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Gold nanorods with localized surface plasmon resonance (LSPR) can be chemically synthesized. We systematically investigated the
eﬀects of reaction parameters and centrifugation on the fine tuning of the rod dimension in scale-up production (80–100 mL).
Nanorods of absorption bands from 600–1050 nm were fabricated with precise control of the aspect ratio (AR) from 1.5 to
8.9. Although all chemicals are important in directing the nanostructure, silver ion concentration and seed/Au3+ ratio were the
most eﬀective variations to adjust the absorption wavelength. With a single surfactant under the influence of silver nitrate, short
nanorods up to AR of 5 were synthesized with corresponding maximum absorption wavelength at 902 nm. To achieve higher
aspect ratio with absorption band beyond 1,000 nm, two-surfactant growth solution was sought to further elongate the rod length.
Centrifugation speed and times were found to exert significant influences on the final rod dimension, which is important during
the purification process. In a relatively large quantity nanorod synthesis, even distribution and suﬃcient mixing of chemical
ingredients play an essential role in determining the yield, uniformity, and stability of the final nanorod formation.

1. Introduction
Nanoparticles provide unique physical and optical properties
to serve as building blocks for a wide-ranging applications in nanoelectronics, nanophotonics, nanodevices, and
nanomedicine [1–5]. Particularly, nanoscale gold exhibits
properties which are fundamentally diﬀerent from other
nanoparticles [6–8]. The small size comparable to biological molecules, intense photophysical properties, and high
eﬃciency of heat conversion from light absorption have
made gold nanoparticle a huge popular nanomaterial for
biomedical diagnostic (e.g., bioanalysis, nanophotonics) and
therapeutic (e.g., drug delivery, hyperthermia) applications.
Gold nanoparticles of varying morphologies and sizes
can be fabricated by photolithography techniques and
biosynthetic organisms. Nevertheless, chemical synthesis
may be one of the favored and cost-eﬀective routes. Nowadays, nanomaterials of various shapes can be precisely synthesized with seemingly limitless chemical functional groups.

A variety of gold nanoparticles including nanospheres,
nanorods, nanocages, nanoshells, nanoprisms, nanocubes,
and nanorings have been chemically fabricated with high
yield [7–12]. Among these geometries, nanorod is particularly interesting to us, because it provides an excellent
platform with well-defined absorption spectrum for a labelfree bioanalytical assay [13–18]. The optical transduction by
Au nanorods (GNRs) is based upon the phenomenon of
localized surface plasmon resonance, that is, nanoSPR (or
LSPR) [19–21]. The longitudinal band is a stronger band
corresponding to electron oscillation along the long axis
of the nanorod. The optical absorption is very sensitive to
dielectric change in the vicinity of nanorods. Upon biological
binding, for example, can cause a detectable shift in the peak
wavelength of absorption spectrum. The magnitude of the
shift is directly proportional to the concentration of bound
proteins.
Numerous characteristics of nanoparticles depend on
aspect ratios (length to width ratio), including optical and
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physical properties. As such, the longitudinal absorption
wavelength can be selectively tuned from the visible to
the near-infrared (NIR) region as aspect ratio (length to
width ratio) increases. This provides a unique opportunity
to develop a multiplexed nanodiagnostic device based on
combination of diﬀerent size of nanorods with distinctive
plasmonic wavelengths (ongoing project). Therefore, control
over the shape and size of fabricated nanorods precisely has
been one of the important tasks to provide the desired nanomaterials for targeted biomedical applications. Most of the
past studies discussed the influence of the various reaction
parameters in the seed-mediated rod growth in a relatively
small quantity (5–10 mL). In a scale-up production, precise
tunability of the plasmon bands from visible to NIR region
has not been thoroughly studied. This is important as the
mass transport, therdynamics, and mixing eﬀect can be dramatically diﬀerent between small quantify and large volume.
Here, we performed a systematic study to investigate the
eﬀects of various parameters in an 80–100 mL production
volume. Additionally, centrifugation is an essential step to
purify rod-shaped nanoparticles from excess chemicals and
spheres. We found that centrifuge can significantly aﬀect the
final dimension and optical absorption of prepared GNR
samples. Therefore, we systematically investigated, for the
first time, the influence of centrifuge speed and times on the
preparation, properties, and stability of nanorods.

