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Abstract: Caused by pathogenic microorganisms, infectious diseases are known to cause high
mortality rates, severe burdens of disability, and serious worldwide aftermaths. Drug-resistant
pathogens have reduced the efficacy of available therapies against these diseases, thus accentuating
the need to search for effective antimicrobials. Medicinal plants have served as starting material for
the preparation of a number of antimicrobial agents. To this end, the present study highlights the
green synthesis of Cocos nucifera-based nanomaterials and evaluation of the mechanistic basis of their
antimicrobial action. Accordingly, Cocos nucifera extract was used for the reduction of silver nitrate
solution to afford silver nanoparticles. These entities were further incorporated onto sulfuric-acid-
based activated carbons to generate the nanocomposites. The antimicrobial activity of the as-prepared
nanomaterials was evaluated using the broth microdilution method, while the antioxidant activity
was assessed through standard methods. The cytotoxicity of potent nanomaterials was assessed on
Vero cells by the spectrophotometric method. As a result, nanoparticles were successfully synthesized,
as evidenced by the ultraviolet-visible spectroscopy analysis that revealed an intense absorption
spectrum at 433 nm. Fourier Transform Infrared Spectroscopy presented the functional group moieties
involved as a capping and reducing agent in the synthesis of the nanomaterials. The incubation of
nanomaterials with selected bacterial and fungal strains has led to significant inhibitory effects of these
pathogens with minimum inhibitory concentrations ranging from 7.813 to 250 pug/mL. In antioxidant
assays, the nanocomposites presented scavenging activities comparable to those of ascorbic acid.
Cytotoxicity experiment revealed no toxic effects on Vero cells (range of selectivity indices: from >4 to
>128). These results provide evidence of the implication of Cocos nucifera-based nanomaterials in
targeting bacterial or fungal systems that mediate free-radical damage or by inhibiting the oxidative
damage caused by selected bacteria and fungi, the most susceptible being Escherichia coli and Candida
albicans, respectively.

Keywords: Cocos nucifera; green synthesis; nanomaterials; activated carbon; antimicrobial activity;
cytotoxicity; oxidative stress

1. Introduction

Infectious diseases are the most frequent diseases, representing an important cause of
morbidity and mortality among the general population, particularly in developing coun-
tries [1,2]. Infectious diseases are predominant in African and Asian countries due to the
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most prevalent vulnerable population, poor hygienic conditions, inadequate funding, poor
microbiology services, limited technical experts, and scarce epidemiological data to better
inform preventive and treatment strategies [3]. Bongomin et al. [4] reported that patients
with compromised immune function are especially prone to fungal pathogens, which
account for at least 13 million infections and 1.5 million deaths in the world annually [4].
Annually, over 150 million severe cases of fungal infections occur worldwide, resulting
in approximately 1.7 million deaths per year [5]. Data generated by the Global Action
Funds for Fungal Infections (GAFFI) suggest an estimated 47.6 million Africans suffer
from fungal diseases [6]. In Cameroon, it is estimated that more than a million people are
affected each year by serious fungal infection, among which 8.1% of cases of recurrent
vulvovaginal candidiasis are reported in women aged 15 to 50 years [7]. On the other hand,
deaths caused by bacterial infections accounted for more than one in eight global deaths in
2019, with five pathogens (Staphylococcus aureus, Escherichia coli, Streptococcus pneumoniae,
Klebsiella pneumoniae, and Pseudomonas aeruginosa) accounting for more than half of those
deaths [8]. In 2019, bacterial infections caused most deaths in sub-Saharan Africa, with an
estimated 230 deaths per 100,000 people [9]. Recently, AMvomo et al. [10] reported that out
of 156 samples collected from a Jordan Hospital (Yaounde-Cameroon), 86 were cultured
positive, and 100 bacteria, including mostly Enterobacter cloacae (17%), Klebsiella pneumoniae
(17%), Staphylococcus aureus (16%), and Escherichia coli (11%), were isolated [10].

Nowadays, various antimicrobial agents including antibiotics have been widely em-
ployed in treating diseases caused by these infectious pathogens. These include an-
tifungal drugs, such as amphotericin B, fluconazole, itraconazole, voriconazole, and
posaconazole [11], as well as antibacterial therapies like the fluoroquinolones (ciprofloxacin,
moxifloxacin, norfloxacin, etc.), penicillins (amoxicillin, dicloxacillin, etc.), aminoglyco-
sides (amikacin, gentamicin, tobramycin), and cephalosporins (ceftriaxone, cefepime,
ceftazidime), and others. Moreover, combination therapies would be recommended
for multi-drug-resistant bacterial (ceftriaxone-vancomycin [12]; ceftolozane—tazobactam,
meropenem-vaborbactam, aztreonam-avibactam, and imipenem-cilastatin-relebactam [13],
among others) and fungal (AmB-posaconazole [14]; flucytosine-amphotericin B, flucytosine—
azoles, and AmB-rifampin, and others [15]) infections. However, the misuse and/or exces-
sive use of these antimicrobials has developed drug resistance, resulting in low treatment
efficacy. The growing resistance of microbes to antibacterial and antifungal treatments,
as well as their toxic effects, suggested imperatively to search for alternative remedies
against these maladies [16]. Even though the antimicrobial drugs that possess antioxidant
properties might help in the fight against microbial drug resistance, the side effects of these
antioxidants (ethoxyquin and propyl gallate are carcinogenic, neurotoxic, hepatotoxic, etc.)
are not negligible.

Medicinal plants have been used for several decades to cure a variety of diseases,
including bacterial and fungal diseases [17]. In addition, contemporary medicines derive
basically from herbs with reference to traditional knowledge, practices, and beliefs. Accord-
ing to the World Health Organization (WHO), more than 80% of the world’s population
relies on traditional medicine for their basic health care [18]. One such plant is Cocos nucifera,
which is used for the traditional treatment of diarrhea and stomach aches, and as a topic
ointment for dermatitis, abscesses, injuries, etc. [19]. On the other hand, modern chemistry
and pharmacological studies have demonstrated the implication of active principles from
diverse sources (especially, from plants) in the discovery of antimicrobial drugs [17,20]. For
instance, previous reports have demonstrated the anti-inflammatory, antiviral, anthelmintic,
antileishmanial, antimalarial, and hepatoprotective activities of Cocos nucifera [19].

