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ABSTRACT 
High quality gold nanorods (NRs) with a monodisperse size and aspect ratio are essential for many applications. 
Here, we describe how nearly monodisperse gold NRs can be separated from polydisperse samples using 
density gradient ultracentrifugation. Size and dimension analysis by transmission electron microscopy (TEM) 
and absorption spectroscopy revealed that the Au NRs were separated mainly as a function of their aspect ratio. 
The surface-enhanced Raman scattering (SERS) activity of Au NRs with lower aspect ratio is notably stronger 
than that of NRs with higher aspect ratio under 633 nm laser excitation, due to the size-dependent absorption 
of the longitudinal plasmon band. The separation approach provides a method to improve the quality of NRs 
produced by large scale synthetic methods. 
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Gold nanorods (NRs) have attracted widespread 
interest in both materials chemistry and biomedical 
science because of their special electronic, catalytic, 
and optical properties, and their promising applications 
[1–4]. For these applications, the availability of good 
quality monodisperse NRs with a single size and aspect 
ratio in large quantities is essential because their 
longitudinal plasmon band is highly sensitive to their 
aspect ratio. Electrochemical, photochemical, and 
seed-mediated methods have been developed for 
growing Au NRs in cationic surfactant aqueous 
solutions [5, 6]. Although significant efforts have 
been made to optimize the synthesis conditions, the 
typical, as-produced dispersions inevitably contain 
polydisperse gold NRs and spherical nanoparticles as 

by-products. The controlled preparation of NRs with  
a specific shape and size remains an elusive goal.  

Post-synthesis separation is an efficient way to create 
size-uniform nanoparticles (NPs), and has recently 
received increasing attention [7–10]. Centrifugation 
has emerged as an effective method for the separation 
of nanomaterials with significant mass difference, 
and is part of routine procedures for concentrating 
nanoparticles or the separation of capping materials 
from particles [5, 11–13]. For example, small size gold 
spheres (< 5 nm) can be separated as a supernatant 
through repeated centrifugation at high speed [5]. 
Recently, centrifugation has been developed for efficient 
separation of colloidal gold NRs from a mixture of 
NRs and nanospheres [13]. In these cases, however,  
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it is difficult to fine-tune the separation, especially 
between rods of slightly different length (or aspect 
ratio). Herein, we report a relatively simple and efficient 
method to obtain nearly monodisperse Au NRs colloids 
by utilizing density gradient ultracentrifugation 
separation (DGUS). Au NR colloidal fractions with 
different aspect ratio could be obtained adopting 
ethylene glycol aqueous solutions as density gradient 
media. The separated Au NRs showed size and aspect 
ratio dependent plasmon resonance absorption, and 
consequent Surface enhanced Raman scattering (SERS) 
activity. The latter was revealed using rhodamine 6G 
(R6G) as a molecular probe. Compared with previous 
synthesis and separation methods for NRs, this 
approach provides better controllability and can be 
used to produce monodisperse Au NRs of desired  
aspect ratio with narrow size distributions.  

The Au NRs were prepared using a seed-mediated 
growth method in cetyltrimethylammonium bromide 
(CTAB) solutions in the presence of AgNO3 [6] (see 
details in the Electronic Supplementary Material (ESM)). 
For highly efficient separation of the Au NR solution, 
choosing an appropriate density gradient medium  
is the first priority. In the DGUS method, solutions 
with higher density and viscosity than water (usually 
containing inert substances such as sucrose or CsCl) 
are used, resulting in enhanced differences in the 
sedimentation rates of NPs. Although the DGUS 
method has been successfully used to separate NPs of 
different size and shape both in aqueous and organic 

media [14–16], the conventional density media— 
including sucrose and CsCl—cannot be employed in 
the separation of Au NRs because they lead to 
significant aggregation of Au NRs. After repeated tests, 
ethylene glycol (EG) solutions with a suitable density 
distribution were chosen to prepare the density 
gradient, since EG solutions have appropriate capability 
to disperse Au NRs. In addition, CTAB was added to 
all the gradient solutions to further inhibit aggregation  
of Au NRs. 

In a typical procedure, a density gradient was made 
by mixing different ratios of EG with aqueous CTAB 
solution (50%–80% of EG by volume), as labeled beside 
the centrifuge vessel (Fig. 1(a)). After the as-prepared 
Au NRs suspension (0.8 mL) was layered on top of the 
four-layer density gradient (50% + 60% + 70% + 80%, 
Fig. 1(a), tube Ⅰ) and centrifuged at 10,000 r/min 
(17,000 g) for 10 min, Au NRs were separated into 
distinct zones along the centrifuge tube (Fig. 1(a), tube 
Ⅱ). The section near the bottom of the tube was “ruby 
red” in color, in contrast to the upper “dark brown” 
parts. It is well known that the color of colloidal 
dispersions of gold NPs varies depending upon the 
shape and size of the particles. The shape-dependent 
color and optical properties originate from localized 
surface plasmons and are sensitive to their local 
dielectric environment. Au nanospheres have only 
one surface plasmon peak at about 520 nm, whereas 
Au NRs have both a transverse surface plasmon band 
at 500–550 nm and an additional longitudinal band at 

