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Abstract. Gold nanobipyramids (Au NBPs) are nanostructures with narrow 
plasmon resonances, which make them suitable for sensing applications. In 
the present work, Au NBPs of different aspect ratios were synthesized using a 
seed-mediated growth method by tuning the seed volume. The usual capping 
molecule CTAB was replaced by 11-mercaptoundecanoic acid (11-MUA), and 
the nanoparticle stability was studied. The 11-MUA capped NBPs were found 
to be more stable compared to the CTAB capped NBPs. The bulk refractive 
index sensitivities of all Au NBPs of CTAB and 11-MUA capped NBPs were 
measured using sucrose solutions of different weight percentages (0–30%). 
11-MUA capped Au NBPs showed better refractive index sensitivity than 
CTAB capped Au NBPs. The NBPs of aspect ratio 3 showed maximum 
sensitivity of 353 nm/RIU. © 2023 Journal of Biomedical Photonics & 
Engineering. 
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1 Introduction 

The localized surface plasmon resonance (LSPR) is an 

optical phenomenon observed in metal nanostructures 

with dimensions much smaller than the wavelength of 

light. The phenomenon appears due to the resonant 

oscillation of the conduction electrons on the surface of 

nanostructures [1, 2]. The band maxima in the LSPR 

spectra are extremely sensitive to the refractive index 

(RI) of the surrounding medium [1, 2]. The RI 

sensitivity of metal nanostructures forms the basis of 

many cost-effective LSPR-based biosensors [1, 3]. 

Anisotropic nanoparticles are more suitable candidates 

for sensing applications due to their large surface charge 

polarizability and associated local field enhancement. 

This enables the LSPR sensing of small molecules to 

large biomolecules [4–7]. Several metal nanoparticles, 

such as gold, silver, copper, and platinum, show 

appreciable LSPR phenomena. However, nanoparticles 

of gold and silver have absorption bands in the visible 

spectral regions, making them widely used in sensing 

applications. Gold nanoparticles are comparatively more 

stable, biocompatible, and widely used in several 

biomedical applications [8–11]. 

Although the higher chemical and structural stability 

of Au nanostructures over Ag nanostructures make them 

preferable for LSPR sensing, the higher width of 

plasmon bands appears to be a limiting factor for their 

regular use. Among different shapes of gold 

nanoparticles, gold nanobipyramids (Au NBPs) shows 

narrow width of plasmon bands. Further, the 

wavelength tunability of the longitudinal plasmon band 

of Au NBPs is possible in the visible and near-IR 

spectral region by tuning their length and aspect ratio. 

The sharp edges in NBPs result in high field 

enhancement, making them highly suitable for 

biosensing applications [12, 13]. In the recent past, an 

appreciable amount of work has been performed on the 

synthesis of gold nanobipyramids. The bi-pyramidal 

shape of Au nanoparticles was first reported by 

Jana et al. [14]. Later, Liu and co-workers developed a 

synthesis method using CTAB as a surfactant [15]. 

Other than CTAB, capping agents like PVP [16], 

CTBAB [17], and sodium oleate as secondary 

surfactant [18] were also used to synthesize NBPs.  

In the recent past, we have worked on the synthesis 

and evaluation of refractive index (RI) sensitivity of 

silver [19–22] and gold nanostructures [23]. In 
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continuation, here we report the synthesis and RI 

sensitivity of Au nanobipyramids. The replacement of 

cetyltrimethylammonium bromide (CTAB) in CTAB 

capped Au NBPs by 11-mercaptoundecanoic acid 

(11-MUA) is performed to improve the stability of the 

Au NBPs. The RI sensitivity of CTAB and 11-MUA 

capped Au NBPs were investigated using various 

concentrations of sucrose. Compared to nanosphere and 

nanorods, nanobipyramid shows better sensitivity and 

higher figure-of-merit, making them more suitable for 

LSPR-based sensing applications. 

2 Materials and Methods 

For the synthesis and conjugation of gold 

nanobipyramids, hydrogen tetrachloroaurate (III) 

hydrate (HAuCl43H2O), cetyltrimethylammonium 

chloride (CTAC), cetyltrimethylammonium bromide 

(CTAB), 11-mercaptoundecanoic acid (11-MUA), nitric 

acid (HNO3), silver nitrate (AgNO3), and 

8-hydroquinoline (HQL) were procured from Sigma 

Aldrich. L–ascorbic acid (AA) and sodium borohydride 

(NaBH4) were purchased from Loba Chemie Pvt Ltd. 

and Spectrochem, respectively. All the chemicals were 

used as received. 

