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Abstract: The recent developments in nanotechnology have driven researchers towards the applica-
tion of latex extracts for the green synthesis of silver nanoparticles (AgNPs). In this study, AgNPs
were biologically synthesized using latex extracts from Tabernaemontana ventricosa, characterized, and
their respective biological activities were assessed. Our results showed prominent silver (Ag) peaks at
410 nm confirmed by UV-vis while the elemental percentage composition (3.89± 0.16%) of the AgNPs
was verified by EDX. The SEM and HRTEM analysis revealed spherical, ovate, and triangular AgNPs,
with diameters ranging from 5.00 nm–17.50 nm; however, larger hydrodynamic diameters were
revealed by NTA analysis. The FTIR spectra results displayed several peaks of bending and stretching
associated with various functional groups such as alcohols, alkanes, amines, proteins, enzymes, and
other biomolecules possibly responsible for the capping, reduction, and functionalization of AgNPs.
In addition, the AgNPs showed strong antibacterial activity (diameter of the zone of inhibition)
against Escherichia coli (12.67 ± 1.15 mm), Staphylococcus aureus (11.67 ± 0.58 mm), and Pseudomonas
aeruginosa (11.33± 0.58 mm), with significant cytotoxic activity noted in the HeLa cells (10.52 µg/mL).
The study confirmed the successful production of AgNPs and recommends T. ventricosa latex extracts
as effective capping agents of nanoparticles (NPs).

Keywords: AgNPs; biosynthesis; antibacterial activity; cytotoxicity; latex; Tabernaemontana

1. Introduction

Nanotechnology is an emerging trend in several fields such as physics, chemistry,
material science, biology, and medicine [1,2]. Nanoparticles (NPs) are often preferred for
certain applications due to their ideal specifications such as tiny particle size (<100 nm),
high surface area to volume ratio, and complex electronic, optical, magnetic, chemical, and
physical properties [2]. Studies have indicated that silver nanoparticles (AgNPs) are usually
synthesized using chemical approaches that are often expensive, time-consuming, and
involve toxic chemicals [3–5]. Due to the several limitations associated with the chemical
production of AgNPs, researchers are largely focused on the development of “Biological or
green synthesis” of NPs. The production of biosynthesized AgNPs is often favored due to
their simplicity, effectiveness, reduced cost, and eco-friendly properties [2,3,6].

The efficient production of AgNPs using various biological methods, including utiliz-
ing microorganisms, plant extracts, or plant biomasses, has been intensively explored [3,6,7].
Furthermore, it has been suggested that plant extracts are easily maintained since they
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do not require intra/extracellular synthesis, purification, or the maintenance of cell cul-
tures [1,7]. Many reports have highlighted the biosynthesis of AgNPs using multiple plant
extracts such as Cymbopogon citratus [8], Tabernaemontana divaricate [9,10], and Tabernaemon-
tana heyneana Wall. [11]. However, most recently, latex extracts have been studied due
to the presence of natural polymers, which act as a stabilizer for NPs [10]. Studies have
been reported for Jatropha curcas [3], Ficus sycomorus [12], Euphorbia nivulia L. [13], Hevea
brasiliensis L. [14], Calotropis gigantea L. [15], and Euphorbia tirucalli [6].

Tabernaemontana ventricosa Hochst. ex A. DC. (Apocynaceae) is a latex-bearing tree with
a scattered distribution in Nigeria, Ghana, Kenya, and South Africa [16,17]. Traditionally,
the leaves, stems, and latex of T. ventricosa are often used to reduce fever and hypertension,
treat wounds, and heal sore eyes [18]. The pharmacological properties of this plant include
antiamoebic, antibacterial, antileishmanial, and cytotoxic activities [17,19,20]. The latex of
T. ventricosa contains an abundant source of alkaloids, phenolics, and proteins that may be
responsible for the medicinal value of this species and the capping and stability of NPs [21].

The continuous developments in the identification of novel plant bioactive com-
pounds have driven researchers toward the application of latex extracts and their respective
compounds for the synthesis of AgNPs [1,22,23]. Currently, there are several reports on
the “Green synthesis” of AgNPs using various Tabernaemontana species, such as T. divar-
icata [9,10] and T. heyneana Wall. [11]. To the best of our knowledge, no reports exist on
the synthesis of AgNPs using latex from the T. ventricosa species. Considering the im-
portance surrounding the synthesis of AgNPs using latex extracts, especially within the
genus Tabernaemontana, the current investigation aimed to biologically synthesize, charac-
terize, and evaluate the antibacterial and cytotoxicity of synthesized AgNPs using latex
from T. ventricosa.

