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ABSTRACT
A multipart approach was used to prepare composites of pectin-grafted-acrylamide (AgPAm) copolymer nanogel (Ngl)
with silver incorporation. The characterization of the synthesized nanogel was subjected to studies, including FT-IR,
XRD, and DSC analyses, as well as a swelling study to get evidence for successful synthesis and determine the end
uses. The XRD evaluation showed a prominent peak for silver metal, emphasizing the successful synthesis. The FTIR
analysis confirmed the crosslinking in the nanogel, while DSC was used to measure the changes in physical properties
along with time over temperature.
The silver-incorporated nanogel was thereafter subjected to antimicrobial studies. Antibacterial analyses carried out
against two different bacteria, i.e., gram negative and gram positive, showed a desirable inhibition zone of silver-
incorporated nanogel, with a positive control (azithromycin, a known antibiotic) observed in this bacterial activity. The
antioxidant assay showed that AgPAm inhibited free radical formation by up to 82%.

Keywords: Nanogel composite, antibacterial activity, and antioxidants activity.

1. INTRODUCTION

Nanotechnologies are gaining popularity as an interdisciplinary area of study due to their major characteristics in fields
such as medicine, agriculture, physics, etc. Nanomedicines is a fascinating subject in the nanotechnology field for
introducing innovative anticancer medications [1]. Nanomedicines offer effective therapeutic options for various
malignancies and infectious disorders. Current antimicrobial medicines can control microorganism disease, however,
they are ineffective due to drug resistance and environmental risk [2]. For this purpose, polymer composites such as the
synthesized copolymer AgPAmM have specific size-determine properties such as a substantial surface area and
biocompatibility, making them attractive for antimicrobial applications, which can also have anticancer effects [3]. In
their study, AgPAm had excellent antimicrobial activity against various microbes [4]. Hence, a new system including
biomaterials such as pectin and its composite with AgPAm for the evaluation of antibacterial, and anticancer activities
has been designed in this research work.

The plants include a variety of phytochemicals, including terpenoids, alkaloids, flavonoids, etc., which can help
scavenge free radicals [5]. Pectin is the main component of the intermediate layer and is absorbed into the cell wall by
vesicles formed by exocytosis in the Golgi apparatus [6,7]. When commercialized, it is a white to light brown powder
usually obtained from citrus fruits. It is used as an agent in foods such as jams and jellies, as well as sweeteners,
medicines, and stabilizers in fruit juices [8].

Among nanocarriers, naturally produced nanoparticles of polymeric substances, especially pectin, are efficient,
inexpensive, and sustainable for the environment [9]. The growing interest in biocompatible, biodegradable, and non-
toxic nanomaterials has accelerated research into the production of novel polymer nanomaterials [10-12]. Nanogels are
special types of biomaterials considered to have a three-dimensional structure formed from physically and chemically
crosslinked, soft hydrophilic macromolecular chains that may swell by holding a larger amount of water without
dissolving while maintaining the integral structure [13]. Pectin significantly enhances the performance of nanogels,
requiring chemical modifications to the polymer, such as crosslinking [14-20].

In the present work, the use of the crosslinking agent N,N-methylenebisacrylamide (MBA) with a natural polymer,
namely pectin (Ptn), could achieve better properties in these polymers [21,22]. The goal of this work is the preparation
of AgPAmM composites with structural and morphological characterization and the study of their antibacterial and
antioxidant properties. In fact, it appears that the copolymerization is due to the existence of Ptn molecules crosslinked
to MBA through the synergic effect between components, as well as the high electrical conductivity and electrostatic
interactions arising from active functional groups with a high ability to remove metal ions and microbes. The presence
of silver metals in the synthesised nanogel helps facilitate the diffusion of molecules into cells, enhancing their
antibacterial and antioxidant activity.

