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Abstract: The current study was performed with aim of evaluating antioxidant, cytotoxicity, α-amylase,
and α-glucosidase inhibitory activities and mutagenicity properties of Martynia annua mediated
Chitosan nanoparticles (MAL-CNPs). The green synthesized MAL-CNPs were characterized and
confirmed through several characterization techniques, including UV-visible spectroscopy (UV-
Vis), high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy
(SEM), Fourier-transform infrared spectroscopy (FT-IR), and dynamic light scattering (DLS). The
HR-TEM analysis exhibited that the as-synthesized chitosan nanoparticles are spherical in shape.
Furthermore, the DLS analysis exhibited that the average size of MAL-CNPs was 53 nm and the
maximum diameter was 130.7 nm. The antioxidant activity results revealed that the MAL-CNPs
showed DPPH (2,2-diphenyl-1-picrylhydrazyl) (66.78%) and H2O2 (91.65%) scavenging activities
at 50 µg/mL concentration. The IC50 values were 2.431 µg/mL and 50 µg/mL for DPPH and
H2O2, respectively. MTT (3-4, 5 dimethylthiazol-2yl-2, 5-diphenyltetrazolium bromide) assay results
exhibited dose-dependent cytotoxicity found from 50 µg/mL concentration of MAL-CNPs. The
MAL-CNPs showed remarkable α-glucosidase and α-amylase inhibitory activity (IC50 1.981 µg/mL
and 161.8 µg/mL). No toxic effect of MAL-CNPs was found through the Ames test. Further, the
study concluded that MAL-CNPs are non-toxic and possess adequate antioxidants and cytotoxicity
activity against cancer cells, α-glucosidase, and α-amylase inhibitory activity. Hence, the MAL-CNPs
were considered for biomedical applications after the assessment of their efficiency and safety.

Keywords: Martynia annua; antioxidant activity; MTT assay; α-glucosidase inhibitory assay

1. Introduction

Nanobiotechnology is an advanced research field that entails configuring, synthesizing,
and applying particle sizes ranging from 1 to 100 nm [1]. In recent decades, the discovery
of nanoparticles’ distinctive attributes has enabled their use in various fields, including
biomedicine, drug and gene delivery, antimicrobials, antioxidants, tumor detection, etc. [2].
Among different nanoparticles, chitosan is the most popular biodegradable nanoparticle as
of yet. Chitosan nanoparticles have many therapeutic applications, including drug delivery,
antidiabetic agents, wound healing, antimicrobial agents with the shipping carrier, and
effective drug delivery control [3–5].

The potential of such polymer-based nanomaterials to combat particles with special-
ized surface receptors and enter cells can help with more efficient and secure regenerative
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medicine [6]. As small generalized polypeptide adsorption properties, polymer nanoparti-
cles, particularly some with a hydrophilic exterior, are widely used as carriers. Providen-
tially, this chitosan polymeric compound occurs naturally in abundance [7–9]. Generally,
chitosan has several applications due to its excellent phytochemical characteristics and
distinctive applications, including healthcare, nourishment, chemical, cosmetic products,
water purification, metal production and recovery, and metabolic and bioengineering
industries [10].

Chitosan comprises a few functional groups that allow graft alteration, which confers
special characteristics on the customized chitosan [11,12]. These improvements can be
used to attain chemically altered chitosan to increase its solubility and thus broaden its
biological applications. Such chemical modifications result in a wide range of chitosan
derivatives with long-term release characteristics, nontoxicity, excellent biocompatibility,
and compostability [11,13]. As a positively charged polymer, it has bio-adhesion, anti-
hypercholesterolemic, cell membrane transfection, and anti-inflammatory properties that
can be improved by blending this with other substances, making it an attractive candidate
for biological and medical applications [14]. Moreover, chitosan nanoparticles can boost
the immune system, resulting in antitumor activity. Additionally, chitosan nanoparticles
are being used as drug delivery carriers due to their high biodegradability and biocompati-
bility and their convenience of modification [15,16]. The presence of hydroxyl and amino
groups in chitosan makes it the ideal forum for complex formation with some other com-
pounds, actively helping in the formation of more sustainable complexes with improved
pharmacokinetics and pharmacodynamics [17]. Furthermore, the functional groups are
abundant, and chitosan could be altered in various ways to produce swapped, covalently
bonded, carboxylate, ionic, and enclosed derivative products to meet a variety of future
research [18].

