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Abstract: Biogenic synthesis of nanoparticles is one of the novel approaches for the formulation of
drugs for tackling human diseases. In this study, aqueous extracts of Cola millenii were used as the
reductant for the reduction of silver nitrate and synthesis of the corresponding silver nanoparticles
(hereinafter designated Cm-AgNPs). The synthesis of Cm-AgNPs was verified by a color change from
brown to reddish. The Cm-AgNPs were characterized by energy dispersive spectroscopy (EDS), Fourier
transform infrared spectroscopy (FTIR), transmission electron microscopy (TEM), scanning electron
microscopy (SEM), and X-ray diffraction (XRD). The FTIR analysis showed the presence of functional
groups typical of phytochemicals that are associated with nanoparticles as capping agents. TEM and
SEM analysis revealed that the CM-AgNPs were small in size and mostly spherical. About 70% of the
Cm-AgNPs had a diameter of less than 20 nm. The crystalline structure of the Cm-AgNPs was
confirmed by XRD analysis. In vitro studies based on 2,2-diphenyl-picrylhydrazyl (DPPH) radical
inhibition and Total Antioxidant Power assays showed that the Cm-AgNPs possessed antioxidant
properties. Furthermore, the Cm-AgNPs exhibited an inhibitory effect against carbohydrate hydrolyzing
enzymes linked to diabetes, namely, alpha-amylase and alpha-glucosidase. Based on the results of this
study, Cm-AgNPs could be potentially used for managing diabetes and other diseases in which
oxidative stress is implicated in its pathology.
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1. Introduction

Nanotechnology involves a fusion of techniques utilized in developing, fabricating,
characterizing, and applying structures, materials, devices, and systems by manipulating matter
at the atomic and molecular levels [1]. At this nanoscale level, the interaction between atoms
and molecules confers special properties that are quite different from the general properties of
matter at a macroscopic dimension. Therefore, nanotechnology seeks to harness the unique
chemical and physical properties that matter exhibits at such small scales to create new and
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innovative solutions across different industries, such as engineering, food packaging
technologies, robotics, and medicine [2].

With the ever-growing health challenges facing mankind, new and effective methods
are required to investigate the pathophysiological basis of diseases. Similarly, there is a need
for more effective ways of diagnosing/treating diseases and also improving prognosis.
Nanotechnology offers innovative solutions to these medical challenges [3]. The application of
nanotechnology in medicine is called ‘nanomedicine’, a relatively new area in medicine.
Nanomedicine uses nano-sized tools to make the processes of disease diagnosis, treatment, and
health monitoring effective, with the ultimate goal of improving the quality of life [4]. Several
successes recorded in nanomedicine include using nanoparticles to rid blood vessels of
obstructions, destroying cancer cells, and synthesizing artificial tissues and organs [5,6].
Recently, nanomedicine has also curtailed the devastating complications of chronic diseases
such as diabetes mellitus [7,8].

Diabetes mellitus is a metabolic abnormality that is usually characterized by the
persistent presence of increased levels of blood glucose resulting from abnormalities in the
secretion of insulin from the pancreatic beta-cells and/or its action on peripheral tissues [9].
Broadly speaking, the majority of diabetic cases fall under two etiopathogenetic categories.
The first category is type 1 diabetes mellitus (T1DM), also known as insulin-dependent
diabetes mellitus (IDDM). TIDM occurs as a result of the complete auto-immune destruction
of the beta cells of the pancreas, resulting in the complete depletion of insulin secretion [10].
The second category is type 2 diabetes mellitus (T2DM), also known as non-insulin-dependent
diabetes mellitus (NIDDM). This results from both resistance of peripheral tissues to the action
of insulin and an inadequate compensatory insulin-secretory response [11]. The classic
symptoms of untreated diabetes are unexplained weight loss, increased urination, hunger, and
thirst. Other symptoms associated with diabetes include partial or complete loss of vision,
tiredness, and chronic foot ulcers [12]. Diabetes represents a global health threat due to its
tendency to damage the micro- and macro-vascular systems [13]. Preventing chronically high
blood glucose levels plays a leading role in curtailing these complications and improving the
quality of life of people with diabetes. Currently, pharmacological management of diabetes
employs the use of oral hypoglycaemic agents (such as biguanides, sulfonylureas,
thiazolidinediones, meglitinides, inhibitors of carbohydrate-metabolizing enzymes) and insulin
therapy [14]. It has been observed that these pharmacological agents are not able to address all
the pathophysiological aspects of the disease effectively, and a number of undesirable
complications come with their use [15]. Hence, alternative interventions are sought.

