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Nanotechnology has experienced significant advancements, attracting considerable attention in 
various biomedical applications. This innovative study synthesizes and characterizes Ge/PLA/AuNCs 
(gelatin/PLA/gold nanocomposites) using Syzygium cumini extract to evaluate their various biomedical 
applications. The UV–Visible spectroscopy results in an absorption peak at 534 nm were primarily 
confirmed by Ge/PLA/AuNCs synthesis. The FTIR spectrum showed various functional groups and 
the XRD patterns confirmed the crystalline shape and structure of nanocomposites. The FESEM and 
HRTEM results showed a oval shape of Ge/PLA/AuNCs with an average particle size of 21 nm. The Ge/
PLA/AuNC’s remarkable antioxidant activity, as evidenced by DPPH (70.84 ± 1.64%), ABTS activity 
(86.17 ± 1.96%), and reducing power activity (78.42 ± 1.48%) at a concentration of 100 μg/mL was 
observed. The zone of inhibition against Staphylococcus aureus (19.45 ± 0.89 mm) and Echericia coli 
(20.83 ± 0.97 mm) revealed the excellent antibacterial activity of Ge/PLA/AuNCs. The anti-diabetic 
activity of Ge/PLA/AuNCs was supported by inhibition of α-amylase (82.56 ± 1.49%) and α-glucosidase 
(80.27 ± 1.57%). The anti-Alzheimer activity was confirmed by inhibition of the AChE (76.37 ± 1.18%) 
and BChE (85.94 ± 1.38%) enzymes. In vivo studies of zebrafish embryos showed that Ge/PLA/AuNCs 
have excellent biocompatibility and nontoxicity. The SH-SY5Y cell line study demonstrated improved 
cell viability (95.27 ± 1.62%) and enhanced neuronal cell growth following Ge/PLA/AuNCs treatment. 
In conclusion, the present study highlights the cost-effective and non-toxic properties of Ge/PLA/
AuNCs. Furthermore, it presents an attractive and promising approach for various future biomedical 
applications.
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Nanotechnology holds immense potential to revolutionize various scientific sectors. Nanomaterials, with their 
unique morphology and size, offer a wide range of applications and have been the subject of intense research 
in both biology and material science1,2. Nano-sized semiconductors have recently emerged as a novel approach 
due to their remarkable chemical and physical properties. However, there are some drawbacks associated with 
this process, such as its high cost, time-consuming nature, and labor-intensive procedures. To overcome these 
limitations, there is a growing demand for an alternative method that is safe, ecologically sound, and cost-
effective for nanoparticle (NP) synthesis3–5. In recent years, green synthesis methods have gained popularity. 
These methods avoid the expensive costs of harsh chemicals as well as the stringent conditions necessary for 
reduction and stabilization6.

Green synthesis approaches utilize bacteria, fungi, algae, and plant parts like fruits, stems, roots, leaves, 
and seed extracts7,8. Biosynthetic methods, especially those using plants, are becoming increasingly popular 
as a streamlined alternative and scalable approach for producing metal oxide particles free of impurities. These 
biosynthetic techniques produce nanoparticles with more precise shapes and sizes than those achieved through 
other physicochemical methods9,10. Natural compounds found in biological systems play a crucial role in NP 
synthesis. They serve as capping, reducing, and stabilizing agents. These compounds aid in controlled synthesis 
and enhance NPs stability. Literature surveys have revealed the significant benefits of employing plants over 
other biosystems. Moreover, plants are easily accessible, and their NPs are more stable. Furthermore, using 
plants in biosynthesis presents a sustainable and eco-friendly approach11,12.

Gold nanoparticles (AuNPs) have gained prominence in recent years due to their enhanced physical, chemical, 
and biological properties13. AuNPs are favored for their ease of production, modification, and properties that 
depend on size, shape, and dispersion. These factors contribute to the popularity of metal nanoparticles in 
scientific research and technological advancements14. The preferred method for producing AuNPs is green 
synthesis, which refers to environmentally friendly and biocompatible methods15. It aligns with the principles of 
sustainability and reduces the reliance on harsh chemicals. Medicinal plants and the synthesis of plant-mediated 
nanomaterials have been thoroughly studied for their ability to synthesize AuNPs. These medicinal plants 
contain a wide variety of bioactive chemicals possessing well-established therapeutic characteristics14–16. Various 
medicinal plants, such as Ziziphus nummularia17, Hippeastrum hybridum18, and Ajuga Bracteosa19, have been 
used to synthesize AuNPs in specific studies, highlighting their potential biomedical applications. Additionally, 
AuNPs have exhibited significant antioxidant, antibacterial, anti-cancer, anti-inflammatory, antidiabetic, and 
antifungal activities. Their unique properties make them valuable in drug delivery systems and diagnostic 
tools19,20.

Gelatin (Ge) is a naturally occurring hydrogel that has reactive amide and amino groups within its structure. 
Gelatin has been thoroughly investigated as a hydrogel wound dressing owing to its remarkable attributes, 
such as biodegradability, biocompatibility, adherence, and non-allergenicity21. The tissue engineering of gelatin 
is due to its diverse charged groups, which can engage with both negatively and positively charged elements 
of cell membranes. Nonetheless, a primary issue associated with gelatin and other natural polymers is their 
limited stability and diminished mechanical strength in biomedical applications22. This limitation hinders 
their effectiveness as wound dressings and other biomedical products. To address this problem, researchers 
have explored the incorporation of polylactic acid (PLA) into nanomaterials. PLA is a polymer that offers 
improved viability, proliferation, and gene expression, thereby enhancing the biocompatibility of electrospun 
membranes23. PLA, being non-toxic, highly crystalline, water-soluble, biodegradable, and highly biocompatible, 
is widely used as a hydrogel in wound dressing applications. By blending the naturally derived hydrogel gelatin 
with the synthesized polymer PLA, the stability of hydrogels can be increased, and their physical properties can 
improve various biomedical properties23,24. Blending Ge/PLA binding with metal NPs offers several advantages 
for ideal tissue engineering, including non-toxicity, antibacterial properties, and wound healing efficiency25,26.

Recent efforts have focused on designing nanocomposite hydrogels by incorporating drugs of natural 
origin, primarily derived from plants27. Syzygium cumini (S. cumini) is one such herb that has gained popularity 
in therapeutic applications, diet based therapy, and contemporary medicine28. This herbal plant contains 
various pharmacological compounds, including sugars, vitamins, enzymes, alkaline, phenolic compounds, 
glycoproteins and polysaccharides, which contribute to its numerous medicinal properties29. Scientific reports 
have emphasized the pharmacological properties of S. cumini, highlighting its potential as an antibacterial, 
anti-cancer, antioxidant, anti-inflammatory, and wound-healing activity. S. cumini is also associated with anti-
diabetic properties that help control blood glucose levels and enhance insulin receptor function29–31. Notably, 
researchers have shown the synthesis and various biological applications of S. cumini extract, such as silver 
NPs32, copper NPs33, and Zinc oxide NPs34.