 
Figure 1 (a) Digital camera images of the ultracentrifuge tubes before and after separation at 10,000 r/min: (Ⅰ) before separation; (Ⅱ)
after separation for 10 min; (Ⅲ) after separation for 20 min; (Ⅳ) after separation for 30 min. (b) UV–vis absorption spectra of Au NRs 
in typical fractions obtained from vessel Ⅳ 
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700–800 nm [2, 4]. The different color along the tube 
indicates that separation of Au NRs and NPs can be 
achieved in just 10 min. After centrifuging under the 
same conditions for longer times, the Au NRs (the 
brown part) could be separated further (Fig. 1(a), tubes 
Ⅲ and Ⅳ). Digital images of the tube Ⅱ show distinct 
layers along the tube, in place of the brown part in 
tube Ⅱ, representing further fine separation of NRs 
with different sizes and dimensions. Absorption spectra 
and transmission electron microscopy (TEM) images 
were recorded for Au NR fractions obtained by manual 
extraction at various positions along the centrifuge  
tube after ultracentrifugation. 

Figure 1(b) shows the absorption spectra (400– 
1100 nm) of the original NRs solution and separated 
NRs in different fractions, labeled as f5–f20 in Fig. 1(a), 
tube Ⅳ. The original Au NRs exhibited two absorption 
peaks, a strong longitudinal plasmon band (LPB) at 
718 nm and a weak transverse plasmon band (TPB)  
at 514 nm. After separation, the relative intensities of 
the two peaks in the absorption spectra of the NRs  
in fractions 5–15 remained essentially unchanged, 
indicating that these fractions contain mostly NRs. 
From the top to bottom fractions, the LPB became 
blue-shifted and the TPB became slightly red-shifted. 
It is apparent that the average aspect ratio of the NRs 
becomes smaller along the tube, indicating that the 
longer NRs settle more slowly than the shorter ones. 
Regarding the fractions nearer to the bottom, the TPB 
was red-shifted and broadened, while the relative 
intensity of the LPB decreased, and finally disappeared, 
suggesting that these fractions consist mainly of  
spherical particles. 

TEM images showed that the original Au NRs were 
polydisperse with a small amount of NPs as by-product 
(see Fig. S-1 in the ESM). The average diameters and 
lengths of the NRs were 15 nm and 46 nm, respectively, 
giving an aspect ratio (L/d ~ 3.1). Au colloids in fractions 
5–15 were nearly monodisperse NRs with a narrow 
size distribution (Fig. 2 and Fig. S-2 in the ESM). Fraction 
17 was a mixture of fatter NRs and spherical NPs, while 
in fraction 20, rice-like NPs were the main product. 
Separation of the original gold NRs colloids has clearly 
been successfully achieved by the DGUS method. Size 
measurements were carried out on 200–500 Au NRs 
per sample and the average length and aspect ratio of 

the NRs as a function of fraction number can be clearly 
seen in right bottom graph of Fig. 2 (the data are also 
summarized in Table S-1 in the ESM). As shown in the 
graph, the lengths of the NRs increased with fraction 
number in the upper fractions while decreasing in 
the lower fractions, so that the NRs in fraction 12 had 
the maximum length. However, the increase in the 
diameter of the NRs led to a montonic decrease in 
aspect ratio with increasing fraction number. Au 
colloids in fraction 5 (labeled as “f5” in Fig. 2) contained 
NRs with an aspect ratio of ~3.8. The average aspect 
ratio in subsequent fractions (f7, f9, f12, f15, f17) 
gradually decreased from 3.5, 3.3, 3.2, 3.1 to 2.5. The 
distributions of lengths and aspect ratios of the se- 
parated Au NRs were narrower than those that of the 
original NRs (see Fig. S-2 in the ESM), demonstrating  

 

Figure 2 TEM images of separated Au NRs in typical fractions. 
The graph in the bottom right corner shows the evolution of the 
lengths (squares) and aspect ratios (triangles) in the Au NRs in 
different fractions (f5 means “fraction 5”, and so forth) 
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the efficacy of the DGUS method for the separation 
of Au NRs into fractions with decreasing aspect ratio  
from the top to the bottom of the tube. 