2. Materials and Methods
2.1. Materials. Hydrogen tetrachloroaurate trihydrate
(HAuCl4 ; 99%), sodium borohydride (NaBH4 ; 99%),
cetyltrimethylammonium bromide (CTAB), L-ascorbic acid
(AA), silver nitrate (AgNO3 ; 99%), and benzyldimethylhexadecylammonium chloride (BDAC) were obtained from
Sigma-Aldrich (St. Louis, MO). All glasswares were cleaned
with aqua regia (HCl/HNO3 , 3 : 1 v/v), followed by thorough
rinse with double distilled MilliQ water prior to use.
2.2. Fabrication of Au Nanorods. Gold nanorods with various
aspect ratios up to 9 demonstrating tunable longitudinal
plasmonic wavelengths (600–1050 nm) were synthesized as
described previously with modifications [22–24].
2.2.1. Nanorods with Plasmon Peak < 900 nm. Typically,
HAuCl4 (5 mL, 0.5 mM) was mixed with CTAB (5 mL, 0.2 M)
solution, followed by addition of freshly made, ice cold
NaBH4 (600 µL, 10 mM) under rapid mixing for 2 min.
NaBH4 is a strong reducing agent which resulted in a
brownish-yellow color. The mixture was then allowed to
stand without disturbance at 25–27◦ C for at least 2 hours
before use as aseed solution. To fabricate Au nanorods, the
seeds were then added to a growth solution and incubated at
27◦ C overnight to allow complete rod growth. The growth
solution was typically prepared as follows. To make an 80 mL
of rod solutions, 40 mL HAuCl4 (1 mM) was first mixed with
40 mL CTAB solution (0.2 M). Depending on the desired rod
dimension and longitudinal plasmonic wavelength, appropriate amount of AgNO3 (4 mM) was added to the mixture,
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followed by 560 µL AA solution (78.8 mM). The mixture
turned colorless instantly after rapid mixing. The rod growth
process was initiated after adding 96 µL seed solution as
prepared above. The color of the mixture would usually
change within minutes, suggesting an engaged growth of seed
particles. This method typically produces short nanorods
with absorption peak up to 900 nm.
2.2.2. Nanorods with Plasmon Peak > 900 nm. A binary
surfactant mixture of BDAC/CTAB is essential in the seedmediated growth solution to fabricate longer nanorods with
higher aspect ratio > 5 and plasmonic band over 1,000 nm.
Briefly, the two-surfactant mixture was prepared by adding
0.8 g of CTAB to 0.15 M BDAC solution. After dissolving the
mixture by sonication (20 min at 40◦ C), the solution was
added to 200 µL of 4 mM AgNO3 , followed by addition of
5 mL, 1 mM HAuCl4. Adding 70 µL of 78 mM ascorbic acid
and lastly 12 µL Au seed solution initiated the rod growth.
Instead of overnight incubation, the process continued over
a period of 25 days with close monitoring of the absorption
spectrum profile. The solution was periodically sampled to
assess the temporal evolution of the long nanorods.
2.3. Purification of Au Nanorods. The synthesized Au nanorods were purified to remove excess reagents such as
CTAB surfactant by centrifugation. Typically, the solution
was centrifuged at a speed of 8,500 rpm for 30 min to
precipitate the Au nanorod solid. The colorless supernatant
was carefully discarded without disturbing the bottom. The
solid pellet was then redispersed in a suitable volume of DI
water depending on the quantity of the residue. The
centrifugation was repeated 2-3 times, and finally the solid
residue was dispersed in DI water or biological buﬀers for
biofunctionalization process.
2.4. Characterization. Absorption spectra of the prepared Au
nanorod solutions were obtained on a Beckman-Coulter UVNIR (200–1100 nm) scan spectrophotometer. The SEM grid
was dropcast with a total of 10 µL of the purified rod solution
and allowed to air-dry in the open atmosphere. Electron
microscopy images of the nanorods were taken using Hitachi
scanning electron microscope (SEM), and elemental analysis
was carried out on a Joel SEM equipped with X-ray energy
dispersive analysis (EDAX). For each sample, the size of 200
particles was measured to obtain the average rod dimension,
aspect ratio, and yield. The yield was calculated by number
of rods divided by total number of particles (×100%).

