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A B S T R A C T   

Marine bio-resources are being extensively researched as a priceless supply of substances with 
therapeutic potential. This work report the first time attempt made towards the green synthesis of 
gold nanoparticles (AuNPs) using the aqueous extract of marine soft coral (SCE), Sarcophyton 
crassocaule. The synthesis was conducted under optimized conditions and the visual coloration of 
reaction mixture changed from yellowish to ruby red at 540 nm. The electron microscopic (TEM, 
SEM) studies exhibited spherical and oval shaped SCE-AuNPs in the size ranges of 5–50 nm. The 
organic compounds present in SCE were primarily responsible for the biological reduction of gold 
ions validated by FT-IR while the zeta potential confirmed the overall stability of SCE-AuNPs. The 
synthesized SCE-AuNPs exhibited variety of biological efficacies like antibacterial, antioxidant 
and anti-diabetic in nature. The biosynthesized SCE-AuNPs demonstrated remarkable bactericidal 
efficacy against clinically significant bacterial pathogens with inhibition zones of mm. Addi
tionally, SCE-AuNPs exhibited greater antioxidant capacity in terms of DPPH: 85 ± 0.32% and 
RP: 82 ± 0.41%). The ability of enzyme inhibition assays to inhibit α-amylase (68 ± 0.21%) and 
α-glucosidase (79 ± 0.2%) was quite high. The study also highlighted the spectroscopic analysis 
of the biosynthesized SCE-AuNPs’ catalytic effectiveness of 91% in the reduction processes of the 
perilous organic dyes, exhibiting pseudo-first order kinetics.  
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1. Introduction 

With the development of innovative materials that differ from their bulk equivalents in terms of their properties, nanotechnology 
has enabled significant scientific advancements and transcending boundaries of applications arraying from physics and engineering to 
biomedical and pharmaco-kinetics [1–4]. The integration of green chemistry principles to nanotechnology with a strict emphasis on 
structural modalities (shape, size and surface morphology) employs a vital role in supervising and moderating the optical, physico
chemical, and electronic properties of nanomaterials, thus, accentuating a key subject of concern in nanoscience research. Nano
particles are solid lattice structures, of size <100 nm in general, with profound applications in catalysis, optoelectronics, sensing and 
drug delivery, intersecting contours of diverse scientific domains [5,6]. 

Among various nano-sized particles, gold nanoparticles (AuNPs) have attracted a merited thoughtful consideration owing to its fine 
tunable properties of size, shape, surface area to volume ratio and plasmon resonance [7]. Its efficient applications in the field of drug 
and tissue delivery, tumor imaging, photothermal and cancer therapy, immune-chromatographic based identification of pathogens 
and gene therapy has acknowledged it as the “magic bullets” for biomedical crafts and technologies. Apart from its structural artifact, 
the accreditations of safety, biocompatibility and targeted delivery, confers it as “best suitable candidates” of therapeutic vectors [7,8]. 

Over the past years, many synthetic procedures pertaining to metal nanoparticles synthesis have been carried out by orthodox 
physical and chemical methods. Despite high yield and specificity of size and shape of generated nanomaterials, the constraints of 
costly and expensive production and processing technologies, involvement of hazardous chemical substances and high thorough put of 
energy, greatly limits their relevance in biomedical applications [9]. Underscoring the aforementioned concerns, research has shifted 
towards the dynamic and incredibly diverse biological entities for synthetic strategies, paving a “green route” of biocompatibility, low 
economics and eco-safeness [10]. The phytogenic process of nano-synthesis is generally employed, due to its economical and relatively 
simpler in application, often generating polydispersednanoparticles, pertaining to diverse photochemistry of plant parts and types [6, 
11]. In contrast, the microbial mediated synthesis has gained vast contemplation in recent times, as microorganisms are “prospective 
bio-factories” for the green synthesis of nanomaterials, reflecting their technological and indispensable importance. Microbial derived 
nanoparticles of diverse sizes and shapes have been reported in various species of bacteria, fungi and yeasts but limit their large scale 
applicability due to the maintenance of aseptic cultural conditions and pure cell cultures [12]. Previous researches showed that 
terrestrial plants have been widely studied used to make metal nanoparticles, and very sparse reports pertain to the synthesis of 
nanogold off of marine resources that are renewable, easy available and environmentally facile. In recent times, marine macroalgae 
has emerged as the prospective source of nanogeneration as it is rich in bioactive compounds with applicative insights in both 
biotechnology and industrial domains. 

