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Biosynthesis of silver nanoparticles 
for the fabrication of non cytotoxic 
and antibacterial metallic polymer 
based nanocomposite system
Sadaf Raza1, Asma Ansari1, Nadir Naveed Siddiqui1, Fariha Ibrahim1, 
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Nanomaterials have significantly contributed in the field of nanomedicine as this subject matter has 
combined the usefulness of natural macromolecules with organic and inorganic nanomaterials. In 
this respect, various types of nanocomposites are increasingly being explored in order to discover 
an effective approach in controlling high morbidity and mortality rate that had triggered by the 
evolution and emergence of multidrug resistant microorganisms. Current research is focused 
towards the production of biogenic silver nanoparticles for the fabrication of antimicrobial metallic-
polymer-based non-cytotoxic nanocomposite system. An ecofriendly approach was adapted for the 
production of silver nanoparticles using fungal biomass (Aspergillus fumigatus KIBGE-IB33). The 
biologically synthesized nanoparticles were further layered with a biodegradable macromolecule 
(chitosan) to improve and augment the properties of the developed nanocomposite system. Both 
nanostructures were characterized using different spectrographic analyses including UV–visible and 
scanning electron microscopy, energy dispersive X-ray analysis, dynamic light scattering, and Fourier 
transform infrared spectroscopic technique. The biologically mediated approach adapted in this study 
resulted in the formation of highly dispersed silver nanoparticles that exhibited an average nano size 
and zeta potential value of 05 nm (77.0%) and − 22.1 mV, respectively with a polydispersity index of 
0.4. Correspondingly, fabricated silver–chitosan nanocomposites revealed a size of 941 nm with a 
zeta potential and polydispersity index of + 63.2 mV and 0.57, respectively. The successful capping of 
chitosan on silver nanoparticles prevented the agglomeration of nanomaterial and also facilitated the 
stabilization of the nano system. Both nanoscopic entities exhibited antimicrobial potential against 
some pathogenic bacterial species but did not displayed any antifungal activity. The lowest minimal 
inhibitory concentration of nanocomposite system (1.56 µg ml−1) was noticed against Enterococcus 
faecalis ATCC 29212. Fractional inhibitory concentration index of the developed nanocomposite 
system confirmed its improved synergistic behavior against various bacterial species with no cytotoxic 
effect on NIH/3T3 cell lines. Both nanostructures, developed in the present study, could be utilized in 
the form of nanomedicines or nanocarrier system after some quantifiable trials as both of them are 
nonhazardous and have substantial antibacterial properties.

Nanocomposite is a unique class of multiphase nanostructured entities that should have at least one phase in 
nanoscale dimension. They exhibit unique physiochemical properties that makes them a plausible competitor 
against various synthetic therapeutic agents hence, they could be exploited as a nanocarrier for drug delivery 
system. There are numerous types of nanocomposites that are generally classified on the basis of their unique 
structure and matrix type. Some of the nanocomposites are recognized as polymer-based nanocomposites while, 
others are categorized as non-polymer-based nanocomposites1–3. Among various types of polymer-based nano-
composites, metallic nanocomposites (metal/polymer nanocomposites) have gained massive attention due to 
their enormous range of applications. The polymer-based nanocomposites are generally a combination of either 
organic polymers or a specific biomacromolecule in which an inorganic nanofiller is flawlessly embedded. Some 
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metallic nanocomposites are widely explored not only because they are versatile, environmentally friendly but 
are biodegradable, and biocompatible in nature4,5. These exceptional nanomaterials have unique physicochemi-
cal properties and are renewable in nature6. Particularly, in metallic based nanocomposite systems, a variety of 
metallic nanoparticles have been investigated as nano-filler substances because these nanosized metallic particles 
could get evenly dispersed within a polymer-based matrix. Among them, some of the metallic nanoparticles have 
also previously exhibited distinctive physical, chemical, and biological properties along with the extraordinary 
antimicrobial properties even in very low concentrations. Very frequently, silver, copper and gold nanoparticles 
have earlier been used as potent antimicrobial agents against a broad range of microorganisms7–10. Although, 
metallic nanoparticles can be synthesized using different chemical procedures with either bottom-up or top-down 
approach but in order to counteract any hazardous consequences of conventional procedures, biologically medi-
ated biosynthesis platform could be adapted. In green biosynthesis, generally plant extracts, bacteria, fungi or 
algae are used11. Moreover, whatever the means of synthesis has been adapted, bare metallic nanoparticles some-
times do pose threat to the biotic systems when used alone. Therefore, to diminish any cytotoxic effect of metallic 
nanoparticles and additionally to improve their antimicrobial potential, they are layered with a biocompatible 
organic matrix. This particular strategy has led towards the development of a variety of metallic nanocomposites 
systems. Among naturally occurring biopolymers, chitosan is an exopolysaccharide that belongs to the family 
of aminopolysacchride and have exhibited credible antimicrobial potential along with numerous biomedical 
applications. Owing to the multiple functionalities, both the metallic nanoparticles and the biopolymers have 
successfully gained considerable attention of the investigators in order to use them in the field of biomedicine 
for efficient control of different infections that are caused by multidrug resistant microorganisms (MDROs).