3. Results and Discussion
Nanorods are formed based on the structure-directing
elongation of seeds. The seeds are basically 5–10 nm spheres
which demonstrate a characteristic absorption band of
gold at 520 nm. In contrast, rod-shaped nanoparticles have
two bands in the absorption spectrum (Figure 1(a)). The
lower peak around 520 nm represents the surface plasmon
resonance along transverse direction similar to that from
nanospheres. The second peak which is dominant arises from
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Figure 1: (a) Representative absorption spectrum of gold nanorod with stronger band in the longitudinal direction. Gold seed (nanosphere)
only shows a characteristic band (dashed line). (b) Scanning electron microscopy of rod-shaped gold nanoparticles. (c) Picture demonstrating a vivid color of the gold nanorod colloidals with tunable aspect ratio (AR) to result in distinguishable absorption wavelength from
650 to 1050 nm. The solutions are stable over 6 months. (d) Superimposed absorption spectrum of Au nanorods with various longitudinal
peak wavelengths.

the surface plasmon along the longitudinal direction. As
observed in SEM pictures, the rod dimensions are usually 50–
100 nm (±5–20 nm) in length and 10–40 nm (±3–10 nm) in
width. Depending on the nanoparticle aspect ratio (length
to width ratio), the peak wavelength can be selectively tuned
from visible to NIR region. As the aspect ratio increases
from 1.5 to 8.9, the longitudinal peak wavelength shifts
from 650 to 1050 nm. Unlike bulk or molecular scale,
nanoscale gold nanorods exhibit a variety of vivid colors.
The colloidal solutions demonstrate distinguishable colors
from blue to brown to light pink and red, which correspond
to the respective light absorption wavelengths (Figure 1(c)).
The suspension solution is stable over six months at room

temperature. Figure 1(d) shows the representative vis-NIR
absorption spectrum of nanorods with diﬀerent plasmonic
wavelengths. Regardless of the dimension, the lower peaks
from transverse are always around 510–540 nm which is
characteristic surface plasmon of gold. Only the dominant
longitudinal peaks shift in visible and NIR region as the
nanoparticles gradually grow longer in the length under
influence of chemicals in the growth solution. Although all
the ingredients are essential for the rod growth, we found
that the silver nitrate amount and seed/Au3+ ratio are the
most eﬀective players in precise control of rod shape and size.
In the following sections, we describe optimization of each
parameter individually in a 80–100 mL production volume.
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Figure 2: Eﬀect of seed amount on the nanorod growth. (a) One to five times (a to e) of the normal seed amount (12 µL) cause a shift of the
longitudinal plasmon to a longer wavelength. (b) Excess amount of seed > 5 times (f) results in a reduction in the aspect ratio and therefore
a shorter SPR wavelength.

We also discuss the influence of centrifuge on the nanorod
purification, shape, size, and stability as it is an essential
process to prepare GNR sample for further applications.
3.1. Eﬀect of Seed Amount. Gold nanosphere (5–10 nm) is
required in the growth solution to serve as a material basis
(seed) to allow attachment of gold atoms in a controlled
direction to grow to a rod shape under influence of surfactant and silver nitrate. While the concentrations of other
ingredients were kept constant, the amount of seeds added
to the growth media was varied with increasing volume up
to 6 times of normal amount (12 µL). SEM examination
found that the rod length decreased with an increase in
the seed amount, which was expected due to the increased
competition among seed particles for a given concentration
of Au3+ ion. In other words, there is a lesser quantity of
Au3+ ions available for growth per seed particle. Despite
the reduction in the length, addition of more seed solution
(curves a to e: 1–5 times of seed solution) caused a red shift
in the longitudinal plasmon peak wavelength (Figure 2(a)).
This observation is sort of contradicting with the decrease
in the rod length. However, the simultaneous reduction in
rod width altogether actually leads to an increasing aspect
ratio [22]. It is known that larger aspect ratio correlates
with longer wavelength in the absorption spectrum. It should
be noted that addition of excessive seed amount > 5 times
would cause a decrease in the aspect ratio and result in
a shorter plasmonic peak wavelength. Six times of seed
concentration cause a reduction of the absorption peak
from 850 to 810 nm (Figure 2(b)). This is probably due
to depletion of the Au3+ ions over excessive seeds and
ultimately very short rods with a small number of spheres
appeared.

