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Abstract: Green methods of synthesizing nanoparticles are safer than chemical and physical methods,
as well as being eco-friendly and cost-efficient. In this study, we use copper oxide nanoparticles (CuO
NPs) fabricated with Sesbania grandiflora (Sg) (Hummingbird tree) leaves to test the effectiveness of
green synthesizing methods. The attained Sg-CuO NPs physical and optical nature is characterized
by UV-Vis spectroscopy Differential Reflectance Spectroscopy (UV-Vis DRS), Fourier Transform
Infra-Red spectroscopy (FTIR), X-ray Diffraction spectroscopy (XRD), Scanning Electron Microscope
(SEM), and Energy Dispersive X-ray Analysis (EDAX). UV-Vis spectrum for Sg-CuO NPs revealed a
peak at 410 nm. SEM images showed the aggregation of needle-shaped particles, at a size of 33 nm.
The amylase and glucosidase enzymes were inhibited by the Sg-CuO NPs up to 76.7% and 72.1%,
respectively, indicating a possible antihyperglycemic effect. Fabricated Sg-CuO NPs disclosed the
excellent inhibition of DPPH-free radicle formation (89.7%) and repressed protein degradation (81.3%).
The results showed that Sg-CuO NPs display good anti-bacterial activity against the gram-negative
(Escherichia coli and Pseudomonas aeruginosa) and gram-positive (Staphylococcus aureus). Cytotoxicity of
the Sg-CuO NPs was determined using anIC50 of 37 µg/mL. Sg-CuO NPs have shown promising anti-
diabetic, anti-oxidant, protein degradation-inhibiting, and anti-microbial properties. Our findings
have shown that synthesized Sg-CuO NPs have biological activities that may be utilized to treat
bacterial infections linked to hyperglycemia.

Keywords: nanotechnology; green synthesis; medicinal plant; antihyperglycemic; bioactivity; anticancer

1. Introduction

Nanotechnology focuses on synthesizing nanomaterial, and has diverse application,
such as biomedicine, delivery of nutrients and drugs, imaging techniques, etc. Multiple
methods are available for nanoparticle synthesizing, including chemical processes, sol-gel,
laser ablation, electro biosynthesis, biological, and green synthesis. In the green synthesis
method of nanoparticles, instead of chemicals, plant-mediated products are likely to play
the role of reducing agents; green reducing agents lessen the toxic effects of chemicals in the
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environment and are cost-effective [1,2]. Furthermore, selecting a suitable reducing agent is
necessary to promote the nanoparticles’ medicinal properties and reduce the accumulation
of heavy metals [3]. Cu nanoparticles (Cu NPs) nanoparticles are widely used and efficient
in reducing the reactive oxygen species’ (ROS) mediated oxidative stress [4].

Sesbania grandiflora (English: Hummingbird tree, Tamil: Agathi) has been reported to
have various biological activities. It is widely known for its anti-diabetic, anti-ulcerative,
anti-microbial, and anti-oxidant properties [5]. Primary (carbohydrates, proteins, and
lipids) and secondary metabolites (alkaloids, phenols, tannins, and coumarins) were found
to enhance their biological activity [6]. S. grandiflora inhibits the carbohydrate metabolic
enzyme from regulating hyperglycemia [7], as well as reducing oxidative stress and free
radical formation, and acting on the inflammatory cytokines [8,9]. Moreover, S. grandiflora
and its mediated nanoparticles like ZnO, Ag, and TiO inhibit the growth of pathogenic
microorganisms: Staphylococcus aureus, Salmonella enterica, Burkholderia sp. Escherichia coli,
and Bacillus sp. [10,11]. Bacterial and fungal infections are generally treated using antibiotics
and anti-fungal agents. However, excessive usage of antibiotics mutates the microbes to
develop resistance and destroys the microbiota, which leads to multiple sub-problems.
Therefore, it is necessary to develop some alternative treatment methods.