The evolution of commensal bacteria into MDROs is a serious health concern and a major cause of high 
morbidity and mortality rate throughout the world. In this context, the majority of the available conventional 
antibiotics have lost their potential efficacy to treat microbial infections therefore, the exploration of alterna-
tive therapeutics to treat life-threatening diseases, which are mostly acquired through hospital infections, have 
become a global concern. Therefore in recent years, alternative approaches are being pursued in the form of 
nanomaterials as an important factor in order to eradicate issues associated with MDROs16,17. Recently, few 
studies have also highlighted the therapeutic applications and the usefulness of the metallic nanocomposites 
as an alternative approach against multidrug resistance18,19. Keeping the current scenario in view, the present 
study was hypothesized that the fabrication of an antimicrobial non-cytotoxic polymer-based nanocomposite 
system could help in the development of a nanocarrier drug delivery vehicle in order to control emerging cases 
of MDROs. In the emerging field of nanoscience and exclusively in nanobiotechnology, nanocomposites have 
recently gained considerable attention because of their unique multiphasic trait4,20 and also because there have 
been endless revolutionary developments in this particular area. This success was specifically achieved by modi-
fying different types of nanomaterials and colloids.

The current research was designed initially to biosynthesize metallic nanoparticles using a fungal strain and 
use these biologically synthesized silver nanoparticles (AgNPs) for the development of silver–chitosan nano-
composite system (AgCNCs). In this study, an organic polymer known as chitosan was used as a coating matrix. 
Both the biosynthesized AgNPs and the fabricated AgCNCs were completely characterized in detail using dif-
ferent analytical techniques. To ascertain the harmonious effect and the potential application of the fabricated 
nanocomposite system, their antimicrobial potential and cytotoxicity levels were also investigated.

Results and discussion
Functionalized nanomaterials are the key elements that could be used as an alternative therapeutic entities in the 
field of medical sciences. Every year, a large number of populations are exposed to MDROs, which are difficult 
to treat when conventional medicines or treatments are used. Previously, some studies have also elucidated the 
importance of nanotechnology controlling MDROs by conjugating different types of metallic nanoparticles with 
diverse polymers and pharmaceutical agents. Metallic nanoparticles have a huge potential to serve as a nanocar-
rier system during medical treatments for the controlled release of a specific drugs at the site of infection21,22. 
Large surface area and unique characteristic features also makes them a plausible candidate for the advanced 
research studies and equally in the treatment of microbial infections. However, their consistent use could result 
in the development of toxicity within a biological system and therefore, may cause hindrance in the actual treat-
ment of MDROs related infections. Along with this, some of the nanoparticles are equally unstable when they 
are introduce in a metabolic system. Therefore, to minimize the risk of toxicity and to also escalate the stability 
of the metallic nanoparticles within a biological system, they could be coated or layered with a diverse range of 
naturally obtainable biocompatible polymers. The amalgamation of metallic nanoparticles with natural biopoly-
mers has directed the development of metallic/biopolymer-based nanocomposite system. Some biopolymers are 
biodegradable, and their ubiquitous nature makes them a promising candidate for the fabrication of diverse range 
of nanocomposite systems, such as metallic, ceramic, or clay based nano-systems. Metallic biopolymer-based 
nanocomposite systems could be used as an alternative approach to regulate microbial infectious because they 
exhibit additional stability, low cytotoxicity and intensified combinatorial effect against MDROs.

