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Abstract

Gold nanorods of small sizes have larger absorption cross sections and higher photothermal 

efficiency compared to larger ones. However, tuning the surface plasmon resonance of small gold 

nanorods remains a challenge because increasing an aspect ratio usually results from increasing 

dimensions. We demonstrate the synthesis of mini gold nanorods with tunable longitudinal surface 

plasmon resonance from ~600 to >1300 nm accompanied by precise control over widths <10 nm. 

Two weak reducing agents, ascorbic acid and even milder hydroquinone, were applied to a seed-

mediated growth method to tune the aspect ratios of mini gold nanorods from 2.2 to 10.8 

corresponding to average dimensions 19.3 × 9.0 nm through 93.1 × 8.7 nm, respectively. This 

seed-mediated growth of mini gold nanorods results in an average 96% of rods and yields of at 

least 79% based on gold ion reduction. The extinction coefficients of mini gold nanorods were 

established based on the gold content from inductively coupled plasma mass spectrometry. The 

longitudinal extinction coefficients range from 1.6 × 108 to 1.4 × 109 M−1 cm−1 depending on 

aspect ratio. We show that liter-scale mini gold nanorod syntheses are reproducible, and the 

dimensions, aspect ratios, and shape percent yields are comparable to those of a small-scale 

synthesis.

Graphica Abstract

INTRODUCTION

Gold nanoparticles (AuNPs) have been widely used in catalysis,1–3 sensing,4,5 imaging,6–8 

and therapeutics8–10 due to their tunable sizes, tailorable optoelectronic properties, and 
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straightforward surface modification.11–15 Most applications of AuNPs rely on their shape- 

and size-dependent plasmonic properties. When resonant light impinges upon AuNPs, free 

electrons oscillate coherently, resulting in localized surface plasmon resonance (LSPR).16–18 

This shape-dependent LSPR allows longitudinal LSPR of gold nanorods (AuNRs) to be 

tunable from the visible (vis) to the near-infrared (NIR).16,19–25 The location of the 

longitudinal LSPR is influenced by particle aspect ratio (AR), which is the length divided by 

the width of AuNRs. In addition to particle shapes, the plasmonic properties of AuNRs are 

also size-dependent. The scattering-to-extinction ratio of AuNRs increases with increasing 

AuNR volume.24–27 Larger AuNRs are better for scattering-based applications such as 

imaging and fluorescence enhancement; smaller AuNRs improve photothermal conversion 

due to higher absorption efficiency.15,24–28 Fine-tuning of AuNR sizes is warranted to 

achieve better control over the properties of AuNRs.

Although the LSPR of AuNRs is easily tunable, controlling absolute lengths and widths of 

AuNRs remains a challenge. The most widely used procedures for AuNR syntheses are 

seed-mediated methods developed by Nikoobakht and El-Sayed29 and us.30 AuNRs made by 

those methods range from 30 to 80 nm in length and 10 to 20 nm in width.19,27,31–35 Larger 

particles have been shown to exhibit slow clearance and low cellular uptake.36–39 Compared 

to those standard AuNRs, mini AuNRs (width <10 nm) show better photothermal therapy 

efficiency, higher cellular uptake, greater tumor accumulation, faster organ clearance, and 

lower in vitro and in vivo toxicity.28,37,40

Despite sustained interest in mini AuNRs, the challenge of keeping their small sizes, but 

maintaining tunable plasmonic properties, remains. Mini AuNRs have been synthesized by 

seedless and seed-mediated growth methods.28,37,41–44 The seedless method was first 

reported by Ali et al. in 2012.41 Four different dimensions of mini AuNRs were formed in 

situ while sodium borohydride (NaBH4) and cetyltrimethylammonium bromide (CTAB) 

were used as a reducing agent and a surfactant, respectively. The dimensions of those mini 

AuNRs were tuned by gold, silver nitrate (AgNO3), and NaBH4 concentrations in a growth 

solution at the optimal pH. The average lengths of those mini AuNRs ranged from 10 to 27 

nm, and average widths were all smaller than 5.5 nm. The ARs were from 3.3 to 5.0, and 

longitudinal LSPR peaks were from 700 to 810 nm. The seedless method was further 

modified recently by Requejo et al. using poly(vinylpyrrolidone) (PVP) as a shape-directing 

additive to increase the mini AuNR dimensions to 45 × 6.7 nm corresponding to AR 6.7.42 