Chronic hyperglycemia and the metabolic condition of diabetes mellitus (DM) are
closely related. Chronic hyperglycemia alters the cellular and metabolic functions of the
body. It negatively impacts several organs and causes microvascular and macrovascular
complications [12], such as immune compromise, retinopathy, nephropathy, neuropathy,
renal diseases, and cardiovascular diseases. In uncontrolled diabetic conditions, immune
system dysfunctions affect innate immunity and humoral immunity, which increases
oxidative stress and reduces the response of T-lymphocytes, neutrophils, and inflammatory
cytokines [13,14]. IL-1, IL7, IL 12, IL 33, TNF α, and IFN γ deplete in hyperglycemic
conditions; this allows bacterial infection and increases the intracellular bacterial load [12].
Due to this immune-compromised state, diabetic patients tend to frequency experience
further medical conditions; foot ulcers and infections in the urinary tract, skin, throat,
and stomach caused by bacteria and fungi are the most common. They are susceptible to
hospital-born or opportunistic infections, such as S. aureus, E. coli, Streptococcus aeruginosa,
Klebsiella pneumonia, and Mycobacterium tuberculosis [15–17]. Furthermore, diabetic patients
are likely more vulnerable to COVID-19 infection and sepsis [18,19].

Trace elements are revealed to improve immunity, reduce oxidative stress and inflam-
mation, and improve insulin resistance. Cu, Zn, Fe, Co, Mg, Mn, Cr, and Se all act as
cofactors in various metabolic and signal transduction pathways [20]. Metal oxide NPs are
an excellent alternative to antibiotics due to their stability and nontoxic nature [20]. Cu is
critical in hyperglycemia, insulin secretion, mechanism and action, oxidative stress, and
immunity. The Zn and Cu act on oxidative stress by regulating the superoxide dismutase
(SOD), oxidases, and peroxidases; these enzymes reduce free radical production, maintain
homeostasis, and reduce oxidative stress [20,21]. Cu is reported to restore the pancreatic β

cell islets, as well as promote insulin secretion and the inflammatory response by elevating
the secretion of interleukins. Its deficiency influences the respiratory chain; simultane-
ously affects ATP production, glucose intolerance, hypertension, and lipid metabolism;
and increases ROS and reactive nitrogen species, mitochondrial dysfunction, and apopto-
sis [21,22]. Because of their biological activities, physical properties, and chemical nature,
metal oxide NPs, particularly Cu, have a critical role in biomedicine [23].

This study focuses on Cu as a significant source for treating hyperglycemia and its
related complications. Based on the available literature about S. grandiflora and its bio-
logical activity (specifically on antihyperglycemic and anti-microbial activities), and cost
efficiency, we chose this plant to fabricate Sg-CuO NPs. We then confirmed and character-
ized the nanoparticles using relevant techniques, such as UV-Vis Differential Reflectance
Spectroscopy DRS, Fourier Transform Infra-Red spectroscopy (FTIR), X-ray Diffraction
(XRD), Scanning Electron Microscope (SEM), and Energy Dispersive X-ray Analysis (EDAX).
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These techniques further analyzed fabricated CuO nanoparticles’ antihyperglycemic, anti-
microbial, anti-oxidant, anti-inflammatory, and cytotoxic properties.

2. Materials and Methods
2.1. Chemicals

Fresh leaves of S. grandiflora were brought from the local market in Vellore, Tamil
Nadu, India. Copper sulfate (99.8% pure), alpha-glucosidase (1 U/mL), sodium carbonate
(extra pure), and nutrient agar were purchased from SRL chemicals, India. Alpha-amylase,
starch soluble, and dinitro salicylic acid (DNSA) (98% pure), as well as 2,2′-diphenyl-1-
picrylhydrazyl (DPPH) (extra pure, 95%), were sourced from Himedia, India. We bought
ascorbic acid, diclofenac, and metformin from Sigma Aldrich. Phosphate buffer (pH, 6.6)
was prepared with sodium phosphate dibasic (0.5 M) and sodium phosphate monobasic
(0.5 M). Gram-negative (E. coli and P. aeruginosa) and gram-positive (S. aureus) bacterial
cultures were collected from the Vellore Institute of Technology–Vellore, Tamil Nadu, India.
Distilled water was used for the preparation of the solution in the experiments. All the
assays were performed in triplicates.