16858


mailto:raodeepak429@gmail.com
mailto:rohinidharela@gmail.com
mailto:rohinidharela@gmail.com

Synthesis, Characterizations, Antioxidant and Antibacterial Applications of Silver-incorporated Pectin based Nanogel

2. EXPERIMENTAL PARTS

Abbreviation:  Ptn (Pectin), AAm (Acrylamide), MBA (N,N-Methylenebisacrylamide), (DW) Distilled water, APS
(Ammonium persulphate), SDS (Sodium Dodecyl Sulphate), AgPAm[Silver-incorporated pectin-grafted-Acrylamide],
and Nanogel (Ngl)

2.1. Materials

Pectin (Ptn) [Himedia Laboratories], Silver Nitrate (mw 169.87) [Avantor Performance Materials India Limited],
Acrylamide monomer (AAm, 99%, mw 71.08) [Loba ChemiePvt. Ltd.], N,N-Methylene-bisacrylamide crosslinker
(MBA, 99%, mw 154.17) [Loba ChemiePvt. Ltd.], Ammonium persulfate initiator (APS, 99%, mw 228.19) [Loba
ChemiePvt. Ltd.], and Sodium Lauryl Sulphate/Sodium Dodecyl Sulphate (Needle shape extra pure, 91%, mw 288.38)
[Loba ChemiePvt. Ltd.], all of these chemicals were purchased from Arun Chemicals, 14-U, A Jawahar Nagar, Delhi.

Sodium hydroxide (mw 40) [Themo Fisher Scientific India Pvt.Ltd.], Methanol (99.8% mw 32.04) [Loba ChemiePvt.
Ltd.], Sonicator (Digital Ultrasonic Cleaner, 80W), and Electronic Balance BL 220H, which has a capacity of 220 g and
readability of 0.001 g (Shimadzu Corporation Japan), were provided by Alakh Prakash Goyal Shimla University H.P.

2.2. Method of Synthesis

To prepare an AgPAm nanogel, 10 ml of distilled water (DW) and 1 g of pectin powder were merged in a 100 ml
beaker, stirred continuously, and then added to 0.15 g of NaOH and mixed. Add 0.015 g of APS, 0.500 g of AAm, and
0.015 g of MBA to another 100-ml beaker with 10 ml of distilled water and stir thoroughly. Mix the solution of both
beakers together, and then add 0.01 g of SDS (surfactant) and 0.021 g of AgNQ3; solution (with 5-ml of distilled water)
and continue stirring with a magnetic stirrer for 15-20 minutes at room temperature to make a homogeneous solution.
After obtaining a homogeneous solution, keep the mixture in an ultrasonic sonicator for proper mixing at a temperature
of 65-70 C for 2-3 hours to proceed with the reaction and carry out the crosslinking.

After the crosslinking reaction, a gel-like substance was obtained through extraction with methanol. The extracted
substance was dried in a hot air oven at 40 C for 72 hours without disturbing. The dried substance was thus obtained in
the form of a film that was named AgPAm (silver-incorporated pectin based acrylamide copolymerized) nanogel, as
shown in Figures 1 (a), (b) and Figure 2.

(@) In the swollen form (b) In the dried form
Figure 1. Represents (a) and (b) of the synthesized AgPAm-based nanogel.
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Figure 2. A schematic representation of nanogel's synthesis method.
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3. ANTIBACTERIAL ACTIVITY

The antibacterial property of the synthesized nanogel was determined by Luria bertani agar disc diffusion, in which a
filtered disc was saturated with the compound and placed on the surface of inoculated agar plates. The nanogel was
diluted in DMSO to a 20 mg/mL solution and sterilized using a 0.22 um Minisart syringe filter.

