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Biogenic silver nanoparticles
incorporated hydrogel beads
for anticancer and antibacterial
activities
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Green nanotechnology is an effective treatment approach being used in cancer research with less
adverse effects. This work describes the incorporation of silver nanoparticles synthesized from clitoria
ternatea plant extract (Ag@CT NPs) into sodium alginate and gelatin polymer blends (SA/GEL) to
produce Ag@CT-SA/GEL polymer beads using calcium chloride (CaCl,) crosslinking agent. Both the
formation and the effective incorporation of Ag@CT NPs into polymer blend have been proven by
various spectroscopic analysis, surface morphology study and energy dispersive X-ray analysis. Ag@CT
NPs and Ag@CT-SA/GEL demonstrate good antibacterial and antioxidant activities comparable to
commercially available drug. Dimethyl thiazolyl tetrazolium bromide (MTT) anticancer assay and
apoptosis study of plant extract and Ag@CT NPs against lung cancer cell lines clearly indicate that
Ag@CT-SA/GEL polymer bead can serve as an effective anticancer agent.
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Lung cancer is the most diagnosed cancer, accounting 18.4% of the cancer-related fatalities globally'. The
GLOBOCON research predicts that by 2040, the global incidence rate of lung cancer would rise by 66.7%, while
the fatality rate will increase by 59.8%'. The high death rate from lung cancer is attributed to the cancer habitat
which includes smoking, lack of physical activity, and a contemporary lifestyle. Lung cancer is usually treated
with a range of therapeutic techniques, such as chemotherapy, radiation, radiosurgery, and immunotherapy.
A suitable treatment for lung cancer is determined by the patient’s clinical evaluation, the phase of the illness,
and its pathological type. The most effective method of treating lung cancer is surgery. However, this is not
appropriate for advanced or metastatic stages of the disease. Especially, chemotherapeutic methods can cause
cancer resistance to therapy along with adverse side effects. Therefore, there is a growing need to develop
intriguing, affordable, and biocompatible drugs for treating lung cancer. Green nanotechnology would be a
promising treatment method for lung cancer.

Nanoparticles (NPs) offer unique features, such as a high surface-to-volume ratio and good absorption profile
in the visible region. This makes them ideal for antibacterial, and anticancer applications®™. Silver nanoparticles
(Ag NPs) are attracting enormous amount of interest in cancer research due to their unique physicochemical
characteristics and innate antiproliferative effect. Silver demonstrates least toxicity that is owing to the human
body’s competent physiological detoxification system’. Several in vitro and in vivo studies have revealed that
Ag NPs can trigger apoptosis and necrosis by inducing DNA damage®1°. Green synthetic methods of silver
nanoparticles are more beneficial than chemical synthesis. This biogenic Ag NPs have a phytochemical covering
that makes them more physiologically active. Further, these biogenic NPs can maintain their beneficial anti-
cancer cell-toxicity against a range of cancer cell while having less side effects!!~13.

Clitoria ternatea (CT), a member of the Fabaceae family and a popular gardening flower in India, is renowned
for its therapeutic benefits. It improves memory and is used to treat several diseases including tumor, dropsy,
goiter, leprosy, elephantiasis, and chronic bronchitis!*. CT is a rich source for polyphenols such as various
flavanol glycosides of kaempferol, quercetin, and myricetin along with ternatin anthocyanins'®. These flavonoids
are known for their wide range of anticancer potential towards various cancer cell'®!”. The crude extracts from
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different sections of CT plants show apparent cytotoxic properties against several in vitro human cancer cell
lines'®-%, Literature reports reveal in vitro antioxidant activity of CT stem bark extract®!. The leaves, roots, stems,
and pods of CT have all been previously described as natural reducing and capping agents for the inorganic
NPs?2-24, CT flower extract has been utilized mainly for the synthesis of silver and gold nanoparticles®. There
are few studies that reported the synthesis of Ag NPs using CT plant extract and evaluated their antimicrobial
activity?>?3, Srinivas et al. has shown the synthesis of biogenic Ag NPs using CT flower extract and evaluated its
anticancer properties against breast cancer?.