3 Experimental Methods 

3.1 Synthesis of Gold NBPs  

Au NBPs were synthesized following the seed-mediated 

method reported earlier by Chateau et al. [24]. For the 

preparation of seed nanoparticles, 80 μL of 25 mM 

HAuCl4 and 72 μL of 0.25 M HNO3 were added to 8mL 

of 66 mM CTAC. The mixture was stirred at 1000 rpm 

for a few minutes, and 100 μL of 50 mM NaBH4 in 

NaOH was added. The solution colour was changed to 

brownish orange. After one minute of stirring, 60 μL of 

0.1 M citric acid was added, and the seed solution was 

heated at 85 oC for 1 h in a water bath. 

The growth solution was prepared using 20 mL of 

46.5 mM CTAB, 200 μL of 25 mM HAuCl4, 165 μL of 

5 mM AgNO3, and 255 μL of 0.4 M ethanoic HQL. 

Seed solutions of varying volumes (0.2, 1, and 1.6 mL) 

were added in three 25 mL glass beakers. Then, 20 mL 

of growth solution was added to each beaker and placed 

in a hot-air oven set at 85 oC for 10 min.  

3.2 Functionalization of Au NBP with 11-

Mercaptoundecanoic Acid 

The functionalization of NBPs was performed using the 

sodium borohydride method reported earlier [25]. 

Before functionalization, the excess precursors and 

other reagents were removed from the NBPs by 

centrifuging the colloidal solution at 8000 rpm for 

15 min. The yellow supernatant was discarded, and the 

residue was re-dispersed in 10 mM CTAB solution. For 

functionalization, 1.5 mL of 100 mM NaBH4 was added 

to 15 mL of CTAB-capped NBPs. The solution was 

kept undisturbed for one hour, and 800 µL of 10 mM 

11 MUA was added. After overnight incubation, the 

excess of 11 MUA was removed from the colloidal 

solution through centrifugation at 8000 rpm for 12 min. 

The supernatant was discarded, and the NBPs were re-

dispersed in water. 

3.3 Characterization of Au Nanobipyramids 

The synthesized Au NBPs were characterized using 

UV-Visible absorption spectroscopy and Field emission 

scanning electron microscopy (FESEM). The absorption 

spectra were recorded using our lab-built setup, 

explained elsewhere [20]. The FESEM images of 

Au NBPs were recorded in Carl Zeiss Gemini SEM 300 

instrument. The FESEM samples were prepared by 

immobilizing the NBPs on a glass coverslip using 

(3-Aminopropyl) trimethoxysilane (APTMS). The 

aspect ratio of NBPs were calculated using ImageJ 

software [26]. 

 

Fig. 1 Normalized absorption spectra of Au NBPs 

synthesized with different seed volumes. 

4 Results and Discussions 

4.1 Spectroscopic and Morphological 

Characterization of Au NBP 

The NBPs are assumed as two pentagonal twinned 

bipyramids connected base to base. This structure forms 

due to the controlled growth of penta-twinned CTAC-

capped seed particles in the growth solution. The 

growth solution is made up of gold precursor, 

stabilizing agent as CTAB, and shape directing agent as 

silver nitrate. The adsorption of silver as silver bromide 

on the surface of gold seeds leads to the anisotropic 

growth. The HQL as a mild reducing agent, reduces the 

reaction rate in the growth solution and favors the 

formation of the bipyramid structure of 

nanoparticles [27, 28].  

The gold NBPs synthesized by the seed-mediated 

growth method [24] were characterized by UV-Vis 

spectroscopy using the lab-built setup [20]. The 

extinction spectra of Au NBP synthesized using seed 

volumes 200 L, 1, and 1.6 mL are shown in Fig. 1.  
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Fig. 2 FESEM images of 11-MUA capped gold nanobipyramids synthesized using (a) 1.6, (b) 1.0, and (c) 0.2 mL of 

seed volume. 

 

Fig. 3 Absorption spectra of NBPs as synthesized, after NaBH4 treatment and after 11-MUA capping synthesized using 

(a) 1.6, (b) 1.0, and (c) 0.2 mL seed volume. 

As it can be seen in the figure, for all three NBPs, 

two prominent features were observed, a transverse 

plasmonic band due to the oscillation of electrons along 

the short axis and a longitudinal plasmonic band due to 

the oscillation of electrons along the long axis [17]. The 

longitudinal plasmon band was observed towards the 

higher wavelength, and the transverse plasmon band 

towards the shorter wavelength. For seed volumes 

200 L, 1, and 1.6 mL, longitudinal plasmon bands 

appear at 903, 752, and 684 nm, respectively, whereas 

transverse band maxima were observed at the same 

position at 530.6 nm. The position of the longitudinal 

plasmon band towards longer wavelength signifies a 

higher length and aspect ratio of the NBP. Therefore, 

decreased seed volume resulted in longer NBP with a 

higher aspect ratio. An increase in the seed volume 

causes less availability of Au3+ ions per seed, resulting 

in a lower overall aspect ratio of NBPs [29]. The lower 

aspect ratio is responsible for the observed blue shifts in 

the longitudinal band position with an increase in the 

seed volume. For seed volume of 200 L, two 

additional bands were seen at 572.8 and 727.9 nm. In a 

recent work, it is reported that as the length of NBP 

increases, the multipoles start appearing in the 

extinction spectrum [30]. The additional band observed 

at 572.8 nm could be due to the multipolar plasmon 

resonances, whereas the band at 727.9 nm could be due 

to a small number of by-products, such as gold 

nanorods [17].  