The microbial infections are becoming increasingly resistant to numerous drugs over time. Antibiotics are no longer effective at 
preventing or treating infectious diseases. There is an urgent need to find new, alternative antimicrobial medications with distinct 
modes of action to combat resistant microorganisms [2]. Treatment of other chronic diseases like diabetes and cancer is also impacted, 
and infectious infections become more challenging to cure [3].It is a monumental endeavor to overcome drug resistance that mi
croorganisms have acquired as it can be executed through a variety of mechanisms [10].As a solution, nanotechnology has emerged to 
alter the current situation and halt the spread of drug resistance. The drug conjugated nanoparticles, a brand-new clinical tool, can help 
in combating antibiotic resistance by enhancing the inhibitory effects of antibiotics, making them a vitally important and effective 
therapeutic alternative for the treatment of infection-related drug resistance [6,7]. As a result, nanoparticles are viewed as the next 
generation of antibiotics.Also, the primary factor resulting in tissue damage, oxidative stress, is linked to a wide range of chronic 
diseases, including cancer, heart disease, diabetes, liver disorders, and neurological disorders [7]. An imbalance between free radicals 
and the antioxidant defence mechanism, which results in oxidative stress, leads to poor health, health issues and difficulties, diseases, 
and disorders. Oxidative stress arises when the production of free radicals exceeds the cellular antioxidant levels. Another cause of 
oxidative stress is the fact that cells can occasionally produce less antioxidants, which elevates the level of ROS/antioxidant ratio [10]. 
With the development of nanotechnology, prime focus has shifted to green metal nanoparticles for usage as antioxidants. Because 
green manufactured nanoparticles, with their distinctive properties and varied surface characteristics, display synergistic effect, their 
effectiveness has surpassed that of their bulk counterparts [7].Further, the enzymes called α-glucosidase and α-amylase, which are 
secreted in the small intestine, are necessary for carbohydrate metabolism as they hydrolyze glycoside bonds from complex carbo
hydrates at various locations to form α-glucose [11[. These unchecked activities of these enzymes raise postprandial glucose, which 
causes an imbalance between insulin secretion for glucose uptake and systemic glucose absorption. In the management of Type-2 
diabetes (T2D), it has been observed that inhibiting the activity of the enzymes α-glucosidase and α-amylase lowers the risk of 
obesity, renal failure, and cardiovascular illnesses [12].Traditional anti-diabetic medications likeacarbose, voglibose, miglitol, and 
metfomin are frequently administered to prevent hepatic cells from producing glucose as a result of the breakdown of carbohydrates by 
α-glucosidase and α-amylase enzymes [11]. Nonetheless, there is a need for the investigation of substitute medications in the nano 
range due to the probable negative effects of increased gas buildup in the intestine and liver toxicity on prolonged use. As a result, 
medications derived from natural sources are required.Due to its extensive surface area, biocompatibility, and simplicity of biomol
ecular functionalization for active drug delivery, gold nanoparticles, are being used increasingly in biomedicine and therapeutics [13]. 
This characteristic of gold nanoparticles may aid in preventing the potential removal of medications from the systemic circulation by 
the functions of spleen and liver. Diverse industrial activities dump a variety of water contaminants and dyes into water bodies, with a 
medial concentration of 10–200 mg per litre (mg/l) [13]. They are classified contaminants with adverse effects due to 
non-biodegradability, carcinogenicity, and mutagenicity with grave implications on both human and aquatic health [14]. Addition
ally, it causes a host of medical conditions such liver disease, renal damage, skin cancer, and the toxicity of both human and animal 
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central nervous systems [7]. In case of living beings, 4-Nitrophenol is known for its genotoxicity and carcinogenicity nature, and its 
transformation is limited by its strong stability and low aqueous solubility [15]. In addition, synthetic dyes like bromophenol blue and 
methyl red are widely utilized in culinary, cosmetic, pharmaceutical, textile, leather, and dyeing sectors. Since 30–40% of these dyes 
occur in the aqueous phase and adds visual coloration to the effluent waste without causing unalluring pollution or eutrophication, 
they are regarded as the most troublesome chemicals. Additionally, these dyes are also carcinogenic, mutagenic, poisonous, and 
non-biodegradable in nature, causing the creation of hazardous by-products in water bodies [16]. Although, there are several tech
niques for removing these contaminants including ion exchange adsorption, chemical precipitation and filtration, they are not very 
effective. It is therefore highly desirable to eliminate these harmful contaminants by utilizing effective and risk-free methods. 

Natural chemical defenses are employed by marine species, particularly those that are fixed or slowly moving, to defend them 
against harmful predators, challenging environmental conditions, and/or the encroachment of rivals. Natural products from marine 
animals are increasingly being recognized as a key source of new medicines because of the biological and chemical richness of marine 
habitats, as well as the discovery and improved knowledge of marine secondary metabolites with distinctive chemical structures and 
biological activities [17]. Soft corals are primarily rich potential source of pharmacological leads among marine invertebrates. 
Numerous species of soft corals have produced a plethora of distinctive secondary metabolites, including sesquiterpenoids, diterpe
noids, steroids, and other chemical substances [18–20]. Importantly, it has been shown that several of the natural substances derived 
from soft corals exhibit a range of biological actions, including anti-tumor, antiviral, antifouling, and anti-inflammatory effects [17, 
21]. 

Hence, the destined attempts on marine resources for the exploration of secondary metabolites have evoked a tempting surveillance 
for the biological production of metallic nano-colloids. In light of this and taking into account the biological diversity of marine or
ganisms, we investigated and produced stable gold nanoparticles by reducing aqueous chloroauric acid with an aqueous extract of 
marine soft coral, Sarcophyton crassocaule. It’s interesting to note that this is the first publication on the manufacture of stable gold 
nanoparticles utilizing marine soft coral. 