Materials in the nanoscale range have been employed to deliver therapeutic agents
to specific targeted sites in a well-ordered method [21]. These nanoparticles have created
huge interest in a wide range of applications owing to their controllable size and shape,
along with excellent reactivity and unique physical, chemical, and biological properties [16].
Because of their nano size and large surface-to-volume ratio, silver nanoparticles have
been described to exhibit antimicrobial action against a wide range of bacterial and fungal
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strains [22-24]. Although metal-based nanoparticles have been reported to exhibit antimi-
crobial activity against bacterial and fungal diseases [25-27], biocapping with plant extracts
is an effective approach for the fabrication of nanoparticles with minimum toxicity [28,29].
More recently, new approaches have been developed to enhance the antimicrobial activity
of nanoscale materials by tagging nanoparticles on the surface of activated carbon to ac-
quire nanocomposites [30]. Moreover, it is well known that nanocomposites exhibit more
efficient antibacterial activity than their nanoparticle counterparts [30]. Indeed, activated
carbon (AC) is a porous material exhibiting amphoteric characteristics and is usually used
for the adsorption of organic and inorganic compounds. Additionally, activated carbons
have the ability to adsorb bacteria, fungi, toxins, and other chemicals [31].

Furthermore, there is evidence that antioxidant compounds, such as phenolics, flavonoids,
alkaloids, fatty acids, tannins, terpenoids, and steroids are accountable for the antimicrobial
activity of plant extracts [32,33]. Indeed, a variety of antioxidant metabolites, including
flavonoids [19,34], terpenoids [19,35], and phenolic compounds [36], were reported in Cocos
nucifera L. These compounds are well known to exert antimicrobial activity via a number
of mechanisms, including bacterial or fungal membrane damage, inhibition of virulence
factors (enzymes and toxins) and nucleic acid synthesis, leakage of cellular components,
and inhibition and eradication of bacterial biofilm formation, among others [37-40].

Based on the foregoing, there is evidence that biologically synthesized nanomaterials
(nanoparticles and nanocomposites) can afford potentially active antimicrobial compounds
that might serve as a baseline for the discovery of effective antimicrobial agents. Thus,
the present study aims to synthesize Cocos nucifera-based nanomaterials and study the
mechanistic basis of their antimicrobial action. Antioxidant and cytotoxicity studies of the
nanomaterials were also evaluated.

2. Material and Methods
2.1. Material

Shells of Cocos nucifera (coconut shells) were obtained from coconut vendors in the local
Melen market, Mfoundi Division, Centre Region of Cameroon. These shells were brought to
the Physical and Theoretical Chemistry Laboratory of the University of Yaoundé 1 and used
for the preparation of activated carbon and nanomaterials. The coconut shells were washed
to remove dirt and other contaminants and then dried to remove water and moisture.
Next, the shells were ground mechanically using a Retsch Pulverisette grinder (RETSCH,
Haan, Germany) (2.2 kW and 1500 rpm), sieved to sizes varying between 0-1.25 mm and
1.25-2.5 mm, and then stored at room temperature for further use.

2.2. Preparation of the Activated Carbon

The activated carbon was prepared according to a previously reported method by
Naphtali Odogu et al. [41]. Ten grams (10.0 g) of the ground coconut shells were impreg-
nated with HySO4 (98%) solution of impregnation ratio 0.5. The mixture was kept for 1 h
at room temperature so that reagents were fully absorbed into the shells’ network. The
impregnated sample was dried at 110 °C for 24 h in an oven. The dried impregnated
samples were cooled in a desiccator for 1 h and carbonized using a Carbolite Furnace at a
temperature of 432 °C for 40 min. The activated carbon (AC) obtained was washed with
distilled water.

2.3. Synthesis and Characterization of Silver Nanoparticles

Silver nanoparticles (AgNP) were prepared using aqueous coconut shell extract as
the reducing agent and silver nitrate (AgNO3) as the precursor reagent, as per a standard
protocol reported by Das et al. [42] with minor modifications (by using 5, 10, and 20 mM
of AgNO;j in lieu of 1 mM of AgNOs3). Briefly, 10.0 g of the powder coconut shells was
mixed with 100 mL of distilled water, then stirred using a magnetic stirrer for 30 min, and
filtered. Next, about 100 mL AgNO; (5, 10 and 20 mM) was taken in 3 separate sets of
the conical flask (250 mL) and then the addition of coconut shell solution (10 mL) was
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effected with constant stirring in a magnetic stirrer. The silver nanoparticle thus synthesised
was characterised using ultraviolet-visible (UV-Vis) spectroscopy and Fourier Transform
Infrared Spectroscopy (FTIR).

2.4. Preparation of Silver Nanocomposite

The nanoparticles (AgNPs) were loaded on the activated carbon by simple agitation.
In brief, 5.0 g of activated carbon was added to the as-prepared AgNPs’ solution. Then, the
mixture was stirred continuously for 1 h at 150 rpm using a Horseshoe IKA agitator. The
nanocomposite (AgNC) was further obtained by drying the AgNP-loaded activated carbon
powder in an oven (Bluepard Instruments Co. Ltd., Shanghai, China) at 110 °C.

2.5. Antimicrobial Assay
2.5.1. Microbial Species and Culture Media

Eight bacteria species were used in this study. One strain (Klebsiella pneumoniae NR
41817, Pseudomonas aeruginosa NR 48982, Shigella flexneri NR 518, and Shigella sonnei NR 519
were obtained from the Biodefense and Emerging Infections Research Resources Repository
(BEI Resources, Rockville, MD 20852, USA), whereas Escherichia coli (ATCC 25922) and
Staphylococcus aureus (ATCC 43,310 and ATCC 33591) were obtained commercially from
the American Type Culture Collection (ATCC, Manassas, VA, USA). Moreover, Salmonella
enteritidis (CPC) was obtained from the Centre Pasteur of Cameroon. In addition, five
fungal species, including Candida albicans (CA NR-29456), Candida glabrata (CG 100), Candida
parapsilosis (CP O31S) (obtained from BEI Resources), Candida albicans (CA ATCC-14516),
and Candida krusei (CK ATCC-1415) (obtained from ATCC), were also used in this study.