2. Materials and Methods
2.1. Latex Collection and Preparation

Plants of Tabernaemontana ventricosa were procured from the Westville campus of the
University of KwaZulu-Natal, situated in South Africa at the coordinates 29◦49′03.3′′ S
30◦56′32.7′′ E. The aseptic collection of fresh milky white latex exudates was accomplished
by severing the soft green stems, which were then carefully preserved in sterile tubes.
Subsequently, the latex was diluted to a concentration of 1% by adding 1 mL to 100 mL of
sterile distilled water and stored at −8 ◦C for future utilization.

2.2. Synthesis of AgNPs

The AgNPs were synthesized with a modified experimental analysis [12]. Approx-
imately 90 mL of a 1 mM aqueous solution of silver nitrate (AgNO3) (Biolab, Merck,
Johannesburg, South Africa) was incrementally introduced to 10 mL latex (Lx) extract. The
solution was agitated and subjected to a temperature of 80 ◦C for 3 h. The negative control,
comprising 10 mL of distilled water and 90 mL of AgNO3, underwent the same treatment.
All analyses were replicated three times (n = 3).

2.3. UV-Visible Spectral Analysis

The utilization of latex extracts for the synthesis of AgNPs was verified through the
application of UV-vis spectroscopy (SHIMADZU UV-1800, Duisburg, Germany) within the
wavelength range of 200–800 nm. For analysis, an approximate volume of 1 mL of AgNP
solution was employed, with the AgNO3 solution acting as a reference. The resultant AgNP
solution and the control were simultaneously subjected to analysis, and the corresponding
optical densities (OD) were duly recorded.

2.4. Preparation, Purification, and Quantification of Samples

Following the confirmation of the synthesis of the AgNPs, the solutions underwent the
processes of centrifugation, purification, and quantification. The synthesized solutions were
subjected to centrifugation at a speed of 10,000 revolutions per minute (rpm) for 30 min at
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a temperature of 4 ◦C, utilizing the BECKMAN COULTER Avanti®J-E, Indianapolis, IN,
USA centrifuge, which originates from the United States of America. After each centrifu-
gation step, the supernatants were discarded, and the remaining pellet was rinsed with
20 milliliters (mL) of distilled water. This centrifugation and wash process was performed
three times to ensure the thorough removal of any additional residues. Subsequently, the
final solutions were dried in an oven maintained at a temperature of 30 ◦C for 7 days, and
the yield, specifically the dry mass, was determined. For further analyses, the dried silver
nanoparticles (AgNPs) were reconstituted using sterile distilled water.

2.5. Characterization of AgNPs
2.5.1. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Analysis

Scanning Electron Microscopy and Energy-Dispersive X-ray analysis were utilized
for the initial characterization of synthesized AgNPs employing latex extracts. Before the
analysis, the samples underwent a 20 min sonication process utilizing a SONICLEAN
device from Thebarton, Australia. Subsequently, the samples were directly placed onto
separate aluminum stubs and briefly dried. The stubs were then coated with a thin layer
(approximately 25 nm) of gold using a sputter coater (Quorum 150 R ES, Laughton, UK).
The coated samples were examined utilizing an Ultra Plus FEGSEM instrument from Carl
Zeiss, Jena, Germany, operating at a voltage of 5 kV. The software used to determine the NP
size, shape, and distribution was SmartSEM version 5, also from Carl Zeiss, Jena, Germany.
Synchronized EDX analyses were conducted using the Zeiss Ultra Plus X-ray spectrometer,
equipped with an Astronomical Thermal Emission Camera (Aztec) version 1.2, operating
at 20 kV. Subsequently, the elemental composition of the samples was verified using the
Aztec Analysis Software (version 1.2) from Oxford Instruments, Abingdon, UK.

2.5.2. High-Resolution Transmission Electron Microscopy (HRTEM) analysis

High-Resolution Transmission Electron Microscopy was employed to acquire highly
magnified images of the morphology and size of the synthesized AgNPs. Before the
analysis, a drop of sonicated AgNP latex samples was carefully deposited onto carbon-
coated (Quorum Q150 TE, Laughton, UK) formvar grids (200 mesh) and subsequently dried.
Following this, the samples were observed utilizing the HRTEM JEM 2100 (JEOL, Tokyo,
Japan), which was equipped with Gatan software (version 3.5), operating at a voltage of
200 kV. The morphology and size of the AgNPs were ascertained through the utilization of
ImageJ software (Java version 1.8.0) (n = 5).

2.5.3. Fourier Transform Infrared (FTIR) Spectral Analysis

Fourier transform infrared spectroscopy was employed to analyze the synthesized
AgNPs using latex. The analysis was carried out using an Agilent Cary 60 spectrometer
equipped with Agilent MicroLab PC version 5.1.22 software. This method aimed to investi-
gate and categorize the surface chemistry and functional groups of the capping agents. To
collect the data, an ATR Diamond-1 Bounce with 30 background and sampling scans was
utilized in the range of 4000–650 cm−1, with a resolution of 4 cm−1. The bond patterns and
peaks were identified utilizing ResolutionPro version 5.0.0.395.

