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Abstract In this study, silver sulfide nanoworms

were prepared via a rapid microwave-assisted hydro-

thermal method by reacting silver nitrate and thioac-

etamide in the aqueous solution of the Bovine Serum

Albumin (BSA) protein. The morphology, composi-

tion, and crystallinity of the nanoworms were char-

acterized by field emission scanning electron

microscopy (FESEM), X-ray powder diffraction

(XRD), transmission electron microscopy (TEM),

selected area electron diffraction (SAED), X-ray

energy dispersive spectroscopy (EDS), and Fourier

transform infrared (FTIR) spectroscopy. The results

show that the nanoworms were assembled by multi-

ple adjacent Ag2S nanoparticles and stabilized by a

layer of BSA attached to their surface. The nano-

worms have the sizes of about 50 nm in diameter and

hundreds of nanometers in length. The analyses of

high-resolution TEM and their correlative Fast Fou-

rier Transform (FFT) indicate that the adjacent Ag2S

nanoparticles grow by misoriented attachment at the

connective interfaces to form the nanoworm struc-

ture. In vitro assays on the human cervical cancer cell

line HeLa show that the nanoworms exhibit good

biocompatibility due to the presence of BSA coating.

This combination of features makes the nanoworms

attractive and promising building blocks for advanced

materials and devices.
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Introduction

During the past few decades, semiconductor nanom-

aterials have been of great interest because of their

optical and electrical properties, which may be widely

used in the area of optoelectronics or bioapplications.

Among all these semiconductors, chalcogenide semi-

conductor nanocrystals (metal sulfides and selenides)

have attracted broad attention because of their unique

shape- and size-dependent physical and chemical

properties that differ drastically from their bulk

counterparts (Mao et al. 2010; Qin et al. 2008;

Teranishi et al. 2009; Wang et al. 2009). Therefore,

chalcogenide semiconductor nanocrystals have been

extensively pursued from material scientists and

information-recording specialists due to the unique

possibility of optical imaging and optical information
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storage (Du et al. 2010; Sadtler et al. 2009). As a

chalcogenide semiconductor with a direct band gap of

*1.0 eV at room temperature and relatively high

absorption coefficient (104 M-1 cm-1), monoclinic a-

Ag2S has a variety of potential applications, such as

photoconductors, photovoltaic cells, solar-selective

coating, near-IR bioimaging, and biosensing (Liao

et al. 2009; Pan et al. 2007; Xu et al. 2010; Yang et al.

2006; Zhang et al. 2000).

Being promising materials with potential applica-

tions, many efforts have been focused on the synthesis

and fabrication of Ag2S nanomaterials to enhance its

performance in currently used applications in photog-

raphy and luminescent devices (Brelle et al. 1999; Choi

et al. 2009; Lim et al. 2004; Liu et al. 2002, 2004).

Silver sulfide nanowire arrays were synthesized by

anodic aluminum oxide template and by a gas–solid

reaction approach (Jang et al. 2007; Niu et al. 2007).

Self-supported pattern of Ag2S nanorod arrays was

created by a solution-growth method (Lu et al. 2002).

Highly ordered Ag2S nanorods were fabricated at

ambient temperature via a biomimetic strategy (Yang

et al. 2006). Silver-based nanofiber bundles were

synthesized with Ag2C2O4 nanofiber bundles as a

general sacrificial template (Wang and Qi 2008).

However, there still remains a great challenge to

develop a simple and rapid synthetic route to prepare

Ag2S nanostructures with highly controlled dimen-

sions, morphology, phase purity, and chemical com-

position because of the complexity in the chemical

behavior of these materials (Wang et al. 2008).

In this study, a rapid microwave-assisted hydro-

thermal method was developed for the facile synthesis

of silver sulfide nanoworms in the BSA aqueous

solution. BSA was used as stabilizer, since it has a

strong affinity to a variety of inorganic molecules

binding to different sites, which makes possible the

utilization of BSA-decorated nanomaterials in a vari-

ety of supramolecular assemblies (Mamedova et al.

2001). Microwave-assisted hydrothermal method was

chosen as the efficient, inexpensive, and green heating

style with reaction times reduced to order of minutes

(Liu et al. 2011a, b). Moreover, microwave irradiation

offers rapid and uniform heating in solution relative to

conventional heating and thus provides more homo-

geneous nucleation and shorter crystallization time,

which is greatly advantageous for the preparation of

nanomaterials (Baruwati et al. 2009; Pal et al. 2009;

Pastoriza-Santos and Liz-Marzán 2002; Song et al.