Current study is an attempt to fabricate metallic-polymer-based nanocomposite system (silver nanoparti-
cle–chitosan based nanocomposites or AgCNCs) that would have an antimicrobial potential against different 
pathogenic microorganisms with minimal or no cytotoxic impact. Figure 1 represents the overall schematic 
presentation of the designed study that was undertaken. To accomplish this goal, low molecular weight chitosan 
with a degree of deacetylation ≥ 75.0% was used for the fabrication of AgCNCs. In the initial step, silver nano-
particles were biologically synthesized using an indigenously available fungal strain that have been previously 
reported to synthesize silver nanoparticles23. The biological method for the biosynthesis of metallic nanoparticles 
was preferred because of its nonhazardous and ecofriendly nature over other chemical or physical approaches. 
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In the subsequent step, the biosynthesized silver nanoparticles were amalgamated with low molecular weight 
chitosan using microwave irradiation technique. Both the biosynthesized silver nanoparticles (AgNPs) and the 
fabricated metallic nanocomposite system (AgCNCs) were characterized in detail. Their antimicrobial potential 
and cytotoxicity level on mammalian cell lines were also studied. Crucially in this study, chitosan played a dual 
role, chitosan not only prevented the agglomeration of the nanoparticles and improved the biocompatibility 
but also the coating of the silver nanoparticles with this biopolymer improved the antibacterial potential of the 
silver nanoparticles as well.

Biological synthesis of silver nanoparticles (AgNPs).  Silver nanoparticles could be synthesized 
using different physical or chemical reduction procedures and the majority of these procedures consume a large 
amount of energy and the nanoparticles formed during the chemical synthesis easily gets agglomerated after 
their formation. These large particle size formed, due to the agglomeration, could not be further classified as 
nanoparticles because they fall outside the nano-range. On the other hand, synthesis of silver nanoparticles 
using biological means is commonly considered an ecofriendly approach. Using various fungal species in com-
parison to conventional methods is much more preferable for this purpose and this is because excessive fungal 
biomass could be produced at a laboratory scale level. Customarily, during the chemical synthesis of nanopar-
ticles, several different types of chemical agents such as silver salts (AgNO3), reducing agents (ethylene glycol), 
surfactants and stabilizers (polyvinylpyrrplidone) are exclusively required and usually are difficult to separate 
from the constructed nanomaterials. While in case of a biological entities, the organisms themselves are capable 
of generating such types of stabilizing elements (proteins, carbohydrates, amino acids etc.) in order to stabilize 
and regulate the rate of agglomeration of the metallic nanoparticles formed24. Therefore, in the current study a 
fungal species was selected for the extracellular biosynthesis of silver nanoparticles. Fungal biomass was used to 
produce silver nanoparticles under stress conditions. The preliminary confirmation of the biosynthesized silver 
nanoparticles was conducted using nitrate reduction test. Initially, four different strains of Aspergillus species 
were screened for the synthesis of silver nanoparticles based on the nitrate reduction intensity of each sample. 
Results showed that A. fumigatus KIBGE-IB33 was capable of reducing more silver nitrate as compared to other 
three species as also described earlier23. Silver nitrate (AgNO3) solution turned dark brown in color after 03 days 

Figure 1.   Schematic illustration of the biogenic synthesis and characterization of silver nanoparticles (AgNPs) 
and the fabricated nanocomposite system (AgCNCs).
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of exposure with the fungal filtrate used whereas, the color of the positive and the negative controls remained 
unchanged. Therefore, A. fumigatus KIBGE-IB33 was selected for the synthesis of silver nanoparticles for further 
experimentation. The cell free filtrate of the fungal isolate that was used for the biogenic synthesis of silver nano-
particles, was also analyzed for the presence of other metabolites including carbohydrate and protein contents. 
The results revealed that almost insignificant concentration level of protein (3.0 µg ml−1) was produced in the cell 
free filtrate as compared to the carbohydrate content, which was approximately 74.7 mg ml−1. Generally, many 
different types of biomolecules are involved in the biosynthesis of metallic nanoparticles and among them one 
enzyme, known as NADPH-dependent nitrate reductase, is recognized to play a significant role as a reducing 
agent25. Therefore, it is suggested that A. fumigatus KIBGE-IB33 may also have metabolically synthesized this 
class of enzyme in very low concentrations which may have facilitated the reduction of AgNO3 to elemental 
silver and then to silver nanoparticles. This phenomenon was also confirmed in the current study by observing 
the change in the color of the reaction mixture from colorless to dark brown after 03 days of exposure with the 
fungal filtrate. Thus signaling change in the optical properties of silver nitrate solution used. Along with this, the 
high concentration level of total carbohydrate content produced during this process might similarly have pro-
vided additional stability to the biosynthesized nanoparticles. Hence, it is suggested that the other biomolecules 
formed by the selected fungal strain during this biogenic synthesis, might have also acted as capping agents 
that resulted in clearly dispersed nanoparticles and therefore, no agglomeration was observed. Several different 
fermentation factors, type of fungal strain used for production of fungal biomass and the components of the 
fermentation medium plays a major role in generating sufficient amounts of AgNPs. These factors are known 
to effect the characteristic properties of the silver nanoparticles at nanoscale range25. Some exopolysaccharides, 
produced by fungal strains, have been reported to be responsible for the reduction of AgNO3 to silver ions and 
then to silver nanoparticles. Previously, some other studies have also reported the role of bacterial, fungal and 
plant exopolysaccharides in the reduction and stabilization of nanoparticles26–28.