Variations in pH and presence of digestive enzymes like pepsin and pancreatin are the main cause of
polyphenols degradation across the gastrointestinal tract (GIT)?. To preserve their structural integrity before
reaching the gut, oral delivery of these bioactive substances necessitates the development of a new approach
that gives protection from gastric and intestinal digestion?. Thus, these polyphenols can be encapsulated in
biodegradable polymer bead as a strategy to boost bioavailability and overcome biological barriers.

Sodium alginate (SA) is a natural biopolymer derived from brown seaweed with good biocompatibility,
swelling, biodegradability, cell viability, drug encapsulation capabilities, gelation, and stabilization properties?®-3!.
This dimeric copolymer is unbranched and consists of two types of monomers, namely f-D-mannuronic acid
(M) and a-L-glucuronic acid (G), connected by 1,4-glycosidic linkages. These monomers are arranged in
blocks of MM, GG, and MG in an alternate manner. SA hydrogel is often employed to transport hydrophilic
bioactive substances*>**. Gelatin (GEL) is a natural biopolymer derived from collagen, making it biocompatible
and well-tolerated by the body. It is susceptible to enzymatic degradation by proteases present in the body™.
This characteristic enables the controlled release of encapsulated drugs and the gradual degradation of the GEL
matrix over time. SA creates an egg-box-shaped three-dimensional network hydrogel by means of electrostatic
interaction between the guluronic acid and the interchange of guluronic acid’s sodium ions with divalent cations
like calcium (Ca?*), magnesium (Mg?*), barium (Ba?*), and strontium (Sr?*)*. Calcium alginate hydrogels
possess several drawbacks, such as uncontrollable swelling and drug release profile due to the natural stiffness
of Ca?* alginate®. Calcium alginates beads are mixed with GEL, to generate a complex structure through
electrostatic interactions and hydrogen bonding interactions. Therefore, these combinations of polymers are
suitable for the controlled drug release rate and swelling properties. The combination of GELs cell-interactive
features with SA’s gelation capabilities can yield synergistic benefits.

Ag NPs produced using CT offers sustainable and non-toxic approach to treat lung cancer and bacterial
infection on a single platform. Moreover, this approach is more crucial because lung cancer patients are
vulnerable to microorganism®”*%. The SA/GEL bead system enables controlled release, biocompatibility, and
targeted delivery. Therefore, this innovative system can be built in low cost and scalable way for wide range of
biological applications.

The current work reports the incorporation of synthesized Ag@CT NPs into the SA/GEL polymer blends
to form beads through CaCl, crosslinking process. The formation of Ag@CT and its effective incorporation
into SA/GEL polymer bead has been studied by various spectroscopic and surface morphological analysis. The
anticancer potential of CT plant extract and Ag@CT NPs towards A549 lung cancer cell line was determined
by conducting dimethyl thiazolyl tetrazolium bromide (MTT) and acridine orange/ethidium bromide (AO/EB)
staining assays. Further, antibacterial and antioxidant studies of Ag@CT NPs and Ag@CT-SA/GEL have been
reported.

Materials and methods

Materials

For the synthesis of Ag@CT-SA/GEL polymer beads, silver nitrate [(AgNO,); SRL Chemicals], sodium hydroxide
[(NaOH); Fisher Scientific] were used. Calcium chloride [(CaCl,); Himedia], sodium alginate [SRL Chemicals]
and gelatin [Nice Chemicals] were obtained and used without any additional purification.