In this context, the medicinal plant, Martynia annua was used to synthesize chitosan
nanoparticles (MAL-CNPs), hence it possessed pharmaceutical-grade precious phyto-
chemical constituents and has been used to treat venomous bites, tuberculosis, and sore
throats for decades [19]. Thus, the current research was framed to the synthesis of chi-
tosan nanoparticles (MAL-CNPs) with Martynia annua extract to evaluate their in vitro
antioxidant, cytotoxic, α-amylase, α-glucosidase, and mutagenicity properties (Scheme 1).
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2. Materials and Methods
2.1. Materials

The healthy leaves of the Martynia annua sample were collected from East Rajapalayam,
Salem District, Tamil Nadu, India. The collected plant was identified and recognized
as Martynia annua by Professor P. Jayaraman, Director, Plant Anatomy Research Centre
Chennai, Tamil Nadu (Reg. No. of Certificate: PARC/2020/4375). The collected leaf sample
was rinsed with clean tap water to remove dirt and shadow-dried until it was completely
dehydrated. The well-dried leaf sample was pulverized using an electric mixer and sieved
through a standard flour filter. Chitosan, ethanol, acetic acid, and other solvents used in
this work were purchased from Sigma Aldrich, St. Louis, MO, USA.

2.2. Leaf Extract Preparation

The standard hot plate extraction approach was maintained to attain extreme yield
with vital phytochemicals [20]. Approximately 5 g of fine powdered Martynia annua
leaf sample was added separately to 25 mL of ethanol, hexane, chloroform, methanol,
and water. The sample comprising solvent blends was heated at 70 ◦C for 1 h. After the
extraction procedure, the solvent extract was filtered and then concentrated using a vacuum
evaporator (Heidolph vacuum evaporator, Model:G3; Schwabach, Germany). Each solvent
extract yield was assessed using the following principle:

Extract yield(%) =
(Weight of beaker with extract(g))− (Weight of beaker without extract (g)

Sample weight (g)

2.3. Synthesis of Chitosan Nanoparticles

Approximately 10 mL of 1% organic chitosan (dissolved in acetic acid: v/v) was mixed
with 10 mL of ethanol extract and incubated for 1 h at 50 ◦C in an orbital shaker at 100 rpm.
The turbidity of the reaction mixture was centrifuged after incubation at 10,000 rpm for
10 min. The supernatant was discarded, and subsequent centrifugation and rinsing of
the pellets with an acetic acid solution (to remove un-synthesized nanoparticles) was
performed. After subsequent centrifugation, the chitosan nanoparticles (MAL-CNPs) were
freeze-dried and subjected to further characterization techniques [21].

2.4. Characterization of MAL-CNPs

The freeze-dried MAL-CNPs were suspended in acetic acid (1%), and their spectral
absorbance was recorded on a UV-visible spectrophotometer (ASK Lab Instruments, Hyder-
abad, India). The functional groups (responsible for reduction, capping, and stabilization)
present over the surface of MAL-CNPs were analyzed by following typical FT-IR protocol,
and the frequency band was scanned in the range 400–4000 cm−1 using Nicolet (iS50)
FT-IR (Thermo Fisher, St. Louis, MO, USA). Dynamic light scattering (DLS) was performed
on the Malvern panalytical instrument, Malvern, Worcestershire, United Kingdom. The
HRTEM analysis of MAL-CNPs was carried out using JEOL Model JEM2100F at an oper-
ating voltage of 200 kV, Tokyo, Japan. SEM analysis was performed using SEM (ZEISS),
Jena, Germany.

