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Abstract

A type of worm-like nanorods was successfully synthesized through conventional gold nanorods reacting with Nap S, O3 or Na;S. The generated
worm-like gold nanorods comprise shrunk nanorod cores and enwrapped shells. Therefore, a gold—gold sulfide core—shell structure is formed in
the process, distinguishing from their original counterparts. The formation of the gold chalcogenide layers was confirmed by transmission electron
microscopy and X-ray photoelectron spectroscopy. Experimental results showed that the thickness of the gold chalcogenide layers is controllable.
Since the increase of shell thickness and decrease of gold nanorod core take place simultaneously, it allows one to tune the plasmon resonance
of nanorods. Proper adjustment of reaction time, temperature, additives and other experimental conditions will produce worm-like gold nanorods
demonstrating desired longitudinal plasmon wavelength (LPW) with narrow size distributions, only limited by properties of starting original
gold nanorods. The approach presented herein is capable of selectively changing LPW of the gold nanorods. Additionally, the formed worm-
like nanorods possess higher sensitive property in localized surface plasmon resonance than the original nanorods. Their special properties were
characterized by spectroscopic methods such as Vis—NIR, fluorescence and resonance light scattering. These features imply that the gold nanorods

have potential applications in biomolecular recognition study and biosensor fabrications.
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1. Introduction

Gold nanorods exhibit strong optical extinction at visible
and near-infrared (NIR) wavelengths where resonant plasmon
absorption occurs. This phenomenon is well-suited for pho-
tonic, optoelectronic, and biotechnological applications and has
thus drawn a lot of attention. Particularly, recent advances in
the techniques of synthesis and characterization of plasmon-
resonant nanorods are significant, setting the stage for their
application toward biomedical imaging and image-guided ther-
apies [1-4].

Gold nanorods demonstrate two plasmon resonance absorp-
tion bands: one is around 520 nm, caused by transverse oscil-
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lation of electrons, and hence is termed as transverse plasmon
wavelength (TPW). The other absorption band in the visible
or NIR range is due to the longitudinal oscillation of electrons
and is known as longitudinal plasmon wavelength (LPW). Un-
like TPW, it depends on the length-to-diameter aspect ratio of
the nanorods. As a result, by adjusting the length and diameter
of nanorods, the corresponding LPW can be fine-tuned. Sev-
eral methods have been developed to control the aspect ratio of
the gold nanorods [5-8]. Generally speaking, the nanorods hav-
ing low aspect ratio with longitudinal plasmon band less than
850 nm can be produced readily. For instance, the introduction
of silver ion (Ag™) in growth solution may control the aspect
ratio of the gold nanorods [9]. Alternatively, the aspect ratio
can be selectively decreased by resizing after growth with other
proper additives [10,11]. In comparison, it is challenging to ad-
just LPW longer than 850 nm of those gold nanorods with high
aspect ratio. Current methods are often plagued by poor repro-
ducibility and severe contamination of spherical nanoparticles.
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Therefore, new methodologies that can selectively red shift the
LPW of gold nanorods within visible or NIR range are greatly
desirable and would significantly augment the study of biosen-
sor and biotechnology.

Here we report a type of gold nanorods. Induced by addi-
tion of NaxS, O3 to as-synthesized starting solution, the original
gold nanorods undergo dramatic increase in width relative to
slight change in length. Consequently, worm-like gold nanorods
with distinct aspect ratio are formed and exhibit shifted LPW.
Even more interesting, the LPW of the nanorods allows selec-
tive red-shift through controlling temperature and reaction time.
These worm-like gold nanorods are found to be more sensitive
to localized surface plasmon resonance (LSPR) absorption than
conventional ones, and thus may provide new tools for biosen-
sor and biotechnology research.

2. Materials and methods
2.1. Materials

HAuCly-3H;0, AgNO3, NaBH4, NayS,03, cetyltrimethyl-
ammonium bromide (CTAB), ascorbic acid were purchased

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).