2.5.2. Determination of Minimum Inhibitory Concentrations

The minimum inhibitory concentrations (MICs) of the as-prepared nanomaterials
were determined by the broth microdilution method (in triplicate) on 96-well microplates
according to the M07A3 and M07A9 protocols described by the Clinical Laboratory Stan-
dards Institute [43]. Briefly, 196 uL of Mueller Hinton Broth and Sabouraud Dextrose Broth
(MHB/SDB) was separately introduced into the wells of the first line of microplate, followed
by the addition of 4 uL of different concentrations of nanomaterials (initially prepared at
100 mg/mL in distilled water). Next, two-fold serial dilutions were performed in the wells,
and 100 pL of the bacterial (1.5 x 108 CFU/mL) or fungal suspension (2.5 x 103 CFU/mL)
was added into each well. The final concentrations ranged from 1000 to 15.625 ug/mL
for the nanomaterials and 2 to 0.0156 ug/mL for the positive controls (ciprofloxacin and
fluconazole for antibacterial and antifungal tests, respectively). Then, the plates were
incubated at 37 °C for 24 h and 4 h for bacterial and fungal strains, respectively, followed
by an addition of 20 uL of 0.015 mg/mL resazurin solution (0.15 mg/mL in phosphate
buffer saline, PBS) (Sigma-Aldrich, Darmstadt, Germany) and 30 min incubation at 37 °C.
The minimum inhibitory concentrations (MICs) were determined as the lowest concentra-
tions of nanomaterials or standard drugs at which no visible color change (from blue to
pink) was observed. Wells containing MHB and bacteria, or SDB and fungi, constituted
the negative control for antibacterial and antifungal tests, respectively, while the sterility
controls contained only MHB and SDB.

2.6. Time-Kill Kinetics Test

The time-kill kinetic study of the most active nanoparticles and nanocomposites was
performed on E. coli according to the method described by Nguimatsia et al. [18]. Herein,
the active nanomaterials were prepared at various concentrations (MIC, 2MIC and 4MIC),
by two-fold serial dilutions in a 96-well microplate. One hundred microliters (100 uL) of
E. coli suspension (1.5 x 10° CFU/mL) was added to the preparations, and the plate was
subsequently incubated at 37 °C at different time intervals (0, 1, 2, 4, 6, 8, 12, and 24 h).
Following each incubation period, optical densities (OD) were read using a microtiter plate
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reader (TECAN Infinite M200, Médnnedorf, Switzerland). The values obtained (optical
densities) were used to draw a graph, i.e., OD versus incubation time at 630 nm.

2.7. Cytotoxicity Assays

As previously reported by Bowling et al. [44], the cytotoxicity of the most active
nanomaterials was assessed by the resazurin colorimetric method, using the human mam-
malian cells Vero (ATCC CRL 1586), which were generously obtained from the Centre
Pasteur of Cameroon (CPC). The Vero cells were cultured in complete medium containing
13.5 g/L DMEM (Gibco, Waltham, MAm USA), 10% fetal bovine serum (Gibco, Waltham,
MA USA), 0.21% bicarbonate (Sigma-Aldrich, New Delhi, India), and 10 mL (1%) of peni-
cillin/streptomycin antibiotics. Noteworthily, the assay was performed in triplicate on
96-well cell-culture-treated microplates. In brief, a 100 uL cell suspension, which was
titrated at 5 x 10° cells/well using a Neubauer chamber, was introduced into the wells of
a microplate 4 h prior to exposure with the most active nanomaterials to allow adhesion
and cell confluence. Subsequently, the nanomaterials (100 uL), which were prepared at
different concentrations, were introduced into the wells containing the adherent cells and
further incubated for 48 h at 37 °C in a humidified atmosphere with 5 % CO;. The positive
control and negative control wells contained podophyllotoxin at 10 uM and cells without
nanomaterials, respectively. Afterwards, 10 uL of a solution of resazurin (0.15 mg/mL in
PBS) was added into each well and then incubated for an additional 4 h. Fluorescence of
the obtained preparation was measured at excitation and emission wavelengths of 530 and
570 nm, respectively, using a microtiter plate reader (TECAN Infinite M200, Médnnedorf,
Switzerland). From the resulting values of fluorescence intensities, the percentage of cell
viability was calculated with Microsoft Excel software using the following formula:

At — Ab

Ac— AD x 100

% cell viability =
where At = absorbance of test sample, Ab = absorbance of the positive control podophyllo-
toxin, and Ac = absorbance of negative control (cells).

A dose-response curve (percentage of cell viability versus concentration of the nano-
materials) was plotted using graph pad prism software, to determine the median cytotoxic
concentrations (CCsps) of the test samples. The test was performed in triplicate on 96-well
cell-culture-treated microplates.

2.8. In Vitro Antioxidant Activity

The antioxidant activity of the most active nanomaterials was evaluated using the
2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic
acid (ABTS) radical scavenging assays.

2.8.1. DPPH Radical Scavenging Assay

A previously described protocol by Bassene [45] was used to evaluate the potential of
the most active nanomaterials as scavengers of the free radicals of DPPH. Briefly, different
concentrations (2000, 1000, 500, 250, 125, 62.5, 31.25, and 15.625 pg/mL) of the nanoma-
terials were prepared in a 96-well microplate. Next, twenty-five microliters (25 pL) of
each solution was introduced into a fresh microplate, followed by an addition of 75 pL of
0.02% DPPH to achieve final concentrations of 500, 250, 125, 62.5, 31.25, 15.625, 7.813, and
3.906 ng/mL. The reaction mixtures were kept in the dark at room temperature for 30 min,
and then the absorbance was measured at 517 nm against the blank (DPPH in methanol)
using a microtiter plate reader (TECAN Infinite M200, Mdnnedorf, Switzerland). L-ascorbic
acid (concentration range: 25-0.195 ug/mL) was used as the positive control. The assay
was performed in triplicate, and the percentages (%) of radical scavenging activities of the
test samples were calculated using the following formula:

Ao — As
— X

% RSA =
%o RS Ao

100
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where RSA: radical scavenging activity; Ao: absorbance of the blank; and As: absorbance
of test sample.

