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Abstract
Functionalized single-walled carbon nanotubes are currently being explored as novel delivery vehicles for proteins and therapeutic
agents to treat various diseases. In order to maximize treatment efficacy, a strong binding between single-walled carbon nano-
tubes and their functionalized molecules is necessary. Glycated chitosan, a polymer with potent immunostimulatory properties
for cancer treatment, has been used as a surfactant of single-walled carbon nanotubes to form an immunologically modified
nanosystem for biomedical applications. In this study, we investigated the binding characteristics of single-walled carbon nanotube
and glycated chitosan using molecular dynamics simulations. The mean square displacement, radius of gyration, interaction energy,
and radial distribution function of the single-walled carbon nanotube-glycated chitosan system were analyzed. The results from
the simulations demonstrated that glycated chitosan was bound to single-walled carbon nanotubes by a strong, noncovalent
interaction. The stability of glycated chitosan on the single-walled carbon nanotubes surface was enhanced by the length of
glycated chitosan, and the binding energy of the 2 molecules was closely related to the diameter and chirality of single-walled
carbon nanotubes, with the most stable single-walled carbon nanotube-glycated chitosan system being formed by the combination
of long polymer, large single-walled carbon nanotube, and armchair single-walled carbon nanotube. The understanding of the
interactions between single-walled carbon nanotube and glycated chitosan and the structure of single-walled carbon nanotube-
glycated chitosan allows the modifications of the novel nanosystem for disease diagnostics and therapeutics.
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Introduction

Single-walled carbon nanotubes (SWNTs) were developed

more than 2 decades ago and have been utilized to advance

research development in many fields.1-3 Single-walled carbon

nanotubes have shown great promise in medical applications

due to their strong optical absorbance in the near-infrared

(NIR) region,4,5 their ability to cross cellular membranes with-

out eliciting cytotoxicity,6,7 and their capability as delivery

vehicles for therapeutic agents and proteins.8-10 Single-walled

carbon nanotubes can affect immune systems with desired
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functionalization for effective targeting of cancer cells.11-14

Other carbon nanomaterials such as graphene oxide have been

reported to serve as immune stimulators.14,15 The immunolo-

gical effect of nanomaterials has attracted more and more

attention.

Single-walled carbon nanotubes are not independently solu-

ble in aqueous media and thus require a surfactant.16 Glycated

chitosan (GC), a water-soluble derivative of chitosan, is a

potent immunostimulant that can act as a surfactant for SWNT

while maintaining its immunostimulatory properties.17,18 Our

previous work demonstrated that the SWNT-GC system is not

toxic in vitro and in vivo by itself while imposing stimulatory

effect on immune cells.17,18 Single-walled carbon nanotube-

GC was used in conjunction with NIR laser irradiation, a pro-

cess called laser immunotherapy (LIT), to treat metastatic

cancers.17,19 Single-walled carbon nanotube-GC is a particu-

larly useful nanosystem for LIT, as it acts as a photothermal

transducer to enhance the local selectivity of light absorption

and as an immunostimulant to enhance antitumor immune

response following laser irradiation.17 The binding character-

istics of the SWNT–GC system are currently unknown. This

presents an issue, as superfluous GC in the media could

decrease the selectivity of light absorption and thus the efficacy

of LIT treatment. Several challenges lie in understanding the

binding between SWNT and GC. Properties of SWNT, such as

its length, diameter, and chirality, can affect the SWNT–GC

binding.16 Furthermore, the length of GC in its polymer form

varies, depending on its synthesis process, and it can also affect

the SWNT–GC binding.

It is challenging to determine the SWNT–GC binding char-

acteristics experimentally due to the different properties of GC

and SWNT. For one, it is very difficult to control the number of

monomers that form the GC polymer during GC synthesis.20

Additionally, SWNTs can have different chiralities and dia-

meters to affect the interaction energy and gyration character-

istics of the SWNT–GC system.21-23 As a result, a reliable

simulation is needed to determine the SWNT–GC binding

characteristics.

Molecular dynamics (MD) simulations have been employed

to investigate SWNT and polymer interactions.24-27 However,

the interactions between SWNT and GC have not been inves-

tigated using MD. In this study, we focused on the relationships

between the SWNT–GC binding and the length of GC. We also

investigated GC morphology based on SWNT diameter, length,

and chirality. The understanding of the dynamic and structural

properties of SWNT–GC can help further modifications of

SWNT–GC for biomedical applications.

