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Abstract Gold nanoparticles are promising materials for

many applications that include imaging, drug delivery, and

photothermal therapy. However, AuNPs can be unsta-

ble and/or toxic. We purposed to improve the stability and

reduce toxicity of gold nanorods (AuNR) upon coating

with biocompatible polymer, chitosan–ceramide (CS–CE),

without replacing the original layer, CTAB. CS–CE-coated

AuNR was prepared by simple mixing for 24 h and purified

by centrifugation. The coating was confirmed by UV–Vis

absorption analysis and surface charge and size measure-

ment. We prepared nanorods with CS or CS–CE coating at

two different concentrations (5 and 10% AuNR), the

resulting in larger nanorods with a more positive surface-

charge than that of AuNR. We investigated the UV-ab-

sorption and protein adsorption of the polymer coated

nanorods. Based on the protein adsorption, AuNR-CS–CE

was found to be more stable under physiological conditions

than AuNR-CS. The cell internalization assay revealed that

Hela cells internalized higher amounts of AuNR-CS–CE

than that of AuNR-CS. Cytotoxicity study revealed that

AuNR-CS–CE has lower toxicity than AuNR against HeLa

cells. The CS–CE coating improved the stability of AuNR

under physiological conditions via the hydrophobic inter-

actions between the AuNR lipid surface and the ceramide

anchor in the CS backbone as well as.
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Introduction

Gold nanoparticles (AuNPs) are a promising material for

targeted cancer drug delivery and imaging, commonly

referred to as theranostics (Voon et al. 2014; Muddineti

et al. 2015), due to their small size and significant char-

acteristics. Several physicochemical properties of AuNPs

distinguish them from other nanocarriers. These properties

include chemical inertness, facile surface functionalizabil-

ity, electronic structure that is amenable to plasmon reso-

nance, and optical properties that are suitable for the

utilization of AuNPs as imaging agents (Jeong et al. 2014;

Muddineti et al. 2015). AuNPs can also be used as com-

puted tomography imaging agent owing to a high absorp-

tion coefficient, which generates a higher contrast than the

typical imaging agents (Sun et al. 2009). AuNPs induce

hyperthermia upon irradiation by near infrared (NIR) light.

Owing to their optical properties, AuNPs can potentially be

used in photothermal therapy (PTT), which is considered

an effective cancer treatment (Wang et al. 2014). In addi-

tion to PTT, AuNPs can successfully be utilized as carriers

for chemotherapeutic drugs in cancer therapy (Kim et al.

2013).

AuNPs easily aggregate, especially in cases of non-

spherical particles it is common due to their anisotropic

nature (Gao et al. 2012). High curvature and the nature of

the surface ligands are responsible for their flocculation

(Dreaden et al. 2012; Afrooz et al. 2013; Kobayashi et al.

2014). Therefore, synthesis of a stable colloidal system

using AuNPs is a challenge. To improve the stability of

AuNR, cetyltrimethylammonium bromide (CTAB) with

different lengths and aspect ratios is widely used (Tebbe

et al. 2015). Although CTAB-coated AuNR shows optimal

optical properties for biomedical applications, usage is

limited due to the cytotoxicity of CTAB above a certain
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concentration (Ray et al. 2009). In addition, CTAB-coated

AuNRs have low colloidal stability in aqueous salt condi-

tions, are incompatible with other solvents, and insta-

ble during long-term storage (Tebbe et al. 2015).

Many studies have reported about coating of gold

nanoparticle with PEG (Manson et al. 2011), polyelec-

trolytes (Huang et al. 2009), proteins (Tebbe et al. 2015)

and polysaccharides (Sun et al. 2014). Improving or

replacing the coating of AuNPs with other materials would

increase their possible applications. In this study, we try to

form a double layer on CTAB-coated AuNR using chi-

tosan-ceramide polymer. As a coating material, chitosan

and its derivatives are favored owing to their biocompati-

bility, biodegradability, and nontoxicity (Thanou et al.

2000; Gamboa and Leong 2013). Chitosan is a long non-

branched polysaccharide similar to cellulose derivatives in

which the hydroxyl group at the C2 position has been

replaced with an amino group (Hejazi and Amiji 2003).

The positive charge allows these polymers to bind more

efficiently to mammalian cells (Kobayashi et al. 2014).

