.
The MD simulations can explain the experimental results that
the conjugate of lysozyme−SHS−CNT retained 83% ± 3% of
the free lysozyme. This activity is much higher than that of the
lysozyme−CNT, which retained 55% ± 4% of the free

lysozyme. Our results are consistent with the experimental
results reported by Calvaresi et al.54 They showed that the C60
recognition is highly specific and localized in a well-defined
pocket of lysozyme, and enzyme activity assays show that the
conjugate of C60−lysozyme retains 53% of activity of the free
enzyme.

4. CONCLUSIONS
Carbon nanotubes (CNTs) functionalized with sodium
hexadecyl sulfate (SHS) have good dispersibility in water,
facilitating the adsorption of proteins, such as lysozyme. The
circular dichroism (CD) spectra indicated that the secondary
structure of lysozyme has been preserved well upon adsorption.
The conjugate of lysozyme−SHS−CNTs retained a higher
activity of the free lysozyme than the lysozyme−CNTs
conjugate. Molecular dynamics simulations provided the insight
into the lysozyme adsorption mechanism. The lysozyme
adsorption induces the rearrangement of the assembled SHS
forming a saddle-like structure on CNTs, which fits the shape
of the lysozyme. Thus, more head groups of SHS interact with
the positively charged residues of lysozyme, as indicated by the
interaction energy that the electrostatistic interaction is larger
than the van der Waals interaction. Because of the combined
effect of the formation of saddle-like structure and the
interactions between SHS and lysozyme, the lysozyme is finally
positioned with the active-site cleft toward the water phase,
facilitating the interaction of substrates with the active site.
While for the adsorption of lysozyme on nonfunctionalized
CNTs, the hydrophobic interactions are responsible for the
lysozyme adsorption. In the active-site region, most residues are
hydrophobic in nature; this is the main reason that the
lysozyme tend to be adsorbed with the active-site cleft toward
the wall of CNT, not favorable for the substrate interacting with
the active site. The results of this work demonstrate that the
SHS molecules as an interfacial substance have a function of
adjusting the lysozyme with an appropriate orientation, which is
favorable for lysozyme having a higher activity. In addition,
compared to the commonly simulated surfactant sodium
dodecyl sulfate (SDS),11 SHS with a C16 tail is longer than
SDS. When the head groups of SHS interact with the lysozyme,
and the tails remain in contact with the CNT surface, or
interact with each other through chain−chain interaction. From
this point of view, SHS is preferred.
Two aspects contribute to the fact that the single-walled

CNTs can be used to represent the multiwalled CNTs for the
MD simulations. When performing the molecular dynamics
(MD) simulations for SHS adsorption, we used a packing

Figure 7. Representative simulation snapshots of equilibrated
lysozyme−SHS−CNT; the left panel shows the side view, while the
right panel shows the front view.

Figure 8. Representative simulation snapshots of equilibrated
lysozyme-CNT. Indicated residues are some of the residues that
comprise the active-site cleft.
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density of 2.90 SHS molecules/nm2 CNT, corresponding to
experimental conditions. The packing density is not directly
related to the diameter of CNTs. On the other hand, for the
adsorption of lysozyme, the simulations started with seven
initial orientations (see Figure S7 in the Supporting
Information). The equilibrated states of the seven cases show
that SHS molecules formed saddle-like structures, induced by
the Coulomb interactions between the positively charged
residues of the lysozyme and the negatively charged heads of
SHS. Visual analysis suggests that the saddle-like structure is
parallel to the CNT axis, and the saddle-like structure fits the
shape of lysozyme. Thus, the effect of curvature of CNTs on
the adsorption of lysozyme is reduced.
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