Green synthesis of Ag@CT NPs

Ag@CT NPs were synthesized using aqueous plant extract of CT in accordance with the recently reported
procedure from our lab*. The stem and leaves of CT plant were collected from the Amrita Vishwa Vidyapeetham
(Deemed to be University), Coimbatore campus by following the relevant guidelines and regulations set by the
University. To ensure the reproducibility of the study, a voucher representing the specimen is identified by Dr.
M. U. Sharief and it has been deposited in the herbarium at the Botanical Survey of India, Coimbatore under
the accession number 178359. In brief, the stem and leaves of the CT were rinsed with double distilled water
(DDW) and then they were let to dry for 6 h. After being dehydrated for 6 h, the stem and leaves were ground
into a fine powder and placed inside an airtight container. For the extract preparation, a 0.01 g of CT powder was
dissolved in 20 mL of DDW by ultrasonicating it for 10 min. The extract was then filtered through Whatman
No. 41 filter paper and stored at 4 °C. In order to synthesize Ag@CT NPs, 20 mL of the CT extract was gradually
added to 6 mL of 6 mM AgNO, solution. Then, 0.1 M NaOH solution was added to bring the pH of the mixture
to 10, and it was heated at 70 °C on a hot plate. After 15 min, the colorless AgNO, solution turned to an intense
brown suggesting the reduction of Ag* to Ag®. Finally, the green synthesized Ag@CT NPs were obtained by
centrifugation for 15 min at 15,000 rpm.

Preparation of Ag@CT-SA/GEL polymer bead

Primarily, 2% of SA and 2% of GEL in DDW were made separately by stirring them at 350 rpm for 20 min in
room temperature, yielding a homogenous polymer solution. Then, equal volumes of these polymer solutions
were mixed together with 2% Ag@CT NPs and stirred at 350 rpm for 30 min in room temperature to produce
a homogeneous solution. Later, SA/GEL polymer solution containing Ag@CT NPs was added dropwise using
0.55 mm syringe into 3% CaCl, solution under continuous stirring at 300 rpm in room temperature. This
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reaction mixture was stirred overnight to facilitate crosslinking and the resulting polymer beads were filtered
and washed with DDW to eliminate the surplus cross-linker. Following this, the polymer beads were dried at
60 °C for 24 h and obtained Ag@CT-SA/GEL polymer beads which were later used for further characterizations.

Characterizations

UV-Visible spectrophotometer (model: Shimadzu UV - 1800) was used to examine the optical characteristics
of AG@CT NPs in the 200-800 nm wavelength range. The high-resolution transmission electron microscopy
(HR-TEM) with energy-dispersive X-ray spectroscopy (EDX) image of Ag@CT NP was recorded using a TEM
operating at an acceleration voltage of 1200 kV (Tecnai G2 F20 X-TWIN). The surface morphology of polymer
beads was examined using a Field Emission Scanning Electron Microscope (Marl Zeiss, German model Zeiss
Gemini SEM 300) with Energy Dispersive X-ray analysis. The structural identifications of polymer beads were
analysed using the X-ray diffraction pattern obtained using the Malvern Panalytical multipurpose utilizing Cu
Ka radiation with a step size of 0.02°. A scan range of 20 =0°—90° was used for the analysis. Bruker Alpha
Platinum FT-IR spectrometer in the 4000 to 400 cm™! range was used to investigate the chemical structure of
CT, Ag@CT NPs, SA/GEL, and Ag@CT-SA/GEL beads.

Antibacterial activity

The antibacterial activities of Ag@CT NPs and Ag@CT-SA/GEL were investigated by conducting a disk diffusion
method on two distinct bacterial strains [Escherichia coli (E. coli) (ATCC 10,536) and Staphylococcus aureus
(S. aureus) (ATCC 25,923)] grown on nutrient agar. At specific conditions bacterial strain was inoculated onto
the agar plate and then spread using an L-rod with 100 uL of dissolved Ag@CT NPs and Ag@CT-SA/GEL
at varying concentrations of grown culture. Each agar plate was made by loading disks containing control
(Chloramphenicol) and test compounds (Ag@CT NPs and Ag@CT-SA/GEL) which were then incubated for
24 h at 37 °C. Circular zones of inhibition surrounding the disk were determined and expressed in millimeters
(mm).