Chitosan and its derivatives are widely used for coating of

nanoparticles, including gold (Sun et al. 2014) silver (Jena

et al. 2012), and graphene oxide (Wang et al. 2014), in

order to improve the stability of these nanoparticles. Sim-

ilarly, coating nanoparticles with hydrophobic anchor-

grafted polymers improves the stability and reduces toxi-

city (Lin et al. 2008; Maity and Jana 2011). Herein we used

ceramide-chitosan for phase transfer of AuNR to improve

the stability of AuNPs. In our previous report (Battogtokh

and Ko 2014a), we confirmed that chitosan-ceramide

conjugate can self-assemble with hydrophobic drugs,

resulting in a stable nanoparticle in physiological condi-

tion. As compared to chitosan, chitosan–ceramide can form

strong binding between ceramide-anchor and lipid chain of

CTAB. Additionally, toxicity of CTAB can be reduced

because the lipid anchor (ceramide) of chitosan can interact

with CTAB on the surface of AuNR via hydrophobic

interactions, resulting in a stable double layered nanopar-

ticle. The novelty of this study is the coating of AuNR with

our synthesized biocompatible chitosan–ceramide by

hydrophobic interaction between lipid surface of AuNR

and ceramide anchor in chitosan–ceramide.

Materials and methods

Reagents

Chitosan (3–5 kDa) with 75% deacetylation was purchased

from Kitto Life (Seoul, South Korea). Ceramide 3B (DS-

Y30; N-oleoyl phytosphingosine) was obtained from

Doosan Biotech (Yongin, South Korea). The synthesis of

CS–CE conjugate was performed as previously described.

CTAB, sodium borohydride (NaBH4), silver nitrate

(AgNO3), ascorbic acid, and hydrogen tetrachloroau-

rate(III) trihydrate (HAuCl4�3H2O) were purchased from

Sigma-Aldrich Co (St Louis, MO, USA). All other reagents

were purchased from Sigma-Aldrich (St. Louis, MO) and

Tokyo Chemical Industry (Tokyo, Japan) unless otherwise

stated.

Preparation of AuNRs

AuNRs were prepared by a modified seed-mediated

method described earlier.(Zhu et al. 2014; Kang and Ko

2015) Initially, the seed solution was prepared by mixing

250 lL of 0.01 M HAuCl4 with 7.5 mL of 0.1 M CTAB

and 600 lL of ice-cold 0.01 M NaBH4 with vigorous

stirring at room temperature (RT). The growth solution was

prepared by adding 400 lL of 0.01 M HAuCl4, 64 lL of

0.1 M ascorbic acid, and 35.6 lL of 0.1 M AgNO3 to

9.5 mL of 0.1 M CTAB. Finally, 10 lL of 2.5 h old seed

solution was added to the solution, and the mixture was left

for 24 h at RT. In this synthesis protocol, AgNO3 allows

better control of the resulting shapes in the AuNR forma-

tion, while ascorbic acid functions as the reducing agent.

Synthesis of chitosan–ceramide-coated gold

nanorods

Three milliliters of aqueous chitosan (CS) or CS–CE

conjugate (5 mg) in 0.1% acetic acid solution was prepared

in a 70 �C water bath. Next, 16.5 lL or 33 lL (5 or 10%

w/w, respectively) of the prepared polymer solution was

mixed with 1 mL of gold nanorods (AuNRs) solution

(1 mM, 0.3 mg/mL) while stirring for 2 h at 70 �C or for

24 h at RT at 200 rpm. The solution was cooled to RT. The

colloid was centrifuged at 14,000 rpm for 20 min and

washed twice with distilled water and subsequently soni-

cated for 10 min to uniformly disperse the nanoparticles.

Physical characterization

Hydrodynamic diameter and zeta potential were measured

by dynamic light scattering (DLS) and electrophoretic light

scattering (Laser Doppler) using a zeta-potential and par-

ticle size analyzer (ELSZ-1000, Otsuka Electronics Co,

Osaka, Japan). Scattered light was detected at 23 �C at an

angle of 90�. A viscosity value of 0.933 mPa and a

refractive index of 1.333 were used for data analysis.