The radical scavenging activity 50 (RSAs), effective concentration 50 (ECsp), and
antiradical power (ARP) were further deduced from the % RSA.

2.8.2. ABTS Radical Scavenging Assay

A previously described method by Khan et al. [46] was used to assess the scavenging
potential of the active antibacterial nanomaterials vis-a-vis free radicals of ABTS. In short,
different concentrations (2000, 1000, 500, 250, 125, 62.5, 31.25, and 15.625 ug/mL) of
the active nanomaterials were prepared in a 96-well microplate. Then, 25 uL of each
solution was introduced into another microplate, followed by an addition of and 75 uL of
0.02% ABTS to obtain final concentrations of 500, 250, 125, 62.5, 31.25, 15.625, 7.813, and
3.906 nug/mL. After 30 min incubation at room temperature in the dark, the absorbance
was read at 734 nm against the blank (ABTS in methanol) using a microtiter plate reader
(TECAN Infinite M200, Méannedorf, Switzerland). L-ascorbic acid (concentration range:
25-0.195 pg/mL) was used as the positive control. The assay was performed in triplicate,
and the percentages (%) of radical scavenging activities of test samples were calculated
using the following formula:

9% RSA = 207 AS 100
Ao

where RSA: radical scavenging activity; Ao: absorbance of the blank; As: absorbance of
test sample.

2.9. Statistical Analysis

Wherever appropriate, the data were subjected to one-way analysis of variance
(ANOVA) and results were presented as the mean + SD of the replicated values. Sig-
nificant differences for multiple comparisons were determined by Dunnett test at p < 0.001
MIC, and CCsj values were obtained as already discussed from the graphs plotted using
Graph Pad prism version 8.0 (version 2013, Washington, DC, USA). Graphical evaluation
of the data was conducted using Microsoft Excel 2016.

3. Results and Discussion
3.1. Results
3.1.1. UV-Visible Spectral Analysis

A biological synthesis of silver nanoparticles was successfully achieved using an
aqueous extract of Cocos nucifera shells with silver nitrate (AgNO3) solution at various
concentrations (5, 10, and 20 mM) (Figure 1). The formation of the nanoparticle was
evidenced by a gradual color change (from colorless to dark brown) that was observed.
The fabrication of the AgNPs was further confirmed by UV-vis visible spectroscopy in
the wavelength range of 350-900 nm (Figure 2). The absorption spectrum of the prepared
silver nanoparticles showed surface Plasmon resonance and exhibited a Amax at 433 nm,
confirming the synthesis of the nanoparticles.
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Figure 1. Graphical representation of the preparation of extract, silver nanoparticles, and nanocom-
posites from Cocos nucifera shells.
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Figure 2. UV-Vis spectra of Cocos nucifera extract (CNS) compared with that of nanoparticles (AgNP)
and chemical reagent (AgNO3). AgNOs: silver nitrate; AgNP: silver nanoparticles; CNS: Cocos
nucifera extract.
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3.1.2. FTIR Analysis of Synthesized Nanomaterials

The FT-IR spectra of Cocos nucifera extract and nanoparticles (A), as well as activated
carbon and nanocomposites (B), are presented in Figure 3. The Cocos nucifera extract
displayed four adsorption peaks at 3297.338, 2923.413, 1643.004, and 1237.918 cm~!. The
band at 3297.338 cm ™! is due to the absorption of water molecules as result of an O-H
stretching mode of hydroxyl groups and adsorbed water. A vibration band at 2923.413 cm ™!
is attributed to the presence of methylene groups (C-H). Also, the 1643.004 cm ™! band is
attributed to a carbonyl (C=0) of esters and carboxylic acid; meanwhile, the adsorption
band at 1237.918 cm ! corresponds to an ether stretch (C-O-C). The vibration band around
999.966 cm ! represents the C-C bonds in the fingerprint region. After activation and
carbonization, there is the disappearance of some peaks in the FTIR spectra of the AgNP
and a considerable decrease in the intensity of some peaks, as seen in Figure 3A. The
peaks around 3297.338 and 1643.004 superimpose with those of AgNP. However, there is
an outstanding similarity in the spectra of both AC and CNS. The band at 3264.76 cm !
is attributed to the O-H bond stretching vibration of absorbed water molecules. The
vibration band at 1643.004 cm ™! is attributed to the carbonyl group (C=0) of esters and
carboxylic acid.

FTIR spectra of AQNP and CNS
—AgNP ——CNS

3400 2900 2400 1900 1400 900 400

Wavenumber (cm™1)
(A)

Figure 3. Cont.
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Figure 3. FTIR spectra of nanoparticles and coconut shell (A) coconut shell, activated carbon, and
nanocomposites (B) prepared from Cocos nucifera aqueous extract. AC: activated carbon; CNS: Cocos
nucifera extract; AgNC: silver nanocomposites; AgNPs: silver nanoparticles; FTIR: Fourier Transform

Infrared Spectroscopy.

3.1.3. Minimum Inhibitory Concentrations of the As-Prepared Nanomaterials

a. MIC Values of Nanomaterials on Selected Bacteria

The incubation of different bacterial strains with various concentrations of nanoparti-
cles (AgNP) led to a significant inhibition of the bacterial growth, as evidenced by the low
MIC values obtained (Table 1). In fact, the MIC values ranged from 15.625 to 62.5 ug/mL,
15.625 to 31.25 ug/mlL, and 7.8125 to 31.25 ug/mL at 5, 10, and 20 mM, respectively. Simi-
larly, the nanocomposite (AgNC) exhibited a significant antibacterial activity against the
tested bacteria with MIC values ranging from 62.5 to 250 pg/mL, 31.25 to 250 ug/mL,
and 31.25 to 62.5 pg/mL at 5, 10, and 20 mM, respectively, vs. ciprofloxacin (MIC range:
0.039-0.156 pug/mL) (Table 1). Among the bacterial strains tested, E. coli was the most sus-
ceptible strain (for both nanomaterials), whereas Salmonella enteritidis (for the nanoparticle)
and methicillin-resistant Staphylococcus aureus, Klebsiella pneumoniae, and Shigella sonnei (for
the nanocomposite) were the most resistant bacterial strains.