2.2. Preparation of Leaf Extract and CuO Nanoparticles

The S. grandiflora plant was authenticated and certified (authentication no PARC/2-
22/4735) by Dr. P. Jayaraman, who worked at the Plant Anatomy and Research Center,
Chennai, TN, India. To obtain S. grandiflora water extract, we boiled approximately 26 g of
the powdered leaf in 200 mL of distilled water for 1 h. CuO nanoparticles were synthesized
using this extract. In addition, 6 g of S. grandiflora leaf powder was extracted with water,
methanol, hexane, and chloroform for phytochemical analysis.

We then added 45.5 mL of 0.1M copper sulfate with 100 mL S. grandiflora prepared
water extract while stirring at 60 ◦C. To eliminate the contaminants, we prepared S. grandi-
flora green synthesized CuO nanoparticle (Sg-CuO NPs), which was then centrifuged at
5000 rpm for 10 min. For 48 h, the recovered pellet was calcined at 100 ◦C [24]. This sample
was sonicated for 30 min in distilled water for further assays.

2.3. Phytochemical Analysis

Extracts of S. grandiflora were tested for their phytochemical content (primary and
secondary metabolites) using the following techniques [25–28].

2.3.1. Test for Primary Metabolites

Fehling’s test: Equal volume of extracts were mixed with Fehling’s (A and B) reagent,
and heated for 3 to 5 min. Red precipitate indicated the existence of carbohydrates.

Iodine test: 2 mL of S. grandiflora extract was mixed with the 2 mL of iodine solution
and potassium iodide (Lugol solution). The development of the blue color showed the
presence of starch [27].

Biuret test: The 1 mL extract was mixed with a few drops of 3% copper sulfate and 10%
sodium hydroxide. The red or violet color formation indicated the presence of proteins or
peptides [27].

2.3.2. Test for Secondary Metabolites

Salkowski’s test: H2SO4 was added to the test tube’s walls after shaking 1 mL of
S. grandiflora extracts with chloroform. The appearance of red color indicated the presence
of steroids [25].

Mayer’s test: The appearance of a yellow or white color, after adding 2–3 drops of
Mayer’s reagent to 1 mL of various solvent extracts of S. grandiflora, suggested the presence
of alkaloids [27].

Wagner’s test: In 5 mL of distilled water, we dissolved 2 g of potassium iodide and 1.2 g
of iodine. This solution was then diluted with 100 mL of distilled water. The 1 mL of each
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extract was mixed with a few drops of this mixture. The development of brown-colored
precipitates indicated the presence of alkaloids [26].

Ferric chloride test: 2 mL of extracts and a few drops of 5% ferric chloride solution were
mixed. The formation of a blue solution revealed the presence of phenols [25].

NaOH test: 3 mL of 10% NaOH was mixed with 1 mL of S. grandiflora extracts. The
formation of yellow color indicated the presence of coumarins [28].

Lead acetate test (10%): Lead acetate 10% was combined with plant extracts in a 1 mL
volume. The presence of flavonoids was shown by yellow precipitation.

Lead acetate test (1%): Two to three drops of 1% lead acetate and 0.5 mL of various
S. grandiflora extracts were combined. The production of a white precipitate confirmed the
presence of tannin [28].

2.4. Physical and Optical Characterization of Nanoparticles

Green synthesized Sg-CuO NPs was optically characterized with UV-Visible Diffuse
Reflectance Spectroscopy (UV-Vis DRS) (Jasco V-630, Oklahoma, OK, USA), Fourier Trans-
form Infra-Red (FTIR) (Thermo Nicolet iS50 with inbuilt ATR, Shimadzu, Kyoto, Japan)
with the spectra range was in between 4000 cm−1 to 500 cm−1, X-ray Diffraction spec-
troscopy (XRD) (Bruker D8 Advance, Bruker, Germany), Scanning Electron Microscope
(SEM) (EVO/18 Research, Carl Zeiss, Jena, Germany), and Energy Dispersive X-ray Analy-
sis (EDAX) (ZEISS EVO18).