2.5.4. Nanoparticle Tracking Analysis (NTA)

The size distribution and zeta potential of the AgNPs were evaluated through the
utilization of the NTA technique, specifically employing the Nanosight NS500 instrument
from the United Kingdom. To conduct the analysis, a 1 mL solution of 1:100 dilutions was
prepared using 18 MOhm water. Subsequently, the solution was subjected to vortexing
using the VM-1000 apparatus from Taipei, Taiwan, followed by sonication using the SONI-
CLEAN device from Thebarton, Australia. These preparatory steps were undertaken before
the commencement of the analyses. All measurements were executed at a temperature of
25 ◦C, utilizing a voltage of 24 V. The acquired images were then captured and subjected to
examination utilizing the NTA version 3.2 analytical software.
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2.6. Biological Assessment of Synthesized AgNPs
Sample Preparation

Stock solutions of the latex extract synthesized AgNPs using latex were prepared
by suspending 1 mg of the dried AgNP powder in 1 mL of sterile distilled water. The
diverse stock solutions (1 mg per mL) for the treatments were mixed thoroughly using
a vortex (Model: VM-1000, Taipei, Taiwan), and reconstituted in distilled water to yield
concentrations ranging from 3.125, 6.25, 12.5, 25, 50, to 100 mg per mL.

2.7. Antibacterial Screening

Various concentrations of the synthesized AgNPs using latex extracts (prepared with
distilled water) were screened for antibacterial activity against three Gram-positive bacterial
strains Bacillus subtilis (ATCC 6653), Methicillin-resistant Staphylococcus aureus (MRSA)
(ATCC 43300), Staphylococcus aureus (ATCC 29213), and two Gram-negative bacterial strains
Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa (ATCC 27853).

The agar disc diffusion technique, recommended by the Clinical and Laboratory
Standards Institute [24], was employed to determine the in vitro antibacterial screening of
latex and AgNP samples. After preparing sterile Whatman filter paper No. 1, approximately
20 µL of the respective AgNP concentrations (3.125, 6.25, 12.5, 25, 50, and 100 mg/mL)
were applied and allowed to dry at room temperature [25]. The bacterial strains were
cultured aseptically (37 ◦C) for 24 h using Mueller–Hinton (MH) agar media (Biolab, Merck,
Darmstadt, Germany). Subsequently, the bacteria were resuspended in sterile distilled
water and vortexed (Model: VM-1000, Taiwan). The optical density (OD) of the bacterial
strains (OD 0.08–0.1 at λ 625 nm) was determined using a UV-vis spectrophotometer
(Agilent Technologies Cary 60 spectrophotometer, Santa Clara, CA, USA).

The inoculum was streaked across the four quadrants of the agar medium, and sub-
sequently, the prepared discs containing samples of latex AgNPs were meticulously posi-
tioned onto the agar surface using aseptic forceps. The Petri dishes were then incubated
at a temperature of 37 ◦C for a duration of 18–24 h, following which the zones of growth
inhibition were carefully examined to ascertain the antibacterial efficacy of the AgNPs
through the utilization of latex extracts. The experiment was replicated three times, with
streptomycin (for Gram-positive bacteria) and gentamicin (for Gram-negative bacteria)
being employed as the standard positive controls for antibacterial activity, while sterile
distilled water was employed as the negative control. Additionally, the AgNO3 solution
(1 mM) was also subjected to testing. The diameter of the zone of inhibition was quantita-
tively measured in millimeters, the resultant data were recorded and averaged, and visual
representations of the Petri dishes were captured.

2.8. MTT Cytotoxicity Assay

The present study obtained three different human cell lines, namely embryonic kidney
(HEK293), breast adenocarcinoma (MCF-7), and cervical carcinoma (HeLa), from the ATCC
located in Manassas, VA, USA. These cell lines were cultured in 25 cm2 tissue culture flasks
until they reached confluence. The culture medium used for this purpose was Eagle’s
Minimum Essential Medium (EMEM), supplemented with 10% (v/v) gamma-irradiated
FBS and 1% Penicillin-Streptomycin mixture. The cells were incubated in a HEPA Class
100 Steri-Cult CO2 incubator manufactured by Thermo-electron Corporation, USA, at a
temperature of 37 ◦C in an atmosphere containing 5% CO2. Upon reaching confluence,
the cells were trypsinized, transferred to clear 96-well plates, and incubated at 37 ◦C for
24 h to promote cell adhesion. Subsequently, the cells were provided with fresh complete
growth medium (EMEM + 10% FBS + 1% Penicillin-Streptomycin mixture). To conduct cell
treatment, different concentrations of latex AgNP samples, approximately 100 µL, were
added to the cells, followed by incubation at 37 ◦C for 48 h. Control cells that were not
subjected to any treatment were utilized as the affirmative control, showcasing a viability
of approximately 100%. The entirety of the experiments was performed in triplicate.
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The methods briefly described by Mosmann [26] and Daniels and Singh [27], were
used to assess the cytotoxic potential activity of the latex-synthesized AgNPS on the cell
lines. After 48 h of incubation at 37 ◦C, the growth medium was aspirated and replaced
with 100 µL of medium containing 10 µL of MTT solution (5 mg/mL in PBS), and the
cells containing the treatment and negative control were incubated for a further 4 h at
37 ◦C in 5% CO2. The medium-MTT mixture was then removed and replaced with 100 µL
dimethylsulphoxide (DMSO). The absorbances were then determined at 570 nm using a
Mindray MR-96A microplate reader (Vacutec, Hamburg, Germany). Graphs were used to
determine the concentration at which 50% cell growth inhibition (IC50) occurred. Percentage
cell survival was calculated following the equation below.