b. MIC values of nanomaterials on selected fungi

Table 2 summarizes the minimum inhibitory concentrations (MICs) of the nanomate-
rials against selected fungi. The incubation of fungal strains with various concentrations
of nanocomposites for 48 h resulted in the inhibition of fungal growth with minimum
inhibitory concentrations (MICs) ranging from 31.25 to 125 pg/mL, 62.5 to 250 pg/mL, and
31.25 to 62.5 pg/mL at the concentrations of 5, 10, and 20 mM, respectively, vs. fluconazole
(MIC range: 0.153-0.3825 pg/mL). Likewise, the treatment of fungal strains with various
concentrations of nanoparticles (5, 10, and 20 mM) resulted in the inhibition of tested
fungi with minimum inhibitory concentrations ranging from 62.5 to 250 ug/mL, 62.5 to
250 pug/mL, and 31.25 to 62.5 pg/mL at 5, 10, and 20 mM, respectively, vs. fluconazole
(MIC range: 0.153-0.3825 ug/mL). Among the fungi tested, the most susceptible was found
to be Candida albicans (MIC range: 7.812-31.25 ug/mL).
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Table 1. Minimum inhibitory concentrations of the nanomaterials on selected bacterial strains.
Minimum Inhibitory Concentrations (ug/mL) ?
Bacteria EC SONR SA SFNR SAMR SE PANR KPNR
AgNC 5 mM 62.5 125 62.5 250 250 250 125 62.5
AgNC 10 mM 31.25 250 62.5 62.5 125 125 62.5 62.5
AgNC 20 mM 31.25 62.5 31.25 31.25 62.5 31.25 31.25 62.5
AgNP 5 mM 15.625 62.5 15.625 31.25 31.25 31.25 31.25 31.25
AgNP 10 mM 15.625 62.5 15.625 31.25 15.625 125 15.625 31.25
AgNP 20 mM 7.8125 15.625 15.625 31.25 31.25 62.5 31.25 31.25
Ciprofloxacin 0.078 0.078 0.039 0.078 0.078 0.156 0.078 0.039

2: Values are means of triplicate determination (n = 3); EC: Escherichia coli; KPNR: Klebsiella pneumoniae; SAMR:
methicillin-resistant Staphylococcus aureus; PANR: Pseudomonas aeruginosa; SE: Salmonella enteritidis; SENR: Shigella
flexneri; SONR: Shigella sonnei; SA: Staphylococcus aureus; AgNC 5 mM: 5 mM silver nanocomposite; AgNC 10 mM:
10 mM silver nanocomposite; AgNC 20 mM: 20 mM silver nanocomposite; AGNP 5 mM: 5 mM silver nanoparticle;
AgNP 10 mM: 10 mM silver nanoparticle; AGNP 20 mM: 20 mM silver nanoparticle.

Table 2. Minimum inhibitory concentrations of the nanomaterials on selected fungal strains.

Minimum Inhibitory Concentrations (ug/mL) 2

Fungi CK CP CG CANR CA

AgNC 5mM 125 62.5 250 62.5 250

AgNC 10 mM 250 62.5 125 62.5 125
AgNC 20 mM 31.25 62.5 62.5 31.25 31.25
AgNP 5 mM 125 125 125 125 31.25
AgNP 10 mM 62.5 125 62.5 62.5 15.625
AgNP 20 mM 31.250 62.5 7.812 7.812 15.625
Fluconazole 0.153 0.153 0.3825 0.153 0.765

2: Values are means of triplicate determination (n = 3); CA: Candida albicans, CANR: Candida albicans, CG: Candida
glabrata, CK: Candida krusei, CP: Candida parapsilosis. AgGNC 5 mM: 5 mM silver nanocomposite; AgNC 10 mM:
10 mM silver nanocomposite; AgNC 20 mM: 20 mM silver nanocomposite; AgNP 5 mM: 5 mM silver nanoparticle;
AgNP 10 mM: 10 mM silver nanoparticle; AgNP 20 mM: 20 mM silver nanoparticle.

3.1.4. Time-Kill Kinetics

a. Time—kill kinetics in Escherichia coli

Since E. coli was found to be the most susceptible bacteria, the inhibitory potential
of the nanomaterials was followed up at different time intervals for a period of 30 h at
MIC/2, MIC and 2MIC. As a result, 8 to 10 hours of incubation of E. coli, along with
MIC-based concentrations of nanomaterials (nanoparticle and nanocomposite), showed
significant bacterial growth inhibition, as evidenced by a marked decrease in the bacterial
growth curves of test samples compared with the negative control without treatment
(Figure 4A,B) from 10 to 30 h of incubation time. The bacterial population significantly
decreased, as shown by the curves’ inclination towards the X axis. A similar trend was better
observed with the standard drug ciprofloxacin (Figure 4A,B). These results demonstrate
the bactericidal orientation of the nanomaterials at MIC and 2MIC.

b. Time—kill kinetics in Candida albicans

Since Candida albicans was found to be the most susceptible fungus, the inhibitory
potential of the nanomaterials was followed up at different time intervals for a period
of 48 h at MIC /2, MIC, and 2MIC. As a result, 8 to 10 hours of incubation of C. albicans,
along with MIC-based concentrations of nanomaterials (nanoparticle and nanocomposite),
showed significant inhibition of fungal growth, as evidenced by a marked decrease in the
fungal growth curves of test samples compared with the negative control without treatment
(Figure 5A,B). From 10 to 48 h of incubation time, there was a slight growth in the fungal
population, as shown by the curves’ inclination, which tends to be horizontal within the
time period considered. A similar trend was observed with the standard drug fluconazole
(Figure 5A,B). These results demonstrate the fungistatic inclination of the nanomaterials at
MIC and 2MIC.
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Figure 4. Time-kill curves of various concentrations of silver nanocomposite (A) and nanoparticle
(B) on Escherichia coli. Data are presented as the mean =+ standard deviation. The graphs (curves)
assigned to the stars are significantly different, (*) corresponds to p < 0.05, (****) corresponds to
p < 0.0001 (Dunnett test); AgNC: 20 mM of silver nanocomposite; AgNP: 20 mM of silver nanoparticle;
EC: Escherichia coli; NC: Negative control; PC: Positive control.
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Figure 5. Time-kill curves of various concentrations of silver nanocomposite (A) and nanoparticle
(B) on Candida albicans. Data are presented as the mean + standard deviation. The graphs (curves)
are not significantly different (p > 0.05, Dunnett test); AgNC: 20 mM of silver nanocomposite; AgNP:
20 mM of silver nanoparticle; CANR: Candida albicans; NC: Negative control; PC: Positive control.