2010; Wu et al. 2010; Zhu et al. 2000, 2004). To the

best of our knowledge, this is the first report of

microwave-assisted hydrothermal synthesis of silver

sulfide nanoworms. Microstructural analyses reveal

that the nanoworms were assembled by the misoriented

attachment of multiple adjacent Ag2S nanoparticles

and stabilized by a layer of BSA. Furthermore, the

potential cellular toxicity of the nanoworms was

evaluated on HeLa cells by 3-(4,5-dimethylthiazol-2-

yl)-2,5-diphenyltetrazolium bromide (MTT) assay.

Experimental section

Materials

BSA (Purity C98%, Mw = 68,000) was purchased

from Sigma-Aldrich. Silver nitrate (C99.8%) and

thioacetamide (TAA, C99.0%) and other chemical

reagents were of analytic grade and used as received

without further purification. Millipore water

(18.2 MX*cm at 25 �C) was used throughout all the

experiments.

Fabrication of the Ag2S nanoworms

In a typical process, 10 mL of 50 mM silver nitrate

aqueous solution and 20 mL of 1 mg/mL BSA

aqueous solution were mixed with vigorous stirring

at room temperature. The mixed solution of the BSA–

Ag? emulsion was kept static under nitrogen protec-

tion for 6 h. Then 10 mL of 50 mM TAA aqueous

solution was added. Immediately after TAA addition,

the solution changed to black, indicating the forma-

tion of colloidal Ag2S nuclei. Then 40 mL of the

solution was sealed in autoclaves (80-mL capacity)

and irradiated to 200 �C for 50 min. The black solid

products were collected and washed at least three

times with water and ethanol, and then dried under

vacuum at room temperature.

Cytotoxicity assay

Growth inhibitory effect of the BSA–Ag2S nano-

worms on HeLa cells was tested by the MTT assay

(Xing et al. 2009b). In Brief, HeLa cells were grown

in Dulbecco’s modified Eagle’s medium (DMEM,

Gibco) supplemented with fetal bovine serum (10%,

v/v), streptomycin (0.1 mg mL-1), and penicillin
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(100 U mL-1) in a humidified atmosphere with 5%

CO2 at 37 �C. The cells were seeded in 96-well plates

at 5 9 103 cells per well in DMEM medium and

incubated overnight. The cells were then treated in

triplicate with fresh medium containing grade con-

centrations (0.01, 0.05, 0.20, 1.00 mg mL-1) of the

nanoworms and incubated at 37 �C for 24 h. Aliquots

of MTT solution (10 lL, 5 mg mL-1) were added to

each of the wells for 4 h of incubation. After the

medium was removed, 150 lL of DMSO was added

to each well. The absorbance of the purple formazan

was recorded at 490 nm using an ELISA plate reader.

The cytotoxicity results were calculated based on the

data of three replicate tests.

Characterization

Field emission scanning electron microscopy (FE-

SEM) images were obtained using Hitachi S-4800 field

emission electron microscope at an accelerating volt-

age of 10 kV. X-ray powder diffraction (XRD) mea-

surements were performed on a Japan Shimadzu

XRD-6000 diffractometer with Cu-Ka radiation

(k = 0.15418 nm); A scanning rate of 0.05 deg s-1

was applied to record the patterns in the 2h range of

20–70�. Transmission electron microscopy (TEM)

images were taken using a JEOL JEM-2100 transmis-

sion electron microscope at an accelerating voltage of

200 kV, equipped with selected area electron diffrac-

tion (SAED) and X-ray energy dispersive spectroscopy

(EDS). The Fourier transform infrared (FTIR) spectra

were recorded on a Nicolet 6700 FTIR spectrograph in

the wavenumber range of 4000–400 cm-1.

Results and discussion

The synthesis of silver sulfide nanoworms was

performed by a two-step procedure. The first step

was the generation of the Ag2S crystal nuclei by

adding TAA into silver (I)–BSA complex solution.

Then, Ag2S nuclei underwent growth or further

reactions to form the nanoworm structures under

microwave irradiation, as illustrated in Scheme 1.

When Na2S was substituted for TAA, only irregular

particles were formed, indicating that the slow release

of sulfide ions from TAA was essential for the

formation of the nanoworms.