Methods and Materials

Molecular dynamics simulations were performed using the

DL_POLY 2.20.28 For all calculations, the initial temperature

was set at 300 K. A cubic simulation box with an edge length of

300.0 Å was used, and periodic boundary conditions were

imposed. For constant number, volume, and temperature simu-

lations, we used the Nose-Hoover thermostat.29 The GC

polymer chain was initially placed alongside the SWNT at a

distance of 20 Å. Each time step in the simulation was 1 fs, and

the full simulation run time was 4 ns (an equilibration time of

0.5 ns and a production run time of 3.5 ns) to analyze structural

and dynamic properties of GC polymers. With this time scale,

the GC polymers were allowed to complete the wrapping pro-

cess around the SWNT due to the attractive forces between the

2 molecules. To describe inter- and intramolecular interactions,

we used DREIDING30 potential (previously used by other

researchers to study CNT-polymer systems31-33). DREIDING

potential function using harmonic form for bond stretching

term, which is useful for simulating structures and dynamics

of organic and biological molecules, was used. The potential

function is described as,

E ¼ Kb

2
ðR� R0Þ2 þ Ky

2
ðcosy� cosy0Þ2 þ V ½1þ cosðm:� dÞ�

þ C½1� cos:� þ A
r12ij
� B
r6ij

" #
;

ð1Þ

where Kb, Ky, V and C are the bond, angle, torsional, and

inversion constants, respectively, R0 and y0 are the equilibrium

bond lengths and angles, m is the multiplicity, and d is the

phase angle for torsional parameters. A and B are van der

Waal’s parameters and rij is the distance between the ith and

jth atoms. In our simulations, the cutoff radius of every inter-

action potential were set to 10 Å.

The virtual GC and SWNT models were constructed using 2

programs, DL_POLY and visual molecular dynamics

(VMD).34 The following Figure 1 shows the chemical structure

of GC used as a reference to construct its virtual structure. In

most simulations, a GC polymer with 30 repeating units (RUs)

had an end-to-end length of 126.4 Å, and a molecular weight of

Figure 1. A monomer of GC molecule used in this study. A, A ball-

and-stick model of GC, with C, N, O, and H atoms are grey, blue, red,

and white, respectively. The atoms drawn in pink show the carbon

chain that forms the backbone of the polymer. B, The molecular

structure of GC. GC indicates glycated chitosan.
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9316 Å was used. Table 1 provides the detailed information of

the SWNTs and others GC polymers used in the simulations.

For this study, the position of the atoms in the SWNT structure

remained unchanged during simulation to reduce computa-

tional time. To avoid an unsaturated boundary effect, we added

hydrogen atoms to the ends of the SWNTs.

Results

The Stability of GC on SWNT Surface

To understand the stability of the GC polymer on the surface of

the SWNT, we calculated the mean square displacement

(MSD) using the following equation:

MSDðtÞ ¼ hjrðtÞ � r0j2i; ð2Þ

where r(t) is a vector-function of the position and r0 is the

vector pointing to the initial position. First, the simulation was

run for 0.5 ns to allow the formation of a stable binding

between GC and SWNT molecules. Then, the simulation was

continued for another 3.5 ns in order to analyze the difference

in position over time. The SWNT used had a diameter and

length of 8.1 Å and 170 Å, respectively, and the GC used was

of 10, 20, 30, or 50 RU in length. The calculated MSDs are

shown in Figure 2. The GC molecules with fewer RUs dis-

played a greater mobility on the SWNT surface than those with

more RUs.

The Relationship Between GC Wrapping Behavior
and SWNT Diameter

Figure 3 shows snapshots of the simulation. When a GC mole-

cule (30 RUs) interacts with an SWNT, the arrangement of the

monomers along the chain changed due to interactions with the

surface of the SWNT. Figure 3A shows an armchair SWNT (9,

9) with a 12.20 Å diameter, where the GC had wrapped onto a

linear shape around the SWNT surface. An armchair SWNT

(12, 12) of 16.27 Å in diameter GC forms a helical type shape

(Figure 3B). In Figure 3C, it is shown that GC loses its linear or

helical shape and attempt to fold when bound to (15, 15)

SWNT of 20.34 Å. Our simulations indicate that GC geometry

is influenced by diameter of SWNT.

