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Abstract

:

Ascorbic acid (AA) has been widely used to improve human health since it was first found, such as resisting scurvy, enhancing immunity, and preventing arteriosclerosis. Moreover, it plays a very important role in the anti-oxidation process in the human body. Therefore, it is of great significance to develop sensitive and accurate detection methods. In this work, silver-coated gold nanorods (Au@Ag NRs) acted as the optical probe, which could be etched with hydroxyl radicals (·OH) from the Fenton reaction between H2O2 and Fe2+, leading to the blue shift of longitudinal localized surface plasmon resonance absorption. However, as a free radical scavenger, AA was able to inhibit the Fenton reaction, resulting in a red shift of plasmon resonance absorption. Based on the change in longitudinal plasma resonance absorption of silver-coated gold nanorods, a linear relationship between the maximum longitudinal absorption wavelength and the concentration of AA was established in the range of 2.5–17.5 μM with a limit of detection (LOD) of 0.48 μM and a limit of quantitation (LOQ) of 1.61 μM, which was feasible to detect AA in tablets.
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1. Introduction


Ascorbic acid (AA), also known as vitamin C (Vc), is widely found in natural products such as fruits and vegetables [1]. As early as Columbus’s sailing days, AA was used to improve the health of the crews. In addition, AA can also be used as a nutritional additive and an antioxidant in many foods [2], which is advantageous to improve human health and immunity, etc. Moreover, it can be used in wheat flour to improve the nutritional and organoleptic properties of bread [3]. Therefore, it is very meaningful to determine AA.



By now, abundant methods of AA detection have been widely developed. For example, traditional iodometric titration [4] has been employed in pharmacopoeias. In recent years, modern technical methods have been proposed, such as light scattering [5], colorimetry [6,7], fluorimetry [8], electrochemistry [9,10], and chemiluminescence [11]. Among them, absorption spectrometry has attracted widespread concern owing to its low cost, easy operation, and flexible probes [12].



As an excellent optical probe, gold nanorods (Au NRs) present the longitudinal localized surface plasmon resonances in the range of 500–1000 nm by adjusting their morphology, size, and structure [13], which have found wide application in the fields of biosensing [14], chemical reaction monitoring [15], and cancer treatment due to their adjustable properties and good biocompatibility. What is more, bimetallic core−shell nanostructures have attracted growing attention owing to their unique properties and great potential, which are different from those of monometallic counterparts and alloys [16]. Usually, gold nanorods can easily form bimetallic silver-coated gold nanorods by the deposition of a silver layer on the surface of gold nanorods due to the similar lattice constants [17]; this process has shown promising potential in simple and sensitive assays in biosensing [18,19] based on the shift of longitudinal localized surface plasmon resonances [20].



Based on the above characteristics, a highly sensitive and selective detection of AA was achieved with silver-coated gold nanorods as optical probes (Scheme 1). Under the optimal conditions, the silver atoms on the gold nanorods’ surface were etched by hydroxyl radicals generated by the Fenton reaction of H2O2 and Fe2+, leading to a lower aspect ratio of silver-coated gold nanorods, which resulted in the blue shift of the longitudinal localized surface plasmon resonance. However, the introduction of AA could inhibit the etching of hydroxyl radicals due to the reducibility of AA, which could induce a higher aspect ratio of silver-coated gold nanorods, leading to the red shift of the longitudinal localized surface plasmon resonance. Based on the linear relationship between the longitudinal localized surface plasmon resonance and the AA concentration, an accurate and highly selective method was established. It was further used to detect AA tablets from different companies, which agreed well with the result detected by iodometry in Pharmacopeia 2020 and with labeled quality.




2. Materials and Methods


2.1. Apparatus


The absorption spectra were obtained from a UV-3600 UV-visible near-infrared spectrophotometer (Shimadzu, Kyoto, Japan), and the nanorods images were observed by an S-4800 scanning electron microscope (SEM, Hitachi, Tokyo, Japan). A DF-101S collector thermostatic heating magnetic stirrer (Shanghai Lichen Bangxi Instrument Technology Co., Ltd., Shanghai, China) was used to control the reaction temperature, and an L420 desktop high-speed centrifuge (Hunan Xiangyi Laboratory Instrument Development Co., Ltd., Changsha, China) was used to purify nanorods.