Recent studies have highlighted the potential of synthesized gelatin/AuNPs to exhibit excellent drug delivery 
and various biological properties35. Polymer-loaded NPs have demonstrated high levels of antibacterial activity 
and controlled drug release properties attributed to the interaction of NPs with bacterial cell membranes, causing 
alterations and damage to the cellular proteins, DNA, and cell death35,36. In a report, the use of Piper nigrum 
extract in the production of AuNPs has demonstrated impressive antibacterial and antioxidant properties37. 
Studies have shown that only a few nanocomposites have been successfully synthesized35,36. However, only a 
few specific nanocomposites synthesized in foliage have been found to have biomedical applications. Cost-
effectiveness, non-toxicity, and some significant challenges are observed in nanocomposite synthesis. To the 
best of our knowledge, the potential of gelatin/PLA-loaded Au nanocomposite (Ge/PLA/AuNCs) and its various 
biological applications have not been studied. The synthesis of Ge/PLA/AuNCs using the medicinally important 
S. cumini plant extract presents a novel approach with potential clinical applications and describes it as a 
promising candidate for various biomedical activities. Diabetes, Alzheimer’s disease and many other diseases are 
manifested by oxidative stress, thus highlighting that it may be a promising drug candidate to combat oxidative 
stress and additionally exhibit antidiabetic and anti-Alzheimer activity.
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The novelty of this study is the synthesis of Ge/PLA/AuNCs using S. cumini plant fruit extract using the 
green synthesis method and the aim was to investigate its properties for biomedical applications. The physical 
and chemical properties of synthesized Ge/PLA/AuNCs were evaluated by UV–vis spectroscopy, FTIR, XRD, 
SEM, TEM, swelling and drug release properties. The objective is to explore the diverse antioxidant properties 
of Ge/PLA/AuNCs. Additionally, the research investigates their antibacterial effects against Gram-positive and 
Gram-negative bacteria. The synthesized Ge/PLA/AuNCs are evaluated for their potential anti-inflammatory, 
antidiabetic and anti-Alzheimer’s activities. The in vivo biocompatibility was also assessed using zebrafish 
embryos. Furthermore, the study aims to evaluate cell viability and neuroprotective effects by using SH-SY5Y 
neuroblastoma cell lines.

Results and discussions
UV–visible spectroscopy
The formation of Ge/PLA/AuNCs, achieved by reducing HAuCl4 with S. cumin fruit extracts, was primarily 
confirmed by a notable change in the color of the reaction mixture. This color change serves as a preliminary 
identification method for the formation of Ge/PLA/AuNCs. What makes the Ge/PLA/AuNCs stand out is their 
unique colour change from yellow to ruby red, which is caused by surface plasmons within the nanoparticles 
getting changed. This color transformation was observed for different concentrations of 0.2%, 0.4%, 0.6%, 0.8%, 
and 1% (Fig. 1a), as well as at various time intervals of incubation (10, 30, 60, 120 and 180 min) (Fig. 1b), with 
absorbance measurements confirmed at a wavelength of 534 nm.

The absorption intensity increased with higher Ge/PLA/AuNCs concentrations, reaching a maximum value. 
The presence of various phytochemicals in the plant extract facilitates the oxidation process, leading to the 
reduction of metal cations into neutral metal atoms. These reduced metal atoms are further stabilized by the bio-
ingredients present in the extract, particularly antioxidants such as flavonoids and polyphenols38. Their presence 

Fig. 1.  (a) UV–Vis absorption spectra of Ge/PLA/AuNCs synthesized using Syzygium cumini extract with 
different concentrations (A-0.2%, B-0.4%, C-0.6%, D-0.8%, and E-1%) and (b) with different time periods (A-
10, B-30, C-60, D-120 and E-180 min). (c) FTIR spectral analysis of synthesized a) gelatin, (b) AuNPs, (c) Ge/
AuNPs and (d) Ge/PLA/AuNCs. (d) XRD analysis synthesized a) gelatin, (b) AuNPs, (c) Ge/AuNPs and (d) 
Ge/PLA/AuNCs.
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aids in the simple reduction of gold metal during synthesis. Reports show similar UV–Vis spectrum absorption 
results at 534 nm when AuNPs were synthesized using Nigella sativa plant extract39.

FTIR analysis
A Fourier-transform infrared spectroscopy (FTIR) analysis was conducted to ascertain the presence of plant 
phytochemical functional groups in the synthesized Ge/PLA/AuNCs. (Fig. 1c) displays the FTIR spectroscopy 
profile of Ge/PLA/AuNCs synthesized using S. cumini fruit extracts. The FTIR spectrum revealed several 
characteristic peak values corresponding to different functional compounds present in the extracts. Notably, 
the medium peak at 3105 cm−1 indicated the presence of an O–H stretching mode, suggesting the presence 
of carboxylic acid in the extracts. When alkanes were present, we observed strong stretching vibration peaks 
at 2851  cm−1 and 2765  cm−1 for the C–H group, and 1815  cm−1 for the C–O groups. The strong stretching 
vibration peaks at 1650 cm−1 and 1512 cm−1 exhibited stretching vibrations of primary and secondary amines 
and aromatics, indicating the presence of N–H groups and C–C groups attached to the AuNPs40.

Additionally, sharp peaks at 1352 cm cm−1 and 1156 cm cm−1 indicated the presence of strong C-H and C-N 
stretching vibrations, further confirming the presence of plant phytochemical functional groups. The bonds or 
functional groups derived from heterocyclic compounds, such as alkaloids, flavones, amines, and carboxylic 
acids, were identified through the presence of C–N and C=C bonds41. The proteins present in the fruit extract 
functioned as capping ligands for the Ge/PLA/AuNCs, as evidenced by the peaks associated with proteins. These 
protein molecules serve as surface coating molecules, preventing internal agglomeration of the Ge/PLA/AuNCs 
and enhancing their stability.

XRD analysis
The X-ray diffraction (XRD) analysis was performed to confirm the particle crystalline size, structure, and 
crystalline phase purity of the synthesized Ge/PLA/AuNCs. (Fig.  1d) displays the XRD pattern of Ge/PLA/
AuNCs synthesized using S. cumini fruit extracts. The XRD pattern of Ge/PLA/AuNCs exhibited distinct peaks 
at 38.45°, 44.62°, 64.58°, 77.61° and 82.74° in the 2θ range, corresponding to the (111), (200), (220), (311), and 
(222) planes, respectively. These peaks are characteristic of the face-centered cubic lattice structure of nanogold. 
The average crystalline sizes of synthesized Ge/PLA/AuNCs were 22 nm to 67 nm. An important observation 
is that the most intense peak observed in the synthesized AuNPs using S. cumini plant extract was attributed 
to the (111) plane. This significant finding indicates that the crystals have a preferred orientation toward this 
particular plane42. Therefore, the bio-fabricated Ge/PLA/AuNCs were confirmed to be AuNPs. A recent study 
also reported similar XRD results for AuNPs synthesized using Nigella sativa plant extract39.

FESEM analysis
Using Field emission scanning electron microscopy (FESEM) to look at Ge/PLA/AuNCs in great detail helped 
us understand their shape and size. The micrograph revealed the spherical morphology of the Ge/PLA/
AuNCs using S. cumini plant extract. The FESEM analysis indicated that the Ge/PLA/AuNCs were uniformly 
distributed, suggesting that the reducing agents played a role in stabilizing the NPs. Figure 2 displays various 
FESEM-magnified images of (a) Ge, (b) AuNPs, (c) Ge/AuNPs and (d) Ge/PLA/AuNCs. The FESEM analysis 
demonstrated that the Ge/PLA/AuNCs exhibited oval-shaped structures. Moreover, in Fig. 2b, it was clearly 
seen that the AuNPs were spherical in size with an average particle size of 21 nm. Similar FESEM results have 
been reported for Au-NPs synthesized using plant extracts43. Among the different shapes observed for Ge/PLA/
AuNCs, the spherical shape holds significant potential in the medical field. Its applications range from being a 
promising agent for anti-diabetic and anti-Alzheimer drugs to its spherical shape, which offers advantages in 
terms of drug delivery and targeted therapies44. However, due to the limited resolution of FESEM images, some 
obvious variations in the size and shape of Ge/PLA/AuNCs were observed.

HRTEM, DLS and Zeta potential analysis
The particle size confirmation of synthesized Ge/PLA/AuNCs was done using the hydrodynamic diameter 
analysis (Dynamic light scattering-DLS) and high-resolution transmission electron microscopy (HRTEM) 
analysis. HRTEM images reveal the synthesized Ge/PLA/AuNCs to be oval in shape, as shown in Fig.  3a. 
Figure 3a clearly shows that individual particle sizes ranged from 19 to 42 nm, and the average particle size was 
21.57 nm. The hydrodynamic diameter was found to be 22 nm by DLS analysis (Fig. 3b), supporting the results 
obtained by HRTEM analysis. The particles were moderately stable in an aqueous solution possessing a zeta 
potential value of − 12.16 mV (Fig. 3c). 