Other reagents include N-hydroxysuccinimide (NHS) from
ACROS (New lJersey, USA), N-ethyl-N-[(dimethylamino)-
propyl]carbodiimide (EDC) from Avocado Research Chemicals
Ltd. (Lancashire, UK), mercaptoundecanoic acid (MUA) from
Aldrich (Milwaukee, USA) and 3-mercapto-propyl-trimethoxy-
silane (MPTMS) from Alfa Aesoar (UK). Doubly distilled wa-
ter was used in all the experiments.

2.2. Preparation of gold nanorods

Gold nanorods were prepared according to previously re-
ported the silver ion-assisted seed-mediated method using
CTAB as template [2]. The main steps included making sep-
arate seed and growth solution before finally mixing them.
Briefly, CTAB solution (1.5 mL, 0.1 M) was mixed with 100 uL
of 0.02 M HAuCly and stirred. Thereafter, 100 pL ice-cold
0.01 M NaBHy4 was added, which resulted in the formation
of a brownish yellow seed solution. Vigorous stirring of the so-
lution continued for 2 min before it was kept in a water bath at
25 °C. The seed solution was used at least 2 h after its prepara-
tion. To make gold nanorods growth solution, 1.5 mL of 0.02 M
HAuCly and 1.0 mL of 0.01 M AgNO3 were added into 30 mL
of 0.1 M CTAB, and 0.8 mL of 0.08 M ascorbic acid solution
was added. Ascorbic acid as a mild reducing agent changes the
growth solution from dark yellow to colorless. After both so-
Iutions were ready, 70 uL seed was taken out and added to the
growth solution at 25 °C. The color of the solution gradually
changed in the first 15 min until finally stabilized.

2.3. Preparation of worm-like gold nanorods
50 uL 1 M NaS,03 solution was added into 3 mL of

the as-synthesized gold nanorods at room temperature, heated
and kept at 50 °C. Absorption spectroscopy of the resulting

nanorods was monitored by a spectrometer of Lambda 35
(Perkin—Elmer). Because the LPW of resulting nanorods red
shifted with increasing reaction time, various stages of worm-
like gold nanorods were acquired by applying different reac-
tion time intervals, and then the mixture of gold nanorods and
NayS,03 solution was taken out, cooled to room temperature
rapidly in ice-water followed by centrifuge and re-dispersion in
water solution.

2.4. Immobilization of gold nanorods on glass

Gold nanorods immobilized on glass were used to study their
LSPR absorption sensitivity. First, these glass slides (2.2 cm x
1.2 cm) were cleaned by immersion in a piranha solution
(consisting of three parts 30% H>O, and seven parts H,SO4)
at 70°C for 30 min. After cooling to room temperature, the
slides were moved out and rinsed repeatedly with water, and
then were sonicated for 10 min. Subsequently, the slides were
rinsed repeatedly with ethanol and then immersed in a MPTMS
5% ethanol solution for 4 h. The slides were followed by
being rinsed again with ethanol and deionized water in se-
quence, and air-dried at room temperature prior to further
modification. Finally, the mercaptosilane-modified glass slides
were incubated in suspension (conventional and worm-like gold
nanorods solution, respectively) 30 min to prepare the gold
nanorods detection chips. These glass slides immobilized with
gold nanorods were measured with a Vis—NIR spectrophotome-
ter.

2.5. X-ray photoelectron spectroscopy

X-ray photoelectron spectra (XPS) were acquired using
ESCALab201i-XL spectrometer (VG Scientific Ltd., East Grin-
stead, Sussex, UK). The base pressure during acquisitions was
about 3 x 10~7 Pa. The Cls line (284.6 eV) was used for bend-
ing energy calibration.

Throughout the experiments, TEM images of the prepared
gold nanorods were taken at 100 kV using Tecnai G2 20AEM
(USA). Fluorescence spectra of original gold nanorods and
worm-like gold nanorods were obtained using a spectrofluo-
rometer (Hitachi F4500, Japan)