2.5. Phytochemical Qualitative Study

The ethanol extract of Martynia annua was examined for phytochemical investigation
using extract yield and thin layer chromatography (TLC) analyses. The typical phytochem-
ical properties, such as alkaloids (Dragendorff’s), terpenoids (Salkowski test), carbohy-
drates (Benedict’s), glycosides (Keller-Kilani test), flavonoids (Zinc-HCl reduction test),
protein and amino acids (Millon’s test), tannin and phenol (FeCl2 test), saponin (Froth test),
quinones (Borntrager’s test), fixed oil (paper test), resins (Acetone test), coumarins (Fluores-
cence test), and carotenoids were qualitatively examined with typical procedures [22,23].
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2.6. Antioxidant Activity Competence Analysis
2.6.1. DPPH Assay

The free radicals scavenging potential of Martynia annua extract-mediated CNPs (MAL-
CNPs) was investigated by the following methodology of Narayanan et al. [20] with minor
changes. Briefly, 100 µL of freshly prepared DPPH (0.1 mM) solution was mixed with 300 µL
of different concentrations (500, 250, 100, 50, and 10 µg/mL) of chitosan nanoparticles (in
triplicate) and shaken vigorously, then kept at room temperature for 30 min. After 30 min
of incubation, the absorbance of each concentration reaction blend was recorded at 517 nm
using a UV-vis spectrophotometer, and ascorbic acid was used as control. The following
formula was applied to calculate the DPPH radicals scavenging percentage, and linear
regression analysis was performed to calculate the IC50 values.

DPPH scavenging (%) =
(Absorbance of control − Absorbance of reaction mixture)

Absorbance of control
× 100

2.6.2. H2O2 Scavenging Assay

The typical methodology was followed to evaluate the H2O2 scavenging potential of
MAL-CNPs [24]. Concisely, 0.6 mL of 43 mM of H2O2 (1 M of phosphate buffer: pH 7.4)
was mixed with 1.4 mL of various dosages, such as 500, 400, 300, 200, 100, 80, 60, 40, 20,
and 10 µg/mL (individually) of MAL-CNPs. Subsequently, each reaction mixture was
kept undisturbed for 15 min at room temperature, and the absorbance of each of them
was measured with a UV-visible spectrophotometer at 230 nm. Furthermore, the H2O2
scavenging percentage and IC50 were calculated through the standard formula and linear
regression analyses.

H2O2 scavenging (%) =
(Absorbance of control − Absorbance of reaction mixture)

Absorbance of control
× 100

2.7. In Vitro Cytotoxic Assay

The cytotoxic property of MAL-CNPs was determined by following the standard
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide) assay on RIN-
m5F (Rat Islet Cells) cell line (procured from NCCS, Pune, India). Briefly, 200 µL of
(1 × 105 cells/mL/well) RIN-m5F cells were placed into a 96-well plate containing a
DMEM medium. After incubation, the wells were rinsed with PBS and then treated with
various concentrations (500, 400, 300, 200, 100, 80, 60, 40, 20, and 10 µg/mL) of MAL-CNPs
in triplicate and then incubated at 37 ◦C in a 5% CO2 (humidified) incubator for 24 h. After
incubation, approximately 20 µL of MTT (5 mg/mL) was added to each well and again
incubated for 4 h until the formations of purple color precipitated. Next, fluids from the
wells were completely aspirated and washed with 200 µL of 1X PBS, then formazan crystals
were dissolved with 100 µL of DMSO and shaken for 5 min. Subsequently, the absorbance
of each well was recorded using a microplate reader (Thermo Fisher Scientific, Franklin,
MA, USA) at 570 nm, and the percentage cell viability and IC50 values were determined
with standard formulas.

Cell viability (%) =
Test OD

Control OD
× 100 (1)

2.8. α-Amylase Inhibitory Assay

The α-amylase inhibitory activity competence of MAL-CNPs was evaluated through
the standard protocol of Shao et al. [25] with slight modifications. Briefly, approximately
100 µL of different dosages (500, 250, 100, 50, and 25 µg/mL) of MAL-CNPs were individ-
ually blended with 200 µL of freshly prepared α-amylase solution and kept undisturbed
for 35 min at 25 ◦C. Subsequently, 400 µL of newly prepared 0.25% starch solution was
mixed with each sample tube and left undisturbed for 5 min at 37 ◦C. Next, 1.0 mL of the
DNS solution was blended to inhibit the reaction and then left in a water bath (10 min)
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and chilled to room conditions. The acarbose was used as a positive control, and the
absorbance of each sample reaction was read at 540 nm. The following formula and linear
regression analysis were applied to calculate the α-amylase inhibitory percentage and IC50
values, respectively.