Swelling properties
This study examined the swelling properties of synthesized Ge, AuNPs, Ge/AuNPs and Ge/PLA/AuNCs over 
5 min to 24 h, as shown in (Fig. S1a). We found that the swelling ratio varied for each synthesized sample. AuNPs 
had a swelling ratio of 35.42 ± 2.15%, Ge had a ratio of 58.37 ± 2.64%, Ge/AuNPs had a ratio of 70.19 ± 3.14%, 
and Ge/PLA/AuNCs had the highest swelling ratio of 90.48 ± 3.46%. These results indicate that Ge/PLA/AuNCs 
experienced a significant increase in their dimensions during the swelling process. Interestingly, after 20 and 
24 h, we observed that Ge/PLA/AuNCs exceeded their weight limits, leading to the complete degradation of the 
nanocomposite biomaterial. The results suggest that Ge/PLA/AuNCs are highly prone to degradation under the 
given conditions. These findings are consistent with other research works with similar nanocomposites, further 
supporting the observed trends in swelling behavior and degradation45. The ability to control and predict the 
swelling behavior of these materials is crucial, as it enables researchers to tailor their characteristics to meet 
specific requirements.
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Cumulative drug release
In this study, we investigated the drug release properties of synthesized Ge, AuNPs, Ge/AuNPs and Ge/PLA/
AuNCs, as depicted in (Fig. S1b). The Au release rate from Ge/PLA/AuNCs at various concentrations of 
43.12 ± 2.48% for 0.5%, 60.38 ± 2.93% for 1%, 76.31 ± 3.12% for 1.5% and 90.46 ± 3.68% for 2%. The Ge/PLA/
AuNCs demonstrated prolonged and controlled release properties of Au from Ge/PLA/AuNCs. The consistent 
results of this study align with prior reports that have investigated the drug-release properties of similar 
nanocomposites46. The remarkable swelling ratios exhibited by Ge/PLA/AuNCs further support their potential 
for controlled drug release applications. We selected Ge/PLA/AuNCs for further research in biomedical 
applications due to their outstanding swelling ratios and excellent controlled release properties. These findings 
open up exciting possibilities for developing novel drug delivery systems that can provide extended and 
controlled release of therapeutic agents, improving patient outcomes and treatment efficacy.

Antioxidant activity
Antioxidant activity is the power of antioxidant enzymes or compounds to remove or lessen the effects of reactive 
oxygen species (ROS), which lowers oxidative stress and keeps cells in balance. Moreover, researchers have 
carried out analytical determinations to identify and quantify secondary oxidation products. In our study, we 
used four distinct antioxidant studies to comprehensively understand the test samples’ antioxidant capacity47. In 
our study, we used four distinct antioxidant studies to comprehensively understand the test samples’ antioxidant 
capacity. These studies allowed us to evaluate the presence of primary and secondary oxidation products. By 
utilizing these antioxidant assays, we were able to gain valuable insights into the antioxidant capacity of the test 
samples. Environmental stress produces ROS, which can lead to the degradation of membrane lipids, proteins, 

Fig. 2.  FESEM morphology analysis of synthesized (a) gelatin, (b) AuNPs, (c) Ge/AuNPs and (d) Ge/PLA/
AuNCs.
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DNA, and plant cells. This, in turn, causes changes in plant metabolic pathways. This, in turn, causes changes in 
the plant metabolic pathways. In response to phenolics and oxidative stress, plants generate various metabolic 
substances, such as flavonoids and terpenoids48,49. To investigate the antioxidant capability of Ge/PLA/AuNCs 
generated by plants, we employed several in vitro antioxidant assays, including 2,2-Diphenyl-1-picrylhydrazyl 
(DPPH), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid (ABTS), hydrogen peroxide (H2O2), superoxide 
dismutase (SOD), reducing power assays and Fluorescence recovery after photobleaching (FRAP).

In our study, at a concentration of 100  μg/mL, the Ge/PLA/AuNCs for DPPH scavenging activity were 
found to be 70.84 ± 1.64% (IC50 = 50.36  μg/mL), while the ABTS activity was 86.17 ± 1.96% (IC50 = 19.63  μg/
mL). The H2O2 activity was measured at 60.74 ± 1.18% (IC50 = 68.35  μg/mL), SOD activity at 62.38 ± 1.26% 
(IC50 = 63.45  μg/mL), reducing power activity at 78.42 ± 1.48% (IC50 = 22.14  μg/mL) and FRAP activity at 
61.73 ± 1.15% (IC50 = 64.07 μg/mL) as shown in Fig. 4. Notably, the ABTS reducing power activity and DPPH 
scavenging activity exhibited high levels of antioxidant activity, comparable to others. These findings highlight 
the strong antioxidant capacity of Ge/PLA/AuNCs generated by plants. The results of our study confirm that it 
has superior antioxidant properties compared to previous findings47. These Ge/PLA/AuNCs have an amazing 
ability to get rid of free radicals and have high antioxidant activity. This strongly supports their possible uses, 
especially in biomedical research.

In all of our experiments, we observed that the test samples exhibited improved dose-dependent antioxidant 
capability. In terms of ascorbic acid closer, the maximum antioxidant capacity was found to be for ABTS at a 
concentration of 100 mg/mL. Our study results showed that all test concentrations displayed outstanding free 
radical scavenging activity, as depicted in (Fig. 4a–f). These results show very close and excellent antioxidant 
activities compared to earlier reports that investigated different types of antioxidant properties of Mo-
NiONPs50. The ability of the test samples to scavenge free radicals and exhibit high antioxidant activity is of 
enormous significance. Antioxidants play an important role in combating oxidative stress, which is linked to the 
development of many diseases45. Understanding these substances’ antioxidant capabilities can contribute to the 
development of antioxidant-based therapies and materials that can protect against oxidative damage.

Antibacterial activity
In recent years, there has been an accelerated exploration of medicinal plants and plant-mediated nanomaterials 
for their potential antibacterial properties44,51,52. These natural sources offer a wide range of bioactive chemicals 
with well-established therapeutic characteristics53. The research aimed to assess the effectiveness of Ge/PLA/
AuNCs against specific strains, including both gram-negative and gram-positive bacteria. The well-diffusion 
method entails placing the test sample inside a well in a confluent bacterial culture plate. The substance’s 
diffusion from the well creates a concentration gradient, allowing for the assessment of its inhibitory effect on 
bacterial growth54. The zone of inhibition (ZOI), which restricts bacterial growth, offers valuable insights into 
the antibacterial activity of the tested substance.

Fig. 3.  The (a) TEM analysis, (b) DLS analysis and (c) Zeta potential analysis of synthesized Ge/PLA/AuNCs.
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In our study, significant ZOI was observed in Staphylococcus aureus (19.45 ± 0.89  mm), Bacillus subtilis 
(18.51 ± 0.79 mm), Enterococcus faecalis (17.29 ± 0.81 mm) and Micrococcus luteus (18.93 ± 0.92 mm), as shown 
in Table 1. Moreover, significant zones of inhibition (ZOI) were observed for gram-negative bacteria, specifically 
Escherichia coli (20.83 ± 0.97 mm), Klebsiella pneumoniae (19.51 ± 0.90 mm), Proteus vulgaris (18.46 ± 0.83 mm), 
and Salmonella typhi (19.80 ± 0.89  mm), as illustrated in Table 1. Ge/PLA/AuNCs exhibited significant 
antibacterial efficacy, with a marked disparity in inhibition between Gram-negative and Gram-positive bacteria. 
At a dose of 100 μg/mL, Ge/PLA/AuNCs exhibited optimal bactericidal efficacy against all examined pathogenic 
bacterial strains, exceeding the positive control. Furthermore, the inhibitory activity of synthesized Ge/PLA/
AuNCs demonstrated a robust dose-dependent relationship with pathogenic bacteria growth. Prior research 
has also highlighted the good antibacterial activity of hydrogel-AuNPs synthesized using Chlorella vulgaris 
plant extracts against various bacterial strains55. Researchers have reported that chitosan/poly(γ-glutamic acid)/
AuNPs were investigated for antibacterial activity and showed excellent antibacterial activity56. A report suggests 
that AuNPs synthesized using Euphorbia wallichii extract have excellent antibacterial activity57. The assembly of 
polymer-AuNPs on the bacteria’s membrane induces structural conformation changes and increased membrane 
permeability, ultimately resulting in bacterial cell death58.