Fabrication of metallic‑polymer nanocomposite system (AgCNCs).  The pre-synthesized silver 
nanoparticles were used as the starter nanomaterial for the fabrication of polymer-based nanocomposite system 
by using a bioactive polycationic biopolymer under the influence of microwave irradiation. In the current study, 
low molecular weight chitosan, with a degree of deacetylation level of ≥ 75.0%, was used for the formation of 
metallic polymer based nanocomposites because the size of the nanocomposite system would have exceed the 
nanoscale range if a higher molecular weight biopolymer was used. Chitosan is a linear aminopolysacchride 
derived from chitin. This bioactive material has numerous applications in various fields like food packaging 
industry, medicines, tissue engineering and drug delivery system29,30. In the present study, chitosan was conju-
gated with the synthesized biogenic silver nanoparticles using an ex-situ polymerization approach, which is a 
suitable methodology for industrial level (Fig. 2a). In this one-step fabrication approach, an effective microwave 
heating system was used for the development of monodispersed and perfectly amalgamated metallic nanocom-
posites. As compared to conventional heating process, microwave irradiation is frequently used for the forma-
tion of small, uniform and evenly dispersed nanocomposites31. This type of fabrication procedure has become a 
noteworthy approach not just, because it stabilizes the metal element in a nanocomposite system but it effectively 
reduces the rate of agglomeration of nanomaterials. The presence of hydroxyl (OH) and amino (NH2) groups on 
chitosan which acts as functional groups binds covalently with the metallic component of the metal ions to form 
nanocomposites32,33. This outer coating of chitosan gives a characteristic feature to the developed nanocomposite 
system by modifying the surface morphological structure and the overall charge present on the silver nanopar-
ticles without altering its original physicochemical characteristics.

Characterization of biosynthesized silver nanoparticles and fabricated silver–chitosan nano-
composites.  The AgNPs and AgCNCs were characterized using diverse analytical spectroscopic techniques 
to determine the particle size and its size distribution, surface area, shape, and crystallinity index.