2. Results and discussion 

The literature survey has revealed the capability of vast sum of biotic species like marine bacteria {Citricoccus [5]; Lysinibacillus 
odysseyi [7];Marinobacter pelagius [22]}, fungi {Fusarium oxysporum and Aureobasidium pullulans [23]}, algae {Turbinaria conoides [24] 
and Sargassum crassifolium [25]} in synthesizing the gold colloidal nanoparticles. Here, it is the first report of AuNPs biosynthesis by 
using marine soft coral S. crassocaule. 

The optical properties of metal nanoparticles are primarily studied by UV–visible spectroscopy to ascertain the formation and 
stability of synthesized nanoparticles in the aqueous solution. The initial confirmation of SCE-AuNP formation was the change in 
colour of the reaction medium from pale yellowish to dark violet, after 30 min following the addition of extract, which is mainly 
attributed to the excitation of surface plasmon vibrations. The production of gold nanoparticles was clearly indicated by a band in the 
UV–visible spectrum found at 540 nm corresponding to the surface plasmon resonance (Fig. 1a). The positional and spatial changes in 
absorbance peaks mostly depends on particle size, concentration of metal solution, ligands or reducing agents, type and amount of 
extract and dielectric constant of the medium, etc [7]. Additionally, the electromagnetic field-induced collective oscillation of free 
electrons in metallic nanoparticles, known as the SPR effect, is primarily responsible for the change in colour of the reaction mixture 
[4,14]. The change in colour is an indicative of simultaneous change in the oxidation states of metal ions. Similar results were also 
observed at absorbance values of 520–550 nm as reported by the studies of [7,14,26–29]. Further, no change in absorbance peaks was 
observed at time intervals (Day 1- Day 60) (Fig. 1b), thereby, suggesting the formation of stable SCE-AuNPs showing no aggregation. 

The TEM images (Fig. 2a), particle size distribution histogram (Fig. 2b) and SAED pattern (Fig. 2c) displays well dispersed spherical 

Fig. 1. Ultraviolet–visible (UV–vis) spectra of (a) SCE-AuNPs, (b) stability peaks recorded over time.  
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particles with regular distribution. The mean particle size of the synthesized SCE-AuNPs was found to be 30.83 nm. The observed 
particles were extremely mono-dispersed which could be due to the presence of some major organic biomolecules in the aqueous 
extract of soft coral, acting as a ligand which proficiently stabilizes, modulates and reduces synthesized SCE-AuNPs (from Au + to Au0) 
and thus limits and controls the growth and clustering of nanoparticles. The particle size histogram inferred the size ranges of SCE- 
AuNPs to be 5–50 nm. The SEM micrographs were found to be in well correlation with the TEM results (Fig. 2d). Similar report 
was also observed in Lawsoniainermis-AuNPs [14]; Euphorbiahirta-AuNPs [30]; Leucosideasericea-AuNPs [31]; Acanthophoraspicifer
a-AuNPs [32]. The stability of SCE-AuNPs was quantified by the measurements of zeta potential. The nanoparticles are sufficiently 
stabilized in solutions when their zeta potential is > 20 mV or < -20 mV [33]. The zeta potential value of SCE-AuNPs was found to be 
− 22.129 mV indicating negative surface charges on the nanoparticles (Fig. 3a). The electrostatic repelling forces among nanoparticles 
are supported by the negative surface change, which enhances stability and prevents aggregation [34]. Additionally, negatively 
charged nanoparticles tend to provide better stability and avoid particle aggregation, leading to stable nanoparticles [35,36]. 
Therefore, it has been determinative with reference to the stability of nanoparticle dispersions by using the extent of repulsion and 
attraction quantified by zeta potential [37]. The measurements of negative zeta-potential of SCE-AuNPs were discovered to be within 
the typical range for stable nano-colloidal dispersions. Further, the investigations on the thermal behavior of the biosynthesized 
SCE-AuNPs were studied by TGA (Fig. 3b). The first weight loss was observed at temperature region 100–180 ◦C attributable to the 
evaporation of adsorbed water molecules of the capping extract SCE. Following, the second stage loss of weight was observed 
(300–500 ◦C) where the smoldering of organic entities have taken place [38]. 

The FTIR spectra of SCE and SCE-AuNPs exhibited different characteristic peaks (Fig. 4). The SCE sample showed the absorption 
peaks at 3452, 3349, 2342, 2102, 2097, 1628; 1113, 1091, 1200; and 1159 cm− 1 assigned to the vibrations of –OH stretch, –CH and 
–CH2 of aliphatic hydrocarbons, –C––O (carbonyl group), aromatic ring stretch and ethereal C–O asymmetric stretch from pyran- 
derived ring structure of condensed biological molecules, respectively [39,40]. The most pronounced absorption peak observed at 
3452 cm− 1 was designated to hydroxyl (-OH) stretch which may be responsible for the reduction of metal ions to metal nanoparticles. 
The emergence of prominent carbonyl peak and the diminution of the normal hydroxyl peak points to the oxidation of biochemical 
entities present in SCE [41]. 