3. Results and discussion

3.1. Key experimental factors for worm-like gold nanorods
preparation

The critical role of NayS, 03 for creating the worm-like gold
nanorods was evidenced by monitoring real-time extinction
spectra during their formation. Fig. 1 shows the temporal evolu-
tion of gold nanorods when reacting with Na;S,0O3 at constant
temperature of 50 °C. Initial gold nanorods exhibit one band
around 520 nm attributed to TPW, and the other band at a longer
wavelength corresponds to LPW. With time increase, a contin-
uous red-shift of LPW accompanied by intensity decrease is
observed. Previous reports demonstrate that the LPW of gold
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Fig. 1. Extinction spectra of gold nanorods acquired by the as-synthesized
gold nanorods reacting with NayS>03. The solution was a mixture of 3 mL
as-synthesized gold nanorods solution and 50 um 1 M NayS, 03 solution was
kept at 50 °C.

nanorods is highly dependent on their length-to-diameter as-
pect ratio and is influenced drastically even by a slight change
[12,13]. In general, LPW shifts to longer wavelength in a linear
way when the ratio increases. Hence, the LPW red-shift ob-
served in our experiment should reflect an aspect ratio rise of
the generated nanorods. The corresponding TPW on the other
hand only displayed minor red-shift from the 520 nm band. In
contrast to the characteristic red-brown color of conventional
gold nanorods, the formed worm-like gold nanorods solution
gradually evolved into deep color until became blue-green with
the increase of LPW, as shown in Fig. 2.

The distinct shape and size of worm-like gold nanorods are
clearly demonstrated via their TEM images. While conven-
tional gold nanorods (Fig. 3a) overall are rod-like, the worm-
like ones (Fig. 3b) produced by addition of NayS>0O3 undergo
disproportionately larger increase in diameter than in length.
As a result, the periphery of these nanorods becomes uniform
“loose layer” and serves as a ‘“shell” enwrapping the shrunk
original nanorods core. Such a structure looks exactly like a
worm, which gives birth to the name of “worm-like nanorods.”
The size and shape evolution of the worm-like nanorods were
monitored by their TEM images, as shown in Fig. 4. The as-
synthesized nanorods have an average diameter and length of
12 and 40 nm, respectively (Fig. 4a). During the process of
growth, the periphery of gold nanorods becomes loose, partic-
ularly in the longitudinal surface. Note that the length does not
increase proportionally with the diameter that undergoes sig-
nificant enlargement. The shell along the longitudinal surface is
uniform as shown by TEM images. Fig. 4b displays shells of
2 nm along the longitudinal surface in earlier time, correspond-
ing to a shorter LPW of 817 nm. With time increase, however,
the thickness of shells along the longitudinal surface keeps in-
creasing up to 4 nm and 12 nm finally (as shown in Figs. 4c
and 4d, corresponding to longer LPW of 823 nm and 978 nm,
respectively).

The increase of shell thickness and decrease of gold nanorod
core take place simultaneously. As a matter of fact, the shrunk
of nanorods core effectively results in their increasing aspect
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Fig. 2. Optical extinction of gold nanorods and worm-like nanorods with var-
ious LPWs at the same concentration, AuNR756 represents gold nanorods
possessed LPW 756 and WAuNRS11 represents worm-like gold nanorods pos-
sessed LPW 811. The bottom digital picture of the products obtained from
NajS,03-induced on gold nanorods, samples from left to right correspond to
the curves from AuNR756 to WAuNR942 shown in (a).

Fig. 3. (a) TEM image of as-synthesized gold nanorods (LPW = 784 nm), and
(b) TEM image of formed worm-like nanorods (LPW = 1032 nm) based on the
as-synthesized gold nanorods.

ratio, which leads to the observation of considerable red-shift of
LPW in extinction spectra. On the other hand, the longitudinal
plasmon resonance is attenuated as the thickness of the shell
increases. According to previous reports, the phenomenon can
be explained as that the enwrapping of the core by the shell
screens the incident electromagnetic field [14-16].

Besides the indispensable function of Na;S,03 for synthe-
sis of worm-like nanorods, reaction time is another important
factor. As stated above, the increasing thickness of the shell is
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Fig. 4. TEM images elucidate evolution of the worm-like nanorods based
on as-synthesized nanorods, (a) represents as-synthesized gold nanorods
(LPW = 732 nm), (b) worm-like nanorods with 2 nm shell (LPW = 817 nm),
(c) worm-like nanorods with 4 nm shell (LPW = 823 nm), and (d) worm-like
nanorods with 12 nm shell LPW = 978.
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accompanied by the diminishing of the core during worm-like
nanorods formation. Longer reaction time even makes it pos-
sible to completely remove the shrunk gold nanorod cores and
lead to “worm-like nanorods without cores” as some shown in
Fig. 2.

