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Highly ordered silver sulfide nanorods conjugated with the Bovine Serum Albumin (BSA) protein have been
successfully achieved at ambient temperature. Such a process is very simple and controllable, directly using
silver nitrate and thioacetamide (TAA) as the reactants in the aqueous solution of BSA. The products have
been characterized by XRD, HRTEM-SAED, SEM-EDS, TG-DTA, FT-IR, and CD spectroscopy. The results
of the research show that the as-preparegBAtanorods are monodispersed with sizes about 40 nm in diameter
and 220 nm in length, and exhibit a high degree of crystallinity and good photoluminescence. Furthermore,
an interesting mechanism is discussed for the formation of th& Agnorods.

Introduction M~t-cm™Y), monoclinic a-Ag;S has a variety of potential
The reliance of future technologies on exploring facile and @PPlications, such as in photoconductors, photovoltaic cells,

economic methods for the fabrication of one-dimensional (1D) N€ar-IR photon detectors, and solar-selective codtiigny

systems has spurred intense and rapid development in the fielcfforts have been focused on the synthesis oSAwanoparticles
of material synthesis. In particular, metal and semiconductor to enhance its performance in currently existing applications in

nanorods, as a family of 1D nanostructures, have been extenlPhotography and luminescent deviéeslowever, there were
sively pursued for their potential in building blocks for self- €W reports concerning 1D A§ nanomaterials. Very recently,

assembled nanoscale electronic circuits and energy-conversiorpi ver sulfide nanowire arrays have been synthesized by the
devices. The highly ordered assembly of such nanorods is not!€Mplate of anodic aluminum oxide (AAO) membrane and by

only necessary for making functional devices, but also presents® 92s-solid reaction approach. Zhao et al. created the self-
an opportunity to develop novel collective propertidgarious support7ed pattern of A§ nanorod arrays by a solution-growth
methods have been developed for the fabrication of the highly method’ , , , -
ordered 1D nanostructurdSelf-assembled CdS nanorods were ~ BSA is the most studied protein, and it has a strong affinity
prepared by an evaporatienondensation method at high to a variety of inorganic _r_nolt_ecules binding to different sites,
temperaturéacopper oxide nanorods were prepared by a solid which makes possible utilization of BSA-decorated nanomate-

liquid arc discharge procesand copper sulfide nanorods were '@l in a variety of supramolecular assembfigs. this paper,
synthesized by using the spin-coated monolayer of arachidic W& report a facile, controllable synthesis of semiconducteSAg

acid as molecular templat&Recently, biological factors have ~ nanorods in the BSA aqueous solution at room temperature.
been exploited as synthesis directors for nanoparticles and!n€Se nanorods with round ends are monodispersed with sizes
nanofibers, because they could regulate the unique shapes an@f @bout 40 nm in diameter and 220 nm in length. Microstruc-
the exact sizes of various nanocrystals. The directed synthesedUral analyses reveal that the highly ordered silver sulfide
of semiconducting nanowires (ZnS and CdS), for example, were nanorods co_ated Wltl’_l BSA are S|_ngle-crystalllne ina r_nonochnlc
reported onto a virus-based scaffélth addition, this kind of structure; this material also exhibits good photoluminescence.

biological surface modification of semiconductor and metal Furthermore, a rational mechanism based on coordination
nanoparticles with antibodies, peptides, and protein is bioactive Nucleation and the Ostwald ripening is proposed for the nanorod
and biocompatible, which could provide bioactive functionalities formation.
throughout the nanocrystal surface for further biological interac-
tions or couplings and then be used in life sciences for
luminescence tagging, drug delivery, and many other aspects.  Fabrication of the Ag,S Nanorods.In a typical process, 50
As a semiconductor with a direct band gap-e1.0 eV at mL of 50 mM silver nitrate £99.8%, M,, = 169.87 A.R.)
room temperature and relatively high absorption coefficient (10 aqueous solution and 100 mL of 1 mg/mL BSA (purit@8%,
“To wn p Hould be add T My = 68 000, Xiamen Sanland Chemicals Company Limited,
3308117 Pt B AT 2908507 Erman: ayarzgﬁfgs'lg@m&'com' (L. China) aqueous solution were mixed with vigorous stirring at