In additional to the seedless synthesis, the seed-mediated growth of mini AuNRs was shown 

by Xu et al. and Jia et al.2, 44 The longest average length of their mini AuNRs was 45 nm; 

the available ARs ranged from 2.7 to 4.7, and longitudinal LSPR peaks were tuned from 726 

to 829 nm.28

Here, we report that the longitudinal LSPR of mini AuNRs can be tuned beyond 1000 nm by 

the seed-mediated growth method. To achieve better control over LSPR peak positions, we 

used two reducing agents, ascorbic acid and hydroquinone, to shift the longitudinal LSPR 

from ~600 to >1300 nm, resulting in mini AuNRs of 9 different ARs (AR 2.2 to AR 10.8). 

Fine-tuning the ARs was achieved through modifying AgNO3, seed, and hydrochloric acid 

concentrations in the growth solution. The average widths of mini AuNRs are all less than 

10 nm, but the average lengths significantly increase from 19 to 93 nm. Mini AuNR 
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syntheses result in an average shape yield of 96% in rods, and >79% yield compared to 

initial gold ion concentrations. The extinction coefficients of mini AuNRs are reported on a 

per-particle basis. We demonstrate how to scale up mini AuNRs through the synthesis of an 

extremely large-volume seed solution. Controllable dimensions, ARs, and shape percent 

yields were shown in both small- and large-scale mini AuNRs.

EXPERIMENTAL SECTION

Materials.

Cetyltrimethylammonium bromide (CTAB, ≥99%), chloroauric acid (HAuCl4·3H2O ≥ 

99.9%), silver nitrate (AgNO3, ≥99%), ascorbic acid (ACS grade), and hydroquinone 

(≥99%) were purchased from Sigma-Aldrich. Sodium borohydride (NaBH4, ≥99%) was 

acquired from Fluka. Hydrochloric acid (HCl, certified 1.0 N) and sodium hydroxide 

(NaOH, 99.0%) were obtained from Fisher Chemical. All chemicals were used as received 

without further purification.

Synthesis of Ascorbic-Acid-Reduced Mini AuNRs (Aspect Ratio 2.2 ± 0.6 to 3.8 ± 1.0).

A seed solution was prepared according to our previous method.19 A gold solution was 

prepared by adding 0.25 mL of 0.010 M HAuCl4·3H2O to 9.75 mL of 0.10 M CTAB. Ice-

cold, freshly prepared 0.60 mL of 0.010 M NaBH4 was quickly added to the stirred gold 

solution. Immediately, the solution turned from yellow to yellowish brown. After vigorous 

stirring for 10 min, the solution was kept unstirred at 27 °C for 1.5 h.

To make ascorbic-acid-reduced mini AuNRs, aqueous stock solutions of 0.010 M AgNO3 

and 0.10 M ascorbic acid were freshly prepared. All reagents used for mini AuNR syntheses 

are summarized in Table S1. For a typical 10 mL scale synthesis, mini AuNRs of ARs from 

~2.2 to ~3.2 were made by adding 0.50 mL of 0.010 M HAuCl4·3H2O to 8.0 mL of 0.10 M 

CTAB. Varied amounts of 0.010 M AgNO3 (from 0.030 to 0.050 to 0.10 mL) were 

introduced to the growth solutions, and the solutions were gently inverted. In each solution, 

0.20 mL of 1.0 M HCl, 80 μL of 0.10 M ascorbic acid, and 2.0 mL of the seed solution were 

added in sequence, and the growth solutions were inverted in between. Finally, the solutions 

were set unstirred for 16–20 h at 27 °C and were purified on the next day via centrifugation 

at 16 000g for 35 min. Colorful supernatant was transferred to a new centrifuge tube and 

purified by the same centrifugation speed and time again. Pellets were collected and 

dispersed in nanopure water for further use. Mini AuNRs of AR ~ 3.8 were prepared by the 

same procedure described above, but with a different growth solution: 9.0 mL of 0.10 M 

CTAB, 0.10 mL of 0.010 M AgNO3, and 1.0 mL of the seed solution were used. Other 

solutions were the same as above.

Synthesis of Hydroquinone-Reduced Mini AuNRs (Aspect Ratio 5.6 ± 1.3 to 10.8 ± 2.8).

