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Abstract

:

Gold nanoparticles with multiple branches have attracted intensive studies for their application in sensing of low trace molecules. A large number of the merits found on the gold nanoparticles for the above applications are attributed to the strong localized surface plasmon resonance excited by the incident radiation. However, a facile and flexible way of synthesizing the multi-branch gold nanoparticles with tunable localized surface plasmon resonance frequency is still a challenge for the plasmonic research field. Herein, we report an efficient one-pot synthesis of multi-branch gold nanoparticles method that resembles a seed-medicated approach while using no further chemicals except chloroauric acid, ascorbic acid and 4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid. By controlling the amounts of ascorbic acid volumes in the reaction mixture, the morphology and the localized surface plasmon resonance frequency of the synthesized multi-branch gold nanoparticles can be manipulated conveniently. Moreover, using the 4-Mercaptobenzoic acid as the Raman reporter, the multi-branch gold nanoparticles show superior surface-enhanced Raman spectroscopy characteristics that can be potentially used in chemical and biological sensing.
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1. Introduction


Gold nanoparticles have attracted intensive studies for their application in biological sensing, immunoassay and food safety [1,2,3,4,5]. Plenty of the merits found on the gold nanoparticles for the above applications are ascribed to the strong localized surface plasmon resonance (LSPR) excited on their surface by the incident radiation. Moreover, the fascinating arts of the gold nanoparticles are the tunable LSPR frequency for different application scenarios through the size, shape and even composition engineering [6,7,8].



Surface-enhanced Raman scattering (SERS) phenomenon observed on nanoparticles results in enhanced Raman scattering signals of the molecules that are chemically bonded or physically adsorbed on them [9]. The principle of the SERS is usually attributed to two well-known mechanisms, i.e., electromagnetic mechanism (EM) and chemical mechanism (CM). EM originates from the enhanced localized electromagnetic field near the nanostructure surface produced by the LSPR, while the CM results from the charge transferring between the molecules and nanoparticles/substrate [10]. Both of these two mechanisms induce the boosted polarizability of the target molecules and, consequently, promote the Raman scattering signal [11,12]. In view of these fundamentals, many works have been carried out to improve the near-surface electromagnetic field intensity or charge transferring efficiency [13,14,15,16]. In recent studies, much attention has been placed on tuning nanoparticle shape-dependent LSPR properties to achieve intense localized electromagnetic field [17,18].



Different types of gold nanoparticles, such as gold nanorod, nanoflower, nanopolyhedral and even nanourchin, etc. have been extensively investigated for their easy-tuning LSPR frequency and superior SERS performance [19,20,21,22,23]. Meanwhile, studies on the gold nanoparticles with multi-branches (AuNBr) also reveal their excellent SERS activities [24,25,26,27,28]. Using the 4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES) as the reducing and capping agent, the shape and length of the branches of the AuNBr are able to be conveniently adjusted by controlling the HAuCl4/HEPES ratios, the temperature or surfactant [17,29,30,31,32,33]. However, many studies have shown that the mechanism of synthesizing the AuNBr is a kind of two-step procedure [21,25,27,30]. Generally, in the first step, a small amount of HAuCl4 is added into HEPES solution to facilitate the formation of Au seeds or in certain experiments, pre-prepared Au nanoparticles is used straightforwardly as seeds, thereafter, more HAuCl4 is added into the reaction mixture to further promote the anisotropic growth of the branches on the Au seeds. However, due to the low reduction capability of the HEPES, the typical size of the non-seed mediated nanoparticle by using the HEPES usually is less than 30 nm, and the whole synthetic procedure takes more than one hour [18,25,27,32].



Herein, we report a one-pot synthesis of AuNBr that resembles seed-medicated approaches while using no further toxic chemicals except HAuCl4, ascorbic acid (AA) and HEPES. In this synthetic procedure, the core sizes (from 26 nm to 50 nm) and branches (from 7 nm to 10 nm) of the nanoparticles are able to be easily tuned by the amounts of the added AA volumes, while the whole synthesis duration is less than 40 min, and from the optical characteristics of the synthesized AuNBr, it shows up to 84-nm LSPR change. Moreover, by using the 4-Mercaptobenzoic acid (4-MBA) as the Raman reporter and finite element method (FEM) simulation, the SERS activities of these AuNBr are experimentally and theoretically investigated; the results indicate that a maximum Raman enhancement factor of 1.3 × 108 can be achieved, which is assured by the significantly enhanced near surface electromagnetic field on the optimized AuNBr morphology. Overall, this one-pot synthesis method provides a facile and efficient method to prepare the AuNBr, which can be potentially used for bio-sensing.