Antioxidant activity

The antioxidant activities of Ag@CT NPs, and Ag@CT-SA/GEL were evaluated by 2,2-diphenyl-1-picrylhydrazyl
(DPPH) assay. A solution of DPPH (0.1 uL-333 uL) in methanol was added to 1 mL of various test sample dosages
in DMSO. Following a vigorous shaking, the mixture was let to remain for 30 min at ambient temperature and
the absorbance at 513 nm was determined using a UV-visible spectrophotometer. L- ascorbic acid (vitamin C)
was employed as the standard.

Anticancer activity

Human lung A549 cancer cell line was obtained from the American Type Culture Collection (ATCC). These cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 1% Penicillin-Streptomycin
and 10% Fetal Bovine Serum for cytotoxicity analysis.

The cytotoxicity of the biosynthesized Ag@CT NPs and CT extract against lung cancer cell (A549) was
measured using a dimethyl thiazolyl tetrazolium bromide (MTT) assay. Each 96-well microtiter plate well
received 100 uL of the diluted cell suspension, containing 50,000 cells per well and incubated for 24 h. After
24 h of incubation, a solution of Ag@CT NPs (test drug) at concentrations that varied from 0-100 pg/mL was
applied to the generated partial monolayer. In addition, the plates were incubated in a humidified environment
consisting of 95% air and 5% CO, for 24 h at 37 °C. Further, each well was filled with 100 uL of MTT and
incubated for an additional 4 h at 37 °C with 5% CO,. After removing the supernatant, 100 pL of DMSO was
added to the plates and gently shaken to dissolve the formazan produced during the mitochondrial reduction of
MTT. The absorbance was determined at 590 nm employing a microplate reader.

Apoptosis by AO/EB staining method

Acridine orange (AO) and ethidium bromide (EB) staining methods were used to validate the potential of CT
and Ag@CT NPs to cause apoptosis in A549 lung cancer cells. In short, cells were placed into 24-well plates with
a density of 4000 cells/well. Afterwards, the plates were kept in an incubator set at 37 °C for 24 h and then treated
with the test samples. After incubating for 24 h, 10 pL of the staining solution containing 100 pg/mL of AO and
100 pug/mL of EB was introduced to each well (500 pL). Fluorescence microscope (Olympus, CKX-53, Japan) was
utilized to capture the cell images immediately.

Statistical analysis
All the biological activities are performed in triplicate, and the outcomes are presented as mean + standard
deviation (SD). The statistical analysis is carried out using Graph Pad Prism program (10.1.0).

Results and discussion

Preparation of Ag@CT-SA/GEL polymer beads

Ag@CT NPs were mixed with SA and GEL to form a composite solution. When the mixture is dropped into a
CaCl, solution, the Ca®" ions instantly interact with the alginate and form a gel at the interface. On the other
hand, GEL enhances mechanical characteristics and possible bioactive encapsulation. The incorporation of
Ag@CT into SA/GEL beads can take place through chemical interactions. Electronegative carboxylate groups
of SA as well as carbonyl and amine groups of GEL can form electrostatic interaction with silver metal. This
interaction stabilizes the Ag NPs within the hydrogel matrix and prevents their agglomeration. Furthermore,
hydroxyl groups of CT form hydrogen bonding interaction with SA/GEL functional groups. Figure 1 depicts the
formation of Ag@CT-SA/GEL polymer beads.
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Fig. 1. Schematic representation of the formation of Ag@CT-SA/GEL polymer beads.
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Fig. 2. UV-Visible spectrum of Ag@CT NPs.