Seeds for hydroquinone-reduced synthesis were prepared based on procedures developed by 

Vigderman and Zubarev.20 A gold solution containing 0.50 mL of 0.010 M HAuCl4·3H2O 

and 9.5 mL of 0.10 M CTAB was prepared. Next, ice-cold, freshly prepared 0.46 mL of 

0.010 M NaBH4 in 0.010 M of NaOH was quickly added to the stirred gold solution. 
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Immediately, the solution turned from yellow to brown. After being stirred for 10 min, the 

solution was kept unstirred at 27 °C for 2 h.

Mini AuNRs of ARs from ~5.6 to ~10.8 were obtained by varying HCl concentrations in 

growth solutions, but a fixed concentration of AgNO3 was used. Stock solutions 0.10 M 

AgNO3 and 0.10 M hydroquinone were freshly made. Five 10 mL growth solutions were 

prepared. Each solution contained 0.50 mL of 0.010 M HAuCl4·3H2O and 8.0 mL of 0.10 M 

CTAB. Next, 40 μL of 0.10 M AgNO3 was introduced to each growth solution, and the 

solution was gently inverted. Increasing amounts of HCl resulted in higher-aspect-ratio mini 

AuNRs: Various amounts of 1.0 M HCl (0, 13, 19, 25, and 36 μL) were introduced to the 

growth solutions, and the solutions were gently inverted. Then, 0.50 mL of 0.10 M 

hydroquinone was added to growth solutions, and the solutions were inverted. Until the 

solutions turned to completely colorless, 2.0 mL of the seed solution was added. Finally, the 

solutions were set unstirred for 16–20 h at 27 °C and were purified on the next day via 

centrifugation at 16 000g for 35 min. The supernatant was removed; the pellet was dispersed 

in nanopure water.

Large-Scale Mini AuNR Synthesis.

Preparation of a 206 mL Gold Seed Solution.—To scale up mini AuNRs to ~1 L, a 

seed solution of at least 200 mL is required. First, a solution containing 200 mL and 850 μL 

of 0.10 M CTAB was prepared. Next, 5.15 mL of 0.010 M HAuCl4·3H2O was added to the 

CTAB solution. Quickly, eight 1 mL aliquots and 50 μL of ice-cold, freshly prepared 0.010 

M NaBH4 were added to the stirred gold solution with a single channel pipet. The solution 

turned from yellow to yellowish brown. After vigorous stirring for 10 min, the solution was 

kept unstirred at 27 °C for 1.5 h.

Synthesis of Large-Scale Mini AuNRs.—A ~1 L mini AuNR growth solution made by 

ascorbic acid reduction was prepared by directly scaling up all solutions. Reagent 

concentrations and temperature were kept the same as those of a 10 mL scale synthesis. To 

make mini AuNRs of AR ~2, 50 mL of 0.010 M HAuCl4·3H2O was added to 800 mL of 

0.10 M CTAB. Next, 3.0 mL of 0.010 M AgNO3 was introduced to the growth solution, and 

the solution was gently swirled. The following solutions were added in sequence, and the 

growth solution was swirled in between: 20 mL of 1.0 M HCl, 8.0 mL of 0.10 M ascorbic 

acid, and 200 mL of the seed solution prepared in the previous paragraph. Finally, the 

solution was set unstirred for 16–20 h at 27 °C and was purified on the next day via 

centrifugation at 15 000g for 20 min. The supernatant was removed, and the pellet was 

redispersed in nanopure water.

Characterization.

UV-vis-NIR spectra were measured with a Cary 5000 UV-vis-NIR spectrophotometer 

(Agilent Technologies). Transmission electron microscopy (TEM) images of mini AuNRs 

were collected by a JEOL 2010 LaB6 or a JEOL 2100 Cryo microscope (JEOL Ltd., Tokyo, 

Japan). Average lengths, widths, ARs, and shape percent yields of mini AuNRs were 

determined by ImageJ software (the National Institutes of Health). At least 300 particles 

were counted to determine the dimensions of each batch of mini AuNRs. Inductively 
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coupled plasma mass spectrometry (ICP-MS) was used to determine the gold concentration 

of each growth solution. A minimum of three measurements were taken for each batch of 

mini AuNRs using a Thermo-Finnigan Element XR ICP-MS instrument (Thermo Fisher 

Scientific).