From Figs. 3 and 4, the worm-like nanorods consist of, two
distinct phases, cores and shells, which implies the produced
shell is distinguished from the original nanorod. As a result of
gold nanorods reacting with Na;S,03, we believe the formed
shell is another dielectric layer of gold sulfide, and then, en-
wrapped the decreasing gold nanorod cores in the process of
the reaction. This was demonstrated by XPS shown in Fig. 5.
During the course of shell growth, the plasmon-related absorp-
tion peak undergoes very large shifts in wavelength. This may
result from two reasons, one is the coated another dielectric
layer may lead to a red shift of plasmon resonance reported
by the previous works [17]. Additionally, the aspect ratio of
the increasing gold nanorods acted as the core of worm-like
nanorods is observed to increase upon growth of the sulfide
shell. The final peak position also depends on the aspect ratio
of the gold core. This understanding of the optical properties of
these nanoparticles is used to elucidate the worm-like nanorods
growth kinetics.

There are several other factors crucial to the preparation of
worm-like nanorods. First is the involvement of the CTAB.
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Fig. 5. XPS spectra measured from worm-like gold nanorods, with peak identity labeled by element symbol.
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Fig. 6. Relationship between the temperature and the rate of wavelength
red-shift.

As discussed above, the as-synthesized nanorods can become
worm-like ones with the addition of NayS,O3 in the medium
of CTAB solution, and the LPW undergo red shift. How-
ever, no red-shift of LPW will be observed if CTAB is re-
moved. Secondly, experiments indicate that the rate of LPW
red-shift depended strongly on temperature. At room tem-
perature, NayS>03 can only induce rather slow red-shift of
the nanorods, while raising reaction temperature will signif-
icantly accelerate the rate. Fig. 6 shows the relationship be-
tween temperature and rate. The red-shift speed almost in-
creases linearly with temperature rise. Thirdly, Na;S can re-
place Na;S, 03 as the additive to make the worm-like nanorods.
Similar red-shift can also be observed when heating the mix-
ture of as-synthesized gold nanorods and Na;S in CTAB solu-
tion. But in comparison with addition of Na;S,0s3, the shift is
much slower. Interestingly, experiments demonstrated the as-
synthesized gold nanorods mixed with Na;S could be stable
at room temperature for several months. Hence, Na;S is often
added to serve as stabilizing agent in the gold nanorods solu-
tion [18-20].

Combined with various controllable experimental parame-
ters, the worm-like gold nanorods were successfully synthe-
sized by the NayS>0j3 dictating method. Some striking prop-
erties of the new type of nanorods are noteworthy: the aspect
ratio of shrunk gold nanorod cores increase with the increase
of thickness of the enwrapped shell; in addition to LPW, their
TPW also shows red shift; and interestingly, they disperse in
water easier than original nanorods. The dispersion of orig-
inal gold nanorods is unstable and they quickly precipitate.
In comparison, the worm-like gold nanorods can disperse sta-
bly for a long period under the same condition, perhaps be-
cause the loose structure enlarges the surface of worm-like gold
nanorods.

3.2. High sensitivity of worm-like gold nanorods to LSPR
absorption

For conventional gold nanorods, the resonance frequency of
LSPR is highly sensitive to the dimension, distribution, and
shape of the nanostructures as well as to the environment that

Table 1
Changes of LPW of gold nanorods immobilized on glass slides in different
solvents

Solvent NR?® NR® NR® NR®* NR® NR* NRP NRP

Water 670 700 767 826 847 879 860 879
Chloroform 685 712 790 847 867 912 915 937

4 Original gold nanorods.
> Worm-like gold nanorods.

surrounds them (refractive index of the solvent, binding events,
etc.) [21,22]. The same is true for worm-like gold nanorods
(see Fig. 1). To further compare the LSPR sensitivity between
conventional and worm-like nanorods and investigate their po-
tential for detection chip fabrication, the two types of nanorods
were immobilized on separate mercaptosilane-modified glass
slides and applied to sense biological binding events. Fig. 7 il-
lustrates their absorption curves in different solvents. More data
on the comparison of a series of gold nanorods and worm-like
nanorods were listed in Table 1. Based on Fig. 7 and Table 1,
it is clear that the worm-like nanorods are more sensitive to the
refractive index of the surrounding solvent.