The morphology and dimensions of the product

were determined by SEM. As shown in Fig. 1a, the

product presents a worm-like morphology with

nanometer-sized diameters. The crystal structure

and crystallinity were examined by XRD. In Fig. 1b,

the nanoworms exhibit good crystal quality; all of the

reflections can be indexed to monoclinic acanthite,

confirming good agreement with the reported data for

a-Ag2S (JCPDS Card File: 14-0072) after considering

Scherrer broadening (Wang and Qi 2008).

Detailed structural information of the nanoworms

was obtained by TEM. Figure 2a is a representative

TEM image of the Ag2S nanoworms obtained from

the typical experiment. The nanoworm is composed

of several adjacent nanoparticles attached with con-

nective interfaces. It has the sizes of about 50 nm in

diameter and hundreds of nanometers in length. The

SAED pattern in Fig. 2b reveals that the nanoworm is

crystalline, and adopts a monoclinic acanthite struc-

ture. Its EDS spectra in Fig. 2c show the significant

presence of Ag and S, besides the peaks for Cu and C,

which arise from the supporting grid of Cu and

covering film of C in the sample preparation,

respectively. Based on the relative area under the

peaks for Ag and S, the atomic ratio of Ag to S is

evaluated to be approx. 2:1, being in good agreement

with the stoichiometric molar ratio of silver sulfide.

As shown in Fig. 2d, the center sections of the

nanoworms were partly damaged and emptied during

long-time TEM observations, since silver sulfide is

Scheme 1 The route to fabricate Ag2S nanoworms via microwave irradiation
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easy to decompose under the intense electronbeam

irradiation (Xu et al. 2010). The edges of the

nanoworm look fuzzy and amorphous, which was

presumed to be the BSA coating (Yang et al. 2006).

By setting a control experiment, silver sulfide was

prepared in the aqueous solution without BSA, in

which the Ag2S crystals were badly aggregated with

different sizes. The results show that BSA plays a key

role in controlling and regulating the attachment of

Ag2S nanoparticles into the nanoworms. These

observations show the nanoworms were assembled

by multiple adjacent Ag2S nanoparticles and stabi-

lized by a layer of BSA attached to their surface. The

TEM result is consistent with that obtained from the

SEM observation.

The involvement of BSA in the nanoworms was

further studied by FTIR spectroscopy. As seen in

Fig. 3, the IR peaks of pure BSA at 3410, 1640, and

1521 cm-1 are assigned to the stretching vibration of

–OH groups, amide I, and amide II bands, respec-

tively. In comparison, the nanoworms show the

similar typical absorptions with BSA molecules with

negligible variations. These evidences confirm the

existence of BSA in the nanoworms.

High-resolution TEM was used to obtain further

insights into the crystal state of the nanoworms. A

close look to their connection sections was per-

formed, and their correlative FFT patterns were

extracted to obtain some crystallographic informa-

tion. As shown in Fig. 4a, more nanoworm

Fig. 1 SEM image (a) and XRD pattern (b) of the as-prepared Ag2S nanoworms

Fig. 2 Low-magnification

TEM image (a), SAED

pattern (b), and EDS spectra

(c) of the as-prepared Ag2S

nanoworms; and low-

magnification TEM image

of the damaged nanoworms

due to the long-time

electronbeam irradiation (d)
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assemblies are clearly observed, which were formed

by the attachment of multiple nanoparticles as

building blocks (Banfield et al. 2000; Yang et al.

2008). In Fig. 4b, the two adjacent nanoparticles

exhibit clear lattice fringes; both of the FFT patterns

from the frames #1 and #2 present the (-112) planes

of monoclinic acanthite with the difference in crys-

tallographic orientation, and the angles between

the two crystal planes was 73�. In Fig. 4c, the FFT

patterns of the adjacent nanoparticles from the frames

#1 and #2 exhibit, respectively, the (-112) and (112)

planes of monoclinic acanthite with different crystal-

lographic orientations and the angle between the two

crystal planes were 69�. In Fig. 4d, the FFT analyses of

the two adjacent nanoparticles from the frames #1 and

#2 exhibit the (120) planes of monoclinic acanthite

with different crystallographic orientations and the

angle between the two crystal planes was 45�. These

results indicate that these adjacent nanoparticles did

not share the same crystallographic orientation,

although they might possibly have the same crystallo-

graphically specific surfaces. That is, the nanoworms

are formed when misorientation of the adjacent

nanoparticles happens at the interfaces under micro-

wave irradiation (Penn and Banfield 1998). They were

expected to rotate and fuse each other to reach the

thermodynamically favorable interface configuration

if free growing at ambient temperature was allowed

instead of microwave irradiation as indicated in the

literature (Yang et al. 2006, 2008). This is possibly

because the kinetic barrier under microwave irradia-

tion is too high to bring the rotation and fusion

transition about, and thus cause the formation of the

nanoworms (Chen et al. 1997).

