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Abstract
Myristica fragrans, also known as nutmeg, is a spice that cures various diseases. This study 
aimed to synthesize silver nanoparticles from a hydroethanolic extract of Myristica fra-
grans seeds (MFHE) and evaluate their anti-diabetic properties. To MFHE,  AgNO3 solu-
tion was added and exposed to sunlight to produce silver nanoparticles from hydroetha-
nolic seed extract of Myristica fragrans (MFHENP). The MFHENP was characterized by 
numerous techniques. UV-visible spectroscopy confirmed the formation of silver nano-
particles by the absorption peak at 430nm. Scanning electron microscopy (SEM) studies 
revealed the shape and size of the particles at the range of 50–60nm. Energy-dispersive 
X-ray spectroscopy (EDX) disclosed the presence of silver ions. X-ray diffraction spectrum 
confirmed the crystalline nature of silver nanoparticles by the peak at 39°. FTIR analysis 
revealed the functional groups present in MFHE as well as in MFHENP and zeta potential 
analysis was found to be 14mV. Furthermore, in  vitro anti-diabetic activity was investi-
gated. MFHENP showed significant efficiency against the inhibition of alpha-amylase and 
alpha-glucosidase enzymes and also MFHENP retarded the glucose transport across the 
membrane which is analyzed by glucose diffusion and glucose uptake assays. Acarbose is 
used as a standard for all these methods and MFHENP efficiency proves their therapeutic 
potential for the treatment of diabetes mellitus.
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Introduction

Nanoscience is the analysis of structures and molecules on nanometer scales ranging from 
1 to 100 nm, whereas nanotechnology is the study that applies nanoscience to practical 
applications such as computers. Nanotechnology is one of the most enticing twenty-first-
century innovations. Several studies have demonstrated the enormous potential of nano-
technologies in biomedicine for the diagnosis and treatment of a wide range of human 
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diseases [1]. Silver nanoparticles (AgNPs) are crucially significant in nanomedicine 
because of their appealing physicochemical properties, high antimicrobial capability and 
low toxicity, specific capacity to establish versatile nanostructures, and low manufactur-
ing costs [2]. Compared to other metal nanoparticles such as gold, zinc, and copper, silver 
nanoparticles are far less toxic to mammalian cells. Green synthesis is a technique for the 
synthesis of nanoparticles that has exploded in popularity in recent years due to its protec-
tion, effectiveness, and low cost [3]. Nanotechnology has been particularly important in the 
diagnosis and treatment of diabetes in the past few years. It also has a clear track record 
for detecting and treating diabetic complications [4]. α-amylase and α-glucosidase are key 
enzymes, which break down the carbohydrates into monosaccharides which is a reason for 
increased blood sugar. Silver nanoparticles bind to these enzymes and inhibit their reac-
tions in signaling pathways. So the blood sugar levels are decreased [5].

Diabetes affects approximately 422 million people worldwide, the majority of whom 
live in low- and medium-income nations, and diabetes is directly responsible for 1.6 mil-
lion deaths worldwide in a year [6]. Diabetes mellitus is a chronic condition that emerges 
when the pancreas fails to generate adequate insulin or when the body’s insulin is inef-
fectively used. Insulin is a hormone that helps to keep blood sugar levels in check [7]. 
Type I and type II diabetes are characterized by hyperglycemia (high level of blood sugar), 
which can lead to severe health problems. Gestational diabetes occurs when glucose intol-
erance manifests as hyperglycemia of varying severity and begins during pregnancy [8]. 
Anti-diabetic medications such as acarbose, voglibose, metformin, and gliclazide work by 
suppressing the enzymes, but they have severe side effects such as diarrhea, bloating, and 
distention [9]. Medicinal plants and spices are natural antioxidants and herbal medicines, 
owing to anti-diabetic compounds which enhance pancreatic tissue function [10]. As a 
result of their low cost, wide availability, and lack of side effects, herbal products have 
become increasingly popular in the management of diabetes [11].