The glass slides can be further modified with self assem-
bled monolayer (SAM) of MUA. An amine-terminated bovine
serum albumin (BSA) was coupled to the carboxylic acid
groups of MUA via EDC/NHS activation. Red-shift of 10 and
30 nm was found after the BSA binding on conventional and
worm-like gold nanorods, respectively (figures are not shown).
The results provide extra evidence that the worm-like gold
nanorods show higher sensitivity to LSPR absorption, imply-
ing their promising prospects in biomolecular recognition study
and biosensor fabrications.

3.3. Other optical properties of worm-like gold nanorods

The worm-like nanorods are also characterized by other op-
tical methods of fluorescence measurement and resonance light
scattering (RLS) spectroscopy. Fig. 8a shows the fluorescence
spectra of a series of gold nanorods and worm-like nanorods
(the same nanorods appeared in Fig. 2) at the same concen-
tration after excitation at 480 nm. As the LPW increases from
756 nm to 942 nm, no significant change of the emission peaks
(either the wavelength or the intensity) was observed. The re-
sult indicates that the worm-like gold nanorods exhibit similar
fluorescence characteristics to the conventional ones.

By setting the detection wavelength equal to the exciting
wavelength in fluorescence measurement, RLS spectra are ob-
tained. RLS can provide nanoparticle size and shape informa-
tion and is thus a very useful tool to study gold nanorods prop-
erties. Fig. 8b shows the RLS spectra of the gold nanorods and
worm-like nanorods with various LPWs. The gold nanorods
display two RLS peaks centered at 340 and 560 nm, at-
tributed to the transverse and longitudinal surface plasmon reso-
nance, respectively. The relative intensity of scattering peaks of
nanorods with various LPWs discloses one important observa-
tion: the longer LPW the worm-like nanorods have, the higher
intensity of their first scattering band and the lower intensity of
their second scattering band. To certain extent, the second band
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Fig. 7. Extinction spectra of original (a) and worm-like (b) gold nanorods in different solvents. The samples measured are nanorods immobilized on glass slides.
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Fig. 8. (a) Fluorescence emission spectra of gold nanorods and the induced
worm-like gold nanorods upon 480-nm excitation. (b) Resonance light scatter-
ing spectra of gold nanorods shown in Fig. 6a.

will eventually vanishes and only one band is left. It is known
that the optical response of gold nanospheres exhibits a single
absorption band attributed to the collective dipole oscillation
(surface plasmon resonance) [23]. Hence, the RLS characteris-
tics of the worm-like nanorods with 942 nm of LPW turn out to
be analogous to those of spheric gold nanoparticles, indicating
the influence of shell-wrapped structure on RLS property.

4. Summary

In summary, a type of worm-like gold nanorods was suc-
cessfully synthesized through the conventional gold nanorods
reacting with Na;S,O3 or NayS. The generated worm-like gold
nanorods comprise shrunk nanorod cores and enwrapped shells.
Experimental results showed that a gold—gold sulfide core—shell
structure is formed in the process, distinguishing from their
original counterparts. The formed nanorods have been demon-
strated by TEM and XPS. The protocol presented herein opens
a new avenue to study biofunctionalization and creation of
nanostructured material with controlled dimensions and inter-
actions. Both thickness of shell and size of shrunk gold nanorod
cores can be controlled by temperature and reaction time. The
feature makes it possible to adjust the aspect ratio of the gold
nanorod core and thus allows one to fine-tune the plasmon res-
onance of created gold nanorods. The worm-like nanorods not
only exhibit similar fluorescent and RLS properties of conven-
tional nanorods, but also are more sensitive in LSPR. The fea-
tures imply that the gold nanorods have potential applications
in biosensor fabrication and biotechnology development.
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