The fluorescence emission spectra were measured by a

Cary Eclipse fluorescence spectrophotometer (Agilent

Technology, Santa Clara, CA). The UV–Vis absorption

spectra were acquired by a Cary 60 UV–Vis spectropho-

tometer (Agilent Technology, Santa Clara, CA). All optical

measurements were performed at RT.
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Colloidal stability and protein adsorption

of nanoparticles

To analyze time-dependent storage stability of CS- or CS–

CE-coated AuNR, the size and zeta potential of formula-

tions were measured by DLS at 24 �C for a week.

To test the stability in physiological solutions, protein

adsorption on CS- or CS–CE- coated AuNRs was deter-

mined by the bicinchoninic acid (BCA) assay. Briefly,

0.5 mL AuNRs, CS-, or CS–CE-coated AuNRs were cen-

trifuged at 14,000 rpm at 20 �C for 20 min. Then 0.5 mL

cell culture medium with FBS (10%) was added to the

pellet and vortexed for 2 min. After incubation for 1 or

24 h at 37 �C, the solution was centrifuged at 14,000 rpm

at 20 �C for 20 min. The residue was washed once with

PBS (0.5 mL) to remove loosely bound protein. To the

pellet, 0.5 mL PBS (pH 7.4) was added and vortexed, and

the mixture was centrifuged under the same conditions.

The separated supernatant (10 lL) was mixed with 2 lL

compatibility solution and incubated at 37 �C for 15 min.

Finally, 130 lL of mixture A and B solution (25:1) was

added and incubated for 30 min. The absorption at 562 nm

was measured by ELISA absorption reader.

Flow cytometer

The cells were incubated with AuNR-CS or AuNR-CS–

CE (10 lg/mL) for 3 h. The cells were then washed and

resuspended in PBS and transferred to a flow cytometry

tube. The cells were measured by a BD FACS Calibur

flow cytometer using a Cell Quest software (BD, Ann

Arbor, MI).

Statistical analysis

All of the studies were carried out in triplicate, and the

results were expressed as mean ± standard deviation (SD).

The statistical significance of the data was analyzed by

ANOVA and Student’s t test. In all cases, p\ 0.05 was

considered to be statistically significant.

Results

As shown in Fig. 1, AuNR was coated with 5 or 10%

(weight of AuNR) of CS or CS–CE by stirring at 70 �C for

2 h or at RT for 24 h, respectively. Our hypothesis is that

CS–CE strongly covers the nanorod for phase transfer due

to the hydrophobic interaction between the ceramide

anchor and lipid layer of the nanorod surface, resulting in a

stable nanoparticle. The additional layer on the native

surface of nanoparticles does not affect the original envi-

ronment and can prevent sensitive core materials from

oxidation. (Sperling and Parak 2010).

After coating the nanorods with 5 or 10% polymer, size

and surface charge were measured by DLS and the results

are shown in Table 1. By coating with polymers, the

nanorod size increased and the surface charge became

more positive compared to the original AuNR due to the

positive charge of chitosan.

We prepared AuNR-CS and AuNR-CS–CE with dif-

ferent concentrations of polymer at different time points (2

and 24 h) and temperature (70 �C and RT). The 5%

polymer-coated AuNRs incubated for 24 h increased in

size and zeta potential while the size and zeta potential of

Fig. 1 Scheme for coating

AuNR with the CSCE conjugate
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10% polymer-coated AuNRs did not increase in a consis-

tent manner.

We measured the UV-absorption of the AuNR and

polymer-coated AuNRs (Fig. 2) and all spectra reveal an

absorption band around 640 nm, which is a typical plas-

mon resonance band for gold nanorods. In addition, a slight

red shift (from 640 to 650 nm) was observed in the UV-

spectra of 5% polymer-coated AuNR (Fig. 2a, b), whereas

a negligible shift appeared for 10% polymer-coated AuNR

(Fig. 2c, d). The results demonstrate that coating AuNR

with 5% polymer was more efficient than that of 10%

polymer.