UV-visible absorption spectrum
The green synthesized Ag@CT NPs were primarily characterized by UV-Visible spectroscopy and the absorption
spectra is shown in Fig. 2. The appearance of brown color validates the reduction of Ag* ions, as confirmed by the
surface plasmon resonance (SPR) peak observed at 410 nm in the absorption spectra of Ag@CT NPs. However,
our Ag@CT NPs demonstrate a SPR peak at lower wavelength as compared to similar CT based Ag NPs. This
lower wavelength shift is due to decrease in the particle size of Ag@CT NPs. Slightly modified synthetic approach
may be the reason for particle size reduction in present study. The effect of size reduction is reflected in the
improved antibacterial and anticancer activity of this Ag@CT NPs.

TEM analysis
TEM analysis was carried out to get insight into the morphology of synthesized Ag@CT NPs. TEM images given
in Fig. 3a and b clearly illustrates uniformly distributed spherical shaped Ag NPs produced through reduction of
Ag*ions by CT. EDX analysis was performed to determine the elemental composition of Ag@CT NPs. The EDX
spectra of Ag@CT NPs depicted in Fig. 3¢ exhibit peaks corresponding to C, O, and Ag. The existence of C and
O elemental peaks in Ag@CT NPs account for the presence of flavonoids from CT.
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Fig. 3. HR-TEM images of Ag@CT NPs at various scale (a) 100 nm (b) 10 nm (c) EDX spectra of Ag@CT NPs.

SEM analysis

The surface morphologies of SA/GEL and Ag@CT-SA/GEL were examined by FE-SEM, as depicted in Fig. 4a
and b. SEM images of SA/GEL revealed a smooth surface, whereas Ag@CT-SA/GEL displayed a rough surface
due to the incorporation of Ag@CT NPs. EDX analysis of Ag@CT-SA/GEL is displayed in Fig. 4c. Intense
carbon, oxygen peaks and less intense sodium peak in the EDX analyses reveal the presence of SA and GEL. EDX
spectrum also confirms the presence of Ag@CT NPs in SA/GEL, as evidenced by silver peak distinct from the
carbon, oxygen, and sodium peaks of SA/GEL. Additionally, elemental mapping of Ag@CT-SA/GEL in Fig. 4d
clearly shows the homogeneous distribution of Ag@CT NPs in SA/GEL without any agglomeration. Figure 4e
represents the elemental mapping images of C, O, Na, and Ag present in Ag@CT-SA/GEL.

XRD analysis

XRD analysis was used to determine the structural characteristics of the SA/GEL and, Ag@CT-SA/GEL as
illustrated in Fig. 5. The XRD pattern of SA/GEL shows a broad peak at 26 value 24.25° corresponding to SA
due to the reflection of their (200) plane from poly-mannuronate block*!. This broad peak also represents the
amorphous nature of GEL in the sample*?. The XRD peak of SA/GEL at 20 value 41.46° is attributed to the
reflection from the amorphous halo of SA*!. As a result, XRD analysis confirms the presence of both SA and GEL
in the polymer bead. The XRD pattern of Ag@CT-SA/GEL displayed 26 peaks owing to SA/GEL as mentioned
above. Along with these, it exhibits prominent diffraction peaks at 26 values of 38.82°, 64.18° and 78.5° that
represent the lattice planes of (111), (220), and (311), respectively. These peaks indicate face-centered cubic
crystalline structure of metallic silver and are well align with those of ICDD file number 04-0783%. This verifies
the presence of crystalline Ag@CT NPs in polymer bead**. This further indicates that Ag@CT NPs are evenly
distributed throughout the polymer and retain their structural integrity. The XRD findings give substantial
evidence for the successful synthesis and incorporation of Ag@CT NPs into the SA/GEL matrix.