2.2. Materials


Ascorbic acid (L-AA) was obtained from Zhiyuan Chemical Reagent Co., Ltd. (Tianjin, China). NaOH, 30% H2O2, AgNO3, HAuCl4, NaBH4, and sodium oleate (NaOL) were commercially purchased from Chuangdong Chemical Company (Chongqing, China). L-argnine (L-Arg), L-lysine (L-Lys), L-tryptophane (Trp), L-phenylalanine (L-Phe), L-threonine (L-Thr), citric acid (CA), tartaric acid (TA), sodium dodecyl sulfate (SDS), sodium dodecyl benzene sulfonate (SDBS), cetyltrimethylammonium bromide (CTAB), and polyvinyl pyrrolidone (PVP) were supplied by Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). AA tablets from three companies (Huazhong Pharmaceutical Co., Ltd., Wuhan, China, Lot: 20211037; Northeast Pharmaceutical Co., Ltd., Shenyang, China, Lot: 5211209; and South China Pharmaceutical Group Co., Ltd., Guangzhou, China. Lot: 211103) were detected as real samples.




2.3. Preparation of Gold Nanorods


Gold nanorods were prepared by a seed-mediated method [21,22], which followed two steps: (1) The synthesis of the seed solution: 5 mL of 0.5 mM HAuCl4 and 5 mL of 0.2 M CTAB were mixed well and followed by the introduction of 1 mL of 6 mM NaBH4 to the mixture. Then, the seed solution was obtained after stirring at 1200 rpm for 2 min in 30 °C water bath. (2) The preparation of growth solution: 1.4 g of CTAB and 0.2468 g NaOL were dissolved in 50 mL of distilled water at 50 °C. Then, the mixture was cooled to about 30 °C, followed by the addition of 4.8 mL of 4 mM AgNO3. After standing for 15 min, 50 mL of 1 mM HAuCl4 was added into the mixture, which was further stirred at 700 rpm for 90 min. Afterwards, 0.3 mL of concentrated HCl was added and then stirred at 400 rpm for 15 min. After that, 0.25 mL of 64 mM of L-AA was added and vigorously stirred for 30 s, and 80 μL of seed solution was immediately injected and mixed well in a 30 °C water bath for more than 12 h to obtain gold nanorods.




2.4. Synthesis of Silver-Coated Gold Nanorods


Silver-coated gold nanorods were synthetized by the chemical deposition of the silver layer on the gold nanorods’ surface. In total, 10 mL of as-prepared gold nanorod solution and 20 mL of PVP solution (1% wt) were mixed in a 50 mL tube and further mixed with 5 mL of 1 mM AgNO3 solution. After that, 1 mL of 0.1 M L-AA solution and 2 mL of 0.1 M NaOH solution were added to the mixture. After stirring in a 25 °C water bath for 10 min, the absorption spectrum was scanned by a UV-3600 UV-Vis spectrophotometer.




2.5. The Inhibition of Chemical Etching Reaction by Ascorbic Acid


Under the most favorable conditions, 0.1 M HCl, 0.25 mM Fe2+, and 450 μM H2O2 were mixed with AA at different concentrations (0 μM, 2.5 μM, 5 μM, 7.5 μM, 10 μM, 15 μM, and 17.5 μM) and further reacted with 50 μL of silver-coated gold nanorod solution, followed by dilution to 500 μL with distilled water and incubation in a 45 °C water bath for 25 min. Subsequently, the absorption spectra were scanned by a UV-3600 UV-Vis spectrophotometer.




2.6. Detection of Ascorbic Acid in Tablets


The real sample pretreatment was carried out according to the provisions in the Pharmacopoeia of the People’s Republic of China (2020). In total, 20 pieces of Vc tablets available from each company were finely weighed and then ground, dissolved with 10 mL of acetic acid (0.1 M), and diluted to 100 mL with distilled water. After that, the solution was filtered with filter paper and stored at 4 °C for further detection.



The detection by standard method: In accordance with the method in Pharmacopoeia 2020, 50 mL of the above AA solution was mixed with 1 mL of starch indicator solution, which was immediately titrated with 0.05 M of iodine titration solution until the mixture turned to blue, suggesting the titration endpoint.