Myristica fragrans, also known as nutmeg, reside in the Myristicaceae family. It pro-
duces both nutmeg and mace, which are both economically important spices. Nutmeg is 
primarily grown in southern India, especially in Tamil Nadu. Since the Middle Ages, nut-
meg has been used as a folklore remedy to treat a variety of ailments, including stomach, 
appetite stimulant, diarrhea, and flatulence regulation [12]. Plant constituents present in 
Myristica fragrans are myristicin, elemicin, eugenol, dehydrodiisoeugenol, and myristic 
acid. Recent studies on nutmeg exert many pharmacological activities such as anti-inflam-
matory, antipyretic, anthelmintic, digestive, antispasmodic, narcotic, anticonvulsant, anti-
septic, constipating and tonic, antihepatotoxic, anticancer, antidepressant, hypolipidemic, 
and antifungal [13]. With this knowledge, the research has been focused on the synthesis of 
silver nanoparticles from Myristica fragrans seed extract and the subsequent evaluation of 
their in vitro anti-diabetic activity.

Materials and Methods

Plant Collection and Extraction

Seeds of Myristica fragrans were collected from the Kallar Garden, Mettupalayam, Coim-
batore. Authentication was done at the Botanical Survey of India at TNAU Coimbatore dis-
trict, India (BSI/SRC/5/23/2021/Tech/142). The collected seeds were washed thoroughly 
in tap water, shade-dried, and powdered. Twenty grams of powder was dissolved in 200ml 
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of hydroethanol solvent and the mixture was kept in a shaker for 72 h. This extract was fil-
tered using cheesecloth and the filtrate was stored in refrigerator condition.

Synthesis of AgNPs

Five hundred milliliters of 1mM silver nitrate  (AgNO3) was prepared using double-distilled 
water. To 50ml of the hydroethanolic extract of Myristica fragrans seeds (MFHE), 450ml 
of 1mM  AgNO3 solution was added. The hydroethanolic extract of Myristica fragrans 
seeds with silver nitrate solution (MFHENP) was exposed to sunlight for 20 min [14]. The 
appearance of dark brown color indicates the formation of silver nanoparticles. The synthe-
sized AgNPs were separated by centrifugation at 5000rpm for 15 min. Colored supernatant 
solutions were obtained by repeating the procedure with pellets dispersed in water. The 
sample was dried, then stored at 4°C for further use [15].

Characterization of AgNPs

UV-Visible Spectroscopy of MFHENP

UV-visible spectral analysis characterizes the formation and completion of silver nano-
particles. The bio-reduction of Ag+ ions to form AgNPs was examined by intermittently 
measuring the absorption spectra of the reaction solution using a UV-vis spectrophotom-
eter for 24 h between the range of 300 and 800nm. The color of the reaction solution was 
also recorded at each time interval [16].

SEM with EDX Analysis of MFHENP

SEM and EDX studies were used to examine the surface morphology and basic compo-
sitions of the MFHRNP. The MFHENP was uniformly distributed on the sample holder 
using carbon tape and sputter coated with platinum using an ion coater system for 120 s 
before being observed under SEM. After obtaining SEM images, the elemental composi-
tion of AgNPs was investigated using an EDX detector connected to the SEM machine 
[17]. The SEM machine used is TESCAN MIRA3 FEG -SEM.

XRD Analysis of MFHENP

An XRD spectrum was taken to validate the crystalline structure of the synthesized nano-
particles. It was analyzed using an XRD (SHIMADZU, XRD7000) with K1 Cu radiation 
and a 2θ range of 20–80, 30mA current, and 40kV voltage. Using XRD peaks, the crystal-
lographic structure of MFHENP was determined [18].

FTIR Analysis of MFHE and MFHENP

FTIR analysis was used to evaluate the functional groups present in MFHE and MFHENP. 
It was used to find the functional groups in plant extracts that were responsible for the 
reduction of  Ag+ ions during the synthesis of silver nanoparticles. It was analyzed with a 
resolution of  16cm−1 and a range of 4000–500cm−1 [19].
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Zeta Potential Analysis of MFHENP

The stability of AgNPs was studied using zeta potential. The zeta potential measurement 
was done using a Zetasizer Nano ZS in a disposable cell at 25°C, and the results were 
analyzed using Zetasizer software. Zeta potential determines the surface potential of silver 
nanoparticles and it is essential for the characterization of the stability of nanoparticles 
[20].