To illustrate the overall size of the GC polymers on the

SWNT surface, we calculated the radius of gyration (Rg) of

the GC polymers using the following equation:

R2
g ¼

1
N

XN
i¼1
ðri � rcmÞ2; ð3Þ

where ri and rcm indicate the position vector of each atom

and the vector of the center-of-mass, respectively, and N is the

number of atoms in the system. If Rg increases, it represents

the expansion of GC polymer on SWNT surface. Figure 4

shows the time evolution of Rg for GC during the wrapping

process of GC around SWNT (9, 9), SWNT (12, 12), and

SWNT (15, 15), with diameters of 12.20, 16.27, and 20.34 Å,

Table 1. Repeating Units in the GC, and Diameters, Lengths, and Types of SWNT.

SWNT Chirality SWNT Diameter SWNT Length RUs Binding Energy, kcal/mol

(6,6) armchair 8.1 81.1 30 �342.47 (27.63)

(6,5) chiral 7.5 81.3 30 –222.10 (27.88)

(10,0) zigzag 7.83 81.8 30 �204.99 (26.10)

(9,9) 12.20 81.1 30 –310.28 (26.67)

(12,12) 16.27 81.1 30 –353.37 (31.61)

(15,15) 20.34 81.1 30 –423.73 (28.54)

(6,6) 8.1 110.68 30 �249.65 (33.32)

(6,6) 8.1 140.19 30 �271.78 (30.26)

(6,6) 8.1 169.71 30 �394.22 (29)

(6,6) 8.1 169.71 10 �104.10 (16.13)

(6,6) 8.1 169.71 20 �245.29 (19.84)

(6,6) 8.1 169.71 50 �549.94 (33)

Abbreviations: GC, glycated chitosan; RUs, repeated units; SWNT, single-walled carbon nanotube.

Figure 2. Mean square displacement (MSD) for GC traveling along an

SWNT (6,6) surface. Four different sizes of GC with 10, 20, 30, and 50

repeating units (RUs) were used. GC with smaller RUs showed a

greater MSD over time. GC indicates glycated chitosan; SWNT,

single-walled carbon nanotube.
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respectively. With SWNT (9, 9), Rg was found to be 20.62

(0.36) Å. For SWNT (12, 12) and SWNT (15, 15), Rg was

found to be 28.44 (0.99) and 22.95 (0.37) Å, respectively. Rg

was calculated by taking the average value from 3.0 to 3.5 ns.

While there is no clear pattern for the value of Rg in terms of the

diameters, SWNT (12, 12) shows a relatively high Rg, this is

due to its shape, which is mainly effected by the wrapping

process (see Figure 4).

We also calculated the interaction energy (Eint) between the

SWNT and GC during the wrapping process by taking the

configuration energy of the entire complex (Ecomplex), subtract-

ing the configuration energies of the isolated SWNT (ESWNT)

and the isolated GC (EGC):

Eint ¼ Ecomplex � ðESWNT þ EGCÞ: ð4Þ

The interaction energies between GC polymer and SWNT

with different diameters as a function of time is depicted in

Figure 5. When GC wrapped into an SWNT of (15, 15), it had

the strongest interaction with –423.73 (28.54) kcal/mol; when

GC wrapped into an SWNT of (9, 9), it had the weakest inter-

action with –310.28 (26.67) kcal/mol; and when GC wrapped

into an SWNT of (12, 12), it had a medium interaction energy of

–353.37 (31.61) kcal/mol. Interaction energies were collected

from the trajectory in the range of 3.0 to 3.5 ns and then aver-

aged. We also presented their respective standard deviations.

The Impact of SWNT Chirality on GC’s
Wrapping Behavior

We investigated the wrapping characteristics of GC on SWNTs

using 3 different chiralities: a zigzag SWNT (10, 0), an arm-

chair SWNT (6, 6), and a chiral SWNT (6, 5). All SWNTs used

had comparable length and diameter, 81.2 Å and 8.0 Å, respec-

tively. Snapshots of the GC-SWNT interactions with different

times are shown in Figure 6. Glycated chitosan wrapped around

SWNTs of all chiralities in helical or semi-helical shapes indi-

cating that SWNT chirality had little effect on the morphology

of GC on the SWNT surface. We also calculated Rg for GC

during the wrapping process around SWNT (6, 6), SWNT

Figure 3. Simulation snapshots of the GC wrapped around SWNTs.

Armchair SWNT, (9, 9), (12, 12), and (15, 15), with different diameters,

(A) 12.20, (B) 16.27, (C) and 20.34 Å, respectively, were used. The

Snapshots were taken at 3.5 ns. Drawn in grey, blue, red, and white are

carbon, nitrogen, oxygen, and hydrogen atoms, respectively. GC indi-

cates glycated chitosan; SWNT, single-walled carbon nanotube.