Due to the fact that gold occurs in solution as AuCl4− , a very potent oxidising agent, it may be possible to reduce Au(III) to Au(0) 
through this process [24]. In the presence of AuCl4, the phenolic and aromatic compounds underwent oxidation to converting their 
hydroxyl groups to carbonyl groups. In a Red/Ox system, these biological molecules can transfer their π-electrons of C––O (carbonyl 

Fig. 2. Morphological analysis (a) TEM, (b) size distribution histogram, (c) SAED pattern, and (d) SEM of the biosynthesized SCE-AuNPs.  
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groups) to the free orbital of metal ions transforming them to metallic particles. The linkage bonding between C––O groups and metal 
ionic species furnishes unique signatures in the FT-IR peak spectra. The peak shift at 1628 cm− 1 following the formation of gold 
nanoparticles is ascribed to the binding of the nanoparticles with the carbonyl groups. Additionally, the FT-IR analysis of SCE post 
synthesis of AuNPs revealed new peaks at 1113 and 1091 cm− 1, indicating formation of new bonds between the functional groups of 
organic molecules present in SCE and metallic nanoparticles. Therefore, it may be assumed that biological molecules such as phenols, 
flavonones and aromatic compounds operate as a capping agent in the fabrication of AuNPs and assists in stabilizing them under 
physiological settings [42,43]. 

The bioreduction of gold ions (Au3+) to AuNPs (Au0) through a biochemical-based process, in which the aqueous extract of soft 
coral consists reducing molecules including phenols, antioxidants, flavonones like compounds, aromatic and nitro-compounds, are 
included in the suggested mechanism underpinning the formation of AuNPs. The propensity of phenols and flavonones to give elec
trons or hydrogen atoms are well recognized [44]. Given that these biochemicals are powerful reducing agents, it is likely that they 
contribute in the bioreduction of HAuCl4 to AuNPs through free electrons. According to one theory, gold clusters are created by first 
reducing gold ions (Au3+) to "seed" particles (Au0) [45]. These gold clusters are regarded as nucleation centres then aids in the 
reduction of any residual gold ions [14,46]. Using biochemicals found in the SCE, Fig. 5 describes the likely method for reducing gold 
salt (Au3+) to AuNPs (Au0). 

The antioxidant activity of SCE and SCE-AuNPs, determined by DPPH and reducing power (RP) assays, was evaluated. The reaction 
mechanism of free radical scavenging process in the presence of biosynthesized SCE-AuNPs was analyzed by recording UV–visible 

Fig. 3. Characterization of SCE-AuNPs. (a) Zeta potential, and (b) TGA.  

Fig. 4. FTIR spectra of HAuCl4, SCE, SCE-AuNPs.  
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spectra in range of 400–700 nm (Fig. 6). The maximum wavelength of DPPH⋅ (kmax = 517 nm) of the compound gradually shifts from 
purple to pale yellow during the progression of the reaction. The findings indicate that the biofabricated SCE-AuNPstransform the 
DPPH⋅ free radical to pale yellow colored stable DPPH-H by transferring an electron or hydrogen at atomic level [47]. Fig. 6a displays 
the effect of SCE-AuNPs on the activity of DPPH radical scavengers. The radical scavenging activity of DPPH increases together with 
the concentration of SCE-AuNPs. When compared to SCE, SCE-AuNPs exerted pronounced free radical scavenging activity (85 ±
0.32% and reducing power (82 ± 0.41%)(Fig. 6b), but was lower than the ascorbic acid standard (94%). The adsorption of biological 
molecules present in SCE on the biosynthesized spherical SCE-AuNPs with a greater surface area can be used as an explanation for the 
increased activity of SCE-AuNPs. Also, due to the large surface area to volume ratio, the free radical scavenging activity of different 
biological manufactured nanoparticles has also recently been reported [7,48,49]. 

Alpha(α)-amylase, an enzyme found in human saliva, can convert complicated starch molecules into simple glucose. Therefore, 
inhibiting α-amylase could regulate how carbohydrates are metabolised, which also reduces how much glucose is to be absorbed. In 
current investigation, the observed % inhibition of α-amylase by SCE and SCE-AuNPs is depicted in Fig. 7a. When compared to SCE, 
SCE tagged AuNPs displayed the strongest alpha amylase inhibitory activity, with 68 ± 0.21% inhibition. The positive control acarbose 
demonstrated strong α-amylase inhibitory action. According to earlier findings, the marine derived -biological molecules and 
-chemicals have the power to stifle the α-amylase enzyme [50,51]. Further, a key strategy for preventing a sharp rise in blood sugar is 
to inhibit the starch-blocking enzyme α-glucosidase. In the current investigation, SCE-AuNPs, SCE, and acarbose at various concen
trations were investigated. The reaction diagram for the α-glucosidase inhibition caused by SCE-AuNPs is illustrated in Fig. 8. The 
obtained results demonstrated the % α-glucosidase enzyme inhibition was seen in ascending sequence (Fig. 7b). As expected, 
SCE-AuNPs exhibited promising inhibitory activity (79 ± 0.2%) than SCE, demonstrating its relative efficacy as a glucosidase in
hibitor. The standard medication, acarbose which is classified as a potent inhibitor of α-glucosidase showed 86% inhibition. It is 
interesting to note that the % inhibition of SCE-AuNPs was found to be lower than that of acarbose, and this difference was statistically 

Fig. 5. Mechanism of AuNPs biosynthesis using soft coral extract (SCE).  