The detection by the proposed method: The above AA tablet solution was diluted by 100 times, and then 50 μL of the diluted AA tablet solution was mixed with 0.1 M HCl, 0.25 mM Fe2+, and 450 μM H2O2. Afterwards, the mixture was reacted with 50 μL of silver-coated gold nanorod solution, which was diluted to 500 μL with distilled water and incubated at 45 °C for 25 min, followed by scanning absorption with a UV-3600 UV-Vis spectrophotometer.





3. Results and Discussion


3.1. Working Principles and Spectral Characteristics


In this work, gold nanorods acted as the initial optical probe, which was then coated by a silver layer of to obtain the silver-coated gold nanorod probe. Previous studies have shown that hydroxyl radicals produced by the Fenton reaction have a strong effect on the etching of gold nanorods [23]. The main etching mechanism is that hydroxyl radicals possess strong oxidation ability, which can oxidize and etch the atoms on the surface of the nanorod. In addition, the silver layer on the gold core is more easily oxidized than gold atoms, so silver-coated gold nanorods could present a more sensitive maximum absorption peak shift [18,20,23]. Thus, silver-coated gold nanorods were etched with the hydroxyl radicals generated by the Fenton reaction between H2O2 and Fe2+ under acidic conditions, resulting in a lower aspect ratio of silver-coated gold nanorods, which was accompanied by the blue shift of the longitudinal localized surface plasmon resonance (λmax). However, when AA was introduced to the etching system, the generation of the hydroxyl radical and the etching reaction were inhibited, leading to less of a blue shift of λmax (Scheme 1).



In brief, silver-coated gold nanorods presented characteristic absorption at 750 nm (Figure 1). However, the introduction of H2O2 led to a significant blue shift of λmax from 750 nm to 650 nm, while AA was capable of recovering the blue shift, indicating that the etching of silver-coated gold nanorods by H2O2 was inhibition by AA. Based on the shift of λmax, a highly sensitive and selective method of AA detection can be established.



In addition, scanning electron microscopic images were used to confirm the etching of silver-coated gold nanorods (Figure 2 and Figure 3). The original gold nanorods were about 61 nm (Figure 2A and Figure 3A). However, the size of silver-coated gold nanorods was increased to about 90 nm in length, which were presented with a small number of silver nanoparticles (Figure 2B and Figure 3B). When etched with hydroxyl radicals (·OH) from the Fenton reaction between H2O2 and Fe2+, the size of the silver-coated gold nanorods was significantly decreased to about 49 nm (Figure 2C and Figure 3C), suggesting the effective etching of silver-coated gold nanorods by ·OH, which led to a remarkable blue shift of λmax. However, when the etching was suppressed by AA, the particle size of the silver-coated gold nanorods was restored (Figure 2D and Figure 3D), resulting in an obvious red-shift of λmax.



To further confirm the size change of silver-coated gold nanorods in the sensing process, the dynamic light scattering (DLS) particle size distribution was checked (Figure 4).The silver-coated gold nanorods were about 300 nm in length (Figure 4A), while the etched silver-coated gold nanorods were only about 125 nm (Figure 4B). For the same reasoning with SEM, the size of nanoparticles reverted to a similar size (about 300 nm) to the original silver-coated gold nanorods (Figure 4C), which proved the etching process. Herein, the DLS sizes were greater than the sizes obtained from SEM image because the size obtained from DLS was the hydrated particle size including molecules around particles.




3.2. Optimization of Reaction Conditions


3.2.1. Optimization of Silver-Coated Gold nanorod Concentration


In this etching system, the higher concentration of silver-coated gold nanorods could lead to there being more nanoparticles in solution. In this case, it would be more difficult for them to be completely etched by ·OH. As shown in Figure 5A, when the volume of the silver-coated gold nanorod solution was decreased sequentially from 150 μL to 25 μL, the maximum absorption wavelength was gradually shifted to a shorter wavelength, suggesting the chemical etching of silver-coated gold nanorods. However, when the volume was decreased to less than 25 μL, the absorption spectrum was too weak to detect. To balance this issue, 50 μL of silver-coated gold nanorod solution was chosen to obtain an obvious absorption and a relatively complete etching. Furthermore, the introduction of AA could enable the full restoration of λmax.