Yang), xingenjoy@163.com (R. Xing), and rengsh@sjtu.edu.cn (Q. Ren). foom temperature. The mixed solution of the BSA#Agmul-
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University. N L o mL of 50 mM TAA (=99.0%,M,, = 75.13) aqueous solution
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particles. The mixed reaction solution was again kept static T w B 7 E
under ambient conditions for 72 h and then separated by high- '
speed centrifuging at 15 000 rpm. The collected black solid-
state product was washed with double distilled water and ethanol
three times and dried in a vacuum at room temperature for 24
h.

To investigate the influence of BSA on the formation of8g
nanorods, two sets of control experiments were carried out as
follows. Control A was to grow silver sulfide in the aqueous
solution without BSA; control B was to vary the chelating time
(mixing time) between A and BSA. Each control experiment
was done in the same conditions and procedure as the typical
experiment.

Characterization. X-ray powder diffraction (XRD) measure-
ments were performed on a Bruker D&Advance X-ray powder
diffractometer with graphite monochromatized Cu KA =
0.15406 nm). A scanning rate of 0.05 deg/s was applied to
record the pattern in the®Zange of 26-70°. Scanning electron
microscopy (SEM) images were taken on a JSM-5600LV
scanning electron microscope equipped with an X-ray energy-
dispersive spectroscopy (EDS) at an accelerating voltage of 20
kV. Transmission electron microscopy (TEM), accompanied by
selected-area electron diffraction (SAED), was carried out on a
JEOL JEM 100CX-II transmission electron microscope; high-
resolution TEM (HRTEM) images were taken on a JEOL JEM-
2010 transmission electron microscope. To prepare the TEM Figure 1. Low-magnification TEM image of AgS (A) in the aqueous
and HRTEM samples, a st droplet of dilute alcohol solution soluti(_)n without _BSA,_ (B) in the BSA aqueous so_lution from the typical
was dripped onto a carbon-coated copper grid, then dried at&*Periment, (C) individual nanorod, (D) HRTEM image, and (E) SAED
room temperature. The thermogravimetgifferential thermal pattern in an area including many #gnanorods.
analyses (TG-DTA) were performed on an EXSTAR TG/
DTA6300 instrument. The ultraviolewvisible (UV—vis) ab-
sorption spectrum was recorded on a Perkin-Elmer Lambda 17for the formation of the nanorods
UV —visible spectrophotometer. A Shimadzu RF-540 PC instru- . . . ’ .
ment was used to record the photoluminescence (PL) spectrum. To investigate the influence of BSA on the formation of the

The FT-IR spectra were recorded on a Bio-Rad FTS-40 Fourier A92S nanorods, we carried out two sets of control experiments.
transform infrared spectrograph in the wavenumber range of Control A was done in the absence of BSA (see Figure 1A), in

4000-400 cnT™. The spectra were collected at 2 chnesolution Whi(?h the AgS crystals were badly aggregated with elliptical
with 128 scans by preparing KBr pellets with a 3:100 “sample- particles. The result showed that the presence of BSA was a
to-KBr” ratio. Circular dichroism (CD) spectra (19@50 nm) key factor in controlling and regulating the_shape and size of
were recorded on a Jasco J-810 spectropolarimeter. The samlﬂ,he AQS crystals. To further study the details about the effect

samples were repeated three times. This instrument had beer?f BSA, cpntrol B was done in the same conqltlons described
calibrated previously for wavelength with benzene vapor, and &S € typical experiment, apart from the chelating time between

for optical rotation withd;g-camphorsulfonic acid. A cell with BSA and Ag'. It was found that the appropriate chelating time

a path length of 0.1 cm was used. The parameters used were ags h) between BSA and Agwas of great importance to achieve
esirable results.