2. Materials and Methods


2.1. Chemicals


Tetrachloroauric (III) acid trihydrate (HAuCl4·3H2O, 99.5%) were purchased from Sigma-Aldich. Sodium hydroxide (NaOH) were purchased from Aladdin. 2-[4-(2-Hydroxyethyl)-1-piperazinyl]-ethanesulfonic acid (HEPES) were purchased from Macklin. Ascorbic acid (AA) was purchased from Bodi Chemical Reagent Co. (Tianjin, China). 4-MBA was obtained from J&K Chemical. Milli-Q water (18.2 MΩ·cm−1 resistivity) was used for all solution preparation. All glassware was cleaned using aqua regia (Caution! aqua regia is highly corrosive and should be handled with great care) and rinsed with deionized water several times before the experiments.




2.2. Synthesis of AuNBr


Aqueous stock solution of HEPES with a concentration of 100 mM was prepared with the Milli-Q water, and the pH value was adjusted to 7.4 at 4 °C by adding 1 M NaOH solution. Aqueous stock solution of AA with a concentration of 100 mM was also prepared with Milli-Q water. In a typical experiment, 1 mL of 100 mM HEPES (pH = 7.4) was mixed with 9 mL of deionized water in the beaker, and totally eight sets of solutions were prepared. Thereafter, different volumes of 100 mM AA solution (10 μL, 20 μL, 30 μL, 40 μL, 50 μL, 60 μL, 70 μL, 80 μL) were drop-wisely added into each beaker, respectively. In the final step, 0.3 mL of 20 mM HAuCl4 was added into the reaction mixture. With gentle shaking, these reaction mixtures were maintained for 40 min at 4 °C. In all of these reactions, the amount of added AA was insufficient to fully consume the HAuCl4, and the rest of HAuCl4 after reacting with AA was finally depleted by the excess HEPES in the mixture.




2.3. SERS Measurement


The SERS performances of the AuNBr were evaluated with 4-MBA Raman molecules. Firstly, the sample solutions were prepared by adding 20 μL of 10 mM 4-MBA solution to the above purified 3 mL of AuNBr solutions under stirring, and the resultant solutions were agitated for 5 h. Afterwards, the mixtures were centrifuged at 10,000 rpm for 20 min to remove unbound 4-MBA molecules, then the sediments at the bottom of centrifuge tubes were re-dispersed in 3 mL deionized water as 4-MBA AuNBr solutions, and transferred to the quartz cuvette for SERS measurement.




2.4. Characterization


SU-70 FESEM (Hitachi, Tokyo, Japan) instrument was used to collect the scanning electron microscopy (SEM) images under an accelerating voltage of 5 kV. Transmission electron microscope (TEM), high-resolution transmission electron microscope (HRTEM) images were obtained with TEM (JEM-2100F, JEOL, Tokyo, Japan) operated at accelerating voltage of 200 kV. UV–vis absorption spectra were monitored with a spectrometer (TU1901, P-General, Samutprakarn, Thailand). SERS measurements were carried out on a Raman microscope (BWS415, B&W Tek Inc., Newark, DE, USA) by using a 785 nm semiconductor laser as the excitation source. The Raman spectra were collected under the laser power of 10 mW, and integration time of 10 s.




2.5. Numerical Simulation


Finite element method (FEM) simulation was performed by using the COMSOL Multiphysics software (COMSOL AB, Stockholm, Sweden). The AuNBr model structures were created based on the TEM images. Generally, the model consisted of the superposition of the spherical core and random distributed branches, in which the branches were approximated with the spheroids. The physical profile of the core and branches were obtained by measuring the parameters from the corresponding AuNBr TEM image. In the theoretical modeling, perfect matched layer (PML) was used, and plane wave with the wavelength from 400 nm to 800 nm was exerted as the excitation source, the absorption spectra and the near surface electromagnetic field were recorded.