3.2.2. Optimization of H2O2 Concentration


H2O2 concentration was optimized due to the fact that H2O2 was related to the production of ·OH [24,25] to etch silver-coated gold nanorods (Figure 5B). As the concentration of H2O2 was gradually increased, λmax was subsequently enhanced. When the concentration reached 400–500 μM, the maximum absorption wavelength tended to stable. Then, 450 μM H2O2 was chosen for further work.




3.2.3. Optimization of Fe2+ Concentration


Fe2+ is essential in the Fenton reaction [26], which is closely related to the etching of silver-coated gold nanorods. The maximum absorption was firstly shifted to a shorter wavelength and then to a longer wavelength as the Fe2+ concentration increased (Figure 5C), similarly to the previous report [26]. Additionally, when Fe2+ concentration was set at 0.25 mM, the maximum absorption wavelength change could be obtained, which was employed for further working conditions.




3.2.4. Optimization of Reaction Acidity


The etching effect of H2O2 on silver-coated gold nanorods is greatly affected by acidity, which is related with the hydrolysis of Fe2+ and the produced Fe3+ (Figure 5D), that is, if the concentration of HCl is too low, Fe2+ is easy to form Fe(OH)2, and Fe(OH)3 is unfavorable to yield ·OH to etch silver-coated gold nanorods. Furthermore, the Fe3+ produced by the Fenton reaction also has a synergistic oxidation ability, so it is important to control the appropriate acidity [27]. As the concentration of HCl was increased from 0 to 0.1 M, the maximum longitudinal absorption of the silver-coated gold nanorods was gradually shifted to a shorter wavelength, suggesting the effective etching of silver-coated gold nanorods. When HCl concentration was higher than 0.1 M, the maximum longitudinal absorption wavelength was kept stable. Thus, the concentration of HCl was set at 0.1 M.




3.2.5. Reaction Time Optimization


The chemical etching of silver-coated gold nanorods was highly dependent on the reaction time (Figure 5E), and the etching degree became greater with the prolonging of reaction time [28], which reached the stable state within 25 min. This result was similar to the time-dependent absorption scanning of silver-coated gold nanorods at three-minute intervals (Figure S1). Then, the etching reaction was performed for 25 min at 45 °C to obtain the effective wavelength shift.




3.2.6. Reaction Temperature Optimization


The etching of silver-coated gold nanorods by ·OH is susceptible to temperature. On the one hand, the elevated temperatures enhanced the formation of radical ·OH [29]; on the other hand, H2O2 is easy to decompose at a higher temperature [30]. As the reaction temperature increased, the blue shift of the longitudinal absorption wavelength was enhanced, which reached the stable state at 45 °C (Figure 5F). Therefore, 45 °C was chosen as the optimal reaction temperature.





3.3. The Sensitivity towards Ascorbic Acid Detection


Under the optimal conditions, the ·OH radical could etch silver-coated gold nanorods, leading to a remarkable blue shift of λmax. However, as a scavenger, AA could remove the ·OH radical, resulting in an obvious restoration of λmax. With the increasing concentration of AA, the change of λmax (Δλmax) turned greater. Based on Δλmax, the sensitive detection of AA could be developed, which could be expressed as Δλmax= −9.957 + 6.592c (c, μM) in the range of 2.5–17.5 μM with the correlation coefficient of R2 = 0.9947 (Figure 6).



In addition, to obtain the detection limits of this proposed assay, eleven sets of blank groups were determined (Table S1). According to the formula, the limit of detection (OD) was 0.48 μM (3σ/k) and the limit of quality (LOQ) was 1.61 μM (10σ/k), where σ was the relative standard deviation of the signal measured in 11 sets of blank group and k was the slope of the standard curve. Compared with other detection methods [31,32,33,34], the LOD and LOQ of the proposed method reached a considerably sensitive level.




3.4. The Specificity of the Proposed Method


The specificity is an important issue to evaluate the proposed method, which was tested under optimal conditions. Some reactive species such as biomolecules and electrolytes were taken into consideration to examine the specificity of the proposed method of AA detection. The Δλmax responses of different interfering species to silver-coated gold nanorods were assessed, including L-Arg, L-Lys, L-Trp, L-Phe, L-Thr, NaCl, MgSO4, ZnSO4, K2SO4, and so on (Figure 7). Compared with other interfering species, the response of AA was more remarkable even though the concentrations of other interfering species were five times higher than AA, suggesting that silver-coated gold nanorods were highly selective toward AA due to the strong reluctivity of AA to eliminate the OH radical.