We also measured fluorecence of the CS- or CS–CE-

coated AuNRs in PBS by flourospectometer. Interestingly,

fluorescence intensity of polymer-coated AuNR increased

as polymer concentration increased (Fig. 3a, b), which is

reverse of the UV absorption spectra. This was observed

for 10% polymer-coated AuNRs. These results indicate

Table 1 Characteristics of AuNR and CS- or CS–CE-coated AuNR prepared by incubating fort different time points

Formulations Incubation time (h) Size (nm) PDI Zeta potential (mV)

AuNR 23.2 ± 1.7 0.46 ± 0.03 43.6 ± 4.6

AuNR-CS (5%) 2 30.3 ± 0.5 0.47 ± 0.01 41.7 ± 1.9

24 38.7 ± 1.9 0.42 ± 0.02 53.7 ± 2.3

AuNR-CS (10%) 2 28.4 ± 1.8 0.43 ± 0.01 52.5 ± 3.5

24 28.2 ± 1.1 0.42 ± 0.01 63.4 ± 11.5

AuNR-CS–CE (5%) 2 33.1 ± 0.7 0.41 ± 0.01 34.3 ± 13.2

24 41.4 ± 2.1 0.42 ± 0.02 65.5 ± 5.1

AuNR-CS–CE (10%) 2 28.9 ± 0.5 0.46 ± 0.01 38.7 ± 0.9

24 29.2 ± 1.06 0.45 ± 0.02 52.6 ± 12.4

The data represent the mean ± SD (n = 3)

Fig. 2 UV–Vis absorption spectra of polymer-coated AuNRs. AuNR coated with 5% CS (a) and CSCE (b); AuNR coated with 10% CS (c) and

CS–CE (d)
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that 5% polymer was coated more compared to 10%

polymer AuNR.

Based on these data, we have chosen the 5 and 10%

polymer-coated AuNRs prepared by incubating for 24 h for

further study.

To investigate colliodal stability, we incubated the CS-

or CS–CE-coated nanorods at RT for a week and measured

size and zeta potential by DLS. As illustrated in Fig. 4, the

upper panel shows the profiles obtained from 5% polymer-

coated AuNRs, while the lower panel shows the profiles of

10% polymer-coated AuNRs. Size and zeta potential of 5%

CS- and CS–CE-coated AuNRs (Fig. 4a, b) were stable for

a week, whereas those of 10% CS- and CS–CE-coated

AuNRs were not stable. Therefore 5% CS- and CS–CE-

coated AuNRs are more sustainable than 10% CS- and CS–

CE -coated AuNRs.

Based on the results of colloidal stability study, we

decided to perform further experiments with only 5%-

polymer-coated AuNR. To determine the stability of CS–

CE-coated AuNRs in physiologically relevant conditions,

the nanoparticle solution was incubated in DMEM cell

culture medium containing 10% FBS at 37 �C. As shown in

Fig. 5, after incubating for 1, 6, and 24 h in DMEM, AuNR-

CS–CE (5%) exhibited 2-, 3-, twofold less protein adsorp-

tion, respectively, on its surface compared with AuNR-CS.

Therefore, coating with CS–CE significantly improved

physiological stability of AuNR for biomedical applica-

tions. We also compared the physiological stability of

AuNR, AuNR-CS, and AuNR-CS–CE (Fig. 5b) and a

difference was observed after incubating for 24 h. Fur-

thermore, we measured the internalization of AuNR-CS–

CE and AuNR-CS by Hela cells. AuNR-CS–CE was

internalized by the cells after 3 h of incubation, thereby

indicating that CS–CE stabilized the nanorod and increased

the cell surface interaction.

As shown in Fig. 6, there was less cytotoxicity for

AuNR-CS compared to AuNR-CS–CE at 60 and 120 lg/mL

in HeLa cells by MTT assay, suggesting that the CS–CE

coating of AuNR could decrease toxicity of coated AuNRs.

Discussion

CTAB stabilized AuNRs are unstable and severely cyto-

toxic. To overcome these issues, CS–CE was introduced

onto the surface of AuNR in a phase transfer manner

because chitosan is a natural polymer with great potential

for coating (Jennings et al. 2015). We expected that the

viscosity and strong hydrophobic interaction between the

lipids and hydrophobic anchor, ceramide, in the chitosan

molecule would be important for coating AuNRs. In our

previous studies, CS–CE strongly interacted with

hydrophobic molecule (Battogtokh and Ko 2014a, b). After

coating with the chitosan polymers, the size of AuNR

increased by 5–18 nm compared to AuNR. The average

sizes of AuNR-CS (5%) and AuNR-CS–CE (5%) obtained

Fig. 3 Comparison of fluorescence spectra of 5% CS or CS–CE coated AuNRs (a, b) and 10% CS or CS–CE coated AuNRs (c, d)