For the preliminary confirmation of the synthesized AgNPs and the fabricated AgCNCs, UV–visible spec-
troscopy was used. The maximum absorbance at 420 nm clearly confirmed the presence of silver nanoparticles 
(Fig. 2b) however, in case of nanocomposites two different sharp peaks were recorded at 420 nm and at 240 nm 
which confirmed the successful development of nanocomposite system with the coating of chitosan molecules on 
the silver nanoparticles (Fig. 2c). The absorption peaks at 420 nm and 240 nm are characteristic surface plasmon 
resonance (SPR) for AgNPs and chitosan, respectively23,34,35. While in another study, Biao et al. has reported an 
absorption peak for chitosan at 280 nm36. Surface topological studies of both the entities was completed using 
SEM. The electronic micrographs revealed the uniform, smooth and somewhat spherical shape of the AgNPs 
that were less than 100 nm in size (Fig. 2d). While in case of nanocomposite system, the surface of AgCNCs was 
rough with uneven surface topology (Fig. 2e) and this was after the layering of chitosan on the surface of silver 
nanoparticles that also resulted in the increase in the average particle size of AgCNCs (< 1000 nm). These initial 
results indicated that the surface of the nanoparticles was successfully capped by the polymeric structure of 
chitosan. For the confirmation of fundamental elements present in the synthesized AgNPs and AgCNCs, energy 
dispersive X-ray spectroscopic analysis was performed. The results showed the presence of silver, carbon and 
oxygen in synthesized nanoparticles and nanocomposite system with the energy levels at 0.265 keV, 0.510 keV, 
2.917 keV, (Fig. 3a) and 0.277 keV, 0.525 keV, 2.983 keV, for both nano entities respectively (Fig. 3b). This data 
confirmed the presence of elemental silver in AgNPs and AgCNCs. Table 1 represents the chemical composition 
in terms of mass percentage of diverse elements that are convoluted in the foundation of both the nanostructured 
materials. It was evident from the data that the mass percent of elemental silver was high in AgNPs (51.6%) as 
compared to AgCNCs (2.85%) thus confirming the successful fabrication step. This was because AgNPs were 
pure silver nanoparticles and therefore, exhibited higher mass percent whereas, AgCNCs were a combination 
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Figure 2.   Fabrication and initial characterization of nanomaterials. (a) Schematic illustration of biosynthesis of 
silver nanoparticles (AgNPs) and fabrication of nanocomposite system (AgCNCs). (b,c) UV–visible spectra of 
AgNPs and AgCNCs, respectively. (d,e) surface topological analysis of AgNPs and AgCNCs, respectively using 
scanning electron microscope.

Figure 3.   Elemental analysis of nanomaterials using energy dispersive x-ray technique. (a) silver nanoparticles 
(AgNPs) and (b) nanocomposite system (AgCNCs).
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of two elements where small sum of silver nanoparticles were effectively capped with excessive mass percent of 
chitosan in the form of elemental carbon (56.7%).

After elemental analysis, attenuated total reflection (ATR-FTIR) spectroscopy was used to detect the func-
tional groups present in the stabilized and functionalized nanomaterial and the nanocomposite system. The 
frequencies of the chemical bonds and the group of different atoms that resulted in the vibration are signifying 
some particular chemical bonds for both the nano entities and chitosan alone. Results revealed that the infrared 
spectroscopic analysis of AgNPs indicated an O–H stretching at wavenumber 3357 cm−1 while, N–H bending 
was observed at 1636 cm−1 (Fig. 4a). The other functional groups usually present at 1534 cm−1, represented the 
stretch vibration of C=C for alkenes or C=O stretches for amides37,38. However, the percent transmittance peaks 
of chitosan at 1060 cm−1 and 1646 cm−1 indicated the C=O carbonyl stretching and N–H bending of primary 
amines, respectively. Moreover, peaks at 2870 cm−1 and 2922 cm−1 are allocated to stretching vibrations of the 
C–H of methyl and methylene groups and at 3445 cm−1 showed the stretching vibration for N–H and O–H 
groups of chitosan (Fig. 4b) and these signals are also reported previously36,38–40. Notably, AgNPs exhibited two 
significant peaks at 1636 cm−1 and at 1550 cm−1. Though at 1550 cm−1, the height of the peak was reduced and 
this might be due to the interaction of nitrogen bonding of primary amine groups and amide groups of chitosan 
to the silver nanoparticles (Fig. 4c). These interactions correspondingly reduced the carbonyl stretching (C=O) 
and the deformation vibration of N–H groups.