RESULTS AND DISCUSSION

We report the syntheses of mini AuNRs of different ARs by the seed-mediated approach: A 

seed solution and a growth solution were prepared to separate nucleation and growth steps 

(Figure 1). The seed solution used for ascorbic-acid-reduced syntheses was identical to that 

used for the standard AuNR synthesis. The major differences between mini and standard 

AuNR syntheses are (i) a dramatic increase in the volume of a seed solution added to the 

growth solution and (ii) a lower pH of the growth solution.28 Figure 2a shows the UV-vis-

NIR spectra of mini AuNRs from AR 2.2 to 2.6, 3.2, and 3.8. Their maximal longitudinal 

plasmon band wavelengths are at 607, 673, 741, and 793 nm, respectively. Increasing AR 

from 2.2 to 3.2 was achieved by increasing AgNO3 concentrations in the growth solutions. 

This result is consistent with the well-known method of tuning AuNR ARs by AgNO3.29 

However, the increase in ARs from 3.2 to 3.8 did not rely on changes of AgNO3 

concentrations, but resulted from a decrease in the volume of a seed solution added to the 

growth solution. (In both growth solutions, the AgNO3 concentration was fixed at 92 μM, 

but the ratio of a seed to growth solution was decreased from 1:4 to 1:9.) Figure S1 shows 

that mini AuNR ARs can be tuned by gradually decreasing a seed-growth solution ratio from 

9:1 to 1:9 but with the same AgNO3 concentration. Tuning nanoparticle sizes via controlling 

the amount of seeds in the growth solution has been demonstrated in both gold nanosphere 

and rod syntheses.28,45 Particles grow smaller when there are more seeds in a growth 

solution. Each seed will receive less Au0 deposition under the limited amount of Au3+ put in 

the growth solution; conversely, particles become larger when fewer seeds are available in 

the growth solution.

Table 1 shows the ARs, dimensions, and yields of mini AuNRs made from ascorbic-acid-

reduced syntheses. The dimensions, ARs, and shape percent yields were calculated based on 

TEM images shown in Figure 2b–e. Despite distinct longitudinal plasmon band maxima 

accompanied by increasing AgNO3 concentrations, the lengths of mini AuNRs are very 

similar: 19.3 ± 4.8, 19.2 ± 5.3, and 20.5 ± 6.5 nm, which correspond to ARs 2.2, 2.6, and 

3.2. The effect of AgNO3 on the anisotropic growth of mini AuNRs seems less influential in 

lengths; however, widths decrease more obviously from 9.0 ± 1.7 to 6.5 ± 1.3 nm. An 

inverse correlation is shown between increases in the amount of AgNO3 and decreases in the 

widths, resulting in increasing ARs. The reduction yields of ascorbic-acid-reduced mini 

AuNRs are at least 79%, which is significantly higher than ~15% reported from standard 

AuNRs.46

To achieve higher ARs, the weaker reducing agent hydroquinone was used instead of 

ascorbic acid.20 Mini AuNRs of AR 5.6–10.8 were prepared by tuning HCl concentrations 

in the growth solutions under a fixed AgNO3 concentration. The concentration of HCl varied 

from 0 to 3.3 mM, but the AgNO3 concentration was fixed at 0.36 mM for all growth 

solutions. Figure 3a shows the normalized extinction spectra of hydroquinone-reduced mini 
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AuNRs made from different HCl concentrations. Increasing the amounts of HCl in the 

growth solutions resulted in gradual red-shifts of longitudinal LSPR peaks: the plasmon 

bands shifted from 875 to 1040, 1167, 1245, and >1300 nm. Figure 3b–e and Table 2 show 

that the dimensions and ARs of hydroquinone-reduced mini AuNRs increase with increasing 

the HCl concentration in the growth step. The lengths of hydroquinone-reduced mini 

AuNRs, unlike ascorbic-acid-reduced ones, increase significantly from 27.2 ± 4.4 to 93.1 

± 18.3 nm. The average widths also increase; however, all are precisely controlled within 10 

nm (from 5.0 ± 0.5 to 8.7 ± 1.0 nm). The ARs of hydroquinone-reduced mini AuNRs are 

tunable by changing the HCl concentration in the growth solutions. The smallest AR is 5.6 

obtained with no HCl in the growth solution. The largest AR 10.8 resulted from introducing 

the highest amount of HCl to the growth solution. These dimensions 93.1 ± 18.3 × 8.7 ± 1.0 

nm are unique since reported AuNRs with similar lengths are larger than 20 nm in width.
20,22,23,47 All hydroquinone-reduced mini AuNRs produce high shape percent yields 

(>95%), and reduction yields are nearly quantitative (~100%).