Figure 4. Radius of gyration of GC during interaction with SWNTs of

different diameters as a function of time. SWNT of (9, 9), (12, 12), and

(15, 15) with diameters of 12.20, 16.2,7 and 20.34 Å, respectively,

were used. GC polymers were 30 RU. GC indicates glycated chitosan;

SWNT, single-walled carbon nanotube; RU, repeating unit

Figure 5. Interaction energies for SWNTs of different diameters with

GC as a function of time. SWNT of (9, 9), (12, 12), and (15, 15) with

diameters of 12.20, 16.27, and 20.34 Å, respectively, were used. GC

polymers were 30 RU long. GC indicates glycated chitosan; RU,

repeating unit; SWNT, single-walled carbon nanotube.
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(6, 5), and SWNT (10, 0). These are 18.33 (0.23) Å, 24.61

(0.26) Å, and 14.93 (0.1) Å, respectively. Among them, SWNT

(10, 0) exibits low Rg. Previously, we have explained this based

on the shape of SWNT (see Figure 6).

The SWNT–GC interaction energy was also obtained for the

3 different charalities using Equation 4. The interaction ener-

gies of the SWNT–GC systems are shown in Figure 7. The

chiral SWNT (6, 5) and zigzag SWNT (10, 0) had significantly

lower interaction energy, �222.10 + 27.88 kcal/mol and

�204.99 + 26.10 kcal/mol, respectively, than that of the arm-

chair SWNT (6, 6), �342.47 + 27.63 kcal/mol. Therefore, an

SWNT with armchair chirality could form the most stable

SWNT–GC system due to the distinct chiral angle.27 Note that

we have utilized armchair SWNT for our simulations due to its

stronger interaction with GC.

The Influence of SWNT Length and GC Polymer Length
on GC Wrapping Behavior

To understand the wrapping process of GC on SWNTs length,

we have modeled armchair SWNT (6, 6) with lengths of

110.68, 140.19, and 169.71 Å. Figure 8 shows the wrapping

after 3.5 ns. It can be seen that all the wrappings are nearly same,

which is in a mostly linear shape. However, the contact area is

not the same, and this may affect overall interaction energy. We

have also simulated for different RUs of GC (10, 20, and 50),

which have similar wrapping patterns (data not shown).

Figure 9A displays interaction energy of GC with different

lengths of SWNT, where average interaction is calculated to be

Figure 7. Interaction energies for SWNT-GC with different charalities

as a function of time. The chiral SWNT (6, 5), armchair SWNT (6, 6),

and zigzag SWNT (10, 0) were used. GC polymers were 30 RU long.

GC indicates glycated chitosan; RU, repeating unit; SWNT, single-

walled carbon nanotube.

Figure 6. Simulation snapshots of GC wrapped around SWNTs of different charalities: (A) SWNT of (6,6); (B) SWNT of (6, 5); and (C) SWNT

of (10, 0). GC of 30 RUs was used for all simulations. The snapshots were taken at 0, 1, 2, and 3.5 ns. Drawn in grey, blue, red, and white are

carbon, nitrogen, oxygen, and hydrogen atoms, respectively. GC indicates glycated chitosan; RU, repeating unit; SWNT, single-walled carbon

nanotube.
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�249.65 (33.32), �271.78 (30.26), and �394.22 (29.94) kcal/

mol for SWNTs with length 110.68, 140.19, and 169.71 Å,

respectively. Figure 9B shows the interaction energy for GC

with 10, 20, and 50 RUs. The average interaction energies of

10, 20, and 50 RUs are �104.10 (16.13), �245.29 (19.84), and

�549.94 (33.67) kcal/mol, respectively. As can be seen by the

disparity in interaction energies, the number of RUs in the GC

polymer has a great impact on the SWNT–GC binding. While

the length of SWNT does seem to play a role in determining the

interaction energy between SWNT and GC, it does not have a

strong effect.