The FESEM images of synthesized Au NBP are 

shown in Fig. 2. For imaging purpose, the NBPs were 

immobilized on a glass coverslip using 

3-Aminopropyltrimethoxysilane (APTMS). As seen 

from the FESEM images, at 1.6 mL of seed volume, 

nanorice-shaped particles were formed (Fig. 2(a)). The 

bipyramidal shape of nanoparticles was improved by 

lowering the seed volume. More elongated bipyramids 

are formed for 200 µL seed volume, as shown in 

Fig. 2(c). The aspect ratios of these NBPs were 

calculated using ImageJ software, and the obtained 

aspect ratios were 2.0, 2.4, and 3, respectively. 

4.2 Surface Functionalization and Stability of 

NBPs 

Although CTAB acts as a stabilizing agent for the 

synthesized Au NBPs, a considerable blue shift in their 

longitudinal peaks was observed with time. Also, the 
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core of the nanoparticle is unapproachable for any 

biomolecular interactions due to the thick CTAB 

bilayers on the Au NBPs surface [31]. Therefore, CTAB 

must be replaced with suitable stabilizing agents which 

can retain the shape of the NBPs for a long time and 

make them more suitable for bioconjugation. The ligand 

exchange process using alkanethiol is a widely used 

method for the surface functionalization of 

nanoparticles [32]. While the alkanethiol, 11-MUA in 

present case, interacts with the NBPs through -SH head 

group, which has a strong affinity towards gold [13], the 

terminal carboxylic group (-COOH) can be modified 

using EDC/NHS chemistry [29] for bioconjugation.  

The surface functionalization of Au NBPs by 

11-MUA was performed using the sodium borohydride 

method reported by He et al. for the Au nanorods [25]. 

In the process, the CTAB-capped NBPs were treated 

with 50 mM NaBH4. The absorption spectra of NBPs 

were recorded after 1 h and it is shown 

in Fig. 3(a–c). As can be seen, the addition of sodium 

borohydride shifts the longitudinal plasmon bands 

towards a lower wavelength. This could be due to a 

change in the refractive index at the nanoparticle surface 

appearing due to the replacement of CTAB by hydride 

ions [25]. The NaBH4 modified NBPs were treated with 

11-MUA followed by the investigation of absorption 

spectra. The addition of 11-MUA shifts the longitudinal 

bands towards a higher wavelength.

 

       

       

Fig. 4 LSPR band maxima of NBPs recorded on different days: CTAB capped NBPs synthesized using (a) 1.6, (c) 1, 

and (e) 0.2 mL of seed volume, and 11-MUA capped NBPs synthesized using (b) 1.6, (d) 1, and (f) 0.2 mL of seed 

volume.  

 

Fig. 5 Stability of CTAB capped, and 11-MUA capped Au NBPs with time synthesized using (a) 1.6 mL, (b) 1.0 mL, 

and (c) 0.2 mL of seed solution. 
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Fig. 6 LSPR absorption spectra of NBPs at different refractive indices of the medium (a), (c), and (e): CTAB capped 

NBPs synthesized using (a) 1.6, (c) 1.0, and (e) 0.2 mL seed volume; 11-MUA capped NBPs synthesized using (b) 1.6, 

(d) 1.0, and (f) 0.2 mL seed volume. 

After overnight incubation, the NBPs solution was 

centrifuged to remove excess 11-MUA, and the 

absorption spectra were recorded. The redshifts in the 

longitudinal peaks were observed even after 

centrifuging, indicating the binding of 11-MUA 

molecules to the NBP surface. The longitudinal band 

maximum of as-prepared Au NBP in Fig. 3(a) is at 

681 nm, which moved to 666 and 677 nm after NaBH4 
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treatment and 11-MUA capping, respectively. The 

corresponding band positions in Fig. 3(b) are 752, 727, 

and 741 nm, and in Fig. 3(c), are 897, 882, and 892 nm. 