The HCl concentration in the growth solution is crucial, since the hydroquinone reduction 

potential is pH-dependent.48,49 We observed that different HCl concentrations in the growth 

solutions, indeed, tuned the final AuNR ARs, but a further increase of the HCl concentration 

(from 3.3 to 4.5 mM) increases neither the lengths, widths, nor ARs of hydroquinone-

reduced mini AuNRs. The average lengths and widths of hydroquinone-reduced mini 

AuNRs made from 3.3 and 4.5 mM of HCl are similar, 93.1 ± 18.2 and 92.6 ± 18.3 nm in 

length and 8.7 ± 1.0 and 8.7 ± 1.1 nm in width, respectively, and their ARs are the same 

(Table S3 and Figure S2).

For standard AuNRs, it is well-known that the aspect ratio of the particles is tuned by the 

concentration of AgNO3: When there is more silver in the growth solution, the aspect ratio is 

higher.29,30 The effect of AgNO3 on the ARs of hydroquinone-reduced mini AuNRs was 

investigated in the absence and presence of HCl. When no HCl was in the growth solutions, 

hydroquinone-reduced mini AuNRs were not tunable by AgNO3: The maximum 

wavelengths only shift from 772 to 881 nm despite increases of AgNO3 concentrations from 

0.091 to 0.36 mM (Figure S3). No linear relationship between increases in the AgNO3 

concentration and the longitudinal plasmon band maximum was found, in contrast to the 

“standard” synthesis. However, in the presence of HCl, the correlation between the AgNO3 

concentration in the growth solution and the position of the longitudinal plasmon band is 

linear (Figure S4a). Ultimately, longitudinal LSPR peaks showed continual red-shifts from 

673 to 989, 1242, and >1300 nm in the presence of 2.3 mM of HCl with increasing AgNO3 

concentration. Although the longitudinal LSPR peaks are tunable by varying AgNO3 

concentrations, many byproducts appear in the growth solutions when the AgNO3 

concentrations were low (Figure S4b,c). The plasmon band tunability of hydroquinone-

reduced mini AuNRs relies more on the presence of HCl than AgNO3 in the growth 

solutions, for reasons that are not yet clear. Possibilities include (i) the pH-dependent 

reduction potential of hydroquinone, and (ii) the chloride counterion that can form AgCl(s) 

and AgCl2− complex ions under our conditions. Recent work in the literature suggests that 

silver underpotential deposition on specific crystal facets, mediated by the presence of 

complexing ions, might be the symmetry-breaking foundation of nanorod formation;50 
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therefore, silver-chloride complexes may require chloride from HCl in addition to chloride 

from HAuCl4.

Figure 4a shows the linear relationship between ARs of mini AuNRs and the corresponding 

maximal longitudinal plasmon band wavelengths. The standard deviations in ARs become 

significantly larger as ARs increase beyond 8.2. We did not include AR 10.8 on Figure 4a 

because the maximal wavelength is larger than 1300 nm, which is not spectroscopically 

detectable due to water absorption. The average widths are all less than 10 nm as shown in 

Figure 4b. The average widths of mini AuNRs decrease as ARs increase from 2.2 to 5.6; the 

widths, however, increase as ARs increase from 5.6 to 10.8. Figure 4c shows the correlation 

between increases in the ARs and increases in the lengths of mini AuNRs.

Table 3 shows extinction coefficients of mini AuNRs from AR 2.2 to 10.8, from ICP-MS 

detection of metal ions from aqua-regia-digested rods in concert, and assuming the bulk 

face-centered-cubic (fcc) crystal structure of gold with α = 4.08 Å The longitudinal 

extinction coefficients range from 1.6 × 108 to 1.4 × 109 M−1 cm−1. Mini AuNRs of ARs 

less than 5.6 show 10-fold smaller extinction coefficients (~2 × 108 M−1 cm−1) compared to 

those of standard AuNRs (2.5−5.5 × 109 M−1 cm−1).46 The results, are consistent with the 

extinction coefficient 1.9 × 108 M−1 cm−1 (AuNRs with dimensions 25 × 5 nm) reported by 

Ali et al.40 As the AR increases to 8.2, the extinction coefficient of mini AuNRs increases to 

1.4 × 109 M−1 cm−1. This magnitude is still smaller than the smallest extinction coefficient 

of standard AuNRs (2.5 × 109 M−1 cm−1) due to the relatively small volume of mini AuNRs.
46 Figure S5 shows single-area electron diffraction data for ascorbic-acid- and 

hydroquinone-reduced mini AuNRs. Unlike our original penta-twinned rods, the materials 

are single crystalline.51 Detailed information about planes and interplanar spacings is 

available in the Supporting Information.

