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[14_TD$DIFF]A B S T R A C T

Facile achievement of gold nanorods (AuNRs) with controllable longitudinal surface plasmon resonance
(LSPR) is of great importance for their applications in various fields. The LSPRof AuNRs is sensitive to their
aspect ratio, which is still hard to be precisely tuned by direct synthesis. In this work, we report a simple
approach for end-selective etching of AuNRs by a rapid oxidation process with Au(III) in
cetyltrimethylammonium bromide (CTAB) solution at a mild temperature. The LSPR wavelength and
the length of AuNRs blue shifted linearly as a function of the amount of Au(III), while the diameter of
AuNRs remained nearly constant. The oxidative rate is temperature dependent, and the oxidative process
for a desired LSPR can be accomplished within 15min at 60 �C. Further investigations indicated that Br–[15_TD$DIFF]
determine the occurrence of the oxidation between AuNRs and Au(III), and a small amount of surfactant
chain (CTA+) is crucial for stabilizing AuNRs. This method presents a quick but robust strategy for
acquiring AuNRswith an arbitrary intermediate LSPRwavelength using the same starting AuNRs, and can
be a powerful tool for subsequent applications.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Gold nanoparticles with shape-dependent plasmonic pro-
perties have received intensive studies and numerous applications
[1–7]. Among amass of available morphologies, single-crystal gold
nanorod (AuNR) is a classic example of anisotropic nanoparticles
that is particularly well-suited for biomedical fields, mainly owing
to its unique plasmonic performances [8–10]. The isotropic
counterpart of AuNR, the gold nanosphere, presents a single
surface plasmon resonance. However, the one-dimensional
anisotropy of AuNR results in two distinct plasmon resonances:
the longitudinal plasmon resonance (LSPR) along the long axis of
the particles and the transverse plasmon resonance (TSPR) along
the short axis. While the TSPR wavelength of AuNRs constantly
stays around 510 nm, the LSPR wavelength is sensitive to their
aspect ratio (AR, length/diameter) and tunable from the visible to
the near infrared-region (NIR). The latter is well-known as the
biologically transparent window: the absorption by physiological
fluids and tissues (e.g., hemoglobin and water) is minimal in the
first NIR (650�950 nm) and the imaging resolution (signal-to-
noise ratio) together with the tissues penetration depth is greatly
improved in the second NIR (1000�1350 nm). Currently, the
available laser excitationwavelengths of commercial near-infrared
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diode-laser sources are 808 nm, 980 nmand 1064 nm, respectively.
To achieve efficient bioimaging or photothermal therapy, the LSPR
wavelength of AuNRs needs tomatch the laser wavelength as far as
possible. Therefore, it is crucial for achieving on-demand LSPR
wavelengths of AuNRs before the subsequent applications.

Among various AuNRs synthesis methods published, the seed-
mediated, surfactant (often cetyltrimethylammonium bromide,
CTAB)-assisted method originated by Murphy, Nikoobakht and El-
Sayed is the most common one by far [11,12]. In a routine
procedure, 1.5 nm gold seeds stabilized with CTAB is added to an
Au(I)-CTAB solution, which is reduced from Au(III) with ascorbic
acid in the presence of silver nitrate. This seeding procedure
provides colloidal single-crystal AuNRs with low AR [16_TD$DIFF](2–5) in high
yield (> 95%) and uniformity. These AuNRs have turned out to be
stabilized by a bilayer of CTAB [13]. In particular, the curved two
ends of AuNRs exhibit a lower density of CTAB than the
longitudinal sides, enabling a higher chemical activity [14]. During
the past decade, somemodifications have beenmade to this CTAB-
assisted seeding growth process and have produced a higher
aspect ratio AuNRs with LSPR wavelength greater than 1200 nm
[15,16]. This kind of seeding procedure, however, is susceptible to
small changes of the experimental parameters, such as growth
temperature, surfactant composition, seed quality, and even
stirring speed [14]. It is often the case that the reliability and
reproducibility of AuNRs varied significantly from batch to
batch even for the identical person and procedure, which greatly
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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limited regulation of the LSPR wavelengths of AuNRs with high
precision.