3. Results


3.1. The Effect of the Added AA Volumes


The up-to-date methods of preparing the AuNBr by using the HEPES usually comprise two approaches. One is the Au seeds mediated branches growth, in which the HEPES is used as the reducing and shape-directing agent; the other one first adding small amount of HEPES into the HAuCl4 solution to prepare the Au seeds, then more HEPES is added into the reaction mixture to further promote the anisotropcal growth of the AuNBr. Both of them are a two-step synthetic procedure. Nevertheless, in these experiments, the controlling of AuNBr morphologies as well as the time efficiency are big challenges. Herein, a one-pot synthesis of tunable AuNBr that resembles seed-medicated approaches is discussed, and chemicals of only HAuCl4, AA and HEPES are used. In order to properly control the morphology of the AuNBr, the amounts of AA that used during the reaction are investigated. By implementing the aforementioned synthesizing method, eight samples with different added amounts of AA volumes (10 μL to 80 μL) are examined.



The typical FESEM (Field Emission Scanning Electron Microscopy) and TEM images of the AuNBr are shown in the Figure 1 and Figure 2, respectively. It could be observed on the Figure 1 that the as-synthesized nanoparticles are quasi-spherical, and branches protrude outwards on the nanoparticle surface. Moreover, when the added AA volumes increase, it shows that both the size of the AuNBr core and the number of the branches on the surface decreased. These evidences indicate that the amount of the added AA volumes has a significant effect on the particle morphology. The TEM images (Figure 2) of the AuNBr obtained with different AA volumes reveal more structural information, and details are listed in Table 1. It can be found on the images that the nanoparticles show typical structures that branch and are randomly distributed on solid core AuNBr. The branches are obtuse and exhibit varying contrast which is different from the uniformly dark solid core. Moreover, it can be found that when the added AA volumes are less than 60 μL, branches where clear profiles can be observed, whereas when the added AA volumes increase to 60 μL or even higher volumes, e.g., 70 μL and 80 μL, the branches on the surface gradually fade, and in the case of 80 μL, the nanoparticle is more or less like the regular Au nanoparticle. More specifically, the mean core size of the AuNBr shrinks from 50 nm to 25 nm when the added AA volumes increase from 10 μL to 80 μL, while for the branches, the area of the foot region expands and the total length reduces. These observations clearly illustrate that the AuNBr evolves from relatively large core with dense and tiny branches to small core with sparse and hypertrophic ones. Additionally, the high-resolution image for the case of 40 μL AA is also shown in the inset of Figure 2d. It is clearly illustrated that the branches on the AuNBr is single crystalline with the lattice constant of 2.45 Å, which is consist with the other experiments [27].



To further investigate the optical characteristics of the AuNBr, the photographic images and UV–vis spectroscopy of the synthesized AuNBr are measured and shown in Figure 3a. As it can be obviously found that distinguished color change of the solution from slate blue to violet red as the amount of the added AA volumes increase. In addition, for the UV–vis spectroscopy, the absorption peak for the case of added AA volumes equal to 80 μL is centered at 550 nm, which is quite close to the absorption peak of regular Au nanoparticle. With the simultaneous increase of the core size and the branches length, the absorption peak shifts from 550 nm to 644 nm, which gives a total wavelength shift of 84 nm (Figure 3b).




3.2. SERS Performance of the AuNBr and Enhancement Factor


In order to assess the sensing capability of the AuNBr, the SERS signals are measured by using the 4-MBA (10 mM) as Raman reporter, which is shown in Figure 3c. The peaks at 1078 cm−1 and 1587 cm−1 that are assigned to ν(C-C) benzene ring-breathing modes are clearly shown. The SERS performance of the AuNBr is evaluated by calculating the enhancement factor (EF) of the nanoparticles, in which the following equation is used [7,34] (see the detailed numerical calculation in supplementary materials):


  E F = (  I  S E R S   ×  N  N R   ) /  (   I  N R   ×  N  S E R S    )   








where    I  S E R S     and    I  N R     are the integrated peak intensity at 1078 cm−1 from SERS and from the pure 4-MBA solution, respectively.    N  N R     is the number of bulk molecules probed in bulk sample, and    N  S E R S     is the number of molecules that adsorbed on the nanoparticle. The calculated EFs of the nanoparticles are shown in Table 2, respectively. Referring to the EFs of the nanoparticle reported in other work [19,27,35,36,37], the AuNBr here shows comparable SERS performance, and the maximum EF is found on the AuNBr synthesized with 40 μL AA, which can reach 108 at the excitation wavelength of 785 nm.