α-Amylase Inhibition (%) =
A control − (A test − A background)

Control
× 100

2.9. α-Glucosidase Inhibitory Assay

The standard protocol [25] with slight modifications was followed to assess the α-
glucosidase inhibitory efficiency of MAL-CNPs. Briefly, approximately 60 µL of various
dosages (500, 250, 100, 50, and 25 µg/mL) of MAL-CNPs were individually blended with
50 µL of α-glucosidase solution (0.2 U/mL: prepared in 0.1 M of phosphate buffer: pH 6.8) in
96 well plates. These reaction mixtures were incubated at 37 ◦C for 30 min. After incubation,
approximately 50 µL of 5 mM ρ-nitrophenyl-α-D-glucopyranoside (PNPG) solution was
added to each reaction mix and incubated at 37 ◦C for 20 min. Next, approximately 160 µL
of 0.2 M NaCO3 was added to each well to inhibit the reaction. Subsequently, the absorbance
of each well was measured at 405 nm using a microplate reader and compared to positive
control acarbose. The α-glucosidase inhibitory efficiency was calculated following the
formula, and the IC50 value was determined by linear regression analysis.

α-Glucosidase Inhibition (%) =
Aco − At

Aco
× 100

2.10. Mutagenicity Assay

The mutagenicity properties of MAL-CNPs were assessed by a typical Ames assay
according to Organization for Economic co-operation and Development (OECD 471) [26].
Trial I (plate incorporation technique) and trial II (pre-incubation technique) were fol-
lowed with various strains (TA 1535, TA 1537, TA 98, TA 100, and WP2) (trp pKM101) of
Salmonella typhimurium and E. coli in the presence and absence of metabolic activator (+S9
and −S9) in triplicate. The different concentrations (0.125, 0.625, 1.25, 2.5, and 5 mg/plate)
of MAL-CNPs were studied for both trial-I and trial-II as per OECD 471.

2.11. Statistical Analysis

All the data were analyzed with mean and standard deviation.

3. Results and Discussion
3.1. Plant Extract Yield and TLC Analysis

The several solvents (methanol, ethanol, hexane, chloroform, and water) hot plate-
based extract preparation approach delivers diverse yield extents. Among these solvent
extracts, ethanol provides an extreme yield in comparison with the other solvents. The
ethanol solvent extract delivered an extreme yield of 0.43 g, and in percentage, it was
measured as 8.68%; water extract yielded 0.39 g (7.98%), hexane 0.23 g (4.64%), methanol
0.27 g (5.42%), and chloroform 0.21 g (4.12%), as shown in Figure S1 (Supplementary File).
The maximum yield of ethanol extracts proposes that they might comprise valuable photo-
chemical compounds in comparison with other solvents. The TLC outcomes also showed
that the ethanol extract displayed a superior number of visible spots than the other solvent
extract under numerous visualization methods and had extreme Rf values with numerous
colors visualized under various factors 255 nm and 365 nm, iodine, DPPH, 10% ferric
chloride, visible light, Dragendorff’s reagent, and concentrated sulfuric acid. The results
report that the ethanol solvent efficiently extracts several bioactive phytochemicals from
the Martynia annua Linn. leaf sample. According to a previous report, Kaushik et al. [27]
attained approximately 19% of ethanol extract yield from the Martynia annua fruit sam-
ple. The plant extract increased yield for a specific solvent designates that the solvent
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precise phytochemicals are enhanced in that plant sample, and, in addition, its strength is
associated with the polarity interaction of solvent properties and phytochemicals [28].

3.2. Screening of Qualitative Phytochemicals

Based on the outcomes attained from different solvent yields and TLC investigation,
Martynia annua leaf ethanol extract phytochemical contents were qualitatively examined.
Remarkably, the ethanol extract comprises pharmaceutically valuable phytochemicals,
including alkaloid, tannin, phenol, protein, amino acids, saponin, glycosides, quinones,
fixed oil, resins, and carotenoids, as exhibited in Table 1.

Table 1. Qualitative phytochemical screening of Martynia annua ethanol extract.