FT-IR analysis

Figure 6a-d depicts the FT-IR spectra of CT extract, Ag@CT NPs, SA/GEL, and Ag@CT-SA/GEL. The various
FT-IR peaks detected in CT extract enable qualitative identification of the functional groups present in it. CT
extract shows a broad peak at 3371 cm™ belongs to the stretching frequency of free hydroxyl group (-OH). The
stretching vibrations of C=0 and C-C bonds are responsible for the distinctive peaks located at 1631 cm™!
and 1386 cm™!, respectively. The bending vibrational frequency of the C-O and OH present in CT extract is
represented by the peak at 1170 cm™. A slight shift in IR peak positions of Ag@CT NPs in Fig. 4d, suggests the
interaction of Ag with the polyphenols of CT extract. The absence of peak at 1170 cm™! in the FT-IR spectrum
of Ag@CT NPs suggests that the (C-O) group is responsible for capping Ag NPs*. The formation of SA/GEL
is confirmed by the IR peaks at 3365 cm™ (OH), 2335 cm™ (CO, from atmosphere), 1643 cm™ (CO-NH),
1531 cm™® (C-N), 1261 cm™ (C-O) and 1083 cm™ (in plane C-H bending vibration)*>%. The characteristics
peaks of SA/GEL at 1643 and 1531 cm™! confirm the presence of GEL in bead?’. Specifically, the peak at 1643 cm!
reflects intermolecular interactions between alginate and gelatin*®. The FT-IR spectrum of the Ag@CT-SA/GEL
shows discernible alterations in all the absorption peaks when compared to the FT-IR spectrum of SA/GEL. This

indicates the electrostatic interaction of Ag@CT with electron-rich groups of polymers*.

Antibacterial activity

Figure 7a-d shows the possible antibacterial action of Ag@CT NPs and Ag@CT-SA/GEL against two distinct
pathogenic strains such as E. Coli and S. aureus by disc diffusion method, and their results were compared with
a standard antibiotic (chloramphenicol). The zone of inhibition formed is used to determine the antibacterial
efficiency. The samples exhibited potent antibacterial action in a dose-dependent manner against both bacterial
strains. At the concentration of 100 pug/mL, Ag@CT NPs demonstrated a distinct inhibitory effect against E.
coli and S. aureus, producing zone of inhibition of 16 mm and 17 mm, respectively. This result is comparable to
that of chloramphenicol with a zone of inhibition of 17 mm and 18 mm, respectively. These results indicate the
potential antibacterial activity of Ag@CT NPs. The antibacterial activity of present study is substantially higher
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Fig. 4. SEM images of (a) SA/GEL and (b) Ag@CT-SA/GEL, (c) EDX spectra of Ag@CT-SA/GEL, (d) merged
elemental distribution image of Ag@CT-SA/GEL (e) individual distribution images of elements.

than that of CT-based Ag NPs reported in the literature®”. Ag@CT-SA/GEL at the concentration of 100 pg/mL
demonstrated a zone of inhibition of 17 mm and 15 mm, respectively. Similarly, antibacterial activity of this
one is comparable to that of chloramphenicol which produced a zone of inhibition of 18 mm for each bacterial
strain. The polymer matrix releases Ag* ions from Ag@CT. These Ag* ions diffuse through cavities and surface
voids of the polymer matrix and interact with bacterial cells. Moreover, hydrophilic SA has prolonged residence
time that increases the local drug concentration and thereby increases the antibacterial activity of Ag@CT®.
The antibacterial activity of Ag@CT-SA/GEL is better than that of SA/GEL based Ag NPs reported elsewhere?’.

Figure 8 depicts the mechanism by which Ag NPs exhibit antibacterial properties. Initially, Ag NPs can adhere
to the bacterial cell membrane and damage its integrity. The Ag NPs can then enter the cytoplasm and exert
direct or indirect interactions with a variety of macromolecules such as DNA and proteins. The oxidative stress
induced by Ag NPs play a crucial role in antibacterial activity. SA/GEL polymer matrix releases Ag* ions from
Ag@CT, which react with oxygen and water to generate ROS including H,O,, superoxide anion (O,"), hydroxyl
radical (OH"), and singlet oxygen. The produced ROS trigger lipid peroxidation in bacterial cell membrane and
damage membrane integrity. This causes cellular leakage and eventual cell death. Additionally, ROS can oxidize
bacterial cell proteins, causing them to lose their functional integrity. This impairs basic cellular functions like
metabolism, replication, and cell division. ROS have the potential to break DNA strands and induce alterations
in the base. It prevents bacteria from replicating and repairing their genomes and ultimately cause cell death.