The latest advancements in diabetes treatment have been directed towards
nanoparticles. These nanoparticles are made using different techniques such as chemical
reduction, co-precipitation, and microemulsion methods [16-18]. While these methods are
widely used, they often require the use of toxic chemicals, such as reducing agents, surfactants,
or metal salts. These chemicals can pose potential risks to human health and the environment.
Alternatively, efforts have been made to develop greener and more sustainable methods. A
plant-based approach, also known as “green synthesis,” is now being used to synthesize
nanoparticles with reduced energy consumption and minimized use of toxic chemicals. The
stability and versatility of nanoparticles are enhanced when sourced from plants, resulting in a
greater diversity in shape and size [19]. AgNPs have been documented to exhibit diverse
pharmacological activities such as antipathogenic, antioxidant, and anticancer activities
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[20,21]. Each plant possesses a unique set of phytochemicals that are capable of achieving
bioreduction and, hence, synthesis of nanoparticles [22].

Cola millenii K. Schum (family: Sterculiaceae) is among the numerous species of the
genus- Cola [23]. Various parts of this plant have been reported to possess therapeutic potential
[24]. It has been documented that in the North-Central geopolitical zone of Nigeria and some
parts of Cameroon, natives enjoy eating the plant's fruits. Other primates, such as baboons and
monkeys, also like eating fruits, which could have inspired the name ‘Monkey Cola’ [25]. The
leaves of Cola millenii have a long history of being used in traditional medicine to treat a
number of conditions, such as infections and lung diseases [26]. The ability of the leaf extract
and fractions of C. millenii to scavenge free radicals have also been reported by Oghenerobo
et al. [27]. The study of Orisakeye et al. [28] also revealed the antimicrobial and free-radical
scavenging potentials of fractions of different plant parts. Odugbemi [29] reported that the
leaves of C. millenii are used to treat bacterial, fungal, and viral infections.

Considering the abundance of various phytochemicals present in this plant and its
numerous folkloric applications, it was selected for this study. To the best of our knowledge,
AgNPs have never been synthesized from C. millenii; therefore, this study aimed to synthesize
AgNPs from the leaves of C. millenii and also evaluate their antioxidant and antidiabetic effects
in vitro.

2. Materials and Methods

2.1. Collection of plant samples, processing, and extraction.

Fresh leaves of Cola millenii were collected from a forest in Ankpa Local Government
Area of Kogi State, Nigeria. The plant material was identified and authenticated at the
Department of Plant Science and Biotechnology, Prince Abubakar Audu University, Anyigba,
Kogi State. The leaves were air-dried and subsequently pulverized using an electric blender.

Aqueous extract of the pulverized Cola millenii leaves was obtained by soaking in water
for 48 hours at room temperature. Exactly 100 g of plant material was soaked in 1000 mL of
water. After the extraction period, the mixture was filtered using Whatman number 2 filter
paper, and the resulting filtrate was concentrated by evaporation using a water bath.

2.2. Quantitative phytochemical analysis.

The concentration of total phenol, flavonoid, alkaloid, and tannin was determined using
the method reported by Mythili et al. [30]. Saponin was estimated spectrophotometrically using
the method of Rajana et al. [31], while cardiac glycosides were estimated using the method
described by Tofighi et al. [32].

2.3. Synthesis of nanoparticles.

A portion of 100 mL of the plant extract was mixed with 900 mL of 1 mM solution of
silver nitrate. The mixture was stirred at a low speed (10 rpm) for six (6) hours at room
temperature. The initial color of the mixture transitioned from brown to reddish color after six
(6) hours, confirming the formation of nanoparticles. The synthesis of nanoparticles was
monitored by UV-spectra measurement in the 190-1000 nm range. The nanoparticles were
recovered by centrifugation, and the pellet was stored for further analysis.
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2.4. Structural characterization of nanoparticles.

Elemental analysis of Cm-AgNPs was performed using energy dispersive spectroscopy
(eds). Functional groups were identified by Fourier transform infrared spectroscopy (FT-IR)
using a Nicolet iS10 Spectrometer at a Wavenumber range of 4000-400 cm™ at a resolution of
4 cm*, X-ray diffraction studies were carried out with the aid of a Rigaku Miniflex D/Max-
111C Diffractometer. The sample's morphology was determined using a JOEL-JSM 7600
fielded emission scanning electron microscope, while the size was determined using a JEM-
ARM200F atomic resolution analytical electron microscope.