Radial Distribution Function

To evaluate the intermolecular interactions between the carbon

(C) atoms of the SWNT and various atoms of the GC polymer,

we calculated the radial distribution functions (RDFs), g(r), of

the various atoms of the GC polymer using the following

equation:

gðrÞ ¼ rðrÞ
r

; ð5Þ

where r(r) is the average number of atom pairs at a distance

r and r is the overall density.34 From Figure 10A, it can be seen

that the first peaks oxygen (O) atoms, nitrogen (N) atoms, and

carbon (C) are located at 3.5, 4.2, and 5.0 Å, respectively. This

indicates that the O atoms of the GC polymer are closest to the

SWNT followed by the N atoms and then the C atoms. These

values (except for CC) are in good agreement with poly[2-

(dimethylamino) ethyl methacrylate)] DMAEMA-SWNT sys-

tems.33 This suggests that GC is bound to SWNT by strong

noncovalent interactions. Note that RDF values are remained

same even when GC interacts with other types of SWNT. For

further clarification, the RDF between C atoms in the backbone

Figure 8. Simulation snapshots of GC wrapped around SWNT (6, 6)

with lengths (A) 110.68, (B) 140.19, and (C) 169.71 Å. We kept same

diameter (approximately 8 Å). GC polymers were 30. GC indicates

glycated chitosan.

Figure 9. Interaction energies of GC: (A) with different lengths of

SWNT, and (B) with RU of GC as a function of time. The armchair

SWNT (6, 6) was used. GC indicates glycated chitosan; RU, repeating

unit; SWNT, single-walled carbon nanotube.

Figure 10. Radial distribution functions (RDFs) for the pairs of the

carbon atoms of the SWNT and different atoms of GC. RDFs between

the carbon atoms of the SWNT and the nitrogen, oxygen, and carbon

atoms of GC were calculated. SWNT (12, 12) with a diameter of 16 Å

and a GC polymer 30 RU were Used. GC indicates glycated chitosan;

RU, repeating unit; SWNT, single-walled carbon nanotube.
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(BB) of GC and SWNT as well as C atoms in the sidechain

(SC) of GC and SWNT are calculated, which is shown in

Figure 10B. The peaks are 5.25 and 6.25 Å for SC and BB,

respectively. This result indicates that SC may affect how GC

is wrapped around the SWNT surface.

Our MD simulations revealed that GC had different

wrapping morphologies such as linear or helical type shape

on the SWNT surface when it interacted with SWNT of

different diameters, as shown in Figure 3. The radius of

gyration of the GC molecule during the simulations shows

that the GC molecule attained the smallest size when inter-

acting with the SWNT(10,0). It was found that larger dia-

meter of SWNT had higher interaction energy, as shown in

Figure 5. This is due to the fact that the side chains of GC

interacts with the SWNT more intensively as well as due to

larger surface area of the SWNT.

The chirality of the SWNT also has significant bearing on

the SWNT-GC binding based on interaction energy. The (6, 6)

armchair SWNT had the highest interaction energy, and the (6,

5) chiral and (10, 0) zigzag SWNTs had lower interaction

energies, as shown in Figure 7. This indicates that armchair

SWNT has the capability to form the most stable SWNT-GC

complex. However, SWNT chirality had significant impact on

the wrapping behavior of the GC molecule.

An analysis of length of SWNT and RU of GC indicates that

longer SWNT has higher interaction energy and RU of GC

greatly affects binding characteristics, as shown in Figure 9.

Furthermore, the length of SWNT has similar effect on the

wrapping behavior of the GC molecule (Figure 10). From

RDFs, we can assume that the noncarbon atoms of the GC

polymer were closer to the SWNT than the carbon atoms.

Besides, sidechain carbon atoms has greater influenced to the

SWNT than the BB carbon atoms.

Discussion

In this study, an approach to determine the appropriate SWNTs

and GC polymer to design an effective multifunctional SWNT–

GC nanosystem for biomedical application is demonstrated

using molecular dynamics simulation. Specifically, we used

SWNTs of different chiralities, diameters, and lengths and

GC of different RUs to investigate the binding characteristics

of the SWNT–GC nanosystem. The limitations encountered in

experimental studies when analyzing a functionalized SWNT

system, specifically SWNT–GC, include the uncontrollable

RU-length of GC polymer can be reduced by the computer

simulations.

Based on our simulation, the stability of SWNT–GC

increases with the length of GC. With respect to the SWNT

chirality, SWNTs with armchair chirality had the highest

SWNT–GC interaction energy. The SWNT–GC system

becomes more stable with stronger interaction energy between

the 2 molecules. Our results suggest that a long GC molecule

conjugated to a large armchair SWNT would form the most

stable SWNT–GC system. The understanding of the dynamic

structure of SWNT–GC will help improve the synthesis of

SWNT–GC for biomedical applications.
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