3.1.5. Cytotoxicity Assay

The cytotoxicity of the nanomaterials (nanoparticle and nanocomposite) was assayed
on the human mammalian cells Vero. As a result, the incubation of nanocomposites with
Vero cells did not affect the viability of the mammalian cells, as the median cytotoxic
concentrations (CCsp) were calculated as >1000 pug/mL at all the concentrations (5, 10,
and 20 mM) tested. On the other hand, the incubation of the nanoparticle (AgNP) at
5 and 10 mM with the Vero cells did not cause any toxic effect on the cells because the
CCs values obtained were >1000 pug/mL; however, a 20 mM concentration of the AgNP
revealed mild cytotoxicity toward Vero cells, as the CCsy value obtained was as low as
60.52 pg/mL. Meanwhile, podophyllotoxin, the standard cytotoxic agent, yielded a CCsg
value of 0.4 ug/mL (Table 3).
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Table 3. Median cytotoxic concentrations.

Nanomaterials CCsp (ug/mL) 2
AgNC 5 mM >1000
AgNC 10 mM >1000
AgNC 20 mM >1000
AgNP 5 mM >1000
AgNP 10 mM >1000
AgNP 20 mM 60.52 + 0.070711
Podophyllotoxin 04=£01

2: Values are means of triplicate determination (n = 3); AgNC 5 mM: 5 mM of silver nanocomposite; AgNC 10 mM:
10 mM of silver nanocomposite; AgNC 20 mM: 20 mM of silver nanocomposite; AgGNP 5 mM: 5 mM of silver
nanoparticle; AgNP 10 mM: 10 mM of silver nanoparticle; AgNP 20 mM: 20 mM of silver nanoparticle.

3.1.6. Antioxidant Activity

a. The DPPH scavenging assay

The DPPH assay revealed that 5 mM nanoparticle exhibited free radical scaveng-
ing activity with an RSsg value of 382.5 &+ 3.323 pg/mL, vs. ascorbic acid (RSs value:
7.363 pug/mL) (Table 4). Similar trends were observed for the median effective concen-
tration (ECsp) (5 mM nanoparticle: 754.038 mol/ug, vs. ascorbic acid, 21.556 pg/mol)
and antiradical potential (ARP) (5 mM nanoparticle: 198.529 mol/pg, vs. ascorbic acid,
104.46 mol/ng) (Table 4).

Table 4. DPPH radical scavenging activities of the nanomaterials.

Nanomaterials/

Ascorbic Acid RSAsp (ug/mL) EC5p x 103 (ug/mol) ARP x 106 (mol/ug)
AgNC 5 mM >500 na na

AgNC 10 mM >500 na na

AgNC 20 mM >500 na na

AgNP 5 mM 382.5 + 3.323 P 754.038 + 6.552 b 198.529 + 0.0115 P
AgNP 10 mM >500 na na

AgNP 20 mM >500 na na

Ascorbic acid 7.363 £ 0.3122 21.556 + 0.6152 104.46 +2.922

Data are represented as mean =+ standard deviation. The values with different superscript letters (*) and () in
a column are significantly different (p < 0.05), whereas the values carrying the same letter superscripts (?) or
(?) are not significantly different (p > 0.05) (Dunnett’s multiple comparisons test). AgNC 5 mM: 5 mM silver
nanocomposite; AgNC 10 mM: 10 mM of silver nanocomposite; AgNC 20 mM: 20 mM of silver nanocomposite;
AgNP 5 mM: 5 mM of silver nanoparticle; AgNP 10 mM: 10 mM of silver nanoparticle; AgNP 20 mM: 20 mM of
silver nanoparticle, na: no activity.

b. The ABTS scavenging test

In the ABTS assay, the nanocomposite showed significant antioxidant activity at all the
concentrations tested (5, 10, and 20 mM) (Table 5). At 10 and 20 mM, the nanocomposite
exhibited better radical scavenging activities (RSsp values: 8.2695 and 6.586 11g/mL) than
ascorbic acid (RSsg value: 22.46 ug/mL). In addition, the 5 mM nanocomposite presented
significant antioxidant activity (RSsy value: 53.855 pg/mL), even though the degree of the
activity was less than that of ascorbic acid (RSsg value: 22.46 pg/mL). The nanoparticle
did not reveal significant ABTS scavenging activity at all the concentrations tested (RSs:
>500 pg/mL). In addition, the median effective concentrations (ECsps) were found to
be 15.387, 2.362, and 1.883 pg/mol at 5, 10, and 20 mM of nanocomposite, respectively.
Moreover, the antioxidant radical potentials (ARP) were obtained as 6.619, 41.704, and
55.055 mol/ug at 5, 10, and 20 mM of nanocomposite, respectively, vs. ascorbic acid (ARP:
15.699 mol/ug) (Table 5).