3.5. The Practicability of the Proposed Method in Detection of Ascorbic Acid in Tablets


In order to ensure the universality of the proposed method, commercially available Vc tablets from three companies were functionalized as real samples, which were detected by pharmacopoeia prescribed iodoemetry (Table S2) and the proposed method (Table S3), respectively, supplying the consistent results with the labeled content. That is, all of them were highly accurate.





4. Conclusions


In summary, silver-coated gold nanorods were acted as an optical probe to develop the highly sensitive and selective detection of AA in tablets based on the chemical etching by ·OH produced by the Fenton reaction between H2O2 and Fe2+, leading to a lower aspect ratio and a blue shift of λmax. However, as a free radical scavenger, AA was capable of removing ·OH to inhibit the chemical etching of silver-coated gold nanorods, resulting in a higher aspect ratio and a red shift of λmax. This proposed assay offered a simple platform for AA analysis, which was capable of detecting AA in tablets and offered similar results to the iodometry and labeled content, suggesting high accuracy. Furthermore, when silver-coated gold nanorods acted as probes to detect AA, their high stability and easy preparation enabled good performance, including a wide detection range and high sensitivity. Compared with traditional chemical methods, this proposed method supplied high accuracy, which is coincident with the standard pharmacopoeia method. It is expected that the bimetallic silver-coated gold nanorod probe is convenient to adjust the optical characteristic and can find wider applications in the field of biosensing or bioimaging.
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Scheme 1. Schematic of AA detection with silver-coated gold nanorods. 
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Figure 1. Absorption spectra of silver-coated gold nanorods in the presence of H2O2 and AA. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; T, 45 °C; and AA, 17.5 μM. 
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Figure 2. Scanning electron microscopic imaging. (A) Gold nanorods; (B) silver-coated gold nanorods; (C) etched silver-coated gold nanorods; and (D) the inhibited etching of silver-coated gold nanorods by AA. Scale bar: 250 nm. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; T, 45 °C; and AA, 17.5 μM. 
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Figure 3. Longitudinal size distribution change during the synthesis and etching of silver-coated gold nanorods. (A) Gold nanorods; (B) silver-coated gold nanorods; (C) etched silver-coated gold nanorods; and (D) the inhibited etching of silver-coated gold nanorods by AA. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; T, 45 °C; and AA, 17.5 μM. 
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Figure 4. DLS size distributions change during the synthesis and etching of silver-coated gold nanorods. (A) Silver-coated gold nanorods; (B) etched silver-coated gold nanorods; and (C) the inhibited etching of silver-coated gold nanorods by AA. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; T, 45 °C; and AA, 17.5 μM. 
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Figure 5. Reaction conditions optimization for AA detection. (A) Silver-coated gold nanorod solution concentration optimization. Conditions: AA, 17.5 μM; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; and T, 45 °C. (B) Hydrogen peroxide concentration optimization. Conditions: AA, 17.5 μM; Au@Ag NRs, 50 μL; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; and T, 45 °C. (C) Hydrochloric acid concentration optimization. Conditions: AA, 17.5 μM; Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; t, 25 min; and T, 45 °C. (D) Optimization of Fe2+ concentration. Conditions: AA, 17.5 μM; Au@Ag NRs, 50 μL; H2O2, 450 μM; HCl, 0.10 M; t, 25 min; and T, 45 °C. (E) Reaction time optimization. Conditions: AA, 17.5 μM; Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; and T, 45 °C. (F) Reaction temperature optimization. Conditions: AA, 17.5 μM; Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; and t, 25 min. 
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Figure 6. AA detection based on the red shift of λmax. (A) Spectral variations of silver-coated gold nanorods in the presence of different concentrations of AA (from bottom to top: 0 μM, 2.50 μM, 5.00 μM, 7.50 μM, 10.00 μM, 15.00 μM, 17.5 μM). (B) The standard curve for AA detection. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; and T, 45 °C. 
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Figure 7. Selectivity of the proposed method for AA detection. Conditions: Au@Ag NRs, 50 μL; H2O2, 450 μM; Fe2+; 0.25 mM; HCl, 0.10 M; t, 25 min; T, 45 °C; AA, 17.5 μM; and other interfering species, 87.5 μΜ. 
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