% Cell survival =
(Average optical density of control cells only)

(Average optical density of treated cells)
× 100

2.9. Statistical Analyses

The mean values were reported along with their corresponding standard deviations,
with a sample size of three (n = 3). Statistical analysis was conducted utilizing the R
Statistical computing software developed by the R Core Team in the year 2020, specifically
version 3.6.3. Following this, Tukey’s honest significant difference range post hoc tests were
performed to assess statistical significance (* p < 0.05; ** p < 0.01). Visual representations
were created using Microsoft Excel, version 2019.

3. Results and Discussion
3.1. Visual Inspection, UV-Visible Spectroscopy, and Quantification of Synthesized AgNPs

The synthesis of AgNPs using 1% latex extract was indicated by a slight color change.
Initially, the mixture (1% latex + AgNO3) appeared white (Figure 1A); however, following
the incubation period, a light greyish color was observed (Figure 1B). Rathnayake et al. [28],
reported a similar color change for the green synthesis of AgNPs inside centrifuged natural
rubber latex. These visible color changes are usually related to the reduction in silver
(Ag) ions by the capping of biomolecules present within the respective extracts [5,28].
Moreover, the literature has often associated a rapid and extreme color change with the
production of AgNPs; however, this may vary based on several factors such as plant organ
type, solvent/extract, concentration, duration of incubation, and the presence of reducing
agents [29,30]. Moreover, according to studies, it appears that the concentration (%) of
the latex largely influences the production of AgNPs, since Bar et al. [3] reported that a
2% latex solution was insufficient for AgNP synthesis compared to a 3% latex solution,
which displayed optimal results during the green synthesis.

Coupled with the visual assessment, the formation, distribution, and stability of
the synthesized AgNPs using latex was further confirmed using UV-visible spectroscopy.
The analysis showed prominent silver surface plasmon resonance (SPR) bands at 410 nm
with an absorbance of 0.947 (Figure 2). The wavelength of the AgNPs fell within the
accepted range, which is often detected between 400 nm and 460 nm [31]. Similarly,
Chandrasekaran et al. [5], displayed broad SPR peaks at 410 nm due to the collective
oscillations of electrons; however, the absorbances were much higher, possibly related to
the longer reaction times (72 h).

The yield of synthesized AgNPs using latex extracts amounted to 14.80%, which is
a moderate quantity of AgNPs (Table 1). It was noted that several studies used higher
concentrations of latex, increased temperature, and incubation times, and most importantly,
each latex-bearing species contained a variable chemical composition comparable to the
current study [3,32–36]. Several of the above-mentioned variables may likely influence the
quantification of AgNPs.
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Table 1. The percentage yield of the synthesized AgNPs using latex extracts from T. ventricosa.