Anti-inflammatory activity
Inflammation is a natural response of the immune system to irritants, damaged cells, pathogens, and harmful 
stimuli59. However, the immune response can sometimes become exaggerated, leading to chronic inflammation. 
Researchers have found that certain metallic NPs and plant secondary metabolites have demonstrated anti-
inflammatory activities60. AuNPs are used to protect flavonoids like isovitexin and hydroxycinnamic acid 
derivatives like chlorogenic acid, ferulic acid, and carboxylic acid. These compounds have shown potential for 

Fig. 4.  Antioxidant activity of synthesized Ge/PLA/AuNCs for (a) DPPH, (b) ABTS, (c) H2O2, (d) SOD, (e) 
reducing power activity and (f) FRAP at various concentrations (5, 10, 25, 50 and 100 µg/mL). Values are 
expressed as mean ± SD (*p < 0.05; **p < 0.001; ***p < 0.0001). An asterisk indicates significant differences 
among treatments compared to control.
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reducing inflammation through various mechanisms. For example, they can inhibit COX, an enzyme producing 
prostaglandins and leukotrienes that contribute to inflammation. They can also have a differential action on 
COX-1 and COX-2, further reducing inflammation61,62. To test how well Ge/PLA/AuNCs work together to 
reduce inflammation activity, COX-1 and COX-2 in vitro mechanisms were used. The anti-inflammatory 
activity of these mechanisms was found to be excellent and was observed in both COX-1 (64.28 ± 0.85%) and 
COX-2 (73.84 ± 0.98%). The IC50 values were found to be 59.82 μg/mL for COX-1 and 43.28 μg/mL for COX-
2, as shown in Table 2. The use of nanotechnology in medicine has opened up new possibilities for identifying 
and treating inflammatory and damaged areas in the body63. By utilizing nanocarriers like Ge/PLA/AuNCs, it 
is possible to enhance drug penetration into the active site of microbial infectious nanocarriers, thus improving 
the effectiveness of treatment.

Anti-diabetic activity
Diabetes mellitus is a metabolic disorder characterized by high levels of glucose in the blood, a condition known 
as hyperglycemia64. This condition is associated with various complications, including cardiovascular and 
neural disorders. Maintaining blood glucose levels within the normal range is crucial for managing diabetes and 
preventing these complications64,65. There are two important enzymes involved in carbohydrate metabolism: 
α-amylase and α-glucosidase. These enzymes play a crucial role in digestion by breaking down complex 
carbohydrates into simple glucose molecules. However, in diabetes, it is important to inhibit these carbohydrate 
digestive enzymes to control hyperglycemia66. Investigators have already established the anti-diabetic activity 
of many plant extracts67, including S. cumini seed extracts68. By inhibiting these enzymes, this plant extract 
may help to regulate blood glucose levels and control hyperglycemia. In this study, Ge/PLA/AuNCs were bio-
fabricated using S. cumini fruit extract, and their potential as an antioxidant-derived anti-diabetic agent was 
evaluated.

Name of the drug Conc. (µg/mL)

% inhibition

COX-1 IC50 COX-2 IC50

Ibuprofen

5 23.48 ± 0.47

42.28 μg/mL

27.15 ± 0.52

27.32 μg/mL

10 34.67 ± 0.56 42.83 ± 0.68

25 47.19 ± 0.61 57.24 ± 0.79

50 60.82 ± 0.75 68.71 ± 0.89

100 72.45 ± 0.88 80.39 ± 0.96

Ge/PLA/AuNCs

5 13.72 ± 0.32**

59.82 μg/mL

18.29 ± 0.39***

43.28 μg/mL

10 26.49 ± 0.48** 30.74 ± 0.51*

25 40.18 ± 0.54* 49.52 ± 0.63**

50 52.79 ± 0.71*** 62.95 ± 0.74**

100 64.28 ± 0.85*** 74.84 ± 0.98***

Table 2.  Anti-inflammatory activity of Ge/PLA/AuNCs at different concentrations (5, 10, 25, 50 and 
100 μg/mL) for COX-1 and COX-2. Ibuprofen was used as a positive control. The results are expressed as 
the mean ± SD. Statistical significance levels were indicated using asterisks, with *p < 0.05, **p < 0.001, and 
***p < 0.0001 denoting different levels of significance.

 

Name of the pathogens

Zone of inhibition (mm) concentration (µg/mL)

PC 10 25 50 100

Gram-positive bacteria

 S. aureus 18.92 ± 0.97 12.04 ± 0.43* 14.56 ± 0.57*** 16.38 ± 0.72** 19.45 ± 0.89***

 B. subtilis 17.49 ± 0.85 10.48 ± 0.35** 12.71 ± 0.43** 15.46 ± 0.63* 18.51 ± 0.75***

 E. faecalis 16.63 ± 0.76 10.97 ± 0.42* 12.04 ± 0.56** 14.83 ± 0.71*** 17.29 ± 0.81**

 M. luteus 17.82 ± 0.94 11.47 ± 0.48** 13.82 ± 0.61*** 15.74 ± 0.79** 18.93 ± 0.92***

Gram-negative bacteria

 E. coli 19.52 ± 0.95 13.23 ± 0.49** 15.28 ± 0.62* 17.61 ± 0.81*** 20.83 ± 0.97***

 K. pneumonia 18.39 ± 0.84 12.61 ± 0.41** 14.60 ± 0.60*** 16.92 ± 0.76** 19.51 ± 0.90**

 P. vulgaris 17.04 ± 0.76 11.49 ± 0.36** 13.64 ± 0.52** 15.83 ± 0.69* 18.46 ± 0.83***

 S. typhi 18.75 ± 0.89 12.98 ± 0.45* 14.75 ± 0.58*** 16.53 ± 0.78** 19.80 ± 0.94**

Table 1.  The antibacterial activity of synthesized Ge/PLA/AuNCs at different concentrations (10, 25, 50 and 
100 μg/mL) against the gram-positive and gram-negative bacteria. The results are expressed as the mean ± SD. 
Statistical significance levels were indicated using asterisks, with *p < 0.05, **p < 0.001, and ***p < 0.0001 
denoting different levels of significance.
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The results of our study showed that Ge/PLA/AuNCs, at the highest concentration of 100  μg/mL, 
exhibited significant anti-diabetic properties. The results showed that the 82.56 ± 1.49% of α-amylase and the 
80.27 ± 1.57% of α-glucosidase had anti-diabetic activity (Fig. 5a,b). Additionally, IC50 values were calculated 
to be 27.86 μg/mL for α-amylase and 32.93 μg/mL for α-glucosidase. Ge/PLA/AuNCs effectively inhibit this 
enzyme, demonstrating their potential as anti-diabetic agents. A study using the Curcuma longa plant has 
shown that the mediated synthesis of nanoparticles has good inhibition activities of α-amylase (74.23 ± 0.42) 
and α-glucosidase (62.32 ± 0.48)69. The significant inhibition of α-amylase and α-glucosidase by Ge/PLA/AuNCs 
is attributable to the presence of phytochemicals, including flavonoids and polyphenols. The findings from the 
phytochemical study and FTIR corroborated this idea. These phytochemicals exhibit antioxidant effects that may 
mitigate oxidative damage. The results of phytochemical analysis and FTIR confirmed this hypothesis. These 
phytochemicals possess antioxidant properties, which can help reduce oxidative stress47. Moreover, by inhibiting 
the activity of carbohydrate hydrolyzing enzymes, Ge/PLA/AuNCs demonstrate their potential as effective anti-
diabetic agents.