4. Discussion


Based on the above experimental results, it can be seen that the amounts of the added AA volume play a pivotal role in shaping the particle morphology, and this critical function could be attributed to the relatively strong reducing capability of the AA compared to that of HEPES. In Figure 4, a schematic plot of the growth mechanism is shown. As we can see that when HAuCl4 is dropped into the AA and HEPES reaction mixture, AA tends to react with the HAuCl4 firstly and forms the Au seeds instantaneously. However, in this event, due to the added amounts of AA volumes in each case being different (resulting in different AA concentrations in the reaction mixtures), and according to [38,39,40], we can have the inference that the nucleation rate of the Au0 is much faster when AA concentration is high, as a result, Au seeds of smaller size are synthesized. On the contrary, the reducing reaction is much slower when AA concentration is low, and Au0 tends to accumulate on the same nucleation, producing larger Au seeds. Thereafter, when the reaction between the HAuCl4 and AA is finished, the residual HAuCl4 continuously reacts with the excess HEPES. Since the by-product between the HEPES and HAuCl4 reaction favors to anisotropcally adsorb on the high-energy faces of the Au seeds (surface energy: (100) > (110) > (111)), and inhibits the growth of the Au on the high-energy faces, therefore, under the relatively low concentration of HAuCl4 reaction mixture, branches tend to grow on the (111) crystalline face of the Au seed [29]. Besides, it is worth noting that the foot region of the branch expands (a, b of the ellipsoid) and the length is reduced (c of the ellipsoid) when the AA volumes gradually increase (see Table 1). Since branches usually start to appear on the (111) surfaces, the initial surface energy for small cores is higher than that of large cores. Therefore, in order to lower the total surface energy, the foot region of the branch on the small core tends to expand laterally more intensely during the branch-growing phase, contributing to the core size. Meanwhile, the increase of branch length is retarded due to lack of Au0. In addition, the relatively small surface area of the core further limits the number of (111) faces that expose to the reaction mixture, and consequently limits the total number of branches on the surface. Thus, the above growth strategy ultimately results in spars, short and hypertrophic branches [25,41]. On the other hand, for large cores, the initial surface energy is relatively lower than that of small cores. The laterally expanding foot religion during the branch-growing phase is, therefore, much weaker, and the length of the branch increased more efficiently. Additionally, a higher number of (111) faces are exposed to the reaction mixture for the large cores, and more branches on the surface grow simultaneously. As a result, this growth strategy produces tiny, dense and long branches.



Moreover, nanoparticles with branches are known to exhibit hybridized surface plasmon characteristics that result from solid core and individual branches, respectively [25]. However, in our experiment, a single absorption peak with relative broad full width at half maximum (FWHM) can be observed except the one synthesized with 10 μL AA. This could be attributed to the branches on these AuNBr being relatively short, resulting in minor energy splitting between the bonding and anti-bonding state. For the AuNBr synthesized with 10 μL AA, the hump observed at short wavelength region could be ascribed to the relatively long and dense branches, which causes increased energy splitting during the hybridization. In addition, the absorption peaks of the nearly spherical Au nanoparticle synthesized with 20 μL AA is at 550 nm, and the increase of the core size of the AuNBr will red shift the peak positions, but only hybridizing with the absorption peak of the branches which locates at near infrared region that can achieve such significant LSPR frequency change [25].



Furthermore, the calculation of the EFs shows that all of the AuNBr synthesized with different amounts of AA volumes have relatively good SERS performance, nevertheless, the EF of AuNBr synthesized with 40 μL AA is still about two orders higher than that of the AuNBr synthesized with 80 μL AA, and ten times higher than that of the AuNBr synthesized with 10 μL AA. Although the absorption peak of the AuNBr synthesized with the reducing of added AA volumes is gradually shifted towards the wavelength of Raman exciting laser (785 nm), and consequently promoting the resonance Raman scattering, this does not explain the experimental observation that the maximum EF appears on the AuNBr synthesized with 40 μL AA. To shed light on the physical mechanism of this observation, the near-surface electric field intensity of the AuNBr is calculated by the FEM simulation, which is shown in the Figure 4c. It can be seen that the peak intensity of the electric field of the AuNBr synthesized with 40 μL AA reaches 140 eV/cm, which is the highest one among all of the AuNBr (see Figure S2 in supplementary). Considering the near-surface electric field is closely related to the physical structure of the AuNBr, it can be understood that with the properly added AA volumes in the reaction mixture, the prepared AuNBr with optimized core size (30 nm) and branches (a = b = 7 nm, c = 10 nm) can produce the strongest near-surface electric field intensity. In view of the approximated fourth power relation (|E|4) between the Raman intensity and the electromagnetic field, the AuNBr synthesized with 40 μL AA ultimately gives the best EF as shown in Table 2.