Extract Latex

Dried extract yield (g) 0.15
Yield (%) 14.80

3.2. Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray (EDX) Analysis

Scanning Electron Microscopy is often employed to deduce the size and morphology
of NPs, whereas the detection, confirmation, and composition of AgNPs are conducted
using EDX analysis [37–39]. The SEM analysis in the present study revealed that AgNPs
produced using latex extracts from T. ventricosa appeared <100 nm in size, mostly spherical
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and extremely agglomerated as displayed in Figure 3A. These results are consistent with
Borase et al. [39]. In their study, Ficus carica latex extracts were similarly used to produce Ag-
NPs, which were mainly spherical and ranged from 50 to 200 nm; however, no occurrences
of agglomeration were noted [39]. The various types of microscopes (SEM vs. ESEM),
TEM, and the sample preparation techniques before analyses differ, which may account for
these observable differences in agglomeration. Moreover, additional reports have shown
that the variation in agglomeration may be dependent upon several other aspects such
as variations in the reaction temperature, extract concentration, and AgNO3 concentra-
tion [40,41]. Furthermore, Durgawale et al. [42] observed that the various interactions
between hydrogen bonds and electrostatic forces of the bio-organic capping molecules
may also influence the accumulation of smaller particle sizes, thus leading to an increased
agglomeration of AgNPs.
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The elemental analysis (Figure 3B) indicated the presence of elemental Ag in AgNPs
synthesized using latex. The EDX spectra showed a moderate Ag peak at 3 KeV (Figure 3B),
which is often associated with the optical absorption peaks of surface plasmon resonance
for Ag [3,43]. Furthermore, these AgNPs displayed a percentage of elemental Ag of
3.89 ± 0.16% (Figure 3). Although the composition of elemental Ag does not appear high,
the EDX analysis does confirm adequate Ag production. It has been proposed by several
researchers that the observable differences in the percentage composition of AgNPs are
primarily affected by the chemical composition of the bioactive compounds of various
extracts [29,33,41]. Furthermore, the lower concentration of latex (1%) used in the current
study may be a contributing factor, since other studies have used higher concentrations of
latex for the synthesis of AgNPs [6,12,35]. Salem et al. [12] utilized 3% latex solutions from
Ficus sycomorus for the synthesis of AgNPs, and their results revealed a yield of 98.49%,
which was significantly larger compared to the current study. The occurrences of other
elemental signals such as oxygen (O2), sodium (Na), potassium (K), and various other
elements (Figure 3B) are possibly due to the presence of several enzymes and proteins
detected within the latex of T. ventricosa [3,12,33,40].

3.3. High-Resolution Transmission Electron Microscopy (HRTEM)

The HRTEM images of AgNPs synthesized using latex extracts of T. ventricosa are
displayed in Figure 4A, whereas the particle size distribution is shown in Figure 4B. The
morphological distribution of the AgNPs highlighted in Figure 4A reveals the absence
of agglomeration, which is indicative that the synthesized AgNPs had good stability
and were well dispersed (monodispersed) in the solution [35,44,45]. The thin matrix
layer observed around the NPs is most likely due to the presence of biomolecules from
T. ventricosa latex during the synthesis of the AgNPs, which provided further stability
and prevented the formation of aggregates in the solution [1,5]. The particles appeared
spherical and ovate, and some were triangular (Figure 4A). According to Bakar et al. [46],
natural rubber AgNPs’ characteristic features are spherical to ovate shapes. However,
Duragawale et al. [42] investigated the AgNPs using latex of Syandenium grantii Hook F.
and reported various morphologies of NPs such as spherical triangles, truncate triangles,
and decahedral shapes. Many researchers have observed that NPs synthesized using latex
extracts are often spherical [47–50]. The HRTEM analysis in the present study (Figure 4A)
is consistent with these reports.
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The particle size distribution obtained by Image J analysis showed an average diame-
ter of 11.68 ± 3.96 nm, which ranged from 5.00 nm to 17.50 nm (Figure 4B). In addition, we
noticed two broad size distributions of the particles, one displaying smaller diameters rang-
ing from 5 nm to 7.50 nm, and other particles with larger diameters, ranging from 15 nm
to 17.50 nm. Bar et al. [3] observed a similar occurrence, which was supported by UV-vis
spectra analyses, which displayed two Ag peaks (425 nm and 464 nm). However, unlike the
present study, we had only observed one Ag peak at 410 nm. The differences in the com-
position and concentration of extracts may be accountable for these variations [6,12,35,45].
Overall, despite the variations observed in the present study, the diameters of the AgNPs
are similar to those of Bar et al. [3], Guidelli et al. [14], and Almeida et al. [35].

3.4. Nanoparticle Tracking Analysis (NTA) and Zeta Potential

The NTA analysis revealed an average diameter of 57.2 ± 5.7 nm for AgNPs synthe-
sized using latex extracts (Table 2). Although this value may seem large, it is relatively
smaller in comparison to studies where the size of particles ranged from 32 nm to 220 nm
in diameter [38,39]. Furthermore, it was observed that the average diameter of particles
observed using NTA analysis was much larger in comparison to HRTEM studies. It is
suggested that the various techniques involved before or during analyses may influence
the particle size differently. The measurement of particle size using NTA analyses in a
hydrodynamic environment is often preferred since it is closely associated with an in vivo
system, unlike HRTEM samples, which are in a dehydrated or powdered state [51,52].

Table 2. Average nanoparticle diameter (nm) and zeta potential (mV) of the synthesized AgNPs
using latex extracts of T. ventricosa.

Extracts Nanoparticle Diameter (nm) Zeta Potential (mV)

Fresh latex extract 57.2 ± 5.7 12.3 ± 1.2
Values presented are mean ± standard error (n = 3).