Fig. 6. In-vitro antioxidant activity of SCE-AuNPs (a) DPPH, and (b) Reducing power assay.  
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significant. One of the possibility is that the SCE-AuNPs aggregated at higher concentrations, thereby, reducing their inhibitory 
function. The % inhibitions of α-glucosidase activity at variable SCE-AuNP concentrations were found to be a function of 
concentration-dependence. The interaction of SCE-AuNPs with these catalytic motifs in SCE-AuNPs might have changed the catalysis 
kinetics of α-glucosidase reactions, ultimately delaying the formation of glucose from the starch molecules. The α-glucosidase in
hibitors are primarily responsible for the decline in postprandial glycemic levels and the spectrum of postprandial glucose levels. It has 
already been established that metal nanoparticles can inhibit α-glucosidase [31,42,51,52]. 

Despite enormous advancements in healthcare, the bacterial disease continues to pose a serious threat to both the aquaculture 
sector and public health. Novel antibacterial compounds should be developed to assist aquaculture farms and food processing units in 
control and management of disease and bacterial contamination in processed foods, respectively. Additionally, marine derived me
tabolites and their associated chemicals are thought to be a source of inventive treatment agents for a number of bacterial infections. 
The size, ability to attach to different molecules, and optical characteristics of the gold nanoparticles make them a strong choice for 
chemical and biological applications [32,53]. In current study, the antibacterial effectiveness of SCE-AuNPs against pathogenic strains 
of V. cholerae and S. aureus are depicted in Fig. 9a and b. The maximum inhibition zone was found in V. cholerae (23 ± 0.23 mm) 
followed by S. aureus (20 ± 0.15 mm) at the concentration of 100 μg/ml. Interestingly, the size of inhibition zones successively 
increased with response to the concentration of the SCE-AuNPs. Additionally, the bacterial cells exposed to 100 μg/ml SCE-AuNPs 
displayed noticeably higher levels of protein and nucleic acid leakage activity (p 0.05) than the control (Fig. 9c and d). The anti
bacterial efficacy of SCE-AuNPs is ascribable to the mechanisms of: (a) denaturation of bacterial cell wall and associated constituents, 

Fig. 7. In-vitro antidiabetic activity of SCE-AuNPs, (a) α-amylase and (b) α-glucosidase.  

Fig. 8. Schematic diagram of synthesis of SCE-AuNPs and its α-glucosidase enzyme inhibition property.  
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Fig. 9. Antibacterial activity of SCE-AuNPs against (a) S. aureus, (b) V. cholerae, (c) protein leakage, and (d) nucleic acid leakage. [1 = SCE; 2 = 20 
μg/ml; 3 = 60 μg/ml; 4 = 100 μg/ml). 

Fig. 10. (a) Ultraviolet–visible (UV–vis) spectra of 4-nitrophenol (4-NP) in presence of SCE-AuNPs, (b) Plot of percent degradation of 4-NP 
against time. 
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(b) interruption of respiratory function, (c) elimination of the outer cellular membrane, and (d) the lowering of intracellular ATP 
generation in infectious bacterial strains [6,7,54,55]. In the present study, the Gram-negative bacteria (V. cholerae) were more sus
ceptible to SCE-AuNPs than Gram-positive cells (S. aureus) due to the differential cellular membranal composition between 
Gram-positive and Gram-negative bacteria. The Gram-negative cells have much thinner layer of cell wall as compared Gram positive 
ones. Furthermore, SCE-AuNPs exerted a long-lasting electrostatic attraction to the negatively charged bilayer, making it simple for the 
particles to permeate into the cells and cause cell death [56]. 

Several catalytic reactions have employed the metallic nanoparticles as catalysts. Using the reduction of MR, BPB, and 4-NP using 
NaBH4, the catalytic potential of SCE-AuNPs has been investigated. The genotoxic and carcinogenic properties of 4-nitrophenol (4-NP) 
affect human, aquatic, and terrestrial environments. Additionally, due to its high stoutness and limited solubility in water, its con
version into non-toxic compounds is complicated [15]. Using a spectrophotometer, the characteristic absorption peak at 400 nm was 
monitored to ascertain the catalytic activity of SCE-AuNPs (200 μg/ml) in the presence of NaBH4. The results showed an intriguing 
slow degradation of 4-NP following the addition of SCE-AuNPs to the NaBH4 and 4-NP mixture. First, when NaBH4 was added to 4-NP, 
a vivid yellowish solution was formed resulting due to the formation of sodium phenolate anions (Fig. 10a). Due to the production of 
nitrophenolate ion, the UV spectra at the beginning (t = 0 min) displayed a sharp band at 400 nm. Additionally, the addition of 
SCE-AuNPs to the reaction mixture caused a rapid decrease in absorption intensity, going from 0.60 to 0.05 in 10 min with 91% 
disintegration (Fig. 10b). The absorption peak at 400 nm, on the other hand, showed “status quo” for a longer period of time in the 
absence of SCE-AuNPs as a catalyst, indicating no decrease. The result showed that the synthetic chemical, 4-nitrophenol, is entirely 
degraded by SCE-AuNPs [57]. The increased rate of surfacial adsorption and larger surface area to volume ratio of SCE-AuNPs may be 
the rationale of the degradation of 4-NP [58,59]. First, when NaBH4 was added to the reaction mixture, 4-NP was deprotonated leading 
to the formation of nitrophenolate ion [59]. The nitrophenolate ion was then gradually converted to 4-aminophenol (4-AP) by NaBH4. 
The reaction and production dynamics of 4-AP were encouraged by a decline in free energy. As NaBH4 was being adsorbed onto the 
catalyst surface, the reduction reaction commenced by the passage transfer of the BH4 electron to the 4-NP electron acceptor phenol. As 
a result, the 4-NP was subsequently minimized and reduced [60]. The usage of NaBH4 in the process raised the solution pH and slowed 
down the degradation of BH4