5. Conclusions


In all, we have prepared AuNBr with an efficient one-pot synthesizing method, while using no further chemicals except HAuCl4, AA and HEPES. In this facile synthetic procedure, the dependence of the core size and branches on the AA volumes is comprehensively investigated, and a possible growing mechanism of the AuNBr is proposed. Moreover, by using the 4-MBA as the reporter, the SERS performance is evaluated; results show that the optimized AuNBr shows superior SERS activity and can be used for future bio-sensing applications.








Supplementary Materials


The following are available online at http://www.mdpi.com/2079-6374/8/4/113/s1. Figure S1: During the measurement, the uniformly dark solid area is considered as core, the grey and translucent part is considered as the branch, and those nanoparticles with extremely abnormal size are ignored. The structural parameters of the AuNBr are shown (a) 10 μL; (b) 20 μL; (c) 30 μL; (d) 40 μL; (e) 50 μL; (f) 60 μL; (g) 70 μL; (h) 80 μL. The red crosses indicate the branches that are measured, Figure S2: The FEM simulated absorption spectra and near-surface electric field intensity for the nanoparticles synthesized with the AA of (a) 20 μL; (b) 70 μL. The electric field is extract under the irradiation wavelength of 785 nm.





Author Contributions


Conceptualization, methodology, data curation, software and visualization W.L., C.G., S.Z. and T.J.; validation, formal analysis, investigation and writing—original draft preparation, C.G., W.L. and J.Z.; writing—review and editing, T.J., S.Z., and J.H.; supervision, project administration, and funding acquisition, J.Z.




Funding


This research was funded by National Natural Science Funding of China (Grant No. 61320106014, 61675104, 61704095) and the K.C. Wong Magna Fund in Ningbo University. This project also has received funding from the European Union’s Horizon 2020 research and innovation programme under the Marie Sklodowska-Curie grant agreement No. 798916.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lopez, A.; Lovato, F.; Hwan Oh, S.; Lai, Y.H.; Filbrun, S.; Driskell, E.A.; Driskell, J.D. SERS immunoassay based on the capture and concentration of antigen-assembled gold nanoparticles. Talanta 2016, 146, 388–393. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Zheng, T.; Bott, S.; Huo, Q. Techniques for Accurate Sizing of Gold Nanoparticles Using Dynamic Light Scattering with Particular Application to Chemical and Biological Sensing Based on Aggregate Formation. ACS Appl. Mater. Interfaces 2016, 8, 21585–21594. [Google Scholar] [CrossRef] [PubMed]

	



Priyadarshini, E.; Pradhan, N. Gold nanoparticles as efficient sensors in colorimetric detection of toxic metal ions: A review. Sens. Actuator B Chem. 2017, 238, 888–902. [Google Scholar] [CrossRef]

	



He, S.; Kyaw, Y.M.E.; Tan, E.K.M.; Bekale, L.; Kang, M.W.C.; Kim, S.S.-Y.; Tan, I.; Lam, K.-P.; Kah, J.C.Y. Quantitative and Label-Free Detection of Protein Kinase A Activity Based on Surface-Enhanced Raman Spectroscopy with Gold Nanostars. Anal. Chem. 2018, 90, 6071–6080. [Google Scholar] [CrossRef] [PubMed]

	



Yu, B.; Cao, C.; Li, P.; Mao, M.; Xie, Q.; Yang, L. Sensitive and simple determination of zwitterionic morphine in human urine based on liquid-liquid micro-extraction coupled with surface-enhanced Raman spectroscopy. Talanta 2018, 186, 427–432. [Google Scholar] [CrossRef] [PubMed]

	



Maiorano, G.; Rizzello, L.; Malvindi, M.A.; Shankar, S.S.; Martiradonna, L.; Falqui, A.; Cingolani, R.; Pompa, P.P. Monodispersed and size-controlled multibranched gold nanoparticles with nanoscale tuning of surface morphology. Nanoscale 2011, 3, 2227–2232. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Q.; Large, N.; Wang, H. Gold Nanoparticles with Tipped Surface Structures as Substrates for Single-Particle Surface-Enhanced Raman Spectroscopy: Concave Nanocubes, Nanotrisoctahedra, and Nanostars. ACS Appl. Mater. Interfaces 2014, 6, 17255–17267. [Google Scholar] [CrossRef] [PubMed]

	