Numerous efforts have been made to address this issue upon
post-treatments of the AuNRs. There are primarily three practical
approaches for turning the AR of AuNRs. One is the thermal
reshaping: The pre-synthesized AuNRs dispersions are continu-
ously annealed in hot baths [17,18]. The LSPRwavelength shows an
exponential decay function of the heating time at a given
temperature. This heating process also promotes the side growth
leading to the “rounded” trend of AuNRs. The second is the
overgrowth method: The AR of AuNRs is tailored by selectively
expanding their diameters. As proposed byWang group [19], small
thiol molecules, such as glutathione or cysteine, are preferably
bonded to the highly active ends of preformed AuNRs before the
overgrowth, which hinders the longitudinal growth. As a result,
AuNRs undergo a new round of transverse overgrowth, producing
AuNRs with larger diameters but remaining lengths nearly
unchanged. The third is the anisotropic oxidation: The length of
AuNRs can be selectively shortened using proper oxidants at room
temperature by virtue of the high reactivity of the ends [20–23]. As
a consequence, the AR of AuNRs can be synthetically tuned over a
wide range while keeping their diameters constant. However,
existing anisotropic oxidation methods are usually time-consum-
ing and prompt centrifugation is needed to prevent the desired
AuNRs from further shortening.

Herein, we present a rapid and robust method for selectively
shortening AuNRs with AuBr4-CTA complex oxidation under mild
temperature. This method allows for achieving AuNRs with any
desired aspect ratio but a constant width from the same starting
AuNRs through a 15min oxidation process, and has no need of
extra separation procedure. Typically, the synthesis of starting
AuNRs was based on a routine CTAB-assisted seed-mediated
method (Supporting information) [24]. The as-synthesized AuNRs
dispersion was centrifuged and redispersed in 0.1mol/L CTAB
solution. For each sample, 10mL of AuNRs with an optical density
of 1.8 was mixed with a certain amount of 10mmol/L HAuCl4 and
thenmaintained at 60 �C for 15min. UV–vis-NIR extinction spectra
[(Fig._1)TD$FIG]

Fig. 1. (A) UV–vis spectra of AuNRs before and after oxidation with different volu
the corresponding photographs of the solutions. TEM images of (B) as-synthesized AuN
10mmol/L HAuCl4 solution.
were monitored and transmission electron microscopy (TEM)
images were taken on AuNR samples obtained after oxidation.

Fig. 1A shows the extinction spectra recorded under different
feeding amounts of Au(III). Starting AuNRs exhibited two extinction
peaks, which were assigned to the TSPR and LSPR. The LSPR peak
blue-shifted and decreased in intensity with the increasing the
amount of Au(III), while the TSPR stayed at 508 nm and decreased
slightly in intensity. Correspondingly, the AuNRs dispersion color
changed from original brown to gray, cyan and blue in turn (Fig. 1A
inset). Representative TEM images of AuNRs before and after
oxidation are presented in Figs.1B-E. The starting AuNRs exhibited a
monodisperse size distribution with negligible shape impurities.
Statistical analysis (Table S1 in Supporting information) shows these
AuNRs had an average diameter of 19�1.5 nm, an average length of
89� 6 nm, and anaverageARof 4.6� 0.3. As shown in [17_TD$DIFF]Figs.1C-E, the
length of AuNRs decreased with the increase of Au(III) volume, and
thediameterhardlychanged, revealing that theoxidationproceeded
at the ends of the AuNRs.

To investigate the relationships among the LSPR shift and size
change of AuNRs towards the Au(III) amount added, statistical
analysis of at least 100 AuNRs at each stagewas implemented from
TEM images (Table S1). As shown in Fig. 2A, the blue-shift of the
LSPR wavelength exhibited a nearly linear dependence on the
Au(III) amount. Similarly, the length of AuNRs decreased steadily as
a function of the Au(III) amount through the oxidation process,
while the diameter remained nearly constant (Fig. 2B). Distinct
from thermal reshaping methods, in which AuNRs exhibits a
‘rounded’ trend during the annealing process, the shortening of the
AuNRs length did not cause the inevitable increase in diameter.
Figs. 2C-E present the plots of the LSPR wavelength versus the size
(length and diameter), aspect ratio and extinction of LSPR peak.
These linear relationship results strongly suggested that our
method could rapidly tailor the length of AuNRs to acquire various
desired LSPR wavelength by changing the volume ratio between
the Au(III) solution and original AuNRs dispersion.