− ion. This followed with a rapid oxygen depletion in the microenvironment, which led to the reduction of 
4-NP. Additionally, the reaction mixture contained a good amount of the tiny bubbles surrounding the catalyst, which may have 
provided an encouraging environment for the reaction catalysis. Although the potential difference between acceptor and donor 
(NaBH4) molecules slows down the reaction rate, the surplus NaBH4 on hand prevents its use in oxygen reduction from altering its 
concentration [61]. 

The reduction reaction of 4-NP followed Langmuir-Hinshelwood mechanism, demonstrating the occurrence of surface adsorption 
via the available nanoparticle substrate on the catalyst and the surface of reducing agent [59]. It was found that ln (Ct/C0) and time had 
a strong linear association, supporting the pseudo-first-order kinetics. The kinetic reaction rate constant (K) was found to be 0.122 
min− 1, with 0.92 R2 value calculated from the 4-NP degradation according to the plot ln (Ct/C0) vs. time. 

The colloidal solution of SCE-AuNPs was used to catalyze the reaction between BPB and MR. BPB typically exhibits absorption 
maxima at 590 nm. The absorbance of the BPB at 590 nm abruptly dropped from 0.30 to 0.03 with 93% degradation post addition of 
SCE-AuNPs (1 mg/ml) to the reaction solution of NaBH4 and BPB (Fig. 11a and b). This outcome demonstrated that BPB completely 
degrades in the presence of NaBH4 and SCE-AuNPs. Following the pseudo-first-order reaction, ln (Ct/C0) and the passage of time 
exhibit a strong linear association. The BPB degradation was used to determine the kinetic reaction rate constant computed as 0.0822 
min− 1 and R2 value as 0.91. 

The dye MR exhibited absorption peak at 523 nm. Post addition of NaBH4, the absorption maxima progressed to 434 nm. In 
addition, when the SCE-AuNPs (1 mg/ml) was added to the reaction solution of MR and NaBH4, a progressive decline was observed in 

Fig. 11. (a) Ultraviolet–visible (UV–vis) spectra of bromophenol blue (BPB) in the presence of SCE-AuNPs, (b) Plot of percent degradation of BPB 
against time. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the absorbance of MR over the course of 2 h, going from 0.07 to 0.007 with 90% degradation (Fig. 12a and b). It was discovered that ln 
(Ct/C0) and time displayed a linear relationship following pseudo-first-order reaction kinetics. The reaction rate constant was found to 
be 0.0131 min− 1 with 0.97 R2 value inferred from the plot of ln (Ct/C0) vs. time calculated from the degradation of 4-NP. It was 
observed that the SCE-AuNPs degraded dye MR at a slower rate in comparison to BPB and 4-NP. 

The adsorption behavior of dye onto the SCE-AuNPs might be used for the elucidation and explication of the catalytic activity of 
SCE-AuNPs for the breakdown the pollutants produced by dye. It has been noted that NaBH4 envelopes and swathes metal nano
particles, limiting the direct contiguity of dye molecules with catalytic active site [14]. According to research, the hydride (BH4

− and/or 
H− ) ion has a stronger affinity for AuNPs and forms a layer around them [62]. One of many electrochemical mechanisms, in which 
metal nanoparticles function as an electron relay for an oxidant and a reductant, may be used to explain the catalytic metal degra
dation/reduction. Further, adsorbed on the outer surface of metal particle, the BH4

− ions donate electrons to the dye molecules via 
SCE-AuNPs when they are in close proximity to each other. The BH4

− ions initially provide the electrons to SCE-AuNPs before creating a 
negatively charged layer around the latter [63]. Since the dye molecules have direct access to the negatively stacked SCE-AuNPs, the 
electrons are quickly transported to the dye molecules. Simultaneously, the passage transport of an electron lightens the color index of 
the pollutant and the NaBH4 functions as a hydrogen supply. This hydrogen then binds with the dye molecules after an electron is 
transferred to the SCE-AuNPs [64,65]. Based on this, the SCE-AuNPs and BH4

− ions react similarly, resulting in the formation of 
negatively charged layer all around them. This information makes a compelling case for the employment of green chemistry-based 
AuNP biosynthesis as an efficient catalyst for the removal of hazardous contaminants from wastewater bodies. 

3. Material and methods 

3.1. Chemicals 

Sodium borohydride (NaBH4), Chloroauric acid (HAuCl4.3H2O), potassium bromide (KBr), dyes methyl red (MR), 4-nitrophenol 
(4-NP), and bromophenol blue (BPB) were purchased from HiMedia. 