Reguera, J.; Langer, J.; Jiménez de Aberasturi, D.; Liz-Marzán, L.M. Anisotropic metal nanoparticles for surface enhanced Raman scattering. Chem. Soc. Rev. 2017, 46, 3866–3885. [Google Scholar] [CrossRef] [PubMed]

	



Fleischmann, M.; Hendra, P.J.; McQuillan, A.J. Raman spectra of pyridine adsorbed at a silver electrode. Chem. Phys. Lett. 1974, 26, 163–166. [Google Scholar] [CrossRef]

	



Otto, A. The ‘chemical’ (electronic) contribution to surface-enhanced Raman scattering. J. Raman Spectrosc. 2005, 36, 497–509. [Google Scholar] [CrossRef]

	



Kelly, K.L.; Coronado, E.; Zhao, L.L.; Schatz, G.C. The Optical Properties of Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment. J. Phys. Chem. B 2003, 107, 668–677. [Google Scholar] [CrossRef]

	



Park, W.-H.; Kim, Z.H. Charge Transfer Enhancement in the SERS of a Single Molecule. Nano Lett. 2010, 10, 4040–4048. [Google Scholar] [CrossRef] [PubMed]

	



Kanipe, K.N.; Chidester, P.P.F.; Stucky, G.D.; Moskovits, M. Large Format Surface-Enhanced Raman Spectroscopy Substrate Optimized for Enhancement and Uniformity. ACS Nano 2016, 10, 7566–7571. [Google Scholar] [CrossRef] [PubMed]

	



Ding, S.-Y.; Yi, J.; Li, J.-F.; Ren, B.; Wu, D.-Y.; Panneerselvam, R.; Tian, Z.-Q. Nanostructure-based plasmon-enhanced Raman spectroscopy for surface analysis of materials. Nat. Rev. Mater. 2016, 1, 16021. [Google Scholar] [CrossRef]

	



Zhang, Q.; Li, X.; Ma, Q.; Zhang, Q.; Bai, H.; Yi, W.; Liu, J.; Han, J.; Xi, G. A Metallic molybdenum dioxide with high stability for surface enhanced Raman spectroscopy. Nat. Comm. 2017, 8, 14093. [Google Scholar] [CrossRef] [PubMed]

	



Ben-Jaber, S.; Peveler, W.J.; Quesada-Cabrera, R.; Cortés, E.; Sotelo-Vazquez, C.; Abdul-Karim, N.; Maier, S.A.; Parkin, I.P. Photo-induced enhanced Raman spectroscopy for universal ultra-trace detection of explosives, pollutants and biomolecules. Nat. Comm. 2016, 7, 12189. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Yockell-Lelièvre, H.; Lussier, F.; Masson, J.F. Influence of the Particle Shape and Density of Self-Assembled Gold Nanoparticle Sensors on LSPR and SERS. J. Phys. Chem. C 2015, 119, 28577–28585. [Google Scholar] [CrossRef]

	



Chandra, K.; Culver, K.S.B.; Werner, S.E.; Lee, R.C.; Odom, T.W. Manipulating the Anisotropic Structure of Gold Nanostars using Good’s Buffers. Chem. Mater. 2016, 28, 6763–6769. [Google Scholar] [CrossRef]

	



Li, J.; Zhou, J.; Jiang, T.; Wang, B.; Gu, M.; Petti, L.; Mormile, P. Controllable synthesis and SERS characteristics of hollow sea-urchin gold nanoparticles. Phys. Chem. Chem. Phys. 2014, 16, 25601–25608. [Google Scholar] [CrossRef] [PubMed]

	



Wang, A.; Kong, X. Review of Recent Progress of Plasmonic Materials and Nano-Structures for Surface-Enhanced Raman Scattering. Materials 2015, 8, 3024–3052. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Lin, K.-Q.; Yi, J.; Hu, S.; Liu, B.-J.; Liu, J.-Y.; Wang, X.; Ren, B. Size Effect on SERS of Gold Nanorods Demonstrated via Single Nanoparticle Spectroscopy. J. Phys. Chem. C 2016, 120, 20806–20813. [Google Scholar] [CrossRef]

	



Niu, W.; Chua, Y.A.A.; Zhang, W.; Huang, H.; Lu, X. Highly Symmetric Gold Nanostars: Crystallographic Control and Surface-Enhanced Raman Scattering Property. J. Am. Chem. Soc. 2015, 137, 10460–10463. [Google Scholar] [CrossRef] [PubMed]