We achieved mini AuNRs from AR 2.2 to AR 10.8 on a small scale (a 10 mL growth 

solution). However, the challenge of a large-scale synthesis of mini AuNRs arises from the 

necessity of a significant increase in seed solution volume. To make 10 mL mini and 

standard AuNR growth solutions, 2 mL and 12 μL seed solutions are required, respectively. 

Scaling up mini AuNRs to a 400 mL growth solution thus needs an 80 mL seed solution. 

This is an enormous amount compared to the 480 μL of seeds to make 400 mL standard 

AuNRs. Through modifying the concentration of NaBH4, we demonstrate how to make seed 

solutions up to 206 mL (see the Experimental Section). The ranges of NaBH4 concentrations 

required to produce acceptable seed solutions from 21 to 206 mL are summarized in Figure 

S6a. As the volume of a seed solution becomes larger, the acceptable range of NaBH4 

concentrations becomes narrower: To make a mini AuNR growth solution that produces 

>90% shape percent yields, the acceptable NaBH4 concentrations are 0.37–0.41 mM for a 

21 mL seed solution, but only 0.376 mM of NaBH4 produces a 206 mL seed solution. Figure 

S6b,c shows CTAB-capped Au seeds made from 10 mL and 206 mL seed solutions. Their 

morphology and sizes are similar. Sizes for seeds made from 10 and 206 mL seed solutions 

are 1.9 ± 0.5 nm (N = 392) and 1.5 ± 0.4 nm (N = 422), respectively. The seeds made from a 

10 mL seed solution are slightly larger.
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We sought to compare the relative abilities of small- and large-scale seeds to grow 

monodisperse rods. Below shows the result of ascorbic-acid-reduced mini AuNRs from two 

10 mL growth solutions. One growth solution was made from a standard 10 mL seed 

solution, and the other was synthesized from a 206 mL seed solution. All growth solutions 

contained 46 μM of AgNO3, aiming for AR ~ 2.6. Figure S8a shows UV-vis-NIR spectra of 

ascorbic-acid-reduced mini AuNRs made from 10 mL and 206 mL seed solutions. Their 

maximum wavelengths are similar: The former is at 658 nm and the latter at 650 nm. Figure 

S7b,c shows the TEM images of mini AuNRs made from 10 and 206 mL seed solutions, 

respectively. Their lengths, widths, ARs, and shape percent yields are all very comparable as 

shown in Table S4: 19.2 ± 5.3 and 19.6 ± 4.3 nm in length, 7.6 ± 1.7 and 8.0 ± 1.7 in width, 

and 2.6 ± 0.7 and 2.5 ± 0.7 in AR. Consistent with the UV-vis-NIR spectra, mini AuNRs 

made from the 206 mL seed solution show smaller standard deviations of the dimensions 

and a slightly higher shape percent yield.

It has been shown in the previous section that mini AuNRs made from 10 and 206 mL seed 

solutions are comparable. With this large amount of the seed solution, a 1 L mini AuNR 

growth solution should be possible. Each 10 mL growth solution of mini AuNRs requires 2 

mL of a seed solution. Therefore, with a 206 mL seed solution, 1.03 L of a mini AuNR 

growth solution can be made. Also, more than 170 L of a growth solution containing 

standard AuNRs could be made because each 10 mL growth solution only needs 12 μL of a 

seed solution. We did not synthesize 170 L of standard rods due to the complexity of making 

such a large scale in the lab, but we show, below, how to make 1 L batches of mini AuNRs.