2.5. In vitro antioxidant assays.

The in vitro antioxidant activity of the samples was determined using two
methodologies: total antioxidant power (TAP) and 2,2-diphenyl-1-picrylhydrazyl radical
scavenging activity assays. The total antioxidant capacity of the extract and nanoparticles was
determined using a standard method described by Atanu et al. [33]. Similarly, 2,2-diphenyl-1-
picrylhydrazyl (DPPH) free radical scavenging activity of both the extract and nanoparticles
was assessed using the method Shah et al. [34] as reported by Atanu et al. [35]. Vitamin C was
used as standard. The ECso for TAP and ICso for DPPH inhibitory activity were determined
from a plot of absorbance against the concentration of the samples.

2.6. Biological evaluation.
2.6.1. a-amylase inhibition assay.

The a-Amylase inhibition assay was carried out according to Oboh et al.'s description
[36]. Briefly, 500 uL various concentrations of the sample (plant extract, Cm-AgNPs, or
Acarbose) were mixed separately with 500 pL of 0.5 mg/ml pancreatic a-amylase (EC 3.2.1.1)
prepared in 0.02 M sodium phosphate buffer (pH 6.9 with 0.006 M NaCl). Starch, 1% (500
ulL) was added, and the reaction mixture was incubated at 25°C for 10 min. Thereafter, the
reaction was stopped by the addition of 1.0 mL of dinitrosalicylic acid color reagent. The
mixture was boiled for 5 minutes, followed by a cooling step, and the volume was made up to
10 mL with distilled water. Absorbance was read at 540 nm, and ICso (the extract concentration
inhibiting 50% of the a-amylase activity) was calculated.

2.6.2. a -glucosidase inhibition assay.

a -Glucosidase inhibition assay was carried out according to the method reported by
Oboh et al. [36]. Briefly, 100 uL of a-glucosidase solution (1.0 U/mL; in 0.1 M phosphate
buffer pH 6.9) was placed in a water bath set to a temperature of 25°C for 10 min, followed by
the addition of 50 uL of 5mM p-nitrophenyl-a-D-glucopyranoside solution in the presence of
various concentration of the sample. The reaction mixture was incubated for 5 min for an
additional 25°C before measuring absorbance at 405 nm, and ICso (the extract concentration
inhibiting 50% of the a-amylase activity) was calculated.
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3. Results and Discussion
3.1. Phytochemical screening and in vitro antioxidant activity of Cola millenii.

Phytochemical analysis was conducted on the aqueous extract of Cola millenii to
determine the presence of phytocompounds quantitatively. The results of the phytochemical
analysis presented in Table 1 show that Cola millenii is a rich reservoir of phenolic compounds,
flavonoids, alkaloids, tannins, saponins, and cardiac glycosides. Phytochemicals have great
biomedical importance with respect to the prevention and treatment of diseases as well as the
modulation of metabolic processes. Some of the drugs used in animal and human medicine
have plant origins, and there continues to be a rise in the number of drug leads from plants in
clinical trials [37,38]. Consequent upon this is the need to obtain pure bioactive compounds
from plants and fully characterize their mechanism of action, which in recent times has been
found to include enzyme inhibition, up/down-regulation of specific genes, anti-oxidation, etc.
[39,40]. Oxidative stress is implicated in many disease conditions, such as diabetes, cancer,
neurological disorders, etc; this understanding has led to the search for natural antioxidant
sources [41-43]. In the current studies, the antioxidant properties of Cola millenii's agqueous
extract were evaluated by its total antioxidant power (TAP) and DPPH radical scavenging
activity in vitro. Results of the in vitro antioxidant studies presented in Table 2 show that the
plant extracts possess antioxidant activity, although significantly lower than the reference
compound Vitamin C. The order of antioxidant potency was Vitamin C>Aqueous extract>Cm-
AgNPs. The ICso for DPPH inhibition was 3.00+£00, 42.49+0.35 and 102.1+0.43 pg/mL for
Vitamin C, Aqueous extract, and Cm-AgNPs, respectively. Similarly, the ECso for total
antioxidant power of the samples was 0.082+0.01, 5.41+0.21 and 19.52+1.18 pg/mL for
Vitamin C, aqueous extract, and Cm-AgNPs respectively.

Table 1. Phytochemical composition of aqueous extracts of Cola millenii.