Thus, Ag NPs are highly effective to wide range of bacterial strains’'.

Antioxidant activity
CT extract known for its potent antioxidant activity due to the presence of various polyphenols. We wanted
to check whether synthesized Ag@CT NPs and Ag@CT-SA/GEL still possess antioxidant properties or not.
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Fig. 5. XRD pattern of SA/GEL and Ag@CT-SA/GEL.

Antioxidant property is required to maintain low to moderate ROS concentration which is important for the
normal physiological functioning of cell. Therefore, the antioxidant activities of Ag@CT NPs, and Ag@CT-SA/
GEL were determined by performing DPPH assay as shown in Fig. 9. The graph illustrates that the radical
scavenging activities of Ag@CT NPs, and Ag@CT-SA/GEL were rose steadily by increasing the concentration
corresponding with ascorbic acid (control). At 50 pg/mL, Ag@CT NPs demonstrated 64.2% =+0.0049 radical
scavenging activity, while Ag@CT-SA/GEL exhibited considerably higher activity of 68% +0.0051. On the other
hand, the control ascorbic acid possesses radical scavenging activity of 82.32% + 0.0657. The results suggest that
Ag@CT-SA/GEL has antioxidant activity which making it suitable for anticancer applications. Ag@CT NPs and
Ag@CT-SA/GEL exhibited better DPPH radical scavenging activities as compared to that of previously reported
literature study®>>.

Anticancer activity

The anticancer potential of Ag@CT NPs and CT was assessed using the MTT test on A549 human lung cancer
cell line at various doses (0-100 pg/mL). The percentage of cell viability in relation to different CT and Ag@CT
NPs concentrations is shown in the Fig. 10. The cell viability percentage of CT at 10 pg/mL was 92% +0.0036
that decreased to 50% +0.0011 at 50 ug/mL. Then, viability was reduced to 3% +0.0126 as the concentration
reached 100 pg/mL. Similarly, Ag@CT NPs displayed cell viability percentage of 93% +0.0057 at 10 pg/mL and
it reduced to 52% +0.0225 at 50 ug/mL. As the concentration reaches 100 ug/mL, viability of Ag@CT NPs was
further reduced to 6%+ 0.0031. The IC, values for the plant extract and Ag@CT NPs against the A549 cells were
determined to be 50.92 +0.05 pg/mL and 51.35+0.05 pg/mL, respectively. Table 1 summarizes a comparative
investigation of the anticancer effects of literature reported Ag NPs and present study against lung cancer cell. It
is clear from the table that Ag@CT NPs demonstrated enhanced cytotoxicity.

Figure 11a-d demonstrate the phase contrast microscopy images of A549 cell line before and after treatment
with CT and Ag@CT NPs. The image clearly shows that CT and Ag@CT NPs treated cells showed morphological
changes, such as cell clustering, loss of membrane integrity, chromatin condensation, and inhibition of cell
growth in A549 cells. These results demonstrate that at the investigated concentrations, CT and Ag@CT NPs
treated A549 cells experience cell death while untreated cells maintain viability. Hence, obtained results support
the anticancer action of biogenic Ag@CT NPs.