	



Mahyari, F.A.; Tohidi, M.; Safavi, A. Synthesis of gold nanoflowers using deep eutectic solvent with high surface enhanced Raman scattering properties. Mater. Res. Express 2016, 3, 095006. [Google Scholar] [CrossRef]

	



Zou, X.; Ying, E.; Dong, S. Seed-mediated synthesis of branched gold nanoparticles with the assistance of citrate and their surface-enhanced Raman scattering properties. Nanotechnology 2006, 17, 4758–4764. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.; Zhang, Q.; Lee, J.Y.; Wang, D.I.C. The Synthesis of SERS-Active Gold Nanoflower Tags for In Vivo Applications. ACS Nano 2008, 2, 2473–2480. [Google Scholar] [CrossRef] [PubMed]

	



Serizawa, T.; Hirai, Y.; Aizawa, M. Detection of enzyme activities based on the synthesis of gold nanoparticles in HEPES buffer. Mol. BioSyst. 2010, 6, 1565–1568. [Google Scholar] [CrossRef] [PubMed]

	



Saverot, S.; Geng, X.; Leng, W.; Vikesland, P.J.; Grove, T.Z.; Bickford, L.R. Facile, tunable, and SERS-enhanced HEPES gold nanostars. RSC Adv. 2016, 6, 29669–29673. [Google Scholar] [CrossRef]

	



Vijayaraghavan, P.; Liu, C.-H.; Hwang, K.C. Synthesis of Multibranched Gold Nanoechinus Using a Gemini Cationic Surfactant and Its Application for Surface Enhanced Raman Scattering. ACS Appl. Mater. Interfaces 2016, 8, 23909–23919. [Google Scholar] [CrossRef] [PubMed]

	



Xie, J.; Lee, J.Y.; Wang, D.I.C. Seedless, Surfactantless, High-Yield Synthesis of Branched Gold Nanocrystals in HEPES Buffer Solution. Chem. Mater. 2007, 19, 2823–2830. [Google Scholar] [CrossRef]

	



Kedia, A.; Senthil Kumar, P. Precursor-Driven Nucleation and Growth Kinetics of Gold Nanostars. J. Phys. Chem. C 2012, 116, 1679–1686. [Google Scholar] [CrossRef]

	



Wang, Y.-C.; Gunasekaran, S. Spectroscopic and microscopic investigation of gold nanoparticle nucleation and growth mechanisms using gelatin as a stabilizer. J. Nanopart Res. 2012, 14. [Google Scholar] [CrossRef]

	



Webb, J.A.; Erwin, W.R.; Zarick, H.F.; Aufrecht, J.; Manning, H.W.; Lang, M.J.; Pint, C.L.; Bardhan, R. Geometry-Dependent Plasmonic Tunability and Photothermal Characteristics of Multibranched Gold Nanoantennas. J. Phys. Chem. C 2014, 118, 3696–3707. [Google Scholar] [CrossRef]

	



Sajitha, M.; Vindhyasarumi, A.; Gopi, A.; Yoosaf, K. Shape controlled synthesis of multi-branched gold nanocrystals through a facile one-pot bifunctional biomolecular approach. RSC Adv. 2015, 5, 98318–98324. [Google Scholar] [CrossRef]

	



Álvarez-Puebla, R.A. Effects of the Excitation Wavelength on the SERS Spectrum. J. Phys. Chem. Lett. 2012, 3, 857–866. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Zhou, J.; Yuan, X.; Jiang, T.; Petti, L.; Zhou, L.; Mormile, P. Hydrothermal synthesis of gold polyhedral nanocrystals by varying surfactant concentration and their LSPR and SERS properties. RSC Adv. 2015, 5, 68668–68675. [Google Scholar] [CrossRef]

	



Zhuang, C.; Xu, Y.; Xu, N.; Wen, J.; Chen, H.; Deng, S. Plasmonic Sensing Characteristics of Gold Nanorods with Large Aspect Ratios. Sensors 2018, 18, 3458. [Google Scholar] [CrossRef] [PubMed]

	



Li, Q.; Jiang, Y.; Han, R.; Zhong, X.; Liu, S.; Li, Z.-Y.; Sha, Y.; Xu, D. High Surface-Enhanced Raman Scattering Performance of Individual Gold Nanoflowers and Their Application in Live Cell Imaging. Small 2013, 9, 927–932. [Google Scholar] [CrossRef] [PubMed]

	