The stability of both CTAB-capped and MUA-

capped Au NBPs was also investigated. Fig. 4(a–f) 

shows the absorption spectra of NBPs recorded for more 

than three weeks, whereas Fig. 5(a–c) shows the 

variation in the longitudinal band maxima with time. As 

shown in Fig. 5(a–c), a gradual decrease in the LSPR 

peak position of CTAB-capped NBPs was observed 

with time which could be due to the decrease in the 

longitudinal size of bipyramids. However, in the case of 

11-MUA-capped high aspect ratio NBPs, the observed 

trend is nearly linear. This indicated that the NBPs are 

highly stable in the presence of 11-MUA. 

4.3 Refractive Index Sensitivity of NBPs 

The refractive index sensitivity of synthesized Au NBP 

were investigated with sucrose solutions of varying 

weight/volume percentages (5–30%). Sucrose is 

selected as it is a highly water-soluble small molecule 

that provides the possibility of refractive index 

modulation of the solution in a controlled manner 

Fig. 6(a–f) shows the absorption spectra of Au NBPs 

with the variation of the sucrose concentration. 

Fig. 6(a, c, e) corresponds to Au NBP capped with 

CTAB, whereas Fig. 6(b, d, f) corresponds to the NBPs 

capped with 11-MUA. The inset in Fig. 6(a–f) shows 

the expanded region of longitudinal plasmon resonance 

band maxima. It is evident in all the LSPR spectra that 

the longitudinal plasmon band shifts towards red with 

an increase in the concentrations of sucrose. This 

indicates the sensitivity of the Au NBPs toward the 

refractive index of the surrounding medium. 

Fig. 7(a–f) shows the variation of the longitudinal 

plasmon resonance band maxima with the change in the 

solution's refractive index. The refractive index values 

of sucrose were obtained from previously published 

works [33–35]. The experiment was repeated thrice for 

each concentration and for all three NBPs to ensure 

reproducibility and obtain the standard deviation. The 

experimental data points correspond to the average 

values of the band maxima position of three trials. The 

experimental data were fitted linearly to obtain the 

sensitivity of corresponding Au NBP. It was observed 

that the RI sensitivity of Au NBPs increases with their 

length and aspect ratio. Also, the 11-MUA capped 

NBPs show better sensitivity compared to the CTAB 

capped Au NBPs, which could be due to the variation in 

adsorbed layer length on the BPs surface because of the 

replacement of the CTAB bilayer by a single monolayer 

of MUA. The figure of merit (FOM) was also calculated 

using FOM = RIS/FWHM [17], which increases with an 

increase in the length and aspect ratio of the NBPs. 

Since the refractive index sensitivity depends on various 

factors like the refractive index of the medium, the 

length of adsorbed layer on the nanoparticle surface and 

the decay length, any change in one of these parameters 

would change the overall sensitivity of 

nanoparticles [36]. 

 

 

Fig. 7 Variation of longitudinal plasmon band maxima against the refractive index of the medium: CTAB capped NBPs 

synthesized using (a) 1.6, (b) 1.0, and (c) 0.2 mL seed volume; 11-MUA capped NBPs synthesized using (b) 1.6, (d) 

1.0, and (f) 0.2 mL seed volume.  
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The obtained RI sensitivity of Au NBPs was 

compared with the RI sensitivity of Au nanospheres and 

Au nanorods. Table 1 lists the RI sensitivity of these 

nanostructures obtained in our earlier work as well as 

reported in other works. It is evident from the table that 

with comparable sizes, Au NBPs shows better RI 

sensitivity, which makes them more suitable for the RI 

sensitivity applications. 

Table 1 Comparison of refractive index sensitivity of 

Au nanosphere, Au nanorods and Au NBPs. 

Nanostructures Size RI sensitivity Ref. 

Au nanospheres 100 nm 180 nm/RIU [37]  

Au nanorods 2.7 AR 317 ± 8 

nm/RIU 

[23] 

Au nanorods 2.7 AR 196 nm/RIU [38]  

Au 

nanobipyramids 

3.0 AR 353 nm/RIU This 

work 

5 Conclusions 

Gold nanobipyramids of different aspect ratios were 

synthesized using a seed-mediated growth method 

where the sizes of nanobipyramids were tuned using 

different seed solution volumes. The CTAB in CTAB 

capped Au NBPs was replaced by 11-MUA, which 

increased the stability of NBPs dramatically. The RI 

sensitivity of CTAB and 11-MUA capped Au NBPs 

were studied with different sucrose concentrations in 

water. It was found that the 11-MUA functionalized 

NBPs have better RI sensitivity and figure of merit 

(FOM) compared to the CTAB capped Au NBPs. 

Further, the RI sensitivity increases with an increase in 

the aspect ratio of Au NBPs. Refractive index 

sensitivity of 353 nm/RIU was obtained for NBPs 

synthesized using 0.2 mL of seed solution with an 

aspect ratio of 3.  
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