Anti-Alzheimer’s activity
Alzheimer’s disease is a prevalent and devastating neurodegenerative disease that typically leads to dementia and 
cognitive impairment, with symptoms generally worsening as individuals age70. The progression of the disease 
involves the hydrolysis of acetylcholine, an important neurotransmitter, by enzymes known as cholinesterases. 
In modern therapeutic approaches for the effective treatment of Alzheimer’s disease, various synthetic and 
natural molecules have been explored to inhibit cholinesterase enzymes. These enzymes are known to play 
a significant role in the development and progression of Alzheimer’s70,71. Researchers have identified several 
synthetic and natural compounds that effectively inhibit cholinesterase enzymes72,73. Nanotechnology, a vast 
field of research, offers potential opportunities for discovering new treatment techniques, particularly in drug 
delivery36. In this study, Ge/PLA/AuNCs were evaluated for their ability to inhibit AChE and BChE. Ge/PLA/
AuNCs were evaluated in a concentration range of 5 μg/mL to 100 μg/mL.

Our study observed the inhibitory effects of Ge/PLA/AuNCs on AChE and BChE. The findings presented 
in Fig. 6 demonstrate that the inhibitory effect on both enzymes is contingent upon the dosage of Ge/PLA/
AuNCs administered. The maximum inhibition values were recorded at a concentration of 100 μg/mL, showing 
76.37 ± 1.18% inhibition for AChE and 85.94 ± 1.38% inhibition for BChE (Fig. 6a,b). The calculated IC50 values 
were 43.95 μg/mL for AChE and 32.63 μg/mL for BChE. Green synthesized AuNPs utilizing Allium cepa plant 

Fig. 5.  Antidiabetic activity of synthesized Ge/PLA/AuNCs for (a) α-Amylase activity and (b) α-Glucosidase 
activity at various concentrations (5, 10, 25, 50 and 100 µg/mL). Values are expressed as mean ± SD (*p < 0.05; 
**p < 0.001; ***p < 0.0001). An asterisk indicates significant differences among treatments compared to control.
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extract demonstrated notable inhibitory effects on AChE and BChE enzymes during the assessment of anti-
cholinesterase activities74. Another study demonstrated that biogenic AuNPs inhibited AChE and BChE by 81% 
and 85%, respectively75. The findings of our study demonstrate the potential of Ge/PLA/AuNCs as elements for 
targeted delivery in prospective Alzheimer’s treatments. The observed inhibitory effects on AChE and BChE, 
coupled with the dosage-dependent response, indicate that Ge/PLA/AuNCs may hold potential for applications 
in the management and treatment of Alzheimer’s disease. Metal ions are recognized for their significant role in 
the degradation of amyloids both in the brain and in vitro76. Brain autopsies of Alzheimer’s patients exhibit a 
higher concentration of aluminium, zinc and copper compared to normal brains. Moreover, zinc has been found 
to elicit amorphous aggregates in Aβ compared to fibrillar structure induced by iron77. On the other hand, gold 
nanoparticles have demonstrated that they can dissociate amyloid aggregates in vitro78,79. Thus, our synthesized 
nanocomposite, loaded with Au nanoparticles, can elicit anti-amyloid activity by interfering with the amyloid-
forming enzymes, resulting in reduced amyloid formation.

In vivo biocompatibility assay
The transparent zebrafish embryos were used as a model to evaluate the biocompatibility and toxicity of the 
Ge/PLA/AuNCs. Observations were made at 6 h post-fertilization (hpf), 30 hpf, 54 hpf, 72 hpf, 78 hpf, 90 hpf, 
and 114 hpf for untreated control groups and groups treated with the extract at 100 μg/mL and 200 μg/mL. The 
number of hatched embryos was recorded, and any developmental abnormalities were examined under a light 
microscope. Typical images of embryos before hatching (at 6 hpf, 30 hpf, 54 hpf, 72 hpf, and 90 hpf) are shown 
in (Fig. 7a). The results indicated no abnormalities following treatment with the Ge/PLA/AuNCs at 100 μg/
mL. However, a tail bent was observed at a high dose (200 μg/mL), and incomplete hatching was also seen. The 
hatchability at the higher dose was 75%, which is within acceptable toxicity limits. Ge/PLA/AuNCs are safe, as 
shown by the fact that there was no significant difference in the cumulative hatchability of embryos treated with 
100 μg/mL compared to the control group that wasn’t treated (Fig. 7b).

Cell viability assay
Zebrafish embryos showed no abnormalities or toxicity after treatment with Ge/PLA/AuNCs, which shows that 
Ge/PLA/AuNCs are non-toxic up to a dose of 100 μg/mL. Therefore, Ge/PLA/AuNCs were directly investigated 
for neuron production activity. Further study was conducted to evaluate the impact of Ge/PLA/AuNCs on cell 

Fig. 6.  Anti-Alzheimer’s activity of synthesized Ge/PLA/AuNCs for (a) AChE activity and (b) BChE activity at 
various concentrations (5, 10, 25, 50, and 100 µg/mL). Values are expressed as mean ± SD (*p < 0.05; **p < 0.001; 
***p < 0.0001). An asterisk indicates significant differences among treatments compared to control.

 

Scientific Reports |         (2025) 15:2110 10| https://doi.org/10.1038/s41598-024-84098-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


viability and neurotoxicity using the human neuroblastoma cell line SH-SY5Y. As depicted in (Fig. 8a), our study 
results demonstrated a dose-dependent improvement in cell viability with increasing concentrations of Ge/PLA/
AuNCs compared to high glucose (Hg) treatment. In the study, high-glucose-treated cells exhibited a significant 
reduction in cell viability of 20.18 ± 0.82% compared to the control. Conversely, SH-SY5Y cells treated with Ge/
PLA/AuNCs at different concentrations showed enhanced cell viability. At the highest concentration of 100 μg/
mL, cell viability reached 95.27 ± 1.62% compared to the high glucose-treated cells. These findings suggest that 
higher concentrations of Ge/PLA/AuNCs positively impact maintaining cell viability.

The results of the microscopic examination, as presented in (Fig. 8b) are consistent with the cell viability 
findings, and the neuronal cells are found to be spherical in shape and well-proliferated compared to the control80. 
SH-SY5Y cells treated with Ge/PLA/AuNCs displayed reduced neuronal damage and increased neuronal growth 
factors compared to the high glucose-treated and control cell lines. This indicates that the highest concentration 
(100 μg/mL) of Ge/PLA/AuNCs evaluated in the study positively reduced the neurotoxic effects induced by 
high glucose. In comparison to earlier reports, the synthesis of AuNPs with plant extracts and the SH-SY5Y 
cell viability assay yielded similar results81. These findings suggest that using Ge/PLA/AuNCs and assessing cell 
viability using the SH-SY5Y cell line provide consistent findings and support the potential of Ge/PLA/AuNCs in 
various biomedical applications.

Materials and methods
Materials
Gold(III) chloride (HAuCl4), gelatin (Types-A), PLA, glycerol, DPPH, ABTS, Ethylenediaminetetraacetic Acid 
(EDTA), riboflavin, specific inhibitors for COX-1 (FR122047-KT) and COX-2 (FK3311-KT), 4-nitrophenyl-
α-D-maltopentaoside, 4-nitrophenyl-D-glucopyranoside, Acetylthiocholine iodide (AChI)/butyrylcholine 
iodide (BChI) were purchased from Sigma-Aldrich, India. Hydrogen peroxide, ascorbic acid, NBT (Nitroblue 
Tetrazoliumtrichloroacetic acid), sodium phosphate, potassium ferricyanide, Mueller-agar, α-amylase were 
purchased from Himedia, India. Gram-positive (Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis and 
Micrococcus luteus) and Gram-negative (Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, and Salmonella 
typhi) strains were obtained from NCIM, Pune, India. SH-SY5Y neuroblastoma cell line was procured from 
NCBI, Pune, India. Zebrafish was obtained from Tarun Fish Farm, Kelambakkam, Chennai.