The antibiotic activity against four standard bacterial species, Pseudomonas aeruginosa (ATCC), Escherichia coli
(ATCC), Staphylococcus aureus (ATCC), and Streptococcus mutans, was studied using the agar disc diffusion process.
The antimicrobial study was examined at two distinct doses. Use a 90-mm Petri dish on each side and a 6-mm diameter
sterile paper disk impregnated with 20 pL of synthetic nanogel solution, placed on the inoculated agar plate, and
incubated at 37 C for 17-19 hours [23]. The antibacterial activity of the nanogel was compared with the known
antibiotic azithromycin (10 pug/disc) as a positive control and DMSO (20 plL/disc) as a negative control [24]. Using a
Vernier scale in mm for measuring the estimated diameter of the zone of inhibition around the discs on the surface of
the plates.

4. ANTIOXIDANT ACTIVITY

DPPH is a free radical with good stability that is frequently used to evaluate the capacity of an antioxidant component
to remove radicals. The assessment of DPPH scavenging activity was conducted using the procedure outlined by Brand-
Williams et al. (1995), with some modifications [25]. A solution of 1,1-diphenyl-2-picrylhydrazyl (DPPH) in methanol
with a concentration of 0.004% was utilized. A 517 nm wavelength antioxidant reduces the concentration of DPPH, and
over time, the absorption diminishes. The underlying principle of this technique is the decrease in DPPH concentration
in a methanol solution, which is caused by the conversion of DPPH into its non-radical form in the presence of a
hydrogen-donating antioxidant [26] .

4.1. Preparation of Stock Solutions for the Sample

Measure out 1 gram of synthesized nanogel material. Then, pour 25 ml of methanol (99% purity) into the mixture.
Finally, tightly cover the sample with aluminium foil. Once the sample is properly covered, place it in a water bath set
to shake at a speed of 100 rpm. Let the sample remain in the water bath for a duration of 2 to 3 hours, maintaining the
temperature at the level of the related room. Apply the sample to centrifugation at a rate of 6000-8000 rpm for a
duration of 15 minutes, followed by filtration of the solution using filter paper. Prepare a series of solutions with
volumes of 1 ml, 2 ml, 3 ml, 4 ml, and 5 ml, make up 10 ml by combining methanol (99%) with the extracted solution
and additional methanol. Extract 1 ml from each solution and combine it with 3 ml of DPPH solution in each measured
sample. Prepare each solution by adding up to 10 ml of 99% methanol. Store the samples in a dark environment for a
period of 30 to 40 minutes.

4.2. Preparation of 1 M of DPPH Solution
To prepare the DPPH solution, mix 5 mg of DPPH with 100 ml of 99% methanol. Make sure to cover the DPPH
solution with aluminium foil and keep it in a cool and dark place [27].

5. CHARACTERIZATION OF SYNTHESIZED NANOGEL

The analysis of the synthesized sample was done by different instruments, described as follows. The elemental
compositions of the sample were analyzed by Energy Dispersive X-Ray (EDX, JSM 6490 LV, JEOL, Japan). The
Fourier Transform Infra-Red (FTIR) spectra were reported between wavenumber ranges of 400-4000 cm™ as a KBr
pellet by a FTIR spectrometer (Nicole 6700, Thermo-Scientific, USA). X-ray diffraction (XRD) measurement was
performed at a rate of 10 C/minute using an X-ray diffractometer (D8 Advance Eco, Bruker, Germany). DSC is a
thermal analytical instrument that measures how the physical properties of a sample change along with temperature
over time using the DSC thermogram [Setaram Instrumentation, Model D649, (temp 700 C to 170 C), Russia].