In Vitro Anti‑Diabetic Activity

In vitro α-Amylase Inhibitory Activity

In phosphate buffer, different concentrations of plant extracts were prepared from a 1 mg/
ml stock solution. Two hundred to 1000μl of MFHENP extract and acarbose were mixed 
with 500μl of α-amylase (0.5 mg/ml) and incubated at room temperature for 10 min. After 
that, 500μl of 1% starch solution was applied and incubated for the next 10 min. After that, 
1 ml of coloring reagent was applied to the reaction mixture and heated for 15 min in a 
boiling water bath before adding 10 ml of distilled water. To measure the absorbance of the 
colored extracts, a blank was made by substituting the enzyme with buffer for each concen-
tration of the sample set. At 540 nm, the absorbance was calculated [21].

In Vitro α-Glucosidase Inhibitory Activity

To 36μl of phosphate buffer solution, 30ml of MFHENP solution with different concentra-
tions (200–1000μg/ml) and 17μl of 4-nitrophenyl-D glycopyranoside (PNPG) substrate at 
5mM were heated to 37°C for 5 min. After 5 min, each well received 17μl of - glucosidase 
solution 0.15 U/ml, for a total volume of 100ml. The reaction was spotted by applying 
100μl of sodium carbonate 200mM to the mixture and incubating it for 15 min. A micro-
plate reader was used to test absorbance at 405nm [22].

Glucose Diffusion Assay

This assay used a dialysis model to determine the diffusion of glucose in the presence of 
MFHENP by the method of Vani [23]. The dialysis bag was filled with 1 ml of extract 
and 1 ml of glucose solution (20mM in 0.15 M NaCl) for the experiment (12000 MW, Hi-
Media laboratory). The dialysis bag was wrapped on both ends and put in a 200-ml beaker 
with 45 ml 0.15 M NaCl. One milliliter of 0.15M NaCl, 20mM glucose, and 1ml distilled 
water were added to the control bag. The concentration of glucose in the external solution 
was calculated. At room temperature (202°C), the beaker was put in an orbital shaker. The 
glucose concentrations were calculated using the O-toluidine procedure.

%inhibition = (Abs control–Abs sample∕Abs control) × 100

%inhibition = (Abs control–Abs sample∕Abs control) × 100
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Glucose Uptake by Yeast Cells

This assay was carried out according to the method of Abubakar [24] with some changes. 
To make a 1% suspension, a commercial baker’s yeast was dissolved in distilled water. 
The suspension was stored at room temperature overnight (25°C). The yeast cells samples 
were centrifuged at 4000 rpm for 5 min the next morning. This method was repeated until 
a clear supernatant was obtained by adding distilled water to the pellet. To make a 10% v/v 
suspension of the yeast cells, 10 parts of the clear supernatant fluids were combined with 
90 parts of distilled water. The mixture was then mixed with 5mM of 1ml glucose solu-
tion and incubated for 10 min at 37°C. To begin the reaction, 100μl of yeast suspension 
was put into the glucose and extract mixture and incubated at 37°C for 60 min. The tubes 
were centrifuged for 5 min at 3800 rpm after incubation, and glucose was measured with 
a spectrophotometer at 520 nm. On the same wavelength, the absorbance of the respective 
control was recorded. The control solution contains all reagents except the test sample. The 
formula used to measure the percentage rise in glucose uptake:

Results and Discussion

Synthesis of AgNPs

The color transition from yellow to intense brown, which was observed visually, demon-
strated the efficacy of Myristica fragrans seed extract in the biosynthesis of silver nanopar-
ticles (Figure 1a). The synthesis of silver nanoparticles takes 20 min. The change in color 
in the reaction mixture strongly suggests the reduction of pure  Ag+ to  Ag0. There is no rise 
in the strength of brown color after 2 h of incubation, indicating that  Ag+ has been fully 
reduced.

Characterization of AgNPs

UV-Visible Spectroscopy of MFHENP

The UV absorption peak appeared at 430nm in the visible range (Figure 1b). The silver 
nanoparticles synthesized from Myristica fragrans seeds extract showed a distinct peak at 
around 400–450nm, which confirmed the formation of AgNPs.