Based simply on the mass of the particles, it would 
be expected that longer NRs settle preferentially at  
the bottom of the tube, whilst shorter NRs (and 
nanospheres) remain at the top of the solution [17]. 
However, this was not the case in our separations, 
where shorter and fatter rods descended faster toward 
the bottom than longer rods with comparable or higher 
mass. Somewhat similar results were seen in an early 
study of the separation of gold NPs using a traditional 
centrifugation technique [2]. Au NRs with larger 
diameter settled faster than NRs with a smaller 
diameter (except in the case of f20), consistent with the 
theoretical prediction that the sedimentation behavior 
of NRs depends more strongly on the diameter of  
the NRs than on their total mass or aspect ratio [13]. 
However, in our results, rice-like gold NPs in f20 
settled faster than NPs in f15, f17, which had larger 
diameters. This might be due to the streamlined shape 
of the rice-like NPs, which gives them smaller frictional 
resistance when moving in the density gradient solution 
containing CTAB. However, a detailed explanation still  
needs further investigation. 

SERS is a powerful spectroscopic technique that 
can provide non-destructive and ultrasensitive charac- 
terization down to the single molecule level [18, 19]. 
Gold NRs have strong absorption in the near-infrared 
(NIR) region, and this absorption is tunable by varying 
the particle size and shape, which is highly desirable 

for many SERS applications. Therefore, it is reasonable 
to expect that Au NRs with different longitudinal 
plasmon resonances should show great differences in 
SERS activities. Rhodamine 6G (R6G, 10–6 mol/L) was 
adopted as a probe molecule to explore the effects of 
varying the aspect ratio of Au NRs. For the SERS 
study, a set of compact and uniform Au films were 
synthesized by dispersion of colloid solutions of Au 
NRs of varying aspect ratio onto silicon wafers. An 
scanning electron microscopy (SEM) image of the Au 
film from a solution of f9 is shown in Fig. 3(a) as   
an example. For practical SERS applications, signal 
reproducibility is of essential importance. To ensure 
the signal reproducibility of our samples, SERS 
spectra from at least five randomly selected places on 
the Au NRs substrate were collected under identical 
experimental conditions. Comparison of raw Raman 
and SERS spectra of R6G excited by a 633 nm laser 
are presented in Fig. 3(b). No Raman peaks were 
observed for 10–6 mol/L R6G in the absence of Au NRs. 
By simple addition of the R6G solution onto the as- 
synthesized Au films, immediate SERS signals were 
detected (curves b–d). These pronounced peaks are in 
good agreement with the characteristic Raman peaks 
of R6G described in previous work [20]. Enhancement 
of the Raman signals gradually increased as the aspect 
ratio of the Au NRs in the substrates decreased from 
3.5, to 3.3 to 3.2. To further demonstrate the variation 
in SERS efficiency as a function of aspect ratio, the 
Raman peak at 1513 cm–1 was chosen as an example. 
The enhancement factors (EF) for f7, f9, and f12 using  

 

Figure 3 (a) SEM image of separated Au NRs in fraction 9; (b) Raman spectra of (Ⅰ) pure R6G (10–2 mol/L) and R6G (10–6 mol/L) in
(Ⅱ) fraction 7, (Ⅲ) fraction 9, and (Ⅳ) fraction 12 
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10–2 mol/L R6G as a reference sample [21] were 
estimated to be about 2.2 × 104, 5.4 × 104, and 4.2 × 105, 
respectively. It is obvious that the Raman enhancement 
of Au NRs in lower fractions (e.g., f12) is better than 
that of upper fractions (e.g., f7). SERS measurements 
of R6G in Au NRs colloidal solutions showed a similar 
trend, confirming the relationship between SERS and 
aspect ratio. Such enhancement is in accord with the 
increasing absorbance at 633 nm from fraction f7 to 
f12, and agrees well with the previously reported 
dependence of SERS on aspect ratio [22]. Negligible 
spectral shifts were observed when comparing the 
normal Raman peaks of R6G without enhancement 
(curve a) and SERS peaks (curves b–d), suggesting a 
weak interaction between R6G and Au NRs. Therefore 
localized electromagnetic enhancement plays a do- 
minant role in the enhancement [23]. The characteristic 
vibrational modes for CTAB were not observed in 
SERS spectra, as reported previously [22]. The varying 
SERS signal as a function of aspect ratio indicates 
that the Au NRs separated by the DGUS method can 
be used as SERS substrates with finely-tunable SERS  
signal intensities. 

In summary, a simple method has been developed 
for the separation of polydisperse gold NRs based on 
the density gradient ultracentrifugation technique. 
Size and dimension analysis by TEM and absorption 
spectroscopy reveals that the Au NRs were separated 
mainly based on their aspect ratios. In addition, the 
SERS activity of Au NRs with lower aspect ratio was 
significantly stronger than that of NRs with higher 
aspect ratio under 633 nm laser excitation, because of 
the size-dependent absorption of the longitudinal 
plasmon band. Many previously synthesized NR 
samples can be regarded as mixtures of NRs with 
varying length and diameter, and our results suggest 
that discriminative separation of these NRs may  
lead to a new understanding of structure–property 
relationships for nanostructures. 
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