Serial No. Phytochemicals Test Ethanol Extract

1 Carbohydrate Benedict’s Test −
2 Protein and Amino Acids Millions Test +
3 Alkaloid Dragendorff’s Test +
4 Tannin and Phenol Ferric Chloride Test +
5 Flavonoids Zn-HCl Test −
6 Terpenoids Salkowski Test −
7 Saponin Froth Test +
8 Glycosides Keller-Kilani Test +
9 Quinons NaOH Test +
10 Fixed Oil Paper/spot Test +
11 Resins Acetone Test +
12 Coumarins Fluorescence Test −
13 Carotenoids NA +

Note: (+) means presence of phytochemical and (−) absence of phytochemical.

3.3. Chitosan Nanoparticle Synthesis and Characterization
3.3.1. UV-Visible Analysis of MAL-CNPs

The ethanol leaf extract of Martynia annua displayed substantial chitosan nanoparticle
(MAL-CNPs) fabricating potential. The Chitosan reducing the potential of this ethanol
extract was primarily at peaks at 221, 232, and 319 nm (Figure 1). The peaks observed at
these nanometer ranges were associated with the nanometer of MAL-CNPs. The UV-visible
spectrum of MAL-CNPs are in the range 200–325 nm. These broad absorption bands
are due to the existence of the CO group [29]. Oh et al. [30] reported that the UV-visible
spectrum of MAL-CNPs using the ionic gelation approach noted the band at 320 nm and
stated their antibacterial activity against phytopathogenic bacteria. The pure chitosan
particle’s UV-visible spectrum is 339 nm [31]. The UV-visible spectrum disparities of MAL-
CNPs are directly associated with the process and synthesizing constraints followed for the
MAL-CNPs synthesis approach [32].

3.3.2. FT-IR Analysis

The functional groups involved in the reduction, capping, and stabilization of MAL-
CNPs were inspected through FT-IR analysis (Figure 2). The numbers of major peaks at
3941, 3789, 3435, 2920, 2852, 2065, 1630, 1270, 1110, 1060, 1035, 875, 617, and 564 cm−1

corresponded to various functional groups. The occurrence of peaks between 3940 and
3430 cm−1 is associated with–NH2 and –OH stretching vibrations, and it results in extra
molecular bioactive molecules of H bonding. Correspondingly, the band noticed between
2920 and 2065 cm−1 associated with the C-H stretching vibrations is related to aldehyde
and alkane groups. The peaks noticed at 1635 cm−1 correlated to the stretch of amide
I, 1270 cm−1 is attributed to –NH2 bending, 1110–1035 cm−1 is attributed to the amide
III stretching vibrations, and 870–565 cm−1 C-H bending connected to stretching of keto
groups. A related FT-IR spectrum has been found for chitosan nanoparticles synthesized
using Achyranthes aspera plant extract [33]. These outcomes indicate that the ethanol extract
of Martynia annua comprises the most active compounds, which have the probability to
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reduce the chitosan original form into chitosan nanoparticles. These phytochemicals play a
significant role in the reduction, stabilization, and capping of chitosan nanoparticles [34].
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3.3.3. HR-TEM Analysis

The size and morphology of as-synthesized chitosan nanoparticles (MAL-CNPs) with
ethanolic leaf extract of Martynia annua plant are evaluated by using high-resolution trans-
mission electron microscopic analysis (HR-TEM). The HR-TEM analysis showed the mor-
phological properties and surface appearance of chitosan nanoparticles as being spherical in
shape (Figure 3a, smooth surface, and size range of approximately 60–130 nm). The selected
area electron diffraction (SAED) pattern illustrates characteristic rings (Figure 3b), which
indicate that these chitosan nanoparticles are highly crystalline in nature. The average
particle size of the chitosan nanoparticle is ~100–120 nm.
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3.3.4. SEM and DLS Analysis

The scanning electron microscopic (SEM) analysis of as-synthesized chitosan nanopar-
ticles (MAL-CNPs) is further carried out to investigate the surface morphology of the
MAL-CNPs (Figure 4a,b). It is revealed that relatively spherical and uniform MAL-CNPs
are formed. The SEM images suggest the existence of organic moieties on the surface of
nanoparticles as stabilizing agents. The accumulation of phytomolecules possibly occurs
due to the hydrogen bonding and/or electrostatic interactions between the functional
groups of active phytomolecules and the surface of chitosan nanoparticles. Furthermore,
the DLS analysis exhibited that the average size of MAL-CNPs was 53 nm, maximum
diameter was 130.7 nm, and the polydispersity index was found to be 0.315 (Figure 5,
Supplementary File Table S1).
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3.4. Antioxidant Activity Analysis