Except for the Au(III) amount, there are two other factors
involved in our method: reaction temperature and CTAB. To dig
me 10mmol/L HAuCl4 solution in the presence of 0.1mol/L CTAB. Inset shows
Rs and shortened AuNRs after the addition of (C)15mL, (D) 25mL and (E) 35mL of
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Fig. 2. (A) LSPR peak and (B) size changes of the shortened AuNRs as a function of HAuCl4 volume. (C) Size changes versus the LSPR wavelength of the shortened AuNRs. (D)
LSPR wavelength versus the aspect ratio of the shortened AuNRs. (E) Peak extinction values extracted from Fig. 1A versus the LSPR wavelength.
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deeply into the influence of these factors on the oxidation of AuNRs
and get a better understanding of the inner mechanism, several
pragmatic controlled trials were further conducted. In a set of
experiments, the same AuNRs solutions were oxidized at different
temperatures from 30 �C to 70 �C with an interval of 10 degrees. As
shown in Fig. 3, the oxidation drastically took place on the AuNRs
in the first five minutes as evidenced by the large blue-shift for all
the given temperatures. Then, the blue-shift tended to slow down
with the elapse of reaction time, which is attributed to the gradual
consumption of Au(III). It clearly stated that the blue-shift of LSPR
was quite sensitive to the reaction temperature. At the typical
temperature of 60 �C, the LSPR peak of the AuNRs colloidal solution
rapidly blue shifted from 915 nm to 816 nm after the addition of
15mL of 10mmol/L HAuCl4 solution within 15min, which is the
end point of this reaction. The same situation showed up at the
temperature of 70 �C. However, the LSPR peak had smaller blue-
shift rates at lower temperatures within the same reaction time.
Oxidation of AuNRs at 30 �C normally took a few good hours to
consume the entire amount of Au(III). Therefore, a mild
[(Fig._3)TD$FIG]

Fig. 3. The LSPR wavelength of AuNRs is ploted as a function reaction time at
different reaction temperature. The solutionwas a mixture of 10mL as-synthesized
AuNRs solution in 0.1mol/L CTAB and 15mL of 10mmol/L HAuCl4.
temperature of 60 �C was applied as the optimal reaction
temperature, which takes the reaction efficiency into account
and avoids the thermal reshaping effect of higher temperature.

It has documented that the oxidation mechanism of Au
nanoparticles using Au(III) as the oxidant is a conproportionation
reaction in nature, which cannot occur without CTAB since the
resultant [18_TD$DIFF]AuCl�2 is highly unstable in this situation (Eq. 1) [25].
When CTAB stabilized Au nanoparticles aremixedwith Au(III) such
as [19_TD$DIFF]AuCl�4 , the ligand exchange from [20_TD$DIFF]AuCl�4 to AuBr�4 will occur and
lead to the following formation of AuBr4-CTA complex, which
influences their redox potentials and pushes the equilibrium
toward the conproportionation reaction between Au(III) and Au(0)
(Eqs. 2 and 3). Meanwhile, the final resultant in the form of AuBr2-
CTA complex is highly stable. Therefore, AuNRs is shortened in this
scenario.[21_TD$DIFF]

AuCl�4 þ 2Au ¼ 3AuCl�2   highly unstableð Þ ð1Þ

AuCl�4$AuCl3Br�$AuCl2Br�2$AuClBr�3 $AuBr�4 ð2Þ

AuBr4 � CTAþ 2AUþ 2CTAþ þ 2BR� ¼ 3AuBr2 � CTA ð3Þ
It could be indicated by Eq. 3 that the concentration increase of