Phytochemical Composition
(Tn‘]);a(';pAhE;‘;') 44.42+0,51
Tozﬂ;'g’gg‘;ids 21.1140.26
(ﬁ]'gﬂcgfgs) 3.39+0.04
(mga?xgjg) 4.46£0.03
(rsna;%”E"/‘gs) 11.76+0.06
Card(lr?]cggslyésg?des 2 4540 01

GAE= gallic acid equivalent; QE= quercetin equivalent; AE= atropine equivalent; TAE= tannic acid equivalent;
DE= diosgenin; SE= securidaside.

Table 2. In vitro antioxidant activities of aqueous extracts of Cola millenii and its silver nanoparticles.

Inhibition of DPPH Radical

Total Antioxidant Power

Sample (ICso pg/mL) (ECso mg/mL)

AdEX 42.49+0.35° 5.4120.21°
Cm-AgNPs 102.1£0.43° 19.50+1.18°
Vitamin C 3.000.00° 0.082£0.01°

Values with different superscript and in the same column are statistically significantly different at p<0.05.
AgEx= aqueous extract; Cm-AgNPs= Cola millenii silver nanoparticles.
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3.2. Characterization of silver nanoparticles obtained using Cola millenii.

Due to the pharmacokinetic challenges many drugs face, several new strategies are
being utilized to improve pharmacokinetic profiles. Cardinal among the challenges is low
bioavailability and drug absorption. These challenges have been significantly mitigated by the
use of Nano-based drugs, which have gained acceptance in the last few decades. Several
methods for generating nano-based products are currently used, each with its pros/cons.
Nanoparticles of biomedical importance produced by reduction using plants are generally
regarded as eco-friendly and safe. In the present studies, silver nitrate was reduced to its
nanoparticles using Cola millenii. Literature abounds for the use of other plants for similar
biogenic synthesis [44-46]. It is asserted that phytochemicals participate in two important ways
in the synthetic process. First, it is used as a reductant for the nanoparticles and, second, as a
capping agent for stabilizing nano-crystal structures [47]. The success of the synthesis of Cola
millenii (Cm-AgNPs) was confirmed by UV-Spectra peak at a wavelength of 465 nm (Figure
1).

0.8 4

Absorbance

0.6 1

0.4 4

2(I)0 3(')0 4II)0 S(I]O 6(1}0 7(l)0 8(l)0 9(I)0 10I00
Wavelength (nm)
Figure 1. UV-visible absorption spectrum of Cm-AgNPs.

The chemical composition of the synthesized nanoparticles was determined using
energy dispersion spectroscopy (EDS). The results revealed the nanoparticles contained
65.20% silver alongside other elements of varied compositions, accounting for 34.80%, as
shown in Figure 2. Notably, the composition of Iron in the nanoparticles of Cola millenii (Cm-
AgNPs) was 9.20%. This is presumably due to the fact that the plant material used for the study
is rich in iron, which is abundant in the photosynthetic apparatus of plants.

0 Ag

Element Weight %

C 2.10
O 20.20

K 1.10
Ag 65.20

5 Fe 9.20

Si 220

EDS analysis

1.00 2.00 3.00 4.00 500 6.00 7.00 8.00 9.00 10.00

Energy keV

Figure 2. EDS analysis of Cm-AgNPs.
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To further probe the association of phytochemicals from Cola millenii with the Cm-
AgNPs, Fourier transform infrared spectroscopic (FT-IR) analysis was performed. The FT-IR
spectra were recorded to ascertain the type of functional groups associated with the
phytochemicals in the Cm-AgNPs. The Cm-AgNPs showed peaks at 3471 cm™ and 3430 cm™
which corresponds to amine N-H stretch, 3419 and 2966 cm™ is strong alcohol O-H stretch,
2149 cm!, alkyne C=C stretch, absorption band 1686 cm-1 corresponds to C=0 of carboxylic
groups. The absorption bands 1626 cm™ and 1417 cm™ show the presence of C=C stretch of
alkene groups, whereas 1026 cm™* corresponds to the C-O group (See Fig 3). The diversity of
these functional groups may also reflect the class of phytochemicals involved in reducing silver
nitrate to AgNPs.

Additionally, the pharmacological properties are, to a large degree, attributable to
functional groups. Functional groups such as -OH, COOH, and NH are most notable, which
can extinguish free radicals by donating electrons to complete the electron shell of radicals
[48]. The absorption band at 477 cm™ is indicative of Ag-O. This is very close and consistent

with the Ag-O peaks reported in the literature, thereby confirming the presence of silver in the
nanoparticles, as shown in Figure 3.