2.5. Anti-Hyperglycemic Assay
2.5.1. Alpha-Amylase Inhibition Activity

Various concentrations of sonicated Sg-CuO NPs (20–100 µg/mL) and metformin
(20–100 µg/mL), the standard drug (as positive control), were incubated with the v/v of
2 mM phosphate buffer (pH 6.6). A measurement of 1 mL of α-amylase was incubated for
20 min; we then added 500 µL of the 1% starch solution to the reaction mixture, followed
by the 5 min of incubation. 1 mL of DNSA was then mixed and incubated for 5 min in
the boiling water bath. α-amylase inhibition was measured in UV-Vis spectrophotometer
at 540 nm [29]. The equation below was used to calculate the inhibitory activity of
Sg-CuO NPs.

% of inhibition = (Control − Test)/Control) × 100 (1)

2.5.2. Alpha-Glucosidase Inhibition Assay

The 96-well plate contained five doses of 10 µL sonicated Sg-CuO NPs (20–100 µg/mL),
30 µL of 2 mM phosphate buffer, and 10 µL of α-glucosidase. The incubation followed
at 25 ◦C for 10 min. As a substrate, 50 µL of 3 mM P-nitrophenyl glucoside was added
and left for 20 min at 37 ◦C. Further, by mixing 50 µL of 0.1 M, the Na2CO3 reaction was
stopped, and we then determined the color intensity with a microplate reader at 405 nm. A
well without a sample but with buffer, substrate, and enzyme was employed as a negative
control. [30], while metformin was used as a positive control. With Equation (1), the
inhibitory activity of α-glucosidase was determined.

2.6. Anti-Oxidant Assay-DPPH

A 96-well microtiter plate was used to test the Sg-CuO NPs ability to scavenge free
radicals with the DPPH method. A measurement of 0.1 M DPPH was then prepared with
methanol. A measurement of 200 µL of 0.1M DPPH was added to the microtiter plate
and 15 µL of Sg-CuO NPs at five different concentrations (ranging from 20 to 100 µg/mL).
Ascorbic acid (20–100 µg/mL) in a volume of 15 µL was employed as a positive control.
The microtiter plate was incubated at 25 ◦C in the dark for 30 min. Afterward, we read
the plate in a spectrophotometer plate reader at 517 nm [31]. We then calculated the free
radical scavenging activity with Equation (1).



Fermentation 2023, 9, 332 5 of 17

2.7. Anti-Inflammatory Assay

The anti-inflammatory activity of Sg-CuO NPs was investigated with the albumin
degradation assay. Albumin was taken from the fresh hen egg white, while 0.2 mL of egg
white, 2.8 mL of phosphate buffer (pH, 6.4), and different concentrations of 2 mL of Sg-CuO
NPs (20–100 µg/mL) were mixed and incubated at 37 ◦C for 15 min, and at 70 ◦C for 5 min.
Here distilled water was taken as a negative control, while metformin (20–100 µg/mL) and
diclofenac (20–100 µg/mL) were taken as a positive control. This mixture was measured
at 660 nm in a spectrophotometer [32]. Protein degradation inhibition was measured in
percentage with the given equation.

% of inhibition = ((Test)/(Control) − 1) × 100 (2)

2.8. Anti-Bacterial Activity

The anti-bacterial properties of Sg-CuO NPs (50–125 µg/mL) were analyzed with
the disk diffusion method against the standard streptomycin (10 mg) on a nutrient agar
medium. The bacterial strains, gram-negative (E. coli and P. aeruginosa) and gram-positive
(S. aureus), were inoculated in the Petri dishes, followed by the 20 µL of Sg-CuO NPs. The
plates were then incubated for 24 h at 37 ◦C [33]. After incubation, the zone of inhibition
(diameter) was measured with image J.

2.9. Cytotoxicity Assay

Cytotoxicity of the Sg-CuO NPs was measured based on thr reducing capability of
3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyl tetrazolium bromide (MTT) to form formazan, a
purple-blue precipitate formed in the HepG2 cell line. Various concentrations of Sg-CuO
NPs (10–100 µL/mL) and cisplatin as a positive control were incubated with 20 µL of MTT
(5 mg MTT in an ml of PBS) for 4 hrs. It may have resulted in forming formazan, which
was dissolved with 200 µL of DMSO, and it was later measured in a spectrophotometer at
570 nm [34]. The viability of the cells was calculated with:

% of cell viability = (Test/Control) × 100 (3)

Further, to differentiate between the alive and dead cells, treated HepG2 cells were
seeded into the six-well plate and incubated with AO/EtBr duel stain for 10 min at dark.
The cells were then observed under fluorescence microscopy.