BioMed 2024, 4

71

Table 5. ABTS radical scavenging activities of the nanomaterials.

l\jie;:glr‘r];?:e::il;/ RSA35) (ug/mL) ECs x 103 (ug/mol) ~ ARP x 10~5 (mol/pg)
AgNC 5mM 53.855 +2.722 2 15.387 £ 0.778 @ 6.619 £1.703 2
AgNC 10 mM 8.2695+ 0.353 2 2.362 +£0.1012 41.704+ 8.765 2
AgNC 20 mM 6.586 £+ 0.645 @ 1.883 +0.186 2 55.055 +0.281 2
AgNP 5 mM >500 na na
AgNP 10 mM >500 na na
AgNP 20 mM >500 na na
Ascorbic acid 2246 +£2.7294 6.417 £0.779 2 15.699 £ 0.192

Data are represented as mean + standard deviation. The values with the same letter superscript (*) are not
significantly different (p > 0.05) (Dunnett’s multiple comparisons test). AgNC 5 mM: 5 mM silver of nanocomposite;
AgNC 10 mM: 10 mM of silver nanocomposite; AgNC 20 mM: 20 mM of silver nanocomposite; AgNP 5 mM: 5 mM
of silver nanoparticle; AgNP 10 mM: 10 mM of silver nanoparticle; AgNP 20 mM: 20 mM of silver nanoparticle,
na: no activity.

3.2. Discussion

In this study, the aqueous extract of Cocos nucifera was used as a reducing and stabi-
lizing agent for the bio-fabrication of silver nanoparticles. After preparing an activated
carbon from this plant species, the as-prepared nanoparticles were loaded on activated
carbon by simple impregnation to afford the nanocomposite. As it is essential that these
materials be thoroughly characterized to ensure reproducibility in their fabrication, UV-vis
spectrometry and FTIR analyses were used for the characterization of the as-prepared
nanomaterials. As a result, the nanoparticles presented a Amax value at 432 nm, which
confirmed the synthesis of the nanoparticles, as it is well known that silver nanoparticles
are formed at Amax values within the visible range of 400-500 nm [47-49]. This result
is consistent with a study by Das et al. [42], who recently prepared coconut-shell-based
silver nanoparticles that displayed a maximum absorbance at 447 nm. The color change
from colorless to dark brown was due to the presence of Ag nano-dot-embedded organic
light-emitting diode by localized Surface Plasmon Resonance [50,51]. The intensity of
the peaks shows the crystalline nature of the nanoparticles. A number of authors [52,53]
have identified several phenolic compounds in Cocos nucifera shells, which might have
contributed to the reduction in and stabilization of prepared nanoparticles. The FTIR
analysis of Cocos nucifera aqueous extract, activated carbon, and the nanomaterials revealed
a number of functional groups present at the surface of these materials. For instance, the
main surface functional groups present in C. nucifera aqueous extract were a combination
of hydroxyl (OH), methylene, carbonyl (C=0), and ether (C-O-C) groups, as evidenced
by the report of Sulaeman and coworkers in 2016 [54]. As the C. nucifera aqueous extract
is converted into silver nanoparticles using silver nitrate, there is a gradual change in the
composition of the functional groups. For instance, there was a marked shift of peaks
in the chromatogram of synthesized silver nanoparticles [26,55,56]. After activation and
carbonization, all the functional groups present in the C. nucifera precursor disappeared
due to the decomposition of cellulose, hemicellulose, and lignin during the carbonization
process [57]. The disappearance of functional groups from the CNS to the activated carbon
(AC) shows the effect of temperature and activating agents during the preparation of the
AC. Nanoparticles and nanocomposites were further evaluated for antimicrobial activity
against selected bacterial and fungal strains. As a result, these nanomaterials inhibited the
growth of bacteria and fungi with MIC values ranging from 7.813 to 500 pg/mL. The most
susceptible microorganisms were found to be Escherichia coli and Candida albicans among
bacteria and fungi, respectively. It is worth noting that Cocos nucifera aqueous extract
and activated carbon did not reveal antimicrobial activity (MIC > 1000 ug/mL); however,
the role of these entities in the fabrication of nanomaterials with reduced toxicity and
the enhancement of the antimicrobial activity is undeniable [42,56]. Through their small
diameter, activated carbons efficiently bind onto microbes by adsorption to yield better or
enhanced bactericidal properties [58,59]. Other features of activated carbons include high
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porosity, high specific surface area, and desired surface functionalization [56,60]. Although
there are almost no standard reported threshold values for antimicrobial nanomaterials to
ascertain their degree of activity, it is generally known that the lower the MIC values of the
test samples, the greater the antimicrobial activity. Other authors have speculated that very
active and active antimicrobial plant extracts should exhibit MIC values < 100 pg/mL and
100 < MIC < 512 pg/mlL, respectively [61,62]. Cytotoxic studies of 5 and 10 mM of the
nanomaterials on the human mammalian cells Vero revealed no toxic effect, as evidenced
by the median cytotoxic concentration (CCsp: >1000 pg/mL). At 20 mM concentration, the
nanocomposite was not found to be toxic to Vero cells, whereas the nanoparticle showed
mild cytotoxicity (CCsg: 60.52 ug/mL) at this concentration. This observation might justify
the plausible toxicity of nanoparticles over their nanocomposite counterparts. These results
demonstrate that the antibacterial (SI: >16 to >32 and >16 to >128 for nanoparticle and
nanocomposite, respectively) and antifungal (SI: >4 to >16 and >16 to >32, for nanoparticle
and nanocomposite, respectively) nanomaterials revealed high selectivity indices, thus
highlighting the nontoxicity of these entities.

The kinetic of bacterial deaths, which was further evaluated, revealed a bactericidal
orientation of the nanomaterials at MIC and 2MIC on E. coli, as evidenced by the trend
of the curves obtained while plotting optical densities versus time of incubation. This
observation helps conclude the existence of a putative mode by which Cocos nucifera-based
nanomaterials affected bacterial growth. Indeed, there was a direct killing of bacteria for the
overall period of incubation (30 h) studied, rather than an ephemeral inhibition of bacterial
growth. It is worth noting that a decrease in the absorbance indicates a reduction in the
bacterial population that might have resulted in the death of cells [63]. On the other hand,
since Candida albicans was found to be the most susceptible fungus strain, the inhibitory
potential of the nanomaterials was followed up at different time intervals for a period
of 48 h at MIC /2, MIC, and 2MIC. As a result, 8 to 10 hours of incubation of C. albicans,
along with MIC-based concentrations of nanomaterials, showed significant fungal growth
inhibition, as evidenced by a marked decrease in the curves of test samples compared with
the negative control without treatment (Figure 5A,B). From 10 to 48 h of incubation time,
there was a slight growth in the fungal population, as shown by the curves’ inclination,
which tends to be horizontal within the entire time period considered. A similar trend was
observed with the standard drug fluconazole (Figure 5A,B). These results demonstrate the
fungistatic orientation of the nanomaterials at MIC and 2MIC.