3.2. Eﬀect of Ascorbic Acid Amount. During the rod growth,
gold (III) ions will be reduced to atomic elements for
material supply to Au seeds to grow favorably in length
under the influence of silver nitrate. When faster supply of
monomer growth unit (Au0 ) is available to the seeds, there
is a great tendency to induce the growth of seed particles
in all directions and forming more spherical particles. AA
is a mild reducing agent and a suitable amount of AA
will facilitate the synthesis of nanorods with high yield. We
found that in our experimental condition, 0.1 M AA was
an optimal concentration to produce rods in high yield.
Quantity less than that stoichiometric amount required for
the reduction of Au3+ ions to Au0 failed to grow rods. For
example, colloidal solution with 0.08 M AA did not produce
a characteristic absorption peak of rod shape (Figure 3(a)).
Excess of AA, however, usually resulted in a “dogbone” shape
of rods (Figure 3(b)). Depending on the faceting of the ends
of the rods, additional plasmon bands can be observed [25].
Our study corroborated this finding. In addition to the usual
transverse and longitudinal plasmon absorbance peaks, one
additional medium peak was observed in the absorption
spectrum when 0.18 M AA was added. The mechanism of the
production of “dogbone” shape is under investigation.
3.3. Eﬀect of Silver Nitrate Amount. Silver ion is known to
play an important role in assisting the growth of nanoparticles to rod shape. It is especially essential for the
synthesis of short nanorods (AR < 5) with peak wavelength
in visible region of the spectrum in very high yield (>95%)
[22]. In our study, we found that varying the silver ion
amount is also the most eﬀective way to fabricate rods
with tunable LSPR wavelength from 600–900 nm in large
quantity. Little silver nitrate (<50 µL, 4 mM) often resulted
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Figure 3: Optimization of ascorbic acid (AA) amount for nanorod
growth. Addition of excess AA causes “dogbone” shaped rod.

in few rod-shaped nanoparticles. Instead, only nanospheres
were confirmed from single peak around 520 nm in the
absorption spectrum, indicating the essential role of silver
ions in rod growth. As the addition of silver nitrate
amount increased, the length of the rod increased and
most importantly the aspect ratio increased (Figure 4). The
longitudinal peak wavelength can be fine-tuned from 600
to 902 nm depending on the volume of the added AgNO3
(4 mM). This is probably because more Au0 is zipped into
the rod-shaped soft template assisted by more available silver
ions along the longitudinal direction. However, the eﬀect
of the silver ion concentration is not always to increase the
aspect ratio of rods thereby resulting in a longer absorption
wavelength. When increasing the amount of the AgNO3
(4 mM) in the growth solution to more than 350 µL, the
peak wavelength became shorter, indicating a decrease in the
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Figure 4: Additional amount of silver nitrate can eﬀectively
increase the aspect ratio and fabricate nanorods with a maximum
absorption wavelength at 902 nm using a single CTAB surfactant. A:
LSPR wavelength: 655±11 nm; Aspect ratio: 2.5±0.2. B: 787±4 nm;
aspect ratio: 4.1 ± 0.3.