2.10. Statistical Analysis

All the statistical representations were performed using JMP pro, origin pro, and
Graphpad prism software. The results were analyzed using two-way ANOVA and Tukey’s
post hoc t-test (≤0.05). Images were processed in Image j software (ImageJ, v1.54c bundled
with 64-bit Java 8).

3. Results
3.1. Physical and Optical Characterization

Mixing copper sulfate and S. grandiflora leaf extract at constant temperature and
stirring turned the red plant extract into dark green and black after calcination. Calcination
aided in forming the structure and shape of the nanoparticles characterized by UV-Vis DRS,
FTIR, XRD, SEM, and EDAX.

3.1.1. UV-Vis Spectroscopy Differential Reflectance Spectroscopy

UV-Vis DRS analyzed the absorption of light on the surface of the Sg-CuO NPs and
the energy gap (Eg). Eg was measured using UV-vis DRS with the help of a tauc plot.

Ahν = E (hν − Eg)1/2 (4)
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The band energy gap was calculated as 1.006 eV (Figure 1). The UV range for this
nanoparticle was 200–800 nm, and the maximum absorption occurred near 410 nm. It
is similar to the UV range of CuO NPs. It discloses the presence of CuO NPs [35,36].
S. grandiflora leaf extract might act as a stabilizer, reducer, and capping agent, reducing the
copper sulfate hexahydrate to copper oxide nanoparticles.
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Figure 1. UV-Vis spectroscopy DRS of Sg-CuO NPs with Tauc plot for calculating the excitation energy.

3.1.2. Fourier Transform Infra-Red Spectroscopy (FTIR)

The FTIR spectrum of fabricated CuO nanoparticles showed broadband in 3226 and
2937. Sharp peaks at 1595 cm−1, 1401 cm−1, 1091 cm−1, and 612 cm−1 in this spectrum rep-
resent C-O stretching, O-H bending, and C=C stretching, respectively (Figure 2); functional
groups are present in the produced CuO NPs. This IR spectrum reveals that carboxylic
acid, proteins, carbohydrates, nucleic acids, flavonoids, phenols, and alkaloids act as a
capping agent for the nanoparticles, and reduce and stabilize them [24]. These metabolites
and compounds maintain the nanoparticles’ structure in alkaline conditions [37].

3.1.3. X-ray Diffraction

Peaks from XRD confirm that the formed nanoparticles were in the crystalline phase.
A total of 2θ values (35.1 θ, 38.3 θ, 48.2 θ, 61.1 θ, and 74.7 θ) analyzed from heights gave
the assigned values of 111, 111, 200, 113, and 220 (Figure 3). These are similar to the results
of Liu et al. It also reveals that the formed nanoparticles were not pure Cu, consisting of Cu
and CuO NPs [38]. Furthermore, crystallinity of Sg-CuO NPs from XRD was calculated
with the following equation:

Crystallinity = Area of crystalline peaks/Area of all peaks (crystalline + amorphous) × 100 (5)

Our results reveal that the synthesized nanoparticles have very low crystallinity
(4.56%) and might be amorphous. Distinctive XRD pattern peaks also support this claim [39].
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3.1.4. Scanning Electron Microscopy

SEM results showed that the formed nanoparticles were needle-shaped (Figure 4a,b).
Based on these results, the average diameter and length of the formed Sg-CuO NPs were
measured with image J software as 33 nm and 1051 nm (Figure 4c,d). CuO nanoparticles’
size came within the range of previously produced dispersed nanoparticles. [40]. Moreover,
the nanoparticles were agglomerated; this might be due to their small size, increased
surface area, and various biomolecules [41].
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3.1.5. Energy Dispersive X-ray Analysis (EDAX)