Sau, T.K.; Murphy, C.J. Room Temperature, High-Yield Synthesis of Multiple Shapes of Gold Nanoparticles in Aqueous Solution. J. Am. Chem. Soc. 2004, 126, 8648–8649. [Google Scholar] [CrossRef] [PubMed]

	



Miranda, O.R.; Dollahon, N.R.; Ahmadi, T.S. Critical Concentrations and Role of Ascorbic Acid (Vitamin C) in the Crystallization of Gold Nanorods within Hexadecyltrimethyl Ammonium Bromide (CTAB)/Tetraoctyl Ammonium Bromide (TOAB) Micelles. Cryst. Growth Des. 2006, 6, 2747–2753. [Google Scholar] [CrossRef]

	



Zümreoglu-Karan, B. A rationale on the role of intermediate Au(III)–vitamin C complexation in the production of gold nanoparticles. J. Nanopart Res. 2009, 11, 1099–1105. [Google Scholar] [CrossRef]

	



Bastús, N.G.; Comenge, J.; Puntes, V. Kinetically Controlled Seeded Growth Synthesis of Citrate-Stabilized Gold Nanoparticles of up to 200 nm: Size Focusing versus Ostwald Ripening. Langmuir 2011, 27, 11098–11105. [Google Scholar] [CrossRef] [PubMed]








[image: Biosensors 08 00113 g001 550] 





Figure 1. FESEM images of the AuNBr synthesized with different amounts of AA volumes: (a) 10 μL; (b) 20 μL; (c) 30 μL; (d) 40 μL; (e) 50 μL; (f) 60 μL; (g) 70 μL and (h) 80 μL. 
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Figure 2. TEM images of the AuNBr synthesized with different amounts of AA volumes: (a) 10 μL; (b) 20 μL; (c) 30 μL; (d) 40 μL; (e) 50 μL; (f) 60 μL; (g) 70 μL and (h) 80 μL. 
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Figure 3. (a) UV–vis absorption spectra of AuNBr colloidal prepared with different amounts of AA volumes. The inset shows the true color of prepared AuNBr colloid; (b) tunability of the absorption peaks with the change of the AA volumes; (c) the SERS spectra of 4-MBA adsorbed on the AuNBr. Labels 1–8 in the y axis correspond to the added AA volumes from 10 μL to 80 μL, respectively. 
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Figure 4. (a) Schematic plot of the growth mechanism; (b) structural model and the simulated absorption curve compared with the experimental one (AA = 40 μL); (c) near-surface electric field intensity of the simulated model. 
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Table 1. The detailed structural parameters of the synthesized AuNBr measured from TEM images (see Figure S1 in supplementary).
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AA/μL

	
Mean Radius of Core/nm

	
Mean Branches/nm 1




	
a = b

	
c






	
10

	
50 ± 4.1

	
5 ± 1.3

	
10 ± 2.2




	
20

	
40 ± 4.0

	
5.5 ± 1.5

	
10 ± 2.3




	
30

	
35 ± 3.1

	
6 ± 1.8

	
10 ± 2.2




	
40

	
30 ± 3.5

	
7 ± 1.8

	
10 ± 2.3




	
50

	
30 ± 3.2

	
7 ± 2.2

	
7.5 ± 1.7




	
60

	
26 ± 3.0

	
7 ± 2.1

	
7 ± 1.8




	
70

	
25 ± 2.9

	
7 ± 1.8

	
6 ± 1.5




	
80

	
25 ± 2.8

	
7 ± 2.3

	
4 ± 1.6








1 The equation of the ellipsoid is      x 2   a  +    y 2   b  +    z 2   c  = 1  .
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Table 2. The calculated enhancement factors of the synthesized AuNBr with different amounts of AA volumes.
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	AA/μL
	EF





	Sample 1
	10
	6.6 × 107



	Sample 2
	20
	9.3 × 107



	Sample 3
	30
	9.6 × 107



	Sample 4
	40
	1.5 × 108



	Sample 5
	50
	8.5 × 107



	Sample 6
	60
	5.2 × 106



	Sample 7
	70
	4.8 × 106



	Sample 8
	80
	2.7 × 106



	Au nanostar (ref. [19])
	-
	~107



	Au nanopolyhedral (ref. [27])
	-
	~105 to 106



	Au nanorod (ref. [35])
	-
	~108



	Au nanoflower (ref. [36])
	-
	~108



	Au nanourchins(ref. [37])
	-
	~109
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