aspect ratio of the rods. The decrease in the size at the high
concentration of silver ions could be due to the ionic strength
eﬀect and/or depletion of Au3+ in the growth solution
[24].
Although the mechanism to assist in the rod shape
growth is not clearly elucidated, several studies [22, 24]
suggested that AgNO3 forms AgBr in the presence of CTAB,
and AgBr adsorbs diﬀerentially to the facets of gold particles
thereby restricting their growth to the rod shape and stabilizing the nanorod surface. This speculation is consistent with
the explanation that silver nitrate and CTAB synergistically
function as a soft template to favor elongation of the seed
to rod shape. Our EDAX data from electron microscope
also confirmed the presence of bromine (2.65 ± 0.1% wt)
coming from CTAB on the nanorod surfaces. Moreover, as
mentioned above, when faster supply of monomer growth
unit (Au0 ) is available to the seeds, there is a great tendency
to induce the growth of seed particles in all directions and
form more spherical particles. This was evidenced by our
study results of little rod production without addition of
silver nitrate. However, in the presence of silver nitrate, the
kinetics of reduction of gold ions to atomic gold is slower.
This fact may play an essential role in the high yield of rodshaped nanoparticles under the CTAB-AgNO3 system.
3.4. Growth of Au Nanorods with Plasmon Peak Wavelength >
900 nm. Au nanorods with longer absorption wavelength in
NIR region are beneficial for many biological applications
such as thermal therapy and imaging [6, 7]. The surfactantassisting growth of nanorods described above only uses a single surfactant, that is, CTAB. Although the longitudinal SPR
wavelength can be eﬀectively tuned by increasing the
amounts of AgNO3 and/or seed amounts, this method
generally fabricates rods of aspect ratio up to 5 with
absorption at <900 nm. Excessive addition of the silver ions
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Figure 5: (a) Electron microscopy of long nanorods (AR: 8.9 ± 0.6) with plasmon bands > 850 nm. (b) Eﬀect of BDAC/CTAB ratio on the rod
aspect ratios and absorption wavelength. High BDAC/CTAB ratio tends to form nanospheres in addition to long rods. (c) Temporal evolution
of absorption spectrum over time demonstrating red shifts of the longitudinal bands to longer wavelength as the rod length increases. (d)
Temporal evolution of increase in the optical density and longitudinal peak wavelength in the first 14 days and stop. The optical density
increases over time indicating the multiply of rod numbers.

and seed will eventually cause a reduction in the aspect ratio
and plasmonic peak, as shown above.
Nanoparticles of various shapes and sizes can be
synthesized with diﬀerent chemical functional groups.
Therefore, to synthesize rod-shaped nanoparticles with
absorption > 900 nm, a binary surfactant system in growth
solution was sought to enable production of higher aspect
ratio during an extended aging period. Typically, a second
surfactant BDAC is used in addition to CTAB at an appropriate molar ratio. Higher ratios of BDAC/CTAB tend to result