Energy dispersive X-ray analysis (EDAX) is a technique connected with SEM. It is
used for determining elemental composition. The fabricated nanoparticles observed under
EDAX revealed the Cu and O present in the Sg-CuO NPs as 78% and 28% (Figure 5). This
ratio is close to the 2:1 ratio of the previously reported studies [42].
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3.2. Phytochemical Analysis

The phytochemical content of any plant depends on its environment, growth condi-
tions, soil, water availability, etc. These factors have a critical role in the plant’s applications,
particularly in medical applications. Phytochemical content analysis is essential to identi-
fying the drug-like biomolecules within the plant [43]. Moreover, phytochemicals have a
critical role in the formation of nanoparticles. Primary (carbohydrates, proteins, lipids, and
nucleic acids) and secondary metabolites (flavonoids, alkaloids, phenols, terpenoids, etc.)
were reported to bind with the metal NPs to stabilize their structure [44]. Here we have
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prepared four different extracts (water, methanol, hexane, and chloroform) for analyz-
ing the phytochemical content of S. grandiflora. Aqueous and methanolic extracts of S.
grandiflora showed promising results compared to the hexane and chloroform extracts.
Phytochemical assays with aqueous and methanolic extracts indicated the presence of
alkaloids, carbohydrates, phenols, flavonoids, and tannins. Meanwhile, hexane and chloro-
form extracts do not contain flavonoids, tannins, coumarins, and carbohydrates (Table 1).
Flavonoid compounds quercetin, kaempferol, sativan, and phenolic resveratrol were re-
ported previously in the S. grandiflora methanolic extract [45], which largely reflects the
results manifested here.

Table 1. Phytochemical content of the Sesbania grandiflora extracts.

Name of the Test Phytochemicals Water
Extract

Hexane
Extract

Methanol
Extract

Chloroform
Extract

Mayer’s test Alkaloids + + + -

Wagner’s test Alkaloids + + + -

Fehling’s test carbohydrate + - + -

Iodine test carbohydrate + + + -

Biuret test Peptides - - - -

Salkowski’s test Steroids - - + +

FeCl3 test Phenols + + + -

NaOH test Coumarins + - - -

10% lead acetate Flavonoids + - + -

1% lead acetate Tannins + - + -

3.3. Anti-Hyperglycemic Activity

α-amylase and α-glucosidase break down carbohydrates into disaccharides and
oligosaccharides in the intestine. This process leads to the elevation of the glucose in
the blood, and causes hyperglycemia in diabetic patients. Furthermore, hyperglycemia
elevates the glucose released from the liver for metabolic activity. However, the lack of
insulin action elevates the glucose level [1]. The most common diabetic drugs target these
enzymes to reduce hyperglycemia. Trace elements (Cu and Zn) and vitamins (vitamins C
and D) are reported to regulate insulin secretion and insulin sensitivity, and reduce glucose
absorption in the digestive tract [22,46]. Furthermore, to confirm this, fabricated Sg-CuO
NPs enzyme inhibitory activity to minimize glucose absorption was observed. It was
revealed to inhibit the activity of α-amylase and α-glucosidase up to 76% and 72% at the
highest concentration (100 µg/mL), which is similar to the effects of the most common
diabetes drug metformin at 100 µg/mL. It ranges from 20% to 76.7% for α-amylase, and 32%
to 72.1% for the α-glucosidase (Figure 6). This result is similar to Cocculus hiesutus-mediated
CuO NPs [1]. Compared with the fungal-mediated CuO NPs, it showed better enzyme
inhibitory activity [40]. Therefore, it is suitable to treat hyperglycemia by influencing the
carbohydrate metabolic enzymes (α-amylase and α-glucosidase). The study reveals that
the Sg-CuO NPs lowers glucose absorption, indirectly impacting blood glucose levels.
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3.4. Anti-Oxidant Activity