follows: bandwidth, 1 nm; step resolution, 0.1 nm; scan speed, : ] ) )
50 nm/min; response time, 0.25 s. Each spectrum was obtained Figure 1B is a representative TEM image of the as-prepared
after an average of six scans. Quantitative estimations of the”Ag2S nanorods in the BSA aqueous solution from the typical
secondary-structure content were made with the CDPro software®XPeriment. It can be seen that these nanorods are obviously
package, which includes the programs CDSSTR, CONTIN, and well dlspersed. Shown in Flgure 1Cisa TEM Image recorded
SELCONS (http:/lamar.colostate.edisreeram/CDProA We on an individual nanorod. The edges of the nanorod look fuzzy
used these three programs to analyze our CD spectra. Theand amorphous, which could possibly be the BSA molecules.

o-helical fractions extracted from the CDPro programs are in On the basis of this result, it can be hypothesized that the
good agreement with those calculated based on empiricamanorodswere coated with the BSA protein. The HRTEM image

methods with ellipticities at either 208 or 222 rifn. in Figure 1D provides further insight into its structure. It is
observed that the nanorod exhibits good crystalline and clear
lattice fringes. The experimental lattice fringe spacing, 0.268
nm, is consistent with the unique 0.2664 nm separation between

Characterization of the As-Prepared AgS Nanorods.The two (120) planes in bulk acanthite Ag crystallites. Figure 1E
synthesis of silver sulfide nanorods was performed by a two- (inset of Figure 1B) is the corresponding SAED pattern,
step procedure. The first step was the generation of the silver-revealing that the nanorods are crystalline and can be indexed
(I'—BSA complex by mixing of the AgN@and BSA solutions. to monoclinica-Ag,S. Figure 2 presents the histogram of the
The second step was the formation of,8granorods by adding  nanorods, showing a relatively broad spread in length. A
TAA into the above mixing solution at ambient temperature. statistical analysis yields an average size of 40 nm in diameter
TAA was comparatively unstable and slowly hydrolyzed to and 220 nm in length and a size distribution standard deviation
release % ions into the reaction solution. We once tried to of 2.5 and 35 nm, respectively.

use NaS instead of TAA, but nanorods could not be formed,
indicating that the slow release of sulfide ions was essential

Results and Discussion
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Figure 2. Histograms of the length (A) and the diameter (B) of the nanorods.
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Figure 5. TG-DTA curves for the as-prepared /&g nanorods.

Figure 3. A representative SEM image of A§ nanorods obtained
from the typical experiment. Inset: The EDS pattern in an area including
many AgS nanorods.
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Figure 4. XRD pattern of the as-prepared #g8nanorods.
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Figure 3 shows a typical SEM image of the product obtained Wavelength {(nm)
from the typical experiment. It can be seen that the product gigyre 6. (a) Uv—vis absorption spectrum and (b) PL spectrum of

presents a rodlike morphology with nanometer-sized diametersthe resulting solution of the as-prepared:8ganorods. Excitation was
and regular arrays. The SEM result is consistent with that performed at 378 nm.

obtained from TEM observation and further confirms the
formation of the AgS nanorods. The EDS spectrum (inset of 5 illustrates the TG and DTA curves of the as-prepared nanorods
Figure 3) of the AgS nanorods shows the significant presence obtained from the typical experiment. From the TG curve of
of only Ag and S with an atomic ratio (Ag/S) of nearly 2, in the nanorods, it is observed that the first stage is from 200 to
good agreement with the stoichiometric molar ratio of silver 510°C and the second stage from 510 to 860 the total weight
sulfide. loss is about 11% from 200 to 683C. Comparing the TG curve
Figure 4 presents the XRD pattern of the as-preparesBAg of the as-prepared nanorods with that of pure BSA, they have
nanorods. In Figure 4, all peaks can be indexed to the monoclinic similar weight loss curves, except for the lag of the BSA breakup
Ag.S phase, in good agreement with the reported data for temperature. The enhancement of the thermal stability of BSA
o-AQ2S (JCPDS Card File 14-0072) after considering Scherrer might be due to the interaction between BSA and,3\g
broadening, which further confirmed the SAED result. nanocrystals. From the DTA curve of the nanorods, there is a
TG and DTA curves of pure BSA and the as-prepared wide endothermic peak from 50 to 65%TC, due to the
nanorods were determined under air atmosphere at a heatingransformation fromo-Ag,S to §-Ag,S at 178°C and the
rate of 10 deg/min from 50 to 808C. For the TG curve of breakup and combustion of BSA molecules. According to the
pure BSA, there are two stages of weight loss. The first stage TEM results of the fuzzy periphery and high degree of
is from 180 to 480°C, probably due to the escape of several crystallinity of the nanorod, it could be presumed that the protein
kinds of small molecules, resulting from the intramolecular (11%) be conjugated on the surface of the nanorods.
disintegration of the BSA molecules; the second stage is from Figure 6 shows the U¥vis absorption and PL spectra of
480 to 570°C, owing to the combustion of the residues. Figure the product. The UV-vis absorption spectrum of the resulting
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TABLE 1: The Main Peaks of Pure BSA, BSA-Ag", and Figure 8. The CD spectra of (a) pure BSA, (b) BSA-Agand (c)