SEM with EDX Analysis of MFHENP

These SEM studies were carried out to determine the surface, size, and shape of the silver 
nanoparticles synthesized from the hydroethanolic extract of Myristica fragrans seeds. The 
SEM image shows that silver nanoparticles synthesized were small and polygonal in shape 
and their size ranges 50–60nm (Figure 1c). The formation of silver nanoparticles was veri-
fied by the EDX study, which revealed a high signal energy peak for silver atoms in the 

%inhibition = (Abs control–Abs sample∕Abs control) × 100
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range of 0.1–2.5 KeV (Figure 2b). The EDAX value confirms that the formed nanoparticle 
is silver. Additional peaks were discovered in the MFHENP, indicating the existence of 
organic and inorganic compounds.

XRD Analysis of MFHENP

The MFHENP XRD spectra showed the existence of a significant Ag peak. The XRD 
pattern of MFHENP illustrated different peaks at 39°, 45°, 65°, and 78° which could be 
indexed to 610, 290, 220, and 210 planes of the face-centered cubic structure of AgNPs 
(Figure 2c). The synthesis of AgNPs of Myristica fragrans was confirmed with the pres-
ence of a peak at 39°. These results confirmed synthesized AgNPs are crystalline.

FTIR Analysis of MFHE and MFHENP

The FTIR spectrum revealed the different functional groups present in the active compo-
nents of MFHE and MFHENP (Figure 2d). Table 1 shows the different MFHE absorption 
peaks, their change in MFHENP, absorption frequency, and their corresponding functional 
groups. The results of FTIR analysis of MFHE and MFHENP showed N-H group stretch-
ing at 3340.71 and 3286.70 peaks. 2978.09 peak of MFHE corresponded to cyclic amines 
methylene groups of cycloalkanes. The peak 2893.22 of both MFHE and MFHENP cor-
responded to C-C methane groups of alkanes. MFHE peak 2113.98 showed bending of 

MFHE   AgNO3
MFHENP (a) (b)

(c)

50-60nm

Fig. 1  Biosynthesis of Silver nanoparticles of Myristica fragrans (a), UV-visible spectroscopy graph of 
MFHENP (b), and scanning electron microscopy (SEM) images of silver nanoparticles from hydroethanolic 
extract of Myristica fragrans (c)
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methane groups of alkanes. 1643.35 peak of both corresponded to C=C groups or carboxy. 
The 1381.03 and 1327.03 peaks of MFHE corresponded to bending of  CH2 group or iso-
propyl and C=O group of aliphatic aldehydes respectively. The peaks 1087.85 and 1080.14 
of MFHE and MFHENP corresponded to bending of phenyl nucleus group of monosub-
stituted and final peaks 1041.56 and 1049.28 corresponded to bending of phenyl nucleus 
group of para-di-substituted. These findings show that in MFHE and MFHENP, amine, 
methane, and phenyl nucleus groups are the most abundant.

Zeta Potential Analysis of MFHENP

The stability of MFHENP was determined using the zeta potential method. The average 
zeta potential was discovered to be 14mV (Figure 2a). This value was found to be within 
the normal range of −20 to +20. These findings revealed that MFHENP is extremely 
stable.

(a) (b)

(c)

Fig. 2  Zeta potential analysis of MFHENP (a), X-ray diffraction (XRD) analysis of MFHENP (c), energy-
dispersive X-ray spectroscopy (EDX) analysis of MFHENP (b), and Fourier transform infrared spectropho-
tometer (FTIR) analysis of MFHENP and MFHE (d)
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In Vitro Anti‑Diabetic Activity

Alpha-Amylase Inhibitory Activity

Alpha-amylase (α-amylase) is an intestinal enzyme that aids in the digestion of carbohy-
drates and the absorption of glucose. Suppressing the action of digestive enzymes like 
an α-amylase will slow the digestion of starch and oligosaccharides, lowering glucose 
absorption and, as a result, blood glucose levels [25]. MFHENP was tested for α-amylase 
inhibitory efficacy at concentrations ranging from 200 to 1000μg/ml (Figure 3). In a dose-
dependent manner, silver nanoparticles display effective inhibitory activity against the 
enzyme α-amylase. Synthesized silver nanoparticles from Myristica fragrans seeds have 
a α-amylase inhibitory effect of 22-52%. The highest concentrations of acarbose and 
MFHENP (1000μg/ml) inhibited 59.15% percent and 52.48% respectively. Under in vitro 
conditions, these findings showed that MFHENP effectively inhibited the activity of the 
α-amylase enzyme.