The free radicals scavenging efficiency of MAL-CNPs was evaluated with DPPH and
H2O2 scavenging assays. Figures 6 and 7 demonstrate the Optical Density and percentage
of DPPH scavenging activities, respectively. A considerable DPPH radical scavenging rate
of approximately 66.78% was found at a 50 µg/mL concentration of MAL-CNPs. The IC50
value was found to be 2.431 µg/mL. This scavenging percentage was better than the DPPH
scavenging efficiency of ascorbic acid (34.62%) (Figure 6). Similarly, Figure 7 represents
H2O2 scavenging percentages of various concentrations of MAL-CNPs. Obtained results
revealed that the 50 µg/mL concentration of MAL-CNPs showed approximately 91.65%
of H2O2 scavenging potential. Interestingly, it was considerably more significant than
the H2O2 scavenging percentage (90.91%) of the positive control (Figure 7). These results
strongly suggest that the 50 µg/mL concentration of MAL-CNPs is the optimal value to
donate the electron to convert the unstable radicals into stable radicals [35]. The bioactive
compounds, which are involved in the synthesis, capping, and stabilization of MAL-CNPs
and coated over their surface, might possess fine antioxidant activity by acting as electron
donors. Such MAL-CNPs can improve free radical scavenging activity and also amplify
the antioxidant activity of particles coated over their surface [36]. A similar pattern of
antioxidant activity was reported by Kumar et al. [37] against DPPH and nitrate radicals.
The antioxidants that donate electrons can convert the violet-colored DPPH into the yellow-
colored diphenylpicryl hydrazine [38]. The MAL-CNPs can neutralize reactive oxygen
species (ROS) in the micro-environments where it is incorporated, lowering cell-induced
oxidative stress [39].
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3.5. Cytotoxic Property Analysis

The results obtained from the MTT assay are presented in Figures 8 and 9, which
reveal the viability percentage and corresponding absorbance values of MAL-CNPs on
RIN-m5F. The results suggest that the cell viability and cytotoxicity were dose-dependent.
At minimum concentration (1–25 µg/mL), the cell viability was not affected by MAL-
CNPs; therefore, cytotoxicity was recorded at increasing concentrations from 50 µg/mL.
According to this, IC50 was found to be 39.93 µg/mL. A report stated that chitosan-based
nanoparticles showed a considerable level of cytotoxicity and yielded identical IC50 and
IC20 values against the A549 cells. The cytotoxicity of chitosan nanoparticles was achieved
by reducing the degree of polymer deacetylation, but it was less affected by decreasing
the molecular weight [40]. Loutfy et al. [41] reported that chitosan-based nanoparticles
showed cytotoxicity at increased concentration against the HepG2 cell, and they found that
the IC50 value was 239 µg/mL. Detailed analysis of the cytotoxic activity of the MAL-CNPs
revealed a considerable impact on the apoptotic gene (caspase 3, p 53, and Bak) expression
of mRNA [42]. The caspase 3 gene after the cell is exposed indicates the participation of an
apoptotic caspase-independent route besides raising the exposure of the MAL-CNPs to a
certain concentration [43].
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3.6. α-Amylase Inhibitory and α-Glucosidase Inhibitory Assays