The time-dependent shape evolution of Ag2S

nanoworms was studied to keep track of the

Fig. 4 Low-magnification TEM image of the nanoworms (a), and high-resolution TEM images of the framed area marked in a (b–

d). Inset: FFT patterns of the frames #1 and #2 in each high-resolution TEM image, displaying the growth orientation of nanocrystals

Fig. 3 The FTIR spectra of pure BSA (A) and BSA–Ag2S

nanoworms (B)
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nanoworm growth. Figure 5 presents the typical

morphology of the nanoworms for different treatment

times. After 5 min of microwave hydrothermal

treatment, the obtained sample was mainly composed

of scattered nanoparticles with diameters in the range

of 5–20 nm (Fig. 5a). For a heating time of 15 min,

the nanoparticles grew larger, and several adjacent

nanoparticles became attached (Fig. 5b). When

heated for 30 min, these nanoworms had a wide

range in length, and all the nanoparticles disappeared

(Fig. 5c). If the heating time was increased to 50 min,

these nanoworms grew longer with more nanoparti-

cles attached with the connective interfaces (Fig. 4a).

To investigate further, the heating time was even

prolonged to 80 min, and it was found, however, that

the nanoworms seem interlaced and aggregated

(Fig. 5d). According to the above phenomena and

high-resolution TEM analyses, it could be presumed

that the nanoworms were formed by the misorienta-

tion attachment of multiple adjacent nanoparticles at

the connective interfaces under appropriate micro-

wave irradiation. The nanoworms are expected to be

attractive and promising building blocks for advanced

materials and devices.

To examine the feasibility of the nanoworms in

biorelated fields, the cytotoxicity was tested on the

human cervical cancer cell line HeLa by MTT assay.

Figure 6 shows the cellular viability of HeLa cells

treated with the grade concentrations of the nano-

worms after 24 h. The viability of untreated cells in

the blank group was assumed to be 100%. When the

concentration is lower than 0.05 mg mL-1, the

nanoworms exhibit a negligible cytotoxic profile

compared with the blank group. When the concen-

trations are increased to 0.2 and 1.0 mg mL-1, over

100% of the cellular viability is observed. These

results indicate that the nanoworms barely exhibit

cytotoxicity, and even contribute to cell proliferation

with increasing concentration. The proliferation

effect of the nanoworms may stem from the involve-

ment of BSA since the protein BSA is a nutriment for

many cells (Xing et al. 2009a). Thus, the biocom-

patibility of the nanoworms is greatly enhanced. This

study provides a new insight into the preparation of

protein-modified nanocrystals with excellent biocom-

patibility, which present bioactive functionalities

throughout the nanocrystal surface for further bio-

logical interactions or couplings and then be used in

Fig. 5 TEM images of the Ag2S nanoworms obtained at different time intervals: 5 min (a), 15 min (b), 30 min (c), and 80 min (d),

respectively
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life sciences for luminescence tagging, drug delivery,

and many other aspects (Reches and Gazit 2003).

Conclusions

In summary, a rapid synthetic route based on

microwave-assisted hydrothermal reaction has been

developed to prepare the biocompatible silver sulfide

nanoworms by reacting silver nitrate and TAA in the

BSA aqueous solution. The nanoworms were assem-

bled by the misoriented attachment of multiple

adjacent Ag2S nanoparticles and stabilized by a layer

of BSA. These results could benefit the general

understanding of crystal growth mechanisms and the

preparation of highly controlled nanostructures. The

BSA coating ensures that the nanoworms are bio-

compatible and easy to fabricate and process further

into more complex structures. Furthermore, this study

provided a new insight into the preparation of the

protein-modified nanocrystals, which would have

great potential not only in biorelated fields, but also

in advanced microdevices.
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