3.2. Collection of soft coral 

The specimen of marine soft coral (Sarcophyton crassocaule) was collected from the intertidal region of Burmanallah 
(11◦34′22.26′′N, 92◦44′22.51′′E), South Andaman, India in a refrigerated box and transferred to the laboratory. The sample was 
cleaned using autoclaved marine water to get rid of any clinging debris and related biota before being sterilized and stored. The 
taxonomic identification of the organism was done by using taxonomic identification keys [66,67]. 

3.3. Preparation of aqueous extract SCE 

The method used by Ref. [32] was modified slightly to produce aqueous extract of soft coral. Using a sterile pestle and mortar, 5 g of 
soft coral were weighed and grounded in 50 ml of autoclaved, double-distilled water. The crude extract was thoroughly grounded 
before being filtered by using Whatman filter and kept in sterile storage for further use. 

3.4. Biosynthesis of gold nanoparticles 

50 ml 10− 3 M HAuCl4.3H2O solution was heated to 40–45 ◦C while being constantly stirred and the SCE (10 ml) was then added. 
The emergence of colour changes qualified the production of AuNPs formed within 30 min of the reaction. Following a thorough 
reduction of the solution, it was centrifuged at 10,000 g for 30 min at 4 ◦C. The recovered AuNPs were then redistributed in Milli-Q 
water. 

3.5. Purification of gold nanoparticles 

In order to remove unbounded phytomolecules, the biosynthesized SCE-AuNPs were washed by distilled water and subjected to 
centrifugation at 10,000 rpm for 15 min. The sample of pure gold nanoparticles was dried in an oven at 50 ◦C and used in subsequent 
investigations. 

3.6. Characterization of biogenic gold nanoparticles 

The analytical methods were used to determine the physicochemical properties of SCE-AuNPs: TEM (transmission electron mi
croscopy); SEM (scanning electron microscopy); UV–visible spectrophotometry; zeta potential analysis; thermogravimetric analysis 
(TGA); and Fourier transform infrared spectroscopy (FT-IR). In addition to operating considerations, all characterization approaches, 
were put into practice in accordance with prior reports of [6,7]. 
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3.7. In-vitro antioxidant assays 

3.7.1. DPPH radical-scavenging activity 
The colour bleaching sensitivity of 2,2-diphenyl-1-picrylhydrazyl (DPPH) in methanol was used to test the electron-donating ca

pacity (or hydrogen atom) of SCE-AuNPs [68]. A total of 50 μl of SCE-AuNPs (concentrations 20–100 μg/ml) were mixed separately 
with 450 μl of Tris-HCl buffer (pH = 7.4) and 1 ml of methanolic DPPH solution (0.1 mM); final volume made up to 2 ml by adding 
sterile distilled water and incubated at room temperature in the dark for 30 min before measuring their respective absorbance values at 
517 nm. Ascorbic acid and methanol were employed as the standard and blank, respectively. The inhibitory concentration (IC50 value) 
at which 50% (IC50) DPPH free radical scavenging activity of SCE-AuNPs was assessed. The equation (Eq. 1) below was used to 
compute the percentage of DPPH radical inhibition: 

Inhibition %=
([A Blank − B sample])

A Blank
× 100 (1)  

Where, A blank - the absorbance of the control reaction and B sample - is the absorbance of the test compound. 

3.7.2. Reducing power assay 
The reductive capability of SCE-AuNPs, i.e. the conversion of Fe3+ ions into Fe2+ ions was examined using the methods of [69,70]. 

The SCE-AuNPs (20–100 μg/ml; dilution with 1.0 ml double distilled water) were added with 2.5 ml of potassium ferricyanide [K3Fe 
(CN)6; 1%] and 2.5 ml of sodium phosphate buffer (0.2 M; pH 6.6). Prior to adding 2.5 ml of trichloroacetic acid (TCA; 10%), the 
sample combination was incubated at 50 ◦C for 20 min. The resulting mixture was centrifuged for 10 min at 3000 rpm. After combining 
the upper organic layer (2.5 ml) with sterile double distilled water (2.5 ml) and 0.5 ml ferric chloride (FeCl3; 0.1%), the absorbance at 
700 nm was measured. The percentage of reduction (Fe3+ to Fe2+ ionic state) was computed by using Eq. 1. 

3.8. In-vitro anti-diabetic studies 

3.8.1. α-amylase inhibitory activity 
The α-amylase inhibitory activity of SCE-AuNPs was carried out using standard procedure with slight modifications [71]. In 96-well 

plate, 20 μl α-amylase (2 U/ml) + 20 μl SCE-AuNPs concentrations (20–100 μg/ml) were mixed with 50 μl phosphate buffer (100 mM, 
pH 6.9) and incubated for 20 min at 37 ◦C. Following then, a substrate solution of 1% soluble starch (20 μl; 100 mM phosphate buffer 
pH 6.9) was added and incubated for 30 min at 37 ◦C. Post incubation, DNS color reagent (100 μl) was added; boiled for 10 min and the 
absorbance was read at 540 nm. Standard (acarbose) and control mixtures were ran in parallel as control. The results were interpreted 
as % inhibition calculated by using equation (Eq. 2): 

Inhibition activity (%)=

(

1 −
A
B

)

× 100 (2)  

where A = absorbance of test sample and B = absorbance of control. 