Cola millenii
extract

- PN— 3 D¢
NH stretehy  O-H stretch C=C streteh CM-AgNPs
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Figure 3. FT-IR spectroscopic analysis of Cm-AgNPs and Cola millenii extracts.
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Figure 4. XRD analysis of Cm-AgNPs.
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The crystallinity of Cm-AgNPs was tested by X-ray diffraction (XRD). Figure 4 shows
the XRD results, which demonstrated the crystallinity of Ag produced using an aqueous extract
of Cola millenii. The result is indicative of intense diffraction peaks corresponding to (110),
(111), (121), (200), and (311) appearing at 20 angles owing to the formation of Cm-AgNPs.
The peaks indicate the crystalline nature of Cm-AgNPs, which is in agreement with the joint
committee's database on powder diffraction standards.

The morphology of Cm-AgNPs was examined using scanning electron microscopy
(SEM). The SEM image shown in Figure 5 reveals small-sized nanoparticles polygonal in
shape. Transmission Electron Microscopy (TEM) was used to obtain information on the size
of the nanoparticles. The TEM image presented in Figure 6 shows that the Cm-AgNPs are
monodisperse and do not appear aggregated. This indicates the appropriateness of the
phytochemicals from Cola millenii as a capping/stabilizing agent for the nanoparticles. Data
analysis revealed that about 70% of Cm-AgNPs have a diameter of less than 20 nm.

-
06/07/2023 WD Mag Hy HFW Pressure
8:38:42AM 10.5MM 8000x | 20KV 122um 70Pa

on.

3.3. In vitro antidiabetic activity of silver nanoparticles synthesized using Cola millenii.

The antidiabetic activity of the Cm-AgNPs was determined through an in vitro
inhibition assay of a-amylase and a-glucosidase. Both enzymes have carbohydrate hydrolyzing
activity and are hence necessary for the utilization of complex carbohydrates. The sequential
action of a-amylase from the pancreas and a-glucosidase from the small intestine causes the
release of monosaccharide units from polysaccharides, leading to spikes in postprandial blood
glucose concentration [49]. Chronically elevated blood glucose is the major underlying
determinant for the development of diabetes [50]. Hence, inhibiting these two enzymes has
served as an effective strategy against hyperglycemia and, by extension, diabetes.
Unfortunately, many of the standard inhibitors in the market have attendant toxicity/side
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effects, hence justifying the need for potent inhibitors, which added benefits of biosafety [51-
55]. The in vitro inhibition assay results presented in Table 3 show that Cm-AgNPs had a
significantly higher inhibitory effect on both a-amylase and a-glucosidase than the aqueous
extract of Cola millenii. However, the reference drug acarbose exhibited a stronger inhibitory
effect than Cm-AgNPs. The higher inhibitory effect of the Cm-AgNPs over its crude plant
extract may be interpreted by the fact that the nanoparticles may have preferentially associated
with the pharmacologically active constituents of the plant. Remember that the plant material
is composed of both pharmacologically active phytochemicals and nutrients. Additionally, the
Cm-AgNPs' activity is attributable to phytochemicals from Cola millenii (Table 1), whose
functional groups have been identified by FT-IR (Figure 3).

Table 3. In vitro a-amylase and a-glucosidase inhibitory activities of aqueous extracts of Cola millenii and its
silver nanoparticles.
Inhibition of a-amylase | Inhibition of a-glucosidase

Sample (ICso pg/mL) (ICso pg/mL)
AdEX 372.60+4.39° 183.20+1 41°
Cm-AgNPs 74,061,125 68.50+0.51°
Acarbose 29.96+0.12¢ 34.10+0.01°¢

Values with different superscript and in the same column are statistically significantly different at p<0.05.
AgEx= aqueous extract; Cm-AgNPs= Cola millenii silver nanoparticles.

4. Conclusions

In this study, we have shown that Cola millenii is rich in phytochemicals and effectively
reduces silver in its nanoparticles. The Cm-AgNPs were small, crystalline, and associated with
phytochemicals with characteristic nucleophilic functional groups. Finally, the Cm-AgNPs had
antioxidant properties and strong inhibitory activity against carbohydrate hydrolyzing enzymes
linked to diabetes. Therefore, the Cm-AgNPs may be further developed as a nano-based
formulation for managing diabetes and other diseases in which oxidative stress is implicated in
its etiology.
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