Oxidative stress caused by hyperglycemia promotes various complications, such as
inflammation, elevated insulin resistance, and mitochondrial dysfunction. The metabolic
processes generate superoxide anions, hydrogen peroxide, nitric oxide, and hydroxy rad-
icals. The processes also impact lipid peroxidation, protein oxidation, DNA replication,
and break strands [9]. Further oxidative stress leads to cellular dysfunctions and metabolic
impairments, and modulates the immune system by interfering with the mechanism of
action of macrophages, neutrophils, and lymphocytes [47]. It also advances microbial
infections. Thus, reducing ROS generation and chelating it is necessary. Studies conducted
in in vitro systems would only be applicable in some cases due to the difference between
the biological and in vitro environments [48]. Nonetheless, discovering the compound’s
anti-oxidant and free radical chelating activity in the in vitro methods is the most reliable,
time-saving, and resource-preserving method. DPPH is a free radical used for the in vitro
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analysis of most anti-oxidant studies because of its stable free radical nature. Free radical
scavenging activity of the Sg-CuO NPs was observed as 30% to 89.7% with a concentration
range of 20–100 µg/mL (Figure 7). It is higher than the scavenging activity of S. grandiflora
extracts, aqueous extract (80%), and ethanolic extract (83%) [49]. Millettia pinnata green
synthesized CuO NPs showed 86% scavenging activity [4]. It specifies that Sg-CuO NPs and
other green synthesized nanoparticles were better for reducing the free radical formation.
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3.5. Protein Degradation Assay

DM increases inflammation and promotes tissue damage in several ways, such as
protein misfolding, protein denaturation, lipid peroxidation, and hemolysis [4]. Hyper-
glycemia induces the production of advanced glycation end products, oxidative stress,
insulin resistance, inflammatory cytokines, and frequent infections [50]. In hyperglycemic
conditions, glycation and oxidation of proteins elevate inflammation, causing cell injury
and damage [51]. Protein degradation occurs when the physicochemical changes modify
the primary (e.g., peptide bond) and secondary bonds (e.g., hydrophobic, electrostatic,
and disulfide bonds) [32]. Thus, reducing protein degradation by maintaining the bonds
between the amino acids may help regulate inflammation. Cu is proven to be critical in this
via insulin and glucose metabolism.

Furthermore, it reported elevating insulin sensitivity while regulating lipid metabolism
and coronary heart diseases [52]. In this study, egg albumin was used as a protein source.
Its denaturation was measured against diclofenac (non-steroidal anti-inflammatory drug)
and metformin, a standard diabetic medicine reported to reduce inflammation. The pro-
tein denaturation assay revealed that Sg-CuO NPs exhibits anti-inflammatory activity by
decreasing protein degradation. Protein denaturation inhibition of Sg-CuO NPs ranged
from 34.8% to 81.3% for the 20–100 µg/mL concentrations. This result is similar to the
anti-inflammatory activities of the diabetic drugs metformin (85.9%) and diclofenac (94%).
Increasing the Sg-CuO NPs protein denaturation concentration seems to lessen inflam-
mation (Figure 8). Psomas et al. stated that anti-oxidants of trace elements like Cu and
Zn are useful, and have no or fewer side effects [53]. Other investigations mentioned
that Cu interaction with COX 2 and glutathione peroxidase in biological conditions might
significantly reduce oxidative stress and protein degradation. Further studies need to
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be performed in natural conditions (in vitro or in vivo) to find the actual mechanism of
Sg-CuO NPs in reducing inflammation [54], as our results offer a promising starting point
for reducing protein degradation and inflammation in hyperglycemic scenarios.
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3.6. Anti-Bacterial Property

Bacterial infections in diabetic patients are one of the significant causes of hyper-
glycemia. Bacterial infections delay wound healing and causes diabetic ulcers, urinary
infections, and lung infections. Moreover, oxidative stress and inflammation in diabetes
worsen bacterial infections. In the current scenario, antibiotic resistance pathogens lan-
guish the treatment for bacterial infection [55]. These circumstances advance the need
for developing alternative treatment methods, such as metal nanoparticles, Cu, Zn, Au,
and Ag, which are primarily known for their anti-microbial activity. Synthesized Sg-CuO
NPs was investigated for its anti-bacterial activity. Metal ions like CuO NPs bind with the
lipid membrane and induce oxidation. This further collapses the membrane to leak the
intracellular contents [42,55,56]. Evidence suggests that CuO and Cu2O cause damage to
the cell wall and interfere with the functions of enzymes, such as the iron-sulfur enzyme
family and fumarase A. Formation of these protein complexes might inhibit the growth
of the bacteria [57]. The anti-bacterial activity of Sg-CuO NPs was analyzed with E. coli,
P. aeruginosa, and S. aureus against streptomycin (10 mg). In this assay, the anti-bacterial
activity of three different concentrations of Sg-CuO NPs (50, 100, and 125 µg/mL) was
analyzed by disk diffusion method (Figure 9).