3.8.2. α-glucosidase inhibitory activity 
All other experimental sample preparations, apart from the approach of [72], followed the instructions mentioned in section 2.7.1. 

Fig. 12. (a) Ultraviolet–visible (UV–vis) spectra of methyl red (MR) in the presence of SCE-AuNPs, (b) Plot of percent degradation of MR against 
time. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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3.9. Mechanism of action of SCE-AuNPs on the microbial cells 

3.9.1. Protein leakage assay 
The methods of [73] were used to determine the quantification of protein constituent leakage. After being exposed to SCE-AuNPs 

(100 μg/ml) for 3–6 h, the bacterial cells were centrifuged (6000 rpm; 15 min). The supernatant (200 μl) and Bradford reagent (800 μl) 
were added to each consecutive sample before being incubated for 10 min. The optical density (at 595 nm) was measured using BSA 
(Bovine Serum Albumin) as a reference. 

3.9.2. Nucleic acid leakage assay 
The previously described standard technique of [74] with minor adjustments was used to estimate nucleic acid leakage. Aliquots of 

bacterial cultures were exposed to SCE-AuNPs (100 μg/ml)) for intervals of 3–6 h, post exposure were filtered through Millex-GS 
syringe filters (Millex-GS, Spain) with pore size of 0.2 μm; diameter 25 mm. The absorbance was measured at 260 nm. 

3.10. Antibacterial activity 

The antibacterial property of SCE-AuNPs was investigated by using agar well diffusion assay against Gram-positive (Staphylococcus 
aureus) and Gram-negative (Vibrio cholerae) bacteria [75]. In brief, the MHA medium plates were uniformly swabbed with 100 μl of 
pre-grown bacterial culture. Wells (10 mm in size) were made by using sterilized cork borer and the former were then subsequently 
filled with SCE-AuNPs (20–100 μg/ml) and incubated for 24 h at 37 ◦C. The formation of inhibitory zone around the wells on each plate 
was measured by using HiMedia antibiotic ZOI scale. 

3.11. Catalytic activity and kinetic study of dye degradation by SCE-AuNPs 

The catalytic activity of SCE-AuNPs was investigated by using aromatic nitro-containing compounds and dyes, MR, BPB, and 4-NP 
in the presence of NaBH4. The reaction absorbance at 400 nm (the absorption maxima of 4-NP) was measured in relation to time by 
using a stock solution of 4-NP (0.4 mM) and NaBH4 (40 mM). Ten milligrams of dye were added to 1 L of distilled water to make the 
stock solutions for MR and BPB. The dye solution was then supplemented with the appropriate amounts of SCE-AuNPs, well mixed, and 
the reaction progression was monitored across a range of time intervals. A control set was also kept and its absorbance was tested 
without the addition of nanoparticles. The degradation rate of the dye and pollutant was estimated by using Eq. (3): 

Degradation rate (%)=
(Ao − At)

Ao
× 100 (3)  

where Ao is the absorbance at t = 0, At is the absorbance at time t. 
The kinetics of catalytic degradation were estimated using a pseudo-first-order model, and the apparent rate constant over time was 

calculated using the slope of a linear correlation [76,77]. The pseudo-first-order equation (Eq. 4) was written as follows: 

ln
Ct
Co

= − Kt (4)  

where Co is the concentration at t = 0, Ct is the concentration at time t, K is the pseudo-first-order rate constant of the degradation 
reaction, determined as the slope of the regression plot ln (Ct/Co) versus time (t). 

3.12. Statistical analysis 

Data are displayed as mean S.D. With the use of the statistical analysis programmeSigmaplot 10.1, differences between groups were 
ascertained using a one-way ANOVA. The p value < 0.05 was used to determine significant differences. 

4. Conclusion 

In present study, the first time report implying the use of aqueous extract of soft coral species, Sarcophyton crassocaule for the 
successfully biofabrication of SCE-AuNPs, which were then characterized by utilizing tools for UV, TEM, SEM, FTIR, zeta potential and 
TGA. Strong antioxidant activity was shown by SCE-AuNPs exhibited by DPPH and reducing power activity. Also, greenly produced 
SCE-AuNPs had strong α-glucosidase and α-amylase inhibitory action that was comparable to the standard medicine acarbose currently 
being used to treat type II diabetes.. The initial research suggests that the well-established AuNPs could be a possible therapeutic that 
could replace the currently used standard medication because they represent highly good environmentally acceptable materials in the 
field of biomedicine. Before being used, these nanoparticles also need to be warranted for their toxicity and the impact of several other 
biochemicals present in the environment of a living body examined in-vivo in animal systems. They exhibited strong activity against 
V. cholerae and S. aureus quantified by well diffusion and cellular leakage assays. Studies on the degradation of 4-NP, MR and BPB using 
NaBH4 adhere to the pseudo-first-order paradigm, which suggests that the degradation of dye molecules by SCE-AuNPs. Hence, the 
SCE-AuNPs were found to be a potentially effective drug for postprandial hyperglycemia and type II diabetes, as well as the anti
bacterial and antioxidant material, and also function as a potentially effective catalyst for the decrease of anthropogenic contaminants 

S. Rokkarukala et al.                                                                                                                                                                                                 



Heliyon 9 (2023) e14668

13

found in wastewater bodies. 
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