Initially, SEM was used to observe the surface morphology however, this techniques also provided a rough 
estimation of the particle size for both the nano entities. However, for the accurate determination of the average 
hydrodynamic diameter of the biogenic nanomaterial and the fabricated nanocomposite system, a more sensi-
tive technique of DLS was used. The results of the Brownian motion of the distributed nanoparticles and the 
nanocomposites obtained from DLS spectroscopy showed that the overall average particle size of the AgNPs 
was in the range between 01 and 50 nm in size (Fig. 5a). The most prominent average particle size of the silver 
nanoparticle recorded was 05 nm (77.0%) whereas, 13 nm and 48 nm particle sizes were also recorded in the 
range of 19.0% and 4.0%, respectively with a polydispersity index (PDI) of 0.4. The current data of zeta average 
also suggests that the biogenic silver nanoparticles are polydisperse in nature. This PDI value and very small 
nano size (05 nm) of AgNPs biosynthesized in bulk, emphasize their plausible applications as anti-angiogenic, 
anticancer and as an antiviral agent41–43. The molar concentration of the biosynthesized AgNPs (05 nm) was also 
calculated using the Eqs. (1) and (2) and it was estimated to be approximately 1.825 mM n solution, when 3.5 
mM of AgNO3 was used. On the other hand, about 99.0% of the metallic polymer-based nanocomposites were 
in the average size of 941 nm, which represents the successful coating of the silver nanoparticles with the selected 
biopolymer (Fig. 5b). The PDI value for this nanocomposite system was recorded as 0.573. The particle size of 
AgCNCs might vary depending upon the molecular weight and the degree of deacetylation of the chitosan used 
for the capping of nanomaterials and may also enhance the physicochemical properties of the nanoparticles44,45. 
The overall surface charge of the nanomaterials was also determined by calculating its zeta potential value using 
DLS. The zeta potential of the AgNPs was − 22.1 mV and for AgCNCs was + 63.2 mV (Fig. 5c,d). The negative 
charge of the silver nanoparticles demonstrates their well-dispersed behavior in the medium and reflects strong 
repulsion between the silver nanoparticles thus, confirming their stability in the liquid medium with high surface 
energies. This positive nature of the nanocomposite system was due to presence of the protonized amino group 
(–NH3+) of the chitosan molecule which also further confirmed the successful protective coating of the chitosan 
on the surface of the AgNPs. This capping of biopolymer not only assisted in the reduction of the agglomeration 
of AgNPs but also stabilized the even dispersion of the particles in Ag-chitosan nanocomposite system.

Long‑term efficiency and stabilization of nanocomposite system.  UV–Visible absorption spec-
trum was monitored to study the long-term stability of both silver nanoparticles and the Ag-chitosan nanocom-
posites for different time intervals. The recorded spectral peaks at 240 nm and 420 nm represented the absorp-
tion for silver nanoparticles and chitosan, respectively (Fig. 6). The results displayed no prominent change or 
alteration in the absorption spectra for both the peaks even after 120 days when the nanocomposites were stored 
at 4 °C. Moreover, the stability of the silver nanoparticles was also determined using the same method and they 
exhibited stability up to only 90 days (data not shown) as compared to nanocomposite system developed. Usually 
in chemical approach, thermodynamically unstable nanomaterials may form aggregates due to Oswald ripening 

Table 1.   Quantitative elemental analysis of silver nanoparticles and silver nanocomposites. ND not detected.

Elements

Mass percent (%)

Silver nanoparticles Silver nanocomposites

Carbon 25.8 56.7

Oxygen 13.8 39.5

Chlorine 1.90 0.08

Sillver 51.6 2.85

Cadmium 6.90 0.87

Nickle ND ND

Hydrogen ND ND

Total 100 100
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therefore, additional stabilizing agents are required to stabilize these nanomaterials. However, in case of biologi-
cal synthesis, the biological system itself produces some types of exopolysaccharides or proteins that not only 
reduce the chemical compounds but also simultaneously provides stability to the biosynthesized nanoparticles. 
The most suitable way to stabilize bare silver nanoparticles is to use electrostatic stabilization method. The bioac-
tive and biocompatible molecules such as biopolymers are mostly preferred to stabilize metallic nanoparticles. 
The low molecular weight polycationic linear aminopolysaccharide (chitosan), which was used to develop the 
silver polymer-based nanocomposite system, must have provided additional stability to it and also prevented 
aggregation45. The Ag-chitosan nanocomposites developed in the present study are more stable in nature and 
can be stored in suspension form for up to 120 days without incorporation of any other additional stabilizer. In 
another study, the stability of silver/titanium dioxide chitosan nanocomposites was reported for up to 60 days 
only46.

Antimicrobial potential of nanomaterial and nanocomposite system.  After physicochemi-
cal characterization, antimicrobial potential of silver nanoparticles and fabricated nanocomposite system was 
studied against various multidrug resistant microorganisms (MDROs). Table 2 demonstrated the antimicrobial 
potential of AgNPs and AgCNCs along with the calculated MIC and FIC values of nanocomposite system only 
against some prominent pathogenic indicator strains. Results indicated that AgCNCs exhibited strong antibacte-

Figure 4.   Determination of functional groups using fourier transform infrared spectroscope. (a) spectral 
analysis of silver nanoparticles (AgNPs), (b) spectral analysis of chitosan and (c) spectral analysis of silver 
nanocomposite system (AgCNCs).
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Figure 5.   Average particle size distribution and surface charge values of the developed nanomaterials. (a,b) 
particle size distribution of silver nanoparticles (AgNPs) and silver nanocomposite system (AgCNCs) estimated 
using dynamic light scattering, respectively. (c) and (d) zeta potential values of silver nanoparticles (AgNPs) and 
silver nanocomposite system (AgCNCs) calculated using dynamic light scattering, respectively.