Three individual 1 L mini AuNR growth solutions were synthesized to test the 

reproducibility of large-scale mini AuNRs and were compared to a small-scale synthesis (10 

mL growth solutions). To compare the reproducibility of 1 L mini AuNRs, all growth 

solutions were prepared by the ascorbic-acid-reduced method and contained 28 μM of 

AgNO3 (aiming for AR ~ 2.2), but made from three individual 206 mL seed solutions on 

different days. The UV-vis-NIR spectra of those trials are shown in Figure 5a. Figure 5b–d 

shows the TEM images of mini AuNRs from three 1 L batches. All three batches have 

widths less than 10 nm and shape percent yields higher than 97% (Table 4). Although there 

are some slight differences in the maximum wavelengths, ARs, and lengths between batches, 

the average dimension, AR, and shape percent yields are comparable to mini AuNR of AR 

2.2 from a 10 mL synthesis (Table 1). The 1 L batch renders an average concentration of 1.1 

× 10−7 M of mini AuNRs, which can be further reconstituted to form micromolar 

concentration sufficient for most biological applications. We demonstrate large-scale mini 

AuNRs were reproducible with respect to controlling widths less than 10 nm and achieving 

desired ARs, and high shape percent and reduction yields.

CONCLUSIONS

We demonstrate how to make mini AuNRs with a wide range of ARs from 2.2 to 10.8 by a 

seed-mediated growth approach. Their longitudinal LSPR can be finely tuned from ~600 to 

>1300 nm through changes of reducing agents and modifying AgNO3, HCl, and seed 

concentrations in the growth solution. Despite the lengths of mini AuNRs ranging from 19 

to 93 nm, precise control over widths has been shown: All were less than 10 nm. This seed-
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mediated growth of mini AuNRs offers high gold ion reduction (>79%) compared to ~15% 

yield from the standard AuNR synthesis.45 Scaling up mini AuNRs to 1 L has been achieved 

through an extremely large-volume seed solution, producing comparable mini AuNRs as the 

small-scale synthesis. This large-volume seed solution also benefits other AuNR syntheses. 

We have shown that large-scale synthesis of mini AuNRs is reproducible with the 

controllable widths and ARs along with high shape percent and reduction yields.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Schematic representations of major differences between standard and mini AuNR syntheses.
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Figure 2. 
(a) UV-vis-NIR spectra of mini AuNRs from AR 2.2 to 3.8. The blue, green, brown, and 

orange spectra correspond to AR 2.2, 2.6, 3.2, and 3.8, respectively. TEM images of 

ascorbic-acid-reduced mini AuNRs: AR (b) 2.2, (c) 2.6, (d) 3.2, and (e) 3.8.
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Figure 3. 
(a) UV-vis-NIR spectra of mini AuNRs from AR 5.6 (red) to 8.2 (blue), 8.7 (yellow), 9.6 

(green), and 10.8 (pink). TEM images of hydroquinone-reduced mini AuNRs, AR (b) 5.6, 

(c) 8.2, (d) 8.7, (e) 9.6, and (f) 10.8.
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Figure 4. 
(a) Linear relationship between the ARs of mini AuNRs and the corresponding longitudinal 

plasmon band wavelengths; R2= 0.969 84. Plots of (b) minirod widths versus AR and (c) 

minirod lengths versus AR, for AR 2.2–10.8.
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Figure 5. 
(a) UV-vis-NIR spectra of mini AuNRs from three 1 L batches. (b-d) TEM images of 

ascorbic-acid-reduced mini AuNRs of 1 L batches.
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Table 1.

Aspect Ratios (ARs), Dimensions, Shape Percent Yield, and Gold Yield of Ascorbic-Acid-Reduced Mini 

AuNRsa

AR longitudinal LSPR (nm) length (nm) width (nm) shape percent yield (%) yield (96)

2.2 ± 0.6 607 19.3 ± 4.8 9.0 ± 1.7 96.7
(N = 514) 79

2.6 ± 0.7 673 19.2 ± 5.3 7.6 ± 1.7 96.1
(N = 672) 81

3.2 ± 0.8 771 20.5 ± 6.5 6.5 ± 1.3 89.6
(N = 824) 89

3.8 ± 1.0 793 21.7 ± 5.5 5.8 ± 0.8 96.7
(N = 519) 87

a
The shape percent is defined by 

no. of NRs
no. of all shape × 100%. N refers to the number of particles measured. Triplicate measurements for metal 

concentrations were taken by ICP-MS. The standard deviations of the gold concentrations from AuNRs are less than 0.08%. Yield is calculated 
from ICP-MS data for initial gold concentration in the growth solution compared to gold concentration in aqua-regia-digested metal nanoparticle 
solutions.
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