6. RESULTS AND DISCUSSIONS

6.1. Fourier Transform Infrared Spectroscopy

The FT-IR spectra of AgPAmM were recorded in the wavenumber range of 400-4000 cm™ using an FTIR spectrometer
(Nicole 6700, Thermo-Scientific, USA), as shown in Figure 3. The FT-IR spectrum of the synthesized nanogel
revealed a broad band at 3299.12 cm! that was observed due to the stretching of O—H. The band at 2927.89 cm™ was
observed due to the asymmetric vibration of CH, and C—H [28]. Amide absorption bands were detected at 1657.03 cm™
(amide I, stretching due to C=0) and 1325.83 cm* (amine II, stretching due to C—N). In addition to the characteristic
band of the biopolymer, there are peaks located at 1228.91 cm?, 1142.43 cm™, and 1094.88 cm™, respectively,
corresponding to the stretching of C—O evidence in the presence of the crosslinker [29]. The absorption bands around
960.85 cm™ and 855.27 cm™ represent out-of-plane bending and stretching caused by aromatic rings. Hence, it could
indicate that the carboxyl and hydroxyl groups (methylated and acetylated) of the Ptn participate in the crosslinking
reaction.
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Figure 3. FTIR spectrum of synthesized AgPAmM nanogel.

6.2. Differential Scanning Calorimeter

DSC is a thermal analytical instrument that measures how the physical properties of a sample change along with
temperature over time. The result of the sample was obtained over a temperature range of 25 C to 350 C and a heating
rate of 10 C/min using the DSC thermogram [Setaram Instrumentation, Model D649, (temp 700 C to 170 C), Russial.
The glass transition (Tg) at about 40 °C is shown to have caused a baseline shift in the initial DSC scan of the Ngl
heating, which is followed by an endotherm related to water evaporation. [30].

Two endothermic peaks can be seen in the thermogram at around 52.49 to 110.27 (C) and 203.8 to 547.4 (s) and 130.97
to 162.49 (C) and 671.06 to 859.8 (s), respectively, which indicate an endothermic reaction caused by the “melting” of
the Ngl. [31]. After quench-cooling, a second heating scan was performed, and in such a scan, an exothermic peak was
observed at 243.06 to 267.45 C and 341.0 to 1486.0 (s) due to an exothermic reaction by “crystallization” (see DSC
curve Figure 4). The nanogel shows some drift at the baseline due to thermal degradation. The Tg of Ngl was expected
to be higher than that in the first scan due to the fact that water acts as a plasticizer and has flexibility, but was not
detectable in the second scan. This behaviour corresponds with a polymeric sample and the individual Tg behaviours of
its components. Nanogel polymers may exhibit varying thermal properties depending on the Ptn chain, which can affect
the molecular weight and, as a result, the physicochemical properties of the compound, such as viscosity.

Exo
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Figure 4. DSC analyses of AgPAmM nanogel.

6.3. X-ray Diffraction

The crystal structure and size of the silver-incorporated nanogel were evaluated using an X-ray diffractometer (D 8
Advance Eco, Bruker, Germany), as depicted in Figure 5. The XRD analysis of the synthesized sample indicates
diffraction peaks at 26 = 27.97, 32.34, and 46.38, respectively. The XRD spectrum indicated that the synthesized silver-
incorporated nanogel is crystalline in nature and exists in nanocrystal form when compared to the reference. Peaks can
be attributed to pure silver planes (131), (420), and (462) based on the face-centred cubic structure [32]. The structure
showed more clearly planed peaks, as per the standard JCPDS [33], which can be attributed to the presence of Ptn
molecules and hydrogen bonding by macromolecules that cause more regular chain rearranging in the copolymer. As a
result, the synthesized nanogel's XRD peaks display more prominently. The Debye-Scherrer equation [34] was used to
calculate the average particle size based on the results of the XRD study, taking into account the peaks at degrees.
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D =0.91/ Beosh, (B = x FWH/180)

Where ‘A’ is the wavelength (1.541 A), FWHM (full width at half maximum), ‘0’ is the diffraction angle, and ‘D’ is the
diameter of particle size. The value of ‘d’ is calculated using Bragg’s Law.

nA = 2dsin.

The average diameter of the synthesized nanogel was estimated from the Scherrer equation at 64 nm, as shown in Table
1. This result indicates that the biomaterial has a nano-sized structure.

4.5

4.0

— 32.34346

3.5 1
3.0
2.5

Intensity
—46.38406

- 27.97827

2.0 4
1.5 4
1.0 4

0.5 1

0.0 vl e/ i ey s

; VA" ) M A i % %
20 40 60
2 0 (degree)

Figure 5. XRD analytical graph of AgPAmM Ngl.