Furthermore, the antimicrobial activity of nanoparticles has been attributed to three
main mechanisms of action, including (i) adhesion onto the outer membrane, accumula-
tion in the inner membrane, increase in membrane permeability, leakage of cell content
followed by cell death; (ii) interaction with sulfur and phosphate groups of the DNA (de-
oxyribonucleic acid) and proteins to alter their functions; and (iii) interaction with cellular
components to alter the metabolic pathways, membranes, and genetic material, among
others [39,40,64,65].

As oxidative stress is intricately involved in any pathological condition, including
infectious disease conditions, the antioxidant activity of the nanomaterials was evaluated
to further detail whether the potential antioxidant activity of the nanomaterials might have
contributed to their antibacterial action. In the DPPH assay, 5 mM of the nanoparticle
showed antiradical activity, whereas in the ABTS test, the nanocomposite showed scaveng-
ing activity at all the concentrations tested (5, 10, and 20 mM). Several authors attributed
the antioxidant activity of plant extracts or nanomaterials thereof to their abundance in a
variety of polyphenols that are endowed with a high reducing capacity [66-68]. Both the
nanomaterials revealed antioxidant activity, attesting to their implication in a plausible
reduction of oxidative stress following microbial infection. Accumulating evidence has
shown the involvement of oxidative stress in the pathogenesis of several diseases [69,70];
thus, the intervention of antioxidants during an infectious condition might prevent cell
damage induced by oxidative stress.



BioMed 2024, 4

73

Overall, Cocos nucifera-based nanomaterials were fabricated using an eco-friendly
method. UV-vis and FTIR analyses were used to characterize these nanomaterials, which
further exhibited concentration-dependent antibacterial and antifungal activities with
no cytotoxic effects toward the human mammalian cells Vero. The mechanistic basis
of the antibacterial action revealed a bactericidal orientation of the nanomaterials on
Escherichia coli at MIC and 2MIC, whereas the antifungal action displayed a fungistatic
inclination on Candida albicans at these concentrations, possibly through inhibition of the
free radicals produced by the bacteria or fungi. This novel contribution has demonstrated
the involvement of Cocos nucifera-based nanomaterials in targeting bacterial or fungal
systems that mediate free radical damage or by inhibiting the oxidative impairment caused
by selected bacteria and fungi.

4. Limitations and Perspectives

The present study describes the antimicrobial action of nanoscale materials from Cocos
nucifera aqueous extract. Cocos nucifera-based nanoparticles and nanocomposites exhibited
antibacterial and antifungal activities against a panel of selected bacteria and fungi, the
most susceptible being Escherichia coli and Candida albicans, respectively. In addition, the
mechanistic basis of the antibacterial action demonstrated that the nanomaterials induced
(i) bactericidal orientation vis-a-vis E. coli at MIC and 2MIC, (iii) fungistatic inclination
against Candida albicans at MIC and 2MIC, and (ii) free radical scavenging activity upon
DPPH and ABTS assays. This novel contribution to the antimicrobial activity and potential
mechanistic studies of C. nucifera-based nanoparticles and nanocomposite counterparts
might allow a better understanding of the antimicrobial activity of these biomaterials. As it
is essential that nanoscale materials be thoroughly characterized to ensure reproducibility in
their fabrication, UV-vis spectrometry and FTIR analyses were used for the characterization
of the as-prepared nanomaterials. However, major limitations of this study include the
use of the latest generation of characterization techniques, such as TEM and XRD, among
others, as a complement to provide a complete characterization of these nanomaterials.
Nonetheless, to release a comprehensive characterization of the as-prepared nanomaterials,
the assessment of morphological features, such as surface charge, crystal structure, and
others, using TEM and XRD analyses should be considered among the main perspectives
of this work. Furthermore, pharmacokinetic and in vivo studies, as well as in-depth
antimicrobial mechanisms of action, should be investigated to warrant the successful
utilization of these antimicrobial nanoscale materials.

5. Conclusions

This study reports the implication of Cocos nucifera-based nanomaterials in targeting
bacterial or fungal systems by inhibiting the oxidative stress caused by selected bacteria
and fungi. Thus, an eco-friendly method was used for the fabrication of nanoparticles using
Cocos nucifera aqueous extract as the capping and reducing agent. The as-prepared nanopar-
ticles were further impregnated with activated carbon (prepared from Cocos nucifera) to
afford the nanocomposite. To our knowledge, this is the first report on the biological
synthesis of nanocomposites from Cocos nucifera aqueous extract-based nanoparticles and
activated carbon. Moreover, the nanomaterials were characterized using UV-vis spec-
troscopy and Fourier Transform Infrared (FTIR) spectroscopy. Upon in vitro antimicrobial
assays of the nanomaterials against a panel of selected bacterial and fungal strains, there
was a significant decrease in the bacterial and fungal loads, as evidenced by the low MIC
range obtained for the nanoparticles (MIC range: 7.8125-250 pg/mL; SI range: >4 to >32;
Vero cells) and the nanocomposite counterparts (MIC range: 31.25-250 pug/mL; SI range:
>16 to >128; Vero cells). The time-kill kinetic studies of the antibacterial action against E. coli
revealed bactericidal orientation at MIC and 2MIC, whereas antifungal action of the nano-
materials displayed a fungistatic trend vis-a-vis Candida albicans at these concentrations.
The as-prepared nanomaterials exhibited antioxidant activity by scavenging free radicals
of DPPH and ABTS. This novel research contribution has demonstrated the implication of
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Cocos nucifera-based nanomaterials in targeting bacterial or fungal systems that mediate
free radical damage or by inhibiting the oxidative impairment caused by selected bacteria
and fungi, the most susceptible being Escherichia coli and Candida albicans, respectively.
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