(d)MFHENP

MFHE

Fig. 2  (continued)
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Alpha-Glucosidase Inhibitory Activity

The alpha-glucosidase (α-glucosidase) enzyme, which is found in the mucosal brush 
border of the small intestine, is also a vital digestive enzyme. Its job is to break down 
and process complex carbohydrates into tiny, plain, and absorbable pieces. Its inhibition 
is an active way to slow down glucose absorption and avoid high postprandial blood glu-
cose levels, which can help to slow the progression of diabetes [26]. At α-glucosidase 
concentrations of 200, 400, 600, 800, and 1000μg/ml, the percentage inhibition by 
MFHENP was increased in a concentration-dependent manner (Figure 3). The highest 
concentration of MFHENP and acarbose 1000μg/ml showed the highest inhibition of 
55.6% and 71.03%. Thus, these results showed both acarbose and MFHENP have sig-
nificant potential in inhibiting α-glucosidase enzyme activity.

Glucose Diffusion Assay

In this present study, the efficiency of the biosynthesized silver nanoparticles of Myris-
tica fragrans seeds to inhibit the glucose movement across dialysis membrane was 
tested in in  vitro. The silver nanoparticles effectively retarded the glucose movement 
across the membrane by binding to the glucose molecule (Figure  4). The absorbance 
of the control and MFHENP at the period of 3 h are shown in Table 2. The inhibitory 
action may be due to the complex formation between the glucose molecule and the com-
ponents in the MFHENP. Both control and MFHENP showed potential in inhibiting the 
glucose movement across the membrane.

Glucose Uptake by Yeast cells

The MFHENP was compared to the regular drug acarbose for the percentage of glu-
cose uptake in yeast cells. In yeast cells, the rate of glucose transport across the cell 

Table 1  FTIR peak values, absorption frequency, and corresponding functional group of MFHE and 
MFHENP

S. no Peak in 
MFHE  cm−1

Peak in 
MFHENP 
 cm−1

Absorption 
frequency 
 cm−1

Corresponding functional group

1. 3340.71 3286.70 3350–3010 Stretching of N-H group of secondary amines
2. 2978.09 - 2980 ± 5 Stretching of Cyclic amines methylene group or cycloal-

kanes
3. 2893.22 2893.22 2890 ± 10 Stretching of C-C methane groups of alkanes
4. - 2113.98 2140–2100 Bending of methane groups of alkanes
5. 1643.35 1643.35 1645–1620 Stretching of C=C groups of carboxy
6. 1381.03 - 1385–1380 Bending of  CH2 group of Isopropyl
7. 1327.03 - 1440–1325 Stretching of C=O carbonyl group of Aliphatic aldehydes
8. 1087.85 1080.14 1110–1070 Bending of phenyl nucleus group of monosubstituted
9. 1041.56 1049.28 1070–1000 Bending of phenyl nucleus group of para-di-substituted
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membrane was investigated, and the results are showed that at higher concentrations 
(1000g/ml) MFHENP and acarbose displayed a percentage inhibition of 73.33% and 
69.96% respectively (Figure 4). These results confirmed that acarbose and MFHENP are 
efficient in inhibiting the rate of glucose transport in yeast cells.

Conclusion

This study represents green synthesis as a clean, cost-effective, and excellent method for 
the development of nanoparticles. The formation of MFHENP has been proven by vari-
ous characterization methods. UV-visible spectroscopy reveals a peak at 430nm, SEM 
confirms particle size and shape, EDX spectra confirm the presence of silver ions, XRD 
reveals crystalline structure, FTIR identifies functional groups that serve as capping mate-
rial on MFHENP, and zeta potential demonstrates stability. Furthermore, the results of this 
study showed that MFHENP has an inhibition effect against the enzymes α-amylase and 
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α-glucosidase, as well as inhibitory efficiency in glucose transport across membranes as 
measured by glucose diffusion and uptake assays. As a result, their efficacy in the treatment 
of diabetes mellitus is established. However, more in-depth studies in aspects of in vitro 
and in vivo procedures are required to establish MFHENP as a promising competitor for 
the treatment of type 2 diabetes mellitus with high therapeutic efficiency and lower side 
effects.
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