The zeta potential value is often used to measure the surface charges of particles to
ensure their stability within colloidal solutions [39]. The zeta potential value herein was
poor (12.3 ± 1.2 mV), with the preferred range being greater than 25 mV or less than
−30 mV [27]. These results indicated that the latex AgNPs of T. ventricosa displayed poor
stability, low mobility, and reduced electrostatic repulsion. Borase et al. [39] observed
a zeta potential of −19.3 mV, thus suggesting moderate stability of the NPs, whereas
Patil et al. [38] revealed a zeta potential of −25.2 mV. Kumar and Yadav [53] suggested that
proteins, polyphenols, and carbohydrates largely influence the synthesis of NPs, which
may affect the zeta potential.

3.5. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared spectroscopy measurements were calculated for AgNPs
synthesized from T. ventricosa latex extracts to examine the interactions between the
biomolecules (capping agents) within the sample extract and the synthesized NPs. The
spectral assignments of AgNPs using latex extracts are displayed in Table 3, whereas
the absorption peaks displaying various stretching and bending are shown in Figure 5.
Prominent peaks located at 3338.07 cm−1 and 3283.60 cm−1 are assigned to alcohols [46,54].
Whereas peaks of 2924.93 cm−1, 2330.92 cm−1, and 2116.69 cm−1 were due to alkanes,
carbon dioxide, and alkynes, respectively [6,54]. Remarkably, the compound classes isoth-
iocyanate (N=C=S) and aromatic compounds (C–H) were linked to the peaks 2087.22 cm−1

and 1892.32 cm−1 [45,55]. Strong stretching of C=O groups and medium bending of C=O
groups assigned to aldehydes and alkenes were associated with peaks of 1732.58 cm−1 and
1634.27 cm−1, respectively [46]. Peaks at 1539.09 cm−1, 1361.45 cm−1, and 1336.41 cm−1

arise due to strong and medium bending and stretching of nitro compounds, phenols,
and sulfonates [39,54]. Strong C–O stretching of peaks at 1242.12 cm−1, 1147.68 cm−1,
1095.34 cm−1 were assigned to alkyl aryl ether, tertiary alcohols, and secondary alcohols,
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while peaks at 1024.62 cm−1 and 823.30 cm−1 were due to the presence of amines (pro-
teins/enzymes) and 1,2,3-trisubstituted compounds [54,56]. These results confirm the
presence of several functional groups in the latex extracts and indicate that the proteins,
enzymes, and other biomolecules detected within the latex allow for the capping, reduction,
and functionalization of AgNPs [5,42].

Table 3. FTIR spectral assignments of synthesized AgNPs using latex extracts of T. ventricosa.

Absorption
Frequency
(cm−1)

Types of
Absorption/Vibration Appearance Interference/

Functional Group Compound Class

3338.07 Stretch Strong broad O–H Alcohol
3283.60 Stretch Strong broad O–H Alcohol
2924.93 Stretch Medium C–H Alkane
2330.92 Stretch Strong O=C=O Carbon dioxide
2116.69 Stretch Weak C≡C Alkyne
2087.22 Stretch Strong N=C=S Isothiocyanate
1892.32 Bending Weak C–H Aromatic compound
1732.58 Stretch Strong C=O Aldehyde
1634.27 Bending Medium C=C Alkene
1539.09 Stretch Strong N–O Nitro compound
1361.45 Bending Medium O–H Phenol
1336.41 Stretch Strong S=O Sulfonate
1242.12 Stretch Strong C–O Alkyl aryl ether
1147.68 Stretch Strong C–O Tertiary alcohol
1095.34 Stretch Strong C–O Secondary alcohol
1024.62 Stretch Medium C–N Amine
823.30 Bending Strong C–H 1,2,3-trisubstituted
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3.6. Antibacterial Assay

The latex of several medicinal plants has often been utilized due to their antibacterial ac-
tivities [4,6,39], and coupled with the antibacterial properties of NPs, we would expect remark-
able antibacterial activity for these synthesized AgNPs using latex. Chandrasekaran et al. [5]
investigated the efficiency of AgNPs using latex from Carica papaya, which showed sig-
nificant activity against B. subtilis, Enterococcus faecalis, E. coli, Vibrio cholerae, Klebsiella
pneumoniae, and Proteus mirabilis. However, despite these significant results, there appears
to be a lack of interest surrounding the synthesis and antibacterial applications of AgNPs
synthesized using latex extracts. Thus, one of the aims of the present study was to evaluate
the antibacterial activity of latex AgNPs using agar disc diffusion. The antibacterial activity
of latex AgNPs was assessed against five pathogenic bacterial strains, three Gram-positive,
namely, B. subtilis (ATCC 6653), MRSA (ATCC 43300), and S. aureus (ATCC 29213), and
two Gram-negative bacterial strains, E. coli (ATCC 25922) and P. aeruginosa (ATCC 27853),
using a range of concentrations (3.125 to 100 mg/mL) (Table 4).