Fig. 7.  (a) The microscopic images and (b) the cumulative hatchability of zebrafish embryos for untreated and 
treated (Ge/PLA/AuNCs (100 μg/mL and 200 μg/mL) groups after different hours post fertilization (hpf).
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Preparation of Syzygium cumini plant extract
The S. cumini fruits were obtained from a medicinal plant garden located at SSN College Campus in Chennai. 
The harvested fruits were subjected to an extensive cleaning procedure using distilled water to guarantee 
cleanliness. Thereafter, the fruits were diced into small segments to extract the pulp. Five grammes of the fruit 
were combined with 100 ml of distilled water. The resultant mixture was further heated to 50 °C for 60 min. 
An extensive filtration method was utilized to guarantee the extract’s purity. The extract was initially filtered 
twice through nylon paper to eliminate bigger contaminants. The extract was subjected to three filtration cycles 
utilizing Whatman No. 1 filter paper. To ensure its freshness and keep its qualities, the extract was subsequently 
stored in a refrigerator at a temperature of 4 °C31.

Synthesis of AuNPs
A slightly modified version of an established method was used to synthesize AuNPs18,19. Briefly, 90  mL of 
1 mM HAuCl4 and 10 mL of the S. cumini plant fruit extract was combined in a ratio of 9:1. The mixture was 
maintained at 60 °C for 3 h under magnetic stirrer conditions. The efficacious synthesis of AuNPs was validated 
by the distinct color transformation of the solution, shifting from a pale-yellow hue to a vibrant ruby-red shade. 
The mixture underwent centrifugation at 10,000 rpm for 30 min. This process enabled the separation of a pellet, 
followed by three rounds of sterile water washing to eliminate any remaining impurities. Finally, the resulting 
solution was dried and pulverized, preparing it for further investigation and analysis.

Nanofabrication of Ge/PLA/AuNCs
The synthesis of the nanocomposite was done with minor changes utilizing a previously reported method19,35,82. 
Initially, gelatin (G9391-100G, Sigma, India) was solubilized in phosphate-buffered saline (PBS) at a concentration 
of 2%, while PLA (GF45989881-1EA, Sigma, India) was separately dissolved in ethyl acetate at a concentration 
of 2%, both under stirring for 3 h at 500 rpm to achieve complete dissolution. Subsequently, in a conical flask, 

Fig. 8.  (a) Cell viability assay of synthesized Ge/PLA/AuNCs for SH-SY5Y cell lines and (b) microscopic study 
i) control, ii) high glucose (Hg), iii) 10 μg/mL, iv) 25 μg/mL, v) 50 μg/mL and vi) 100 μg/mL. Scale bar: 50 μm. 
The values are expressed as mean ± SD. The significance levels were indicated by asterisks (*p < 0.05, **p < 0.001 
and ***p < 0.0001).
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80 mL of AuNPs solution, 10 mL of gelatin, and 10 mL of PLA were amalgamated in a ratio of 8:1:1. The solution 
was subsequently positioned on a magnetic stirrer and maintained at 60  °C for duration of 6 h. To improve 
flexibility, 5 mL of a 1% glutaraldehyde solution, a cross-linking agent, was included. Furthermore, 500 μL of 
glycerol was included as a plasticizer in the polymer blends. The heterogeneous solution was agitated at 60 °C for 
3 h to facilitate the reaction. Subsequent to the reaction, the mixture underwent centrifugation at 12,000 rpm. 
The resultant precipitate was subsequently dried and pulverized use a lyophilizer. The nanocomposite was 
meticulously collected and subsequently transferred to a sealed glass vial for storage. The solution’s stability was 
preserved by keeping it at − 20 °C for future use.

Characterization of Ge/PLA/AuNCs
The synthesized Ge/PLA/AuNCs were analyzed employing several spectroscopic techniques. The Ge/PLA/AuNCs 
were predominantly analyzed via UV–Vis spectroscopy. The Shimadzu UV-1800 instrument was employed 
to assess the absorption of the nanocomposites across the wavelength spectrum of 200 to 800  nm. Fourier 
transform infrared spectroscopy (FTIR) was utilized to elucidate the functional groups of the nanocomposites. 
The study was conducted utilizing a Perkin Elmer machine with a range of 400 to 4000  cm−1. A potassium 
bromide (KBr) pellet-FTIR-grade technique was employed, and X-ray diffraction analysis was performed to 
investigate the crystalline characteristics of the Ge/PLA/AuNCs. An XRD-X’Pert Pro device manufactured in 
the USA was utilized for this objective. FESEM (Thermo Fisher Scientific, Apreo 2 s HiVac, USA) was utilized 
to precisely evaluate the dimensional and morphological attributes of the Ge/PLA/AuNCs. The data acquired 
from the FESEM images was subsequently analyzed via IMAGE J software. The hydrodynamic diameter and 
zeta potential were assessed via the Malvern Zeta Sizer83. The material was dissolved in distilled water and 
sonicated in a water bath for five minutes prior to analysis. High-Resolution Transmission Electron Microscopy 
(HRTEM) examination was conducted utilizing a Thermo Fisher Scientific apparatus, USA, operating at 80 Hz, 
to determine the dimensions of the nanocomposite84.

Swelling properties
An experiment was performed to investigate the swelling characteristics of Ge, AuNPs, Ge/AuNPs, and Ge/PLA/
AuNCs composites85. The samples were solubilized in PBS and continuously monitored at 37 °C for 24 h. Upon 
the completion of the specified duration, the solution underwent a swelling assessment. Samples were collected 
from the PBS solution at predetermined intervals for subsequent analysis. To guarantee precise measurements, 
any surface moisture on the samples was meticulously eliminated using tissue paper. After the elimination of 
surface droplets, the samples were weighed. The swelling ratio of the samples was then calculated using the 
following “Eq. (1)”:

	
Swelling ratio (%) = Wt − W0

W0
× 100� (1)

In this formula, Wt represents the swollen sample weight at a specific time point, while W0 denotes the initial 
weight of the sample before the swelling experiment.

In vitro drug release study
The dialysis membrane diffusion technique was utilized to examine the in vitro release properties of synthesized 
Ge, AuNPs, Ge/AuNPs, and Ge/PLA/AuNCs86. A specimen of Ge, AuNPs, Ge/AuNPs, and Ge/PLA/AuNCs 
was placed into separate dialysis bags. Each dialysis bag carrying the corresponding sample was immersed in 
a beaker. The beaker contained 100 mL of PBS (pH 7.4) with 0.5% Tween 80. The system was kept at a stable 
temperature of 37 ± 2 °C. The system was agitated at a velocity of 100 rpm to guarantee homogeneous mixing 
and promote release. Samples were extracted from the external release media surrounding the dialysis bag at 
predetermined time intervals. The volume of the collected medium was promptly substituted with an equivalent 
volume (0.5 mL) of PBS to preserve sink conditions. The concentrations of Ge, AuNPs, Ge/AuNPs, and Ge/
PLA/AuNCs in the obtained samples were quantified. A UV–Vis spectrophotometer was employed for these 
observations, precisely at a wavelength (λ) of 446  nm. The entire experiment was conducted in triplicate to 
ensure accuracy and reliability.