BSA-AQ,S from the IR Spectra

—OH amide A amidel amidell NOs~
assignment (cm™) (cm™) (cm™) (cm™®)  (cm?)

BSA-AQ;S nanorod solutions.

I, and amide Il bands, respectively. The strong peakH385
cm ! in the BSA-Ag™ and BSA-AgS spectra is assigned to
Pure BSA 3308 3068 1656 1539 the absorption of nitrate ions, which was introduced by the
BSA-Ag* 3300 3088 1647 1531 1385 ., . . .
BSA-ARS 3411 3150 1653 1542 1385 addltlo.n of silver nitrate. Comparing the IR. spectrum qf BSA-
Ag™ with that of pure BSA, there are negligible variations in

solution of the as-prepared A% nanorods is a rather featureless the characteristic peaks efOH groups, amide |, and amide |l
curve with gradually increasing absorbance toward shorter bands, but the characteristic peak of amidébands shifted to
wavelengths (see Figure 6a) in accord with the results in the a high wavenumber of about 20 ciy suggesting that there
literature. This phenomenon is likely due to the overlap of might be coordination interaction between silver ions areHN
absorption bands, which occur at different energies for nanoc- groups of BSA, which played an important role in the formation
rystals having disparate siz&s'! The PL spectrum of the  of Ag,S nanoparticles. Comparing the IR spectrum of BSA-
nanorods was obtained with the excitation wavelength of 378 Ag,S with that of pure BSA, the characteristic peaks-6dH
nm (see Figure 6b). It exhibits a narrow emission peak centeredgroups and amide 'Abands shifted to a high wavenumber of
at about 474 nri#? The relatively narrow fwhm with the value  about 100 and 80 cm, respectively. The results showed that
of 30 nm indicates that the sample is well disperse in the solution there might be the conjugate bonds between thgSAgnorod
with few electronic defect site's. surfaces and-OH and—NH groups in BSA In addition, the

In addition, the influence of the reaction conditions on the BSA protein also involves 17 disulfide bonds with one free thiol
Ag2S nanorods growth has been systematically studied. First,in cysteine residues, which might also be attracted to th£&SAg
we investigated the influence of the BSA concentration on the nanorods for surface binding via thiolate linkages. Results in
appearance of the nanorods. It was found that it was suitablethe literature have also shown that the thiol-containing amino
for the growth and formation of the nanorods when the BSA acids were proved to be excellent nucleating agents for the
concentration was-12 mg/mL. At a lower BSA concentration  synthesis of metal sulfide nanoparticf€éd® Therefore, it can
(0.5 mg/mL), there were mostly spherical silver sulfide nano- be concluded that these binding interactions (coordination for
particles and a few rods in appearance, while the high BSA BSA and Ag™ and conjugate for BSA and A§ nanorods) are
concentration (4 mg/mL) did not lead to a detectable appearanceprobably responsible for the resulting BSA-A&g nanorods
change of the nanorods. Next, the silver ion concentration alsoformation.
affected distinctly the shape of nanorods. At a high silver ion  To further study the formation mechanism of the nanorods
concentration £75 mM), AgS nuclei tended to form coarse inthe BSA aqueous solution, changes of the secondary structures
larger nanorods, whereas at a low silver ion concentration, of BSA in the system were determined by using CD spectros-
uniform nanorods with regular shape can be obtained. Further-copy, which is a valuable spectroscopic technique for studying
more, the presence/absence of nitrogen protection also influ-protein and its comple3€ The CD spectra of pure BSA, BSA-
enced the rod homogeneity. Without nitrogen protection, there Ag*, and BSA-AgS solutions are given in Figure 8 when the
were a wide range of nanorods from 80 to 300 in length; with mean residue concentration of BSA is k6106 mol/L. From
nitrogen protection, the obtained products were uniform in rod Figure 8, it can be seen that the CD curve of the BSA-Ag
size and morphology. To make a comparison, we also carriedsolution is similar to that of the pure BSA solution, while the
out the experiment with mild electromagnetic stirring instead CD spectrum of the BSA-A solution is different from that
of the static method throughout the aging process, and moreof pure BSA. The experimental data of the system are presented
nanoparticles and fewer short nanorods were obtained at lastin Table 2 and RMSD means the error between the experiments