CTAB is favorable for the oxidation of AuNRs. Our control
experiments further confirmed that the oxidative rate of AuNRs
rosewith the concentration increase of CTAB (Fig. 4A). Moreover, it
was observed that the oxidation processwas still on evenwhen the
CTAB concentration was heavily reduced to 5mmol/L. In another
control trial, AuNRs were washed and resuspended in CTAC
solution under the same concentration (5mmol/L), no changes in
the LSPR peak were observed during the detection time (Fig. 4A),
which indicates that Br– [22_TD$DIFF] plays an important role in the occurrence
of this oxidation reaction. Besides, the effect of CTA+ on the
oxidation of AuNRs was also investigated by replacing CTAB with
the same concentration of bromide (0.1mol/L NaBr) in the
presence of 0.5mmol/L CTAC, which is important and sufficient
to stabilize the AuNRs from aggregation. During the reaction time,
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Fig. 4. (A) The LSPR wavelength of shortened AuNRs is ploted as a function reaction time under different concentrations of surfactant (CTAB and CTAC). The solution was a
mixture of 10mL as-synthesized AuNRs solution and 20mL of 10mmol/L HAuCl4. (B) UV–vis spectra of shortened AuNRs acquired under the same concentration of Br– [11_TD$DIFF]
(0.1mol/L), but different concentration of CTA+ surfactant. (C) TEM image of shortened AuNRs. 10mL as-synthesized AuNRs solution in 0.1mol/L NaBr and 0.5mmol/L CTAC
was mixture with 20mL of 10mmol/L HAuCl4.
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the shape of LSPR peak greatly broadened and the intensity of TSPR
peak increased after adding HAuCl4 solution (Fig. 4B). These
spectra changes indicated that the oxidation of AuNRs took place
over the whole surface, which was supported by TEM observation
(Fig. 4C). When the concentration of CTAC was increased only to
5mmol/L, the oxidation process of AuNRs in the presence of
0.1mol/L NaBrwas nearly the same as that in 0.1mol/L CTAB. Thus,
it is suggested that, if the concentration of CTA+ is assured to cover
the surface of AuNRs, the occurrence and efficiency of AuNRs
oxidation in our method are mainly determined by Br–.[23_TD$DIFF] Moreover,
NaBr can be a beneficial substitute in shortening AuNRs from an
environmental point of view, since CTAB has a higher biological
toxicity [26,27].

Finally, the generality of this method on shortening AuNRs was
investigated since a number of improved methods of synthesizing
AuNRs have emerged in recent years. Two different AuNRs were
chosen and oxidized by our method. They were synthesized by a
binary surfactant (CTAB and NaOL)-assisted seeding method and a
CTAB-assisted seeding method with hydroquinone as the reduc-
tant. As shown in Fig. 5, these two kinds of AuNRs had a LSPR peak
[(Fig._5)TD$FIG]

Fig. 5. UV–vis spectra of shortened AuNRs with four typical LSPR peaks (785 nm, 808
hydroquinone-mediated synthetic method.
at 1150 nm and 1192 nm respectively. By means of the end-
selective etching method developed in this study, AuNRs with four
typical LSPR peaks (785 nm, 808 nm, 980 nm and 1064 nm) were
all easily achieved from these two kinds of AuNRs.

In summary, a rapid end-selective shortening of AuNRs by the
oxidation of AuBr4-CTA complexes has been carried out to prepare
AuNRs with tunable LSPR wavelength from the same starting
AuNRs at a mild temperature. Our results demonstrated that, the
oxidation rate is temperature dependent, and the etching process
can be finished within 15min at 60 �C. The diameter of AuNRs
remained nearly constant during shortening, while the length of
AuNRs decreased linearly as the function of the feeding Au(III)
amount. Moreover, it was evidenced that Br–[24_TD$DIFF] activated the
oxidation between AuNRs and Au(III). Thus, the shortening of
AuNRs can be equally achieved by NaBr instead of concentrated
CTAB. By precisely calculating the addition of HAuCl4 solution, this
method enables the synthesis of AuNRs with any desired
intermediate LSPR wavelength. We believe that this simple and
straightforward method will lay a solid foundation for AuNRs in a
variety of optical and biomedical applications.
nm, 980 nm and 1064 nm) acquired from two kinds of AuNRs: (A) NaOL and (B)
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