In-vitro antioxidant assays of Ge/PLA/AuNCs
DPPH assay
The DPPH assay was performed following a described known method87. A 4 mL solution of 0.2 mM DPPH 
was mixed with Ge/PLA/AuNCs at different concentrations (5, 10, 25, 50, and 100 μg/mL). The mixture was 
equilibrated at room temperature (25 °C) for 30 min in dark. During the reaction, the solution color changed 
from purple to yellow, indicating the reduction of the DPPH radical by the Ge/PLA/AuNCs. Absorbance data 
were obtained using a UV–vis spectrophotometer at 517 nm, and the positive control used for the study was 
ascorbic. DPPH radical scavenging activity was estimated using the following equation “Eq. (2)”:

	
Inhibition (% ) =

[
Absorbance (Control) − Absorbance (Sample)

Absorbance (Control)

]
× 100� (2)

ABTS assay
The ABTS radical (ABTS·+) activity assay was performed following a recognised protocol88. 5 mL of a 7 mM 
ABTS solution in distilled water was prepared to commence the experiment. Subsequently, 88 μL of a 140 mM 
potassium persulfate (K2S2O8) solution was incorporated into the ABTS solution. The combination was incubated 
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at room temperature for 12 to 16 h, facilitating the production of a blue ABTS solution. The antioxidant activity 
of the sample was assessed using the solutions outlined below. The test tubes were made by combining the ABTS 
solution with Ge/PLA/AuNCs at various concentrations (5, 10, 25, 50, and 100 μg/mL). Each tube was permitted 
to remain at room temperature for 10 min in a dark environment to facilitate the reaction. Following incubation, 
the absorbance of each sample was assessed at λ = 734 nm, with ascorbic acid serving as the positive control in 
this test. The ABTS· + value was determined using the previously referenced Eq. (2).

Hydrogen peroxide (H2O2) radical scavenging assay
The H2O2 assay was performed following an established method known earlier89. The assay mixture consisted of 
H2O2 solution (6 mM), FeSO4 solution (1.5 mM), and sodium salicylate solution (20 mM), with a total volume 
of 3 mL. Subsequent to a 5-min interval, varying amounts (5, 10, 25, 50, and 100 μg/mL) of Ge/PLA/AuNCs were 
introduced to the mixture. The resultant solution was incubated undisturbed for 30 min at 37 °C to facilitate 
the scavenging reaction. The resulting solution was incubated undisturbed for 30  min at 37  °C to allow the 
scavenging reaction to occur. Following the incubation period, the absorbance of the sample was measured 
using a UV–vis spectrophotometer set at a wavelength (λ) of 562 nm. Ascorbic acid was used as the positive 
control in the experiment. The H2O2

·+ value was calculated using Eq. (2), as mentioned earlier.

Superoxide dismutase (SOD) activity
The ability of Ge/PLA/AuNCs to scavenge superoxide radicals was evaluated using a method established 
before90. To prepare the reaction mixture, 1 mM of EDTA, 50 mM of PBS, and 0.02 mM of riboflavin were 
added. Subsequently, 0.75 mM NBT (Nitroblue Tetrazolium) was added to the mixture. Different concentrations 
of Ge/PLA/AuNCs (5, 10, 25, 50, and 100 μg/mL) were included in the reaction mixture. The reaction mixture 
containing Ge/PLA/AuNCs, was exposed to fluorescent lamb for 7 min. After the light exposure, the scavenging 
activity of the Ge/PLA/AuNCs was measured at a wavelength (λ) of 560 nm using a spectrophotometer. Ascorbic 
acid was used as the positive control in the assay. The superoxide dismutase (SOD) activity of Ge/PLA/AuNCs 
was calculated using Eq. (2), as mentioned earlier.

Reducing power (RA) assay
The decreasing capability of Ge/PLA/AuNCs was examined according to the previously described procedure91. 
Various quantities of Ge/PLA/AuNCs (5, 10, 25, 50, and 100 μg/mL) were incorporated into a solution containing 
200 mM sodium phosphate buffer and ferricyanide. The mixture was incubated at 50 °C for 20 min. To terminate 
the reaction and stabilise the mixture, 50 μL of trichloroacetic acid (TCA) was introduced. The reaction mixture 
was subjected to centrifugation at 3000 rpm for 10 min. Additionally, 50 μL of the supernatant was introduced 
to microtiter plates in conjunction with 0.1% ferric chloride. The microtiter plates underwent an additional 
incubation period of 10 min. Following the incubation period, the absorbance of the samples on the microtiter 
plates was quantified at a designated wavelength (λ) of 700 nm utilising a spectrophotometer. Ascorbic acid 
served as the positive control. The reduction capability of the Ge/PLA/AuNCs was determined using Eq. (2) as 
previously stated.

Ferric reducing antioxidant power (FRAP) assay
The diminishing efficacy of Ge/PLA/AuNCs was assessed following the previously outlined methodology92. 
Different concentrations of Ge/PLA/AuNCs (5, 10, 25, 50, and 100  μg/mL) were integrated into a solution 
including 200 mM sodium phosphate buffer and ferricyanide. The amalgamation was incubated at 50 °C for 
20  min. To halt the reaction and stabilise the mixture, 50 μL of trichloroacetic acid (TCA) was added. The 
reaction mixture underwent centrifugation at 3000 rpm for 10 min. Furthermore, 50 μL of the supernatant was 
added to microtiter plates together with 0.1% ferric chloride. The microtiter plates experienced a supplementary 
incubation duration of 10  min. Subsequent to the incubation period, the absorbance of the samples on the 
microtiter plates was measured at a specified wavelength (λ) of 700 nm using a spectrophotometer. Ascorbic acid 
functioned as the positive control. The reduction capacity of the Ge/PLA/AuNCs was assessed utilising Eq. (2) 
as previously mentioned.

Antibacterial activity of Ge/PLA/AuNCs
The antibacterial efficacy of Ge/PLA/AuNCs was assessed via the agar well diffusion method against Gram-
positive (Staphylococcus aureus, Bacillus subtilis, Enterococcus faecalis, and Micrococcus luteus) and Gram-negative 
(Escherichia coli, Klebsiella pneumoniae, Proteus vulgaris, and Salmonella typhi) strains sourced from NCIM, 
Pune, India93. Each bacterial culture utilised in this study was individually sustained in 5 mL of nutritional broth 
(NB) for 24 h at 37 °C. Each bacterial strain was thereafter injected onto the surface of Mueller–Hinton agar 
plates using a swab. Different concentrations of Ge/PLA/AuNCs (5,10, 25, 50, and 100 μg/mL) were poured into 
wells preformed on agar plates, which were incubated for 24 h at 37 °C. Following the experimental procedure, 
the clear zone of inhibition diameter (ZI) surrounding each well was measured in millimeters (mm). To establish 
a reference point for comparison, the broad-spectrum antibiotic streptomycin was used as the positive control.

Anti-inflammatory activity
To thoroughly evaluate the anti-inflammatory activity of Ge/PLA/AuNCs, the activities of both cyclooxygenase-1 
(COX-1) and cyclooxygenase-2 (COX-2) enzymes were measured94. To assess these inhibitory activities, specific 
inhibitors for COX-1 (FR122047-KT, Sigma, India) and COX-2 (V FK3311-KT, Sigma, India) were utilized. 
As for the substrate selection, arachidonic acid was employed at a concentration of 1.1 mM. According to the 
instructions provided in the manufacturer’s kit, the COX peroxidase constituents were calculated. This study 
chose a concentration of 10 mM ibuprofen as the positive control. A 96-well microplate was used to conduct 
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the analysis, with N,N,N′,N′-tetramethyl-p-phenylene diamine being examined. The plate reading was recorded 
using a Synergy II reader for 5 min at a wavelength of 590 nm.