Table 4. Diameter of zone of inhibition (mm) of synthesized AgNPs using latex extracts of T. ventricosa
against Gram-positive and Gram-negative bacterial strains.

Concentration (mg/mL)
Bacterial Strains

BS EC MRSA SA PA

Latex AgNPs

3.125 6.33 ± 0.58 8.67 ± 0.58 9.67 ± 0.58 9.00 ± 1.00 8.67 ± 1.15
6.25 7.00 ± 0.00 9.00 ± 1.00 10.33 ± 0.58 10.00 ± 1.00 9.00 ± 1.00
12.5 8.67 ± 0.58 10.67 ± 1.15 10.67 ± 1.15 10.33 ± 0.58 9.33 ± 1.15
25 8.67 ± 0.58 11.00 ± 0.00 11.00 ± 1.00 10.67 ± 0.58 10.67 ± 0.58
50 9.33 ± 0.58 12.33 ± 0.58 11.00 ± 1.00 11.33 ± 0.58 11.33 ± 0.58

100 10.33 ± 0.58 12.67 ± 1.15 11.33 ± 0.58 11.67 ± 0.58 11.33 ± 1.15
Positive control

(10 µg/mL) 9.67 ± 1.53 * 9.67 ± 0.58 9.33 ± 1.53 * 10.67 ± 1.15 * 9.00 ± 1.00

BS = Bacillus subtilis (ATCC 6653), EC = Escherichia coli (ATCC 25922), MRSA = Methicillin Resistant Staphylococcus
aureus (ATCC 43300), SA = Staphylococcus aureus (ATCC 29213), PA = Pseudomonas aeruginosa (ATCC 27853),
Positive controls (Gentamicin 10 µg/mL, Streptomycin 10 µg/mL *) and (n = 3).

The results displayed in Table 4 and Figure 6 reveal that at the lowest concentrations
(3.125 mg/mL), AgNPs synthesized using latex extracts displayed minimal antibacterial
activity against MRSA (9.67± 0.58 mm), S. aureus (9.00± 1.00 mm), E. coli (8.67± 0.58 mm),
P. aeruginosa (8.67 ± 1.15 mm), and B. subtilis (6.33 ± 0.58 mm), respectively. Whereas, at
higher concentrations (100 mg/mL), effective antibacterial activity was observed against E.
coli (12.67 ± 1.15 mm), S. aureus (11.67 ± 0.58 mm), MRSA (11.33 ± 0.58 mm), P. aeruginosa
(11.33 ± 0.58 mm), and B. subtilis (9.33 ± 0.58 mm), respectively. It was noted that the
increased concentrations of latex AgNPs influenced the zones of inhibition (inhibition of
bacterial growth) progressively, similar results were reported by Chandrasekaran et al. [5].
Furthermore, the results showed a substantial difference between the inhibition of bacterial
growth using antibiotics, which was much lower and ranged from 10.00 ± 1.00 mm to
10.67 ± 1.15 mm compared to the AgNPs synthesized using latex, which ranged from
10.33 ± 0.58 mm to 12.67 ± 1.15 mm, at the highest concentration (100 mg/mL). Overall, a
prominent difference was noted (p < 0.05) for bacterial strains E. coli, MRSA, and S. aureus
vs. B. subtilis, and all latex AgNP concentrations except 12.5 and 25 mg/mL.

Silver nanoparticles are well-known as an effective antimicrobial agent since bacteria
have a weak ability to develop resistance against silver ions [5]. Previous reports have indi-
cated that Gram-positive bacteria are usually more resistant to AgNPs due to the presence
of a peptidoglycan layer that often acts as a preventive barrier for NP entry [5], compared
to Gram-negative bacteria, which lacks this special layer and contains a negatively charged
surface area, which attracts Ag ions, thus are more susceptible to cell membrane damage by
AgNPs [57]. Similar results were observed in the present study only for the Gram-negative
bacteria E. coli and Gram-positive bacteria B. subtilis and MRSA, whereas the other bacterial
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strains were not consistent with previous studies [5,57]. Moreover, it was revealed that
the properties of AgNPs can interact and penetrate the cell wall of bacterial cells, thus
causing damage/destabilization of the outer membrane, which causes a cascade of denatu-
ration events followed by inadequate bacterial respiration, reduced intracellular ATP, and,
eventually, cell death [5,56,58–60].
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3.7. Cytotoxicity Assay