According to the results, increasing the concentration decreased the organism’s growth.
This is due to the dose-dependent response of the Sg-CuO NPs against the chosen organisms.
Sg-CuO NPs inhibited the growth of E. coli at 100 and 125 µg, and formed a zone of
inhibition 10 ± 1.21 mm and 14 ± 1.39 mm in diameter for each concentration. It showed
a predominant result compared to streptomycin (17± 0.46 mm). The zone of inhibition
against P. aeruginosa has been measured as 17 ± 0.45 mm and 19 ± 0.94 mm at 100 and 125
µg/mL, respectively. Compared to streptomycin (20 ± 1.38 mm), Sg-CuO NPs showed
excellent anti-bacterial activity. Meanwhile, against S. aureus, Sg-CuO NPs revealed a
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remarkable anti-bacterial activity. The zone of inhibition was evaluated as 12 ± 1.1 mm,
14 ± 1.1 mm, and 15 ± 1.5 mm for 50, 100, and 125 µg/mL, respectively. Remarkably,
125 µg showed a promising result after 24 hrs for E. coli (14 ± 1.39 mm), P. aeruginosa
(19 ± 0.94 mm), and S. aureus (15 ± 1.5 mm). Based on these results, The anti-bacterial
activity of the Sg-CuO NPs is quite similar to that of Cu nanodots, and CuO nanoparticles
acted on the multi-drug-resistant bacteria [55,58]. Like the S. grandiflora, CuO nanoparticles
fabricated with it also inhibited gram-positive and gram-negative bacterial growth [59].
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3.7. Cytotoxicity

Toxicity studies have a crucial role in drug development; expected adverse effects
of the drugs can be determined through toxicity analysis. Chronic exposure to drugs
and chemicals is monitored to identify their toxic effects. In silico, in vitro, and in vivo
analysis methods have been used to determine these adverse effects [60]. Toxicity depends
on the period of exposure to the drug, molecular structure, size of the particle, chemical
nature, accumulation, its interaction with the body, etc.; here, we have taken the different
concentrations of Sg-CuO NPs (10–100 µg/mL) to identify whether this dose can induce
apoptosis in the HepG2 hepatocellular carcinoma cells. MTT was reduced by the succinate
dehydrogenase in the alive cells to an insoluble product called formazan, which can be
measured with spectrophotometry [61]. When the concentration of the Sg-CuO NPs was
increased, apoptosis of the cells was observed. IC50 of the Sg-CuO NPs was calculated as
37 µg in HepG2 cells (Figure 10). However, this might vary between different types of cell
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lines. similar-sized (40–60 nm) nanoparticles showed discrete in between the HepG2, A549,
and SH-SY5Y cell lines. Thus, before exploring its possibilities as a hyperglycemic and
anti-bacterial candidate, an extensive study must be performed in various cell lines, and to
discover its possible bioavailability at in vivo conditions.
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4. Conclusions

S. grandiflora-mediated CuO nanoparticles were green-synthesized and characterized
with various advanced techniques, revealing the formation of Sg-CuO NPs. It is confirmed
that the typical nanoparticle’s size was an approximately 33 nm (diameter) and 1051 nm
(length) needle shape. Furthermore, free radical scavenging activity, α amylase, and α glu-
cosidase inhibitory activities showed the compound’s anti-oxidant and anti-hyperglycemic
nature. Moreover, our study confirmed its anti-bacterial, anti-inflammatory, and therapeu-
tic possibilities as a drug with the cytotoxic assay. Nevertheless, its mechanism of action
to reduce hyperglycemia and bacterial infection, and its cytotoxicity in different cell lines,
need to be further explored. Nonetheless, it displays enormous potential for development
as a treatment option for hyperglycemia and its complications.
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