Figure 12 depicts the anticancer mechanism of Ag@CT NPs. It has been proposed that there are a few possible
mechanisms via which Ag NPs and cancer cells interact, including endocytosis-mediated internalization of the
NPs, electrostatic interaction between the Ag NPs and the cell surface, and NPs grabbed by cell receptors®!:62.
Ag NPs can generate ROS within the cell, which can cause damage to DNA, disruption of the mitochondria,
oxidation of proteins, and ultimately, that may lead to cell death!®. Furthermore, Ag NPs are better candidate
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Fig. 6. FT-IR spectrum of (a)CT(b) Ag@CT NPs (c) SA/GEL and (d) Ag@CT-SA/GEL.

for anticancer activity because of their capacity to control pH-dependent release, induce hyperthermia inside
cancer cells®*4,

Apoptosis by AO/EB staining method

The apoptotic potential of CT and Ag@CT NPs was validated using AO/EB staining of A549 cells. The cells were
treated with respective IC,, concentrations of test samples for 24 h and the apoptotic changes were observed
using fluorescence microscopy along with AO/EB staining. AO enters the cell membrane, and normal cells emit
green fluorescence. When cells lose the integrity of their cytoplasmic membrane, they engage EB, an intercalating
agent, which causes the nuclei to appear red under fluorescence microscopy. Early apoptotic cells have condensed/
fragmented chromatin with a bright green nucleus, whereas the viable cells have diffused chromatin appear in
green nucleus. Apoptotic cells, or apoptotic bodies, develop as a result of nuclear shrinkage and blebbing, which
is visible as orange-colored nucleus. On the other hand, necrotic cells exhibited red fluorescence, indicating
membrane damage. As seen in Fig. 13a and c, control cells showed no morphological alterations and displayed
homogeneous green fluorescence in both the cytoplasm and nuclei. A549 cells treated with CT and Ag@CT NPs
exhibited red fluorescence as given in Fig. 13b and d. The observed morphological alterations and increased red
fluorescence indicate that Ag@CT NP is more effective than CT in killing A549 lung cancer cells via apoptosis.
The results confirm that Ag@CT NPs caused cell death by apoptosis, resulting in chromatin condensation and
nuclear disintegration.

Conclusion

Ag@CT-SA/GEL was prepared by physical crosslinking with CaCl,. The effective incorporation of Ag@CT NPs
into the SA/GEL has been confirmed by various spectroscopic analysis. The Ag@CT-SA/GEL demonstrated
remarkable antibacterial capabilities against both gram-positive and gram-negative bacterial strains, confirming
the polymer bead’s ability to release Ag@CT NPs at the infection site. The Ag@CT NPs and Ag@CT-SA/GEL
displayed a promising DPPH scavenging activity. Moreover, the MTT assay revealed that Ag@CT NPs exhibited
cytotoxicity against A549 cancer cells with an IC,; value of 51.35+0.05 pug/mL. The apoptosis of A549 cells
caused by Ag@CT NPs was also confirmed by AO/EB staining method. Therefore, the Ag@CT-SA/GEL polymer
beads can be the promising candidate for antibacterial and anticancer applications.
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Fig. 7. Antibacterial activity of Ag@CT NPs tested against (a)E. coli(b)S. aureus & antibacterial activity of
Ag@CT-SA/GEL polymer bead tested against (c)E. coli(d)S. aureus.
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Fig. 10. % Cell viability of CT and Ag-@CT NPs against A549 cells. The data is expressed as mean+SD (n=3).

S.No | NPs IC,, References

1 AgNPs 62.82 pg/mL 54

2 Ag NPs 75 pg/mL 55

3 Ag NPs 60 pg/mL 56

4 Ag NPs 328 pg/mL 7

5 Ag NPs 100 pg/mL 58

6 Ag NPs 118.5040.29 pg/mL | >

7 Ag NPs 65.17 ug/mL 60

8 Ag@CT NPs | 51.35+0.05 pug/mL | Present study

Table 1. Comparative study of IC values of different biogenic Ag NPs.
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Fig. 11. Morphological appearance of A549 cells in phase contrast microscopy for (a) Control (b)CT and (c)
Control (d) Ag@CT NPs.

Fig. 12. Anticancer mechanism of Ag NPs.
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Fig. 13. Apoptotic development and morphological changes in A549 lung cancer cells upon treatment with (a)
control (b)CT(c) control and (d) Ag@CT NPs.
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