Over the years, researchers have examined the cytotoxic effects of AgNPs using vari-
ous plant extracts and discovered that “Green” synthesized particles exhibited inhibitory
effects at low concentrations, thus deeming them safe in a variety of applications [15,49,60].
In the present study, the cytotoxicity of the AgNPs using latex extracts of T. ventricosa was
evaluated in three human cell lines, HEK293 (embryonic kidney), MCF-7 (breast adenocar-
cinoma), and HeLa (cervical carcinoma). For the MTT cell viability assay (Mosmann, 1983),
various concentrations of the AgNPs ranging from 15, 30, 60, 120 to 240 µg/mL were tested.
As observed in Figure 7, in positive control 1 (cells only) and control 2 (cells + 0.1% DMSO),
a reduction in viability (72.56–93.12%) was noted, whereas the percentage cell survival of
all cell lines was significantly reduced by biosynthesized AgNPs. As the concentration of
the AgNPs increased (15, 30, 60, 120, and 240 µg/mL), the percentage of cell survival in all
cell lines gradually decreased, suggesting a dose-dependent relationship. Likewise, Rajku-
beran et al. [7] investigated the AgNPs using latex extracts of Euphorbia antiquorum L. and
further assessed the in vitro cytotoxicity of the AgNPs, which similarly showed increasing
anticancer activity against HeLa cells at increased concentrations. Furthermore, the results
of the present study noted that at the lowest concentrations (15 µg/mL), HeLa, MCF-7,
and HEK293 cells displayed moderate cytotoxicity, with HeLa cells (46.19%) displaying the
most sensitivity (lowest cell survival), followed by MCF-7 (51.61%) and HEK293 (59.69%).
Whereas, at the highest concentration (240 µg/mL), it was apparent that HeLa cells were
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once again most sensitive, displaying significant cytotoxicity, with cell viabilities of 2.40%,
followed by HEK293 (5.13%) and MCF (12.48%). Moreover, significant differences were
observed for the cytotoxic analyses of latex AgNPs for all concentrations within each cell
line (p < 0.01).
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The IC50 values of latex AgNPs tested in HEK293, HeLa, and MCF-7 were 13.70 µg/mL,
10.52 µg/mL, and 20.60 µg/mL, respectively (Table 5). All IC50 values were suggestive
of noteworthy cytotoxic activity (IC50 < 50). Across all cell lines, the most significant IC50
was observed for the HeLa cells. Similarly, Rajkuberan et al. [7], observed a substantial
IC50 value (28 µg/mL) of AgNPs synthesized using Euphorbia antiquorum latex in the
HeLa cell lines. Another report by Rajkuberan et al. [15] evaluated biosynthesized AgNPS
using Calotropis gigantea latex against HeLa cell lines, which displayed a moderate IC50 of
91.30 µg/mL. These variations in the observed IC50 values of AgNPs synthesized using
latex are possibly due to the presence of different capping compounds such as proteins
and enzymes within the latex extracts [5,7,42]. It has been suggested that the mechanisms
of AgNPs often induce reactive oxygen species (ROS), which damage several cellular
materials such as proteins, lipids, and DNA, causing a rapid increase in oxidative stress,
which ultimately activates cell death in the form of apoptosis of necrosis [7]. However,
further studies are required to assess the full effects of AgNPs against the molecular
mechanism on cells. This will allow us to determine possible sources of anticancer drugs.

Table 5. IC50 values of the cytotoxic activity of the AgNPs synthesized from the fresh latex extracts of
T. ventricosa.

Extract

Cell Lines

HEK293 HeLa MCF-7

Concentration µg/mL

Latex 13.70 10.52 20.60
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4. Conclusions

Tabernaemontana ventricosa latex extracts were investigated in this study to effectively
produce AgNPs, thus offering an environmentally friendly, cost-effective, and simple
approach. The synthesized AgNPs were characterized using UV-visible spectroscopy,
FTIR, SEM, HRTEM, EDX, and NTA. The antibacterial activity of AgNPs was assessed
against various Gram-negative and Gram-positive bacterial strains, and the cytotoxic
potential was assessed in human cell lines, namely embryonic kidney (HEK293), breast
adenocarcinoma (MCF-7), and cervical carcinoma (HeLa). The AgNPs displayed prominent
Ag peaks during UV-SPEC and EDX analyses. Furthermore, spherical, ovate, and triangular-
shaped latex AgNPs (5.00–17.50 nm) were visible during SEM and HRTEM studies. Various
functional groups within latex AgNPs, such as alcohols, alkanes, amines, proteins, enzymes,
and other biomolecules, were detected by FTIR, possibly responsible for the capping,
reduction, and functionalization of AgNPs. The antibacterial and cytotoxic evaluation of
AgNPs displayed promising activity, thus suggesting the potential importance of AgNPs
in biomedical applications. To the best of our knowledge, this is the first report on the
synthesis, characterization, and antibacterial and cytotoxic evaluation of AgNPs using latex
of T. ventricosa. Future studies will focus on latex-mediated gold and copper nanoparticles
to determine an optimized size selectiveness and stability. In addition, further studies to
determine the molecular mechanisms of AgNPs on cell lines will be explored.
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