in the formation of large amounts of spherical nanoparticles
(Figure 5(b)). When the molar ratio of BDAC/CTAB to 2.77
was used in our study, the binary surfactant mixture was
capable of fabricating long aspect ratio nanorods with plasmon bands over 1,000 nm (Figure 5(a): SEM; Figure 5(b):
absorption spectrum). In contrast, using a growth solution
containing BDAC showed little eﬀect on the elongation as
only nanospheres were produced. This result suggested that
CTAB plays an important nanostructure-determining role in
the rod growth under the influence of silver ions.
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Nanospheres usually start to grow upon addition of
gold seeds to the bisurfactant growth solution. As shown
in Figure 5(c), rod-shaped nanoparticles multiply within
3 hours, showing longitudinal plasmonic bands around
850–950 nm. At this stage the aspect ratios of rods are
approximately 5–5.5. Since then, the growth process mainly
contributes to the increase in the rod length. As the Au3+
ions are reduced to Au0 , supply of gold atoms seems to
be more favorable to join the ends of the nanocrystal than
surfactant capped sides thereby elongating the rod length and
resulting in a higher aspect ratio. It is known that the LSPR
peak wavelength prolongs as the aspect ratio increases. As the
aspect ratio increased over time, the plasmon peak gradually
shifted to a longer wavelength in the NIR region during
the first two weeks (Figure 5(d)). Afterwards, the growth
process came to an end, and further incubation (14∼25 days)
failed to increase the length of the NRs. Because the growth
solution has excess amount of surfactants, depletion of the
gold supply from Au3+ ions in the solution is most likely to
be the main reason for the stop.
Figure 5(d) shows a temporal evolution of long rods
in absorbance spectrum over two weeks of growth and
aging period. From the optical density, it shows that the
production of rods (yield) accelerated during the first 7 days
as the OD increased rapidly. Afterwards, a slight reduction
in the OD was observed, and OD continued to remain
steady over the 25 days. This indicates that the 8–10 days
may be suﬃcient for a full growth of the long nanorods,
and separation from the growth solution can be performed
to harvest long rods with desired plasmonic wavelength.
Considering the OD measurement is for the longitudinal
band of rod-shaped nanoparticles, the slight dip in the
optical density after 7 days suggests slowdown of the rod
length elongation, rendering a relatively faster increase in the
spherical formation as byproduct. In other words, a fraction
of the rod becomes shorter and shorter in aspect ratio after
depletion of the Au0 supply. It should be noted that although
the data here only shows a peak around 1,050 nm due to
the instrument limitation, rods of aspect ratio up to 10 with
absorption band at 1,300 nm can be fabricated using the
BDAC/CTAB method [24].
3.5. Eﬀect of Centrifuge. After the growth of seed to rodshaped nanoparticles, centrifuge was an essential step for
purification by separating excess chemical reactants and
small sphere particles from rod-shaped nanoparticles. This
process may aﬀect the concentration, dispersion, and dimension of the rods. Therefore, the eﬀect of the centrifuge
speed and times on the longitudinal peak wavelength of
the nanorods was investigated. A batch of 180 mL nanorods
solution was divided to multiple samples, and, at baseline
(before centrifuge), the GNRs showed a plasmon band at
772 nm. The samples were then centrifuged at a speed of
5,500, 7,000, and 8,500 rpm, respectively, from one to three
times. Readings of the absorption spectrum were taken at 4,
8, and 12 days after centrifuge to exam the stability of the
purified nanorods. For all experimental conditions, the GNR
samples showed a blue shift (reduction in the wavelength)
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of the peak after centrifugation. For example, for the samples
centrifuged at 7,000 rpm, one time centrifuge resulted in a
peak wavelength of 767 nm, and two times caused a shift
to 757 nm, while centrifugation of three times resulted in a
further shift down to 748 nm. The magnitude of the peak
wavelength shortening between one and two centrifuge times
depends on the centrifuge speed (Figure 6). At 5,500 rpm, the
shift was only 0.3% (from 768 to 766 nm). The shift became
1.3% (from 767 to 757 nm) at 7,000 rpm, while 8,500 rpm
centrifugation caused a 2.6% reduction from 768 to 749 nm.
Nevertheless, after three times of the centrifuge, the final
plasmon band was stabilized with little variations for all
tested speeds.
The centrifuge also played an important role in the
stability of the GNRs as shown in their corresponding
longitudinal peak wavelength (Figure 6). After one time
centrifuge at 8,500 rpm, the plasmon band demonstrated a
large variation during storage time from 768 nm (4 days)
to 760 nm (8 days) and to 753 nm (12 days). The blue shift
of the absorption band peak due to reduction in the aspect
ratio over time suggested insuﬃcient removal of the excess
chemical reactants from the GNR sample; therefore, the
aspect ratio of rods changed. This observation corroborated
with other studies [24], and it is probably due to the increase
in the width of the nanorods while the length is kept
relatively unchanged in the remainder of growth solution
after centrifuge. After two times of centrifuge, the change in
the peak wavelength was less obvious at higher speed such
as 8,500 rpm, and three times of centrifuge were suﬃcient
to separate excess growth solution, and the GNR dimension
remained unchanged over time. These results indicate that
at lower centrifuge speed such as 5,500 to 7,000 rpm, three
times of centrifuge may be necessary for purification. At
8,500 rpm or higher, two-time centrifugation is most likely
to be suﬃcient to produce stable and concentrated nanorod
samples. It is suggested not to have more than 3 times of
centrifugation based on our experiences.

4. Conclusions
We systematically studied the reaction parameters and centrifuge eﬀect on the formation of rod-shaped gold nanoparticles in a relatively large quantity of 80–100 mL. Although
all chemicals are important in directing the nanostructure,
silver ion concentration and seed/Au3+ ratio were the most
eﬀective variations to adjust the absorption wavelength. This
is consistent with the small quantity study reported by Murphy and El-Sayed groups. Since the molar concentrations of
each ingredient for a large volume production multiply, even
distribution by well mixing and precise control techniques
play an essential role in success and determination of the final
yield, uniformity, and stability. Temporal evolution of the
gold nanorod dimensions fabricated by bisurfactant system
was elucidated to follow the red shifts of longitudinal SPR
peak wavelengths > 900 nm which is the limit for CTAB
only method. In summary, nanorods of absorption bands
from 600–1050 nm were fabricated with precise control
of the AR from 1.5 to 8.9 in a relatively large quantity.
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Figure 6: (a) Eﬀects of centrifugal times and speed on the final purified nanorod optical properties. (b) Stability of the rods over 14 days
depending on the centrifuge speed and times.

The mass production of these rod-shaped gold nanoparticles
with controllable aspect ratio and tunable optical properties
will provide a solid material foundation for biological and
therapeutic applications.
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