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G R A P H I C A L A B S T R A C T

We report a simple and sustainable synthesis of gold nanorods via seed-mediated technique utilizing an essential facet seed prepared in the mild temperature (35 °C).
Such kind of seed particles can continuously generate well-defined gold nanorods with tunable plasmonic wavelength.
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A B S T R A C T

We demonstrate a simple and novel approach for continuously production of gold nanorods via seed-mediated
technique. By utilizing a critical shape of seeds (e.g. cubic-shaped particle) which is prepared by incubation at
35 °C, we found that this specific seed can effectively transform into nanorods. The advantage of this synthesis
route can offers stable seeds to generate nanorods, even undergo long-term aging process, and would sig-
nificantly reduce the amount and frequency use of hazardous material (e.g. NaBH4) for preparing the fresh seed
solution. Reliability for scalable and repeatable production of this method are discussed.

This work presents a novel finding on the role of seed size and
shape, particularly we emphasize a unique approach to use an inter-
mediate shape particle as nucleation sites that can trigger the seed
transformation into the growth of gold nanorods (GNRs). GNRs in the
past decades have drawn more attentions due to their remarkable
physical and chemical properties depending on the size and aspect ratio
of rod-shaped structure. It has tremendous potential in forefronts of
research applications, for instance, the exceptional and interesting
practice of GNRs in the bioengineering field to be incorporated with
various biomolecules for photothermal imaging [1], therapeutic system
[2], drug carriers [3] and bio-sensing [4–5]. Hence, a simple and

versatile approach is greatly desirable and of utmost importance by
means of applicable method for routine, long-term and mass production
of GNRs.

A wide range of synthetic methods have been established and de-
monstrated for growing the GNRs for example the use of templates and
colloidal synthesis routes [6–7]. The colloidal route involves an active
directing agent, mainly surfactant, via electrochemical [8] or seed-
mediated growth technique [9]. To date, seed-mediated synthesis
routes, which pioneered by Prof. Murphy's group and Prof. El-Sayed's
group; have been found as a robust and facile method to produce high
yield GNRs [10–11]. Since the widely used of GNRs in the various
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research applications, there is a great interest to use the seed-mediated
technique as the most demonstrated and promising technique, which
can produces high-quality and large amount of nanorods [12–15].

A variety of experimental attempts had been performed to address
deeper understanding in the growth mechanism of GNRs using the seed-
mediated technique, it is well known that the seeds play key roles along
with other parameters such as solvent, surfactant, etc., to control and
tune the oriented growth and better-defined shape of nanorods
[16–18]. While a common adopted protocol for conducting seed-
mediated synthesis of GNRs is that the small seed, which is initially
prepared using strong reducing agent (sodium borohydride, NaBH4),
with size range 1.5–4 nm should be in fresh solution and immediately
used [19–21], we would be unable to acquire nanorods otherwise.
These small and pseudo-spherical seeds are considered to be critical for
serving as nucleation sites of anisotropic growth of nanorods particles.
During the last decade, a number of studies suggested dramatic de-
crease in yield of GNRs synthesized using the aged seed, which mostly

has converted to be sphere particles, under aging process at room
temperature or refrigerator [22–24]. It was concluded that gold seeds
with aging process over a period of days are unstable and could not
produce well-defined nanorods. This issue technically constrains a
routine process of seed-mediated synthesis technique, which requires
the preparation of fresh seed solution and also renders frequency use
and leave a waste of hazardous material (NaBH4) to prepare the seeds
solutions, since it is usually prepared in milliliter scale and just used for
a few microliter. To overcome this challenge, we were inspired from
findings that cubic-shaped particle [25–26] is an essential intermediate
stage for growing anisotropic form of nanorods. Therefore, we attempt,
for the first time, to explore the use of this intermediate stage particle as
critical and paramount facet of seeds that can continuously transform
into nanorods in which these particles seeds can be simply developed by
incubation at 35 °C as illustrated in Scheme 1.

In this study, we manipulate initial prepared seed solutions to be
differently size and shape seed particles through the aging process by

Scheme 1. Synthesis of gold nanorods via seed-mediated technique. Comparison of products from synthesis batches by using aged seed solutions at room tem-
perature 25 °C (a) or oven 35 °C (b).

Fig. 1. UV–Vis spectra and TEM images of synthesized gold nanorods (GNRs). Normalized absorbance spectra of GNRs generated using seed A (a) and seed B (b) in
the different aging time. (c) Temporal changes of longitudinal plasmon peak wavelength and ratio of maximum absorbance of LPB/TPB corresponding to the age of
seed B. TEM images of synthesized GNRs by using seed A aged for 7 days (d), seed B aged for 7 days (e). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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