Table 1. Calculation of particle size by using XRD of synthesized nanogel.

Peak Position | Theta | FWHM | Crystallite d Spacing
(290) Size
D (nm)
27.9782 13.9891 1.2735 62.3728 3.1873
323434 16.1717 1.2254 64.8205 2.7664
46.3840 23.1920 1.2018 66.0928 1.9565

7. ANTIBACTERIAL ACTIVITY

The antibacterial activity of the synthesized nanogel was examined by Luria bertani agar disc diffusion with two types
of bacteria, gram-negative (Pseudomonas aeruginosa, Escherichia coli) and gram-positive (Staphylococcus aureus,
Streptococcus mutans). The antibacterial properties of the nanogel at two distinct concentrations (10 and 20 pg/disc)
were compared with a known antibiotic, azithromycin, as a positive control. The antibacterial images are displayed in
Figure 6, and the obtained results are reported in Table 2. The antibacterial investigation indicated a more favourable
inhibition zone, particularly in Pseudomonas aeruginosa. There was no influence of the positive control (azithromycin)
on bacterial activity, but synthesized silver-based nanogel produced significantly better results. Because of its resistance
to azithromycin and increased hydrophobicity, it exhibits greater antibacterial action. As can be seen, synthesized
nanogel’s antibacterial activity grows from its redox and dopant properties, which resist bacteria via electrostatic
interaction through the cellular wall of the bacteria [35-38].

Increased hydrophobicity brings out more antibacterial properties. The result can be attributed to the fact that the
presence of silver and pectin, which contain hydroxylic, carboxylic, and esteric groups, facilitates the diffusion of
nanoparticles inside bacterial cell membranes, thereby inhibiting cell growth by damaging its cytoplasm. The
antibacterial

activity reveals that the synthesized Ngl is resistant to azithromycin. The AgPAm molecule improves the penetration of
acrylamide chains into the bacterial cell wall, enhancing the influx of the desired entity into the interior of the cell and
the destruction of cell cytoplasm, leading to better activity for silver-incorporated nanogel than the traditional drugs.
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Figure 6 The images are related to the antibacterial activity of nanogel.

Table 2. The zone of inhibition of antibacterial activity of nanogel.

GRAM-NEGATIVE GRAM-POSITIVE
BACTERIAS 5—/ Pseudomonas | Escherichia | Staphylococcus | Streptococcus
aeruginosa coli aureus murans
Samples Conc. Zone of inhibition Zone of inhibition
10 pg Smm | Omm ~ 7mm ~ 0mm
AgPAm 20 pg 9mm 0 mm 11 mm 11 mm
Azithromycin | 10 pg 0 mm 19 mm 23 mm 21 mm

8. ANTIOXIDANT ACIVITY

8.1. Procedure for Antioxidant Activity

This method was employed to acquire samples of prepared nanogel at concentrations ranging from 50, 100, 150, 200,
and 250 pg/ml in intervals of 5 mg/ml. The nanogel test was diluted in distilled water and subjected to sonication for 10
minutes to prepare the working solutions. The solutions were kept at room temperature for a period of 30 minutes. The
study was carried out using a Synergy H1-Multi plate reader instrument (Biotek) [39-41]. Ascorbic acid was used as the
positive control or standard, whereas methanol was used as the blank. The spectrophotometer measured the absorbance
of the DPPH solution at its peak wavelength of 517 nm. The studies were conducted a total of three times, and the
percentage of scavenging activity was measured using the equation provided by reference [42].

[(Absorbance control—Absorbance sample) / Absorbance control] x 100.