Anti-diabetic enzyme inhibition assay
α-Amylase inhibition assay
The ability of Ge/PLA/AuNCs to inhibit α-amylase was evaluated using a chromogenic method95. In PBS 
(0.1  M, pH 6.8), the α-amylase enzyme was prepared at a concentration of 1  μg/mL. A 4-nitrophenyl-α-D-
maltopentaoside solution (5 mM) was thoroughly mixed with the enzyme solution. To facilitate the enzymatic 
reaction, the enzyme and substrate mixture were incubated at a temperature of 37 °C for 30 min. After incubation, 
a small sample volume was added to the reaction mixture containing Ge/PLA/AuNCs (5,10, 25, 50 and 100 μg/
mL). The sample activity was calculated as percent inhibition by calculating the difference in absorbance in the 
presence and absence of Ge/PLA/AuNCs in the reaction mixture. A microplate reader set to 405 nm was used to 
measure the absorbance. α-amylase (%) was estimated using the following equation:

	
α − amylase inhibition (% ) =

[
Absorbance (Control) − Absorbance (Sample)

Absorbance (Control)

]
× 100

ɑ-glycosidase inhibition assay
An experiment was conducted to evaluate the potential of the test sample as an anti-diabetic agent95. The 
experiment aimed to assess the inhibition of α-glycosidase using a chromogenic technique. This technique 
involved the utilization of a polyethylene filter (0.45  μm) end-capped column. A small volume of the test 
sample was taken and mixed with Ge/PLA/AuNCs (5,10, 25, 50, and 100 μg/mL) and 5 mM of 4-nitrophenyl-
D-glucopyranoside. The mixture was then incubated at 37 °C for 30 min. The optical density of the mixture 
was measured at a wavelength of 405 nm, both with and without the test materials, to assess their activity. The 
percent inhibition, reflecting the sample’s activity, was determined by subtracting the absorbance values with and 
without samples from the absorbance of the tested sample. α-glycosidase (%) was calculated using the following 
equation:

	
α − glucosidase inhibition (% ) =

[
Absorbance (Control) − Absorbance (Sample)

Absorbance (Control)

]
× 100

Anti-cholinesterase enzyme inhibition assay
The in-vitro effects of the Ge/PLA/AuNCs on AChE and BuChE from electric eel (Electrophorus electricus) 
serum and equine serum, respectively, was assessed according to the Ellman’s method as followed earlier96,97. To 
prepare the analogues for experimentation, they were solubilized in DMSO at a concentration of 1 mg/mL. The 
final reaction mixture contained 1% of DMSO. The substrates for the enzymatic reaction were Acetylthiocholine 
iodide (AChI)/butyrylcholine iodide (BChI) (Sigma-Aldrich, Saint Louis, MO, USA). To conduct this assay, 
100 μL of Tris/HCl buffer (pH 8.0, 1.0 M) and different concentrations of the Ge/PLA/AuNCs (5, 10, 25, 50, 
and 100  μg/mL) were added to 50 μL of AChE/BuChE solution (5.32 × 10−3  μg/mL). The components were 
mixed properly, and the mixture was incubated 10 min at 20 °C. Then, to initiate the enzyme reaction, 50 µL 
of 5,5′-dithio-bis 2-nitro-benzoic acid (DTNB aka Ellman’s reagent, 0.5 mM, Sigma-Aldrich, Saint Louis, MO, 
USA) and the substrates, AChI/BChI were added and incubated for a period of time. Then, the activities of AChE/
BChE were determined spectrophotometrically by measuring the absorbance at λ = 412 nm. The calculation of 
AChE/BChE (%) was done using the following equation:

	 V = ∆Abs/∆t

	 Enzyme activity (% ) = V/V maximum × 100

	 Enzyme inhibition (% ) = 100− enzyme activity (% )

In vivo biocompatibility assay using zebrafish embryos
Any engineered nanoparticles can be safely used to treat various diseases if they are biocompatible. Due to their 
transparent nature, zebrafish embryos are a popular model for conducting in vivo studies98,99. All developmental 
stages of these transparent embryos can be monitored under a light microscope, allowing for the identification 
of abnormalities such as tail bends and pericardial edema. The biocompatibility of the synthesized Ge/PLA/
AuNCs at concentrations of 100 μg/mL and 200 μg/mL was assessed using zebrafish embryos, following ethical 
clearance from the Institutional Animal Ethics Committee of Chettinad Academy of Research and Education, 
Kelambakkam (IAEC2/Proposal: 162/A.Lr: 124/Dt: 02.07.2024). All methods were performed in compliance 
with the pertinent guidelines and regulations established by the Committee for Control and Supervision of 
Experiments with Animals (CCSEA), India. The study is conducted in compliance with ARRIVE criteria. 
Untreated embryos functioned as the control group, and standard pictures were obtained at 40X magnification. 
In each group, 10 embryos were preserved in duplicates. The cumulative hatchability was calculated using the 
equation provided below98:

	
Cumulative hatchability (%) =

[
Number of eggs hatched

Initial number of eggs taken for treatment

]
x 100
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Cell viability assay
The cell viability of Ge/PLA/AuNCs was assessed using SH-SY5Y neuroblastoma cell lines (NCBI, Pune, India). 
The SH-SY5Y cells were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% 
fetal bovine serum (FBS). To initiate the cell culture, 100 μL of SH-SY5Y cells, with a density of 1.9 × 10–5 cells/
well, were added to each well of a 96-well plate. The plate was thereafter incubated overnight at 37  °C in a 
humidified chamber with a 5% CO2 environment to facilitate cell adhesion and proliferation. Sequential dilutions 
of Ge/PLA/AuNCs were formulated at concentrations of 10, 25, 50, and 100 μg/mL. The diluted nanocomposites 
were introduced into each well of the plate containing SH-SY5Y cells. The dish was subsequently incubated for 
24 h to facilitate the interaction between the cells and the nanocomposites. Following incubation, 10 μL of WST 
(Water-Soluble Tetrazolium) reagent was introduced to each well. The dish was subsequently incubated for a 
further four hours. The absorbance of the WST formazan product, indicative of cell viability, was quantified at 
a wavelength of 570 nm utilizing a spectrophotometer. The cell viability % was determined using absorbance 
measurements. The experiments were conducted thrice to guarantee precision and dependability. Confocal 
microscopy (CLSM-Nikon, TE2000, US) was used to capture microscopic images of the treated SH-SY5Y cell 
line for further analysis100.

	
Cell viability (%) =

[Absorbance of treated cells
Absorbance of control

]
x 100

Statistical analysis
The characterization analysis was conducted using Origin Pro software (Origin Pro-2024). To perform the 
statistical analyses, GraphPad Prism software was utilized (GraphPad Prism, version 5). For the statistical 
analysis, a one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons was employed to 
determine the significance values. The results of the analysis were presented as the mean ± standard deviation 
(mean ± SD). In all probability tests conducted during the study, a significance level of p < 0.05 was employed to 
determine the presence of significant differences.

Conclusions
In conclusion, this study describes the biosynthesis of Ge/PLA/AuNCs using S. cumini fruit extract and its 
possible various biomedical applications. The synthesized Ge/PLA/AuNCs were confirmed at 534 nm through 
UV–vis spectrum analysis. FTIR analysis confirmed the presence of various functional groups, while XRD 
analysis confirmed the crystalline structure of the synthesized Ge/PLA/AuNCs. Additionally, FESEM analysis 
revealed the spherical shape of the Ge/PLA/AuNCs, and the HRTEM image showed the spherical in shape and 
the average size range of 21 nm. The Ge/PLA/AuNCs exhibited promising antioxidant activities. The synthesized 
Ge/PLA/AuNCs exhibited impressive antibacterial activity against both Gram-positive and Gram-negative 
bacteria. The Ge/PLA/AuNCs showed efficient anti-inflammatory properties by inhibiting the COX-1 (64.28%) 
and COX-2 (73.84%) enzymes. The study revealed that Ge/PLA/AuNCs had a moderate inhibitory effect on 
α-amylase (82.56%) and α-glucosidase (80.27%) enzymes. Ge/PLA/AuNCs have effective anti-Alzheimer activity 
because they inhibited both AChE (76.37%) and BChE (85.94%) enzymes. The Ge/PLA/AuNCs also exhibited 
excellent in vivo biocompatibility up to a dose of 100 μg/mL in zebrafish embryos. In the SH-SY5Y cell lines, the 
Ge/PLA/AuNCs demonstrated improved cell viability and enhanced neuronal cell growth. Overall, this study 
underlines that Ge/PLA/AuNCs have excellent antioxidant, antibacterial and diverse biomedical applications.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author upon 
reasonable request.
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