The substances α-amylase and α-glucosidase are the most essential inhibitory targets
to control diabetic type II disease. Figure 10 depicts (OD and percentage of inhibition,
respectively) the α-amylase inhibiting potential of MAL-CNPs. The obtained results
suggest that the MAL-CNPs showed moderate inhibitory activity (3.38%) at 250 µg/mL
concentration The IC50 value was found to be 1.981 µg/mL. This inhibitory activity was
reasonably comparable with the α-amylase inhibitory activity of acarbose (9.05 µg/mL).
Similarly, the MA-CNPs also demonstrated considerable α-glucosidase inhibitory activity
(Figure 11). The MAL-CNPs showed dose-dependent α-glucosidase inhibitory activity. An
increased concentration (500 µg/mL) demonstrated maximum inhibition up to 33.88%.
The IC50 value was found to be 161.8 µg/mL. Interestingly, it was comparable with the
inhibitory activity of the positive control (acarbose: 50.76%). This inhibition percentage
gradually increased from 9.01 to 33.88% for 10–500 µg/mL concentration of MAL-CNPs.
Similarly, Pterocarpus marsupium extract-mediated CNPs demonstrated a considerable
percentage of dose-dependent α-amylase as well as α-glucosidase inhibitory activities [34].
Inhibiting such hydrolytic enzymes can help with type 2 diabetes treatment by lowering
postprandial hyperglycemia [44].
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The bioactive compounds coated over the surface of MAL-CNPs are thought to be
promising and efficient inhibitors of α-amylase as well as α-glucosidase. This study
revealed that the MAL-CNPs inhibited α-amylase and α-glucosidase in a concentration-
dependent [45] manner. The α-glucosidase had a more substantial inhibitory effect than α-
amylase [46]. The apparent variation in the inhibition effect of α-amylase and α-glucosidase
might lead to undigested sugars reaching the colon, resulting in intestinal microbial diges-
tion and successive intestinal illnesses, including abdominal discomfort, constipation, and
diarrhea [47].
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3.7. Mutagenicity Analysis

The mutagenicity property of MAL-CNPs against Salmonella typhimurium TA100 strain
and Escherichia coli WP2 (trp pKM101) strain (out of five strains from each species) demon-
strated slight toxicity. In the presence or absence of metabolic activation, there was no
decrease in the revertant number of colonies inhibition compared to the negative control
at any of the tested concentrations in either strain. According to the findings, 5 mg/plate
was chosen as the highest proportion for such main study trials (trials I and II), both in
the presence and absence of metabolic activation. The plate incorporation method was
performed with five concentrations separated by a factor of two in triplicate of test items
and the negative and positive controls with the three strains, i.e., TA 1537, TA1535, and
TA98. For the remaining two tester strains, TA100 and WP2 (trp pKM101), cytotoxicity
results were incorporated in Trial-I up to five concentrations.

Neither biologically substantial increase in revertant counts was noted from any of the
five test strains pre-incubated with the test item in the absence or presence of metabolic
activation. Either precipitation or reduction in background lawn was evidenced from any
of the dosages investigated. The positive controls demonstrated an unambiguous rise in
revertant counts, including all five test strains and corresponding controls, affirming the test
system’s sensitivity [48]. Based on these results, Martynia annua-mediated MAL-CNPs may
indeed be non-mutagenic, as they did not stimulate gene mutation in any of the test strains
at the concentrations tested. De Lima et al. [49] reported that the CNPs demonstrated no
substantial changes in the mitosis process on human lymphocyte cells, and this suggests
that the CNPs are non-toxic. The technique used demonstrates great potential to be used in
nanoparticle safety checks, implying that these materials will be used in various biological
and commercial applications in the future [50].

4. Conclusions

The present study aimed to evaluate the antioxidant, cytotoxicity, and mutagenic
activity of green-synthesized MAL-CNPs. The obtained results conclude that the MAL-
CNPs exhibited antioxidant activities, and this was confirmed by DPPH and H2O2 radicals
scavenging assay. The MTT assay results revealed that the MAL-CNPs cytotoxicity activi-
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ties were dose-dependent from the concentration of 50 µg/mL. The MAL-CNPs showed
significant α-glucosidase and α-amylase inhibitory activity. These results indicate that
these green synthesized MAL-CNPs may be considered as a valuable material for type 2
diabetic treatment. Furthermore, the Ames test results indicated that the MAL-CNPs were
non-toxic, as they did not induce mutagenesis on bacterial test strains. These MAL-CNPs
could be considered as therapeutic nanomaterials for several biomedical applications in
the near future in medical fields. However, in-vivo studies need to be performed to ensure
their efficiency and safety for future therapeutic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/cryst12111540/s1, Figure S1: Different solvent extracts yield of Martynia an-
nua Linn. stated values are mean and standard error of triplicates; Table S1: Volume Distribution
Table of DLS Results.
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