Formation Mechanism of the AgS Nanorods.To study and conversion CD spectra. From Table 2, pure BSA contains
the formation mechanism of the A§ nanorods in the BSA  60.9% a-helices and 4.49%s-sheets, in good agreement with
aqueous solution, the FT-IR spectra of pure BSA, BSA-Ag the previous reports. Comparing the CD results of BSA-Ag
and BSA-AgS solutions were determined. The FT-IR spectra and BSA-AgS with those of pure BSA, the contentafhelices
and the data of the main peaks are presented in Figure 7 antbf BSA decreased 9.5% and 51.7% and fheheet content
Table 1, respectively. The IR peaks of pure BSA at 3308, 3068, increased 4.2% and 31.9%, respectively, whereas the content
1656, and 1539 cri are assigned to the stretching vibration of turns and random coils did not change much. There are 3.6
of —OH, amide A (mainly —NH stretching vibration), amide  amino acid residues in every ring of thehelix segment. It is
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TABLE 2: The Percentages of the Secondary Structures of According to the discussion above, it is proposed that the
Pure BSA, BSA-Ag', and BSA-AgS at 298 K and pH 5.5 highly ordered AgS nanorods could be formed through the
assignment o-helix/% f-sheet/% turn/% random/% RMSD  coordination nucleation and Ostwald ripening process. After the
pure BSA 60.9 a4 125 23 101 silver nitrate solution was added into the BSA aqueous solution,
BSA-Ag* 51.4 8.6 15.3 24.7 9.1 silver ions coordinated with some groups (such-d$H and
BSA-AQ:S 9.2 36.3 225 32.0 8.5 —SH) of BSA, resulting in the relatively high silver ion

concentration around these groups. Then TAA was added and

I #}:"“ ; the slow-released?S ions combined with the Agions to form
-'a--f;‘ .',,t.-; - P L Ag>S nuclei on some special sites of BSA. Once the nuclei were
Nk : . formed, the growth of AgS nanopatrticles started on them. Then

! '-".,,'i'-‘. the colloidal AgS particles gradually transformed into nanorods,

¢ "‘i. »~ followed by a dissolutiorprecipitation equilibration in the

;‘ * ,i'.,'," Ostwald ripening process. As a result, the as-prepared nanorods
-_.j-_'_;‘;i. ' were obtained.

g% 'S

g @ -

& _: L Conclusions

To sum up, the highly ordered A8 nanorods conjugated
with BSA were successfully achieved by sequentially adding
AgNO; and TAA into the BSA aqueous solution. It exhibits a
high degree of crystallinity and good photoluminescence. A
rational mechanism based on coordination nucleation and the

] Ostwald ripening process is proposed for the formation of the
" z Ag2S nanorods. This synthetic process is very simple, clean,

po. % s controllable, and reproducible. The exploitation of a common
el : w i protein to prepare the protein-conjugated nanorods provides a

™ 200 0m 200 nme novel pathway for biomodified nanomaterials, which could be

Figure 9. TEM images of AgS nanorods obtained after different aging promising in life sciences for luminescence tagging, drug

time in the typical experiment: (A) 12, (B) 24, (C) 36, (D) 60, (E) 72,  delivery, and implantable microdevices, as well as for molecular
and (F) 96 h, respectively. electronics.
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