8.2. DPPH Scavenging Assay

Measurement of antioxidant activity using the DPPH test. The antioxidant activity of the AgPAmM nanogel was
evaluated using the DPPH radical scavenging experiment. The samples were generated at a concentration of 5 mg/ml
for a nanogel based on silver. The concentrations of the synthesized nanogel extract were prepared at 50, 100, 150, 200,
and 250 pg/ml, respectively. As a positive control, doses of ascorbic acid ranging from 20 to 140 pg/ml were utilized
[43]. We detected a notable change in the ability of the investigated materials to eliminate DPPH radicals. There was a
direct correlation between the dosage administered and the exhibited scavenging capacity. The scavenging capacity of
the synthesized Ag-based nanogel at a concentration of 50pug/ml was measured to be 15.18 [44]. The highest scavenging
capacity was recorded at 81.34 at a concentration of 250 pg/ml, as depicted in Figure 7, when the concentration was
raised to 250 pg/ml. The DPPH radical scavenging experiment was used to evaluate the antioxidant properties of
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synthesized nanogel. The samples were generated at concentrations of 50, 100, 150, 200, and 250 pg/ml for AgPAm.
Ascorbic acid was used as a positive control, with values ranging from 20 to 140 pg/ml. The work shows that the
synthesized AgPAm has antioxidant capabilities [45]. The investigated samples exhibited a significant alteration in their
capacity to scavenge DPPH radicals. There was a clear relationship between the dosage given and the scavenging
ability demonstrated. The antioxidant activity of a material is based on its ability to provide active hydrogen atoms that
can effectively neutralize free radicals and decrease the levels of DPPH. Therefore, the chemical composition of the
molecule greatly affects its antioxidant activity. Due to its redox characteristics, a certain biopolymer demonstrates
significant inhibition of antioxidant activity. The inclusion of hydroxyl and carboxylic groups in natural plant
compounds, such as pectin, may aid in the removal of free radicals through scavenging.

Antioxidant Activity of AgPAmM
85
70 Pt
55 //
40 //
25 /

50 100 150 200 250
Concentration of Sample (ug/ml)

10

DPPH Scavenging Activity in %

Figure 7. Graph shows the antioxidant activity of synthesized nanogel.

CONCLUSION

In the current research, a copolymerized nanogel composite was synthesized using the chemical polymerization process.
The nanogel was synthesized by covalently bonding pectin in a crosslinking network with acrylamide. The nanogel is
evaluated using spectroscopy, microscopy, and thermal analysis. The characterizations, including FTIR, DSC and XRD,
confirm the crystalline structure, thermal changes, and crosslinking reactions in the formation of functional groups for
nanogel. The synthesized nanogel shows a desirable thermal property for DSC as a conductive composite.

Furthermore, the nanogel studies show plausible potential uses for drug delivery systems, such as antibacterial and
antioxidant properties. The results indicated that the nanogel had a substantial inhibitory effect on bacterial cells. The
Luria bertani agar disc diffusion method was used to assess the copolymer's antibacterial activity against two different
concentrations of gram-negative (Pseudomonas aeruginosa, Escherichia coli) and gram-positive (Staphylococcus
aureus, Streptococcus mutans). The Ngl had a significant effect on Pseudomonas aeruginosa, and a potential inhibitory
zone was detected. The positive control (azithromycin) had little effect, whereas synthetic nanogel produced a
significantly better result. This conclusion demonstrates that the presence of pectin molecules, due to their greater
compatibility with bacterial cellular walls, contributes to macromolecule diffusion and association with bacterial
cellular walls, as well as preventing cellular wall destruction and growth. The incorporation of silver in the nanogel
resulted in a significant enhancement in the antioxidant activity, as indicated by an increased level in the percentage of
free radical scavenging ability. Silver-based nanogel could help in the creation of more potent and efficient
antioxidants. Hence, this environmentally friendly approach is more cost-effective and practical for the large-scale
production of very promising and compatible metal nanogel employing a biological method. It also allows for the
investigation of their prospective applications in drug delivery systems by utilizing the surface capping properties of
medicinally beneficial plant metabolites.
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