360 G. Battogtokh et al.

123



after a 24 h incubation were bigger (around 40 nm) than

those of others, indicating a dense layer formed on the

AuNR surface. These results are similar to those reported

by Zhang et al. (Zhang et al. 2012); however, they found

the size of chitosan-coated nanoparticles to be around

200 nm, which may be due to the use of a high molecular

weight chitosan. In our study, we used a low molecular

weight chitosan (5 kDa), which has some advantages over

high molecular chitosan, including low toxicity and water

solubility (Patel et al. 2010). Although average size

distribution of AuNR increased after polymer coating, in

some cases, the surface charge of AuNR did not change

after coating, suggesting less polymer coated the AuNR

surface, especially in 10% polymer-coated AuNRs. The

reason of better coating with 5% polymer than with 10%

polymer is due to optimal amount of polymer for coating

the nanoparticle, whereas in case of 10% polymer coating

saturation could occur on the surface of AuNR.

Further, there was no significant difference between

colloidal stabilities of CS- or CS–CE-coated AuNRs. The

Fig. 4 Colloidal stability of CS or CS–CE-coated AuNR by measuring size via DLS. a, b, and c show the characteristics of AuNR CS or CS–CE

(5%); d, e, and f illustrate the characteristics of AuNR CS or CS–CE (10%) prepared by incubating for 24 h. The data represent the mean ± SD

(n = 3)

Fig. 5 Protein adsorption on AuNR-CS (5%) and AuNR-CS–CE (5%) analyzed by BCA assay (a). Serum stability of AuNR (i), AuNR-CS (5%)

(ii), and AuNR-CS–CE (5%) (iii) in DMEM medium containing 10% FBS after incubating for 24 h at 37 �C (b). Cell uptake of AuNR-CS (5%)

(red) and AuNR-CS–CE (5%) (green) by HeLa cells after incubating for 3 h as determined by FACS analysis (c). Significant differences in

protein adsorption of AuNR-CS–CE (5%) are marked with *p\ 0.05 compared with AuNR-CS (5%) at each time point. The data represent the

mean ± SD (n = 3)
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protein adsorption results show that the coating of AuNR

with CS–CE results in a more stable nanorod under phys-

iological condition.

Additionally, a decrease of absorption peaks and a slight

red shift in the UV-spectra of 5% polymer-coated AuNRs

suggests the successful formation of a double layer. The

polymer layer changed the refractive index of the AuNR

(Sun et al. 2014), whereas a negligible shift appeared in the

UV spectra of 10% polymer-coated AuNRs. These data are

consistent with results reported by Cai et al. in which they

found that as the nanoparticle size increases, the absorption

wavelength shifts to red (Cai and Yao 2014).

Although the coating by PEG prolongs the circulation in

mice bloodstream (Niidome et al. 2006), a smaller amount

of PEGylated AuNPs within HeLa cells and PC-3 cells

compared to noncoated AuNPs (Arnida et al. 2010). In

contrast to the PEGylated gold nanoparticles, the posi-

tively-charged CS–CE- coated nanorods were internalized

by the cells, possibly because of a stable coating by CS–CE

compared to that by CS, which prevents detachment.

In conclusion, we coated gold nanorods using our pre-

viously synthesized chitosan–ceramide conjugate for phase

transfer manner without replacing the original lipid layer to

improve the stability and reduce toxicity by incubating for

different time point and with different concentrations of

polymer. We found that after coating, the size of the

nanorod increased (25–40 nm) and the zeta potentials

became more positive (40–50 mV). In addition, a slight red

shift for the UV absorption spectra of 5% polymer-coated

AuNR was confirmed that the coating was made on the

surface of AuNR with polymer. More importantly, the

physiological stability of the coated nanoparticles with CS–

CE (5%) was higher than that of nanorods coated with only

CS (5%), suggesting that CS–CE is a promising coating

material. Also AuNR coated with CS–CE is known to have

higher internalization efficiency and less cytotoxicity in

cells.
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