Figure 6.   Long term storage stability of the developed nanocomposite system (AgCNCs).
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rial activity against both gram-negative bacteria and gram-positive bacteria as compared to chitosan and AgNPs 
alone. However, unfortunately all these three entities (AgNPs, chitosan and AgCNCs) did not displayed any 
antifungal action. The bare AgNPs biosynthesized in the present study alone themselves also exhibited notable 
antibacterial effect as a biocidal agent and this might be due to the very small size (05 nm) of the AgNPs and 
their increased surface area. This distinct nanoscale sized silver nanoparticles might have been easily up taken 
by the microbial cells and therefore had a higher dissolution effect on the selected microorganisms. Similarly, 
the nanocomposite system displayed a much profound effect on all the selected microorganisms as compared to 
the bare AgNPs and this is because of the conjugated biopolymer with the AgNPs. Chitosan has active functional 
groups (amino and hydroxyl groups) in its structure which are known for their biocidal activities. The possible 
mechanism here may involve the interference of the poly-cationic nature of the chitosan with the negatively 
charged residues present on the cell surface of the microorganisms47. However, some other factors could have 
also been involved in antibacterial activity and these includes the molar mass or the size, density of the positive 
charge present, hydrophilicity/hydrophobicity and also the ionic strength of the chitosan used for the fabrication 
of nanocomposite system48,49.

For quantitative analysis, minimal inhibitory concentration (MIC) of nanocomposite system was also calcu-
lated. In the current study, the lowest MIC for AgCNCs was noticed against Enterococcus faecalis ATCC 29212 
with an MIC of 1.56 µg ml−1 (Table 2). While, MIC values against Salmonella typhimurium ATCC 3632, Listeria 
monocytogenes ATCC 7644 and Pseudomonas aeruginosa ATCC 27853 was almost 3.125 µg ml−1, 7.8 µg ml−1 
and 12.5 µg ml−1, respectively. Formerly, chitosan fabricated with silver nanoparticles have displayed 2.48 µg 
ml−1 MIC against Escherichia coli36. Similarly, the MIC of 4.96 µg ml−1 of silver nanocomposites was reported 
against Staphylococcus aureus48.

The current data acquired from the MIC was also utilized to calculate the fractional inhibitory concentration 
(FIC) in order to conclude if the biosynthesized silver nanoparticles and the polymer both have any combined 
synergistic effect as a fabricated nanocomposite system or not. Previously, it has been reported in the literature 
that is the FIC index values are ≥ 2.0 then it specifies an antagonistic effect, while the values between 0.5 and 2.0 
designate an additive effect and if the FIC values are ≤ 0.5 than it will indicate a synergistic behavior between the 
two selected entities50–52. Current data revealed that the FICI of silver nanocomposite system (AgCNCs) was less 
than 0.5 against all the four tested indicator strains confirming the synergistic behavior of both the components 
of nanocomposites (Table 2). These results suggested that the fabricated metallic polymer-based nanocomposites 

Table 2.   Antimicrobial potential of biosynthesized silver nanoparticles and silver nanocomposites along with 
inhibitory concentrations of silver nanocomposites. ND: Zone of inhibition not detected. a Microorganism 
was cultivated at 37 °C for 04 h (log-phase) in nutrient broth. b Microorganism was cultivated at 37 °C for 03 h 
(log-phase) in nutrient broth. c Microorganism was cultivated at 37 °C for 02 h (log-phase) in nutrient broth. 
d Microorganism was cultivated at 30 °C for 72 h in potato dextrose broth.

Microorganisms used as indicator strains

Antibacterial activity (zone of inhibition in mm)

Silver nanoparticles Chitosan Silver nanocomposites

Enterococcus faecalis ATCC 29212a 11 ± 0.22 13 ± 0.26 20 ± 0.4

Salmonella typhimurium ATCC 3632b 11 ± 0.22 5 ± 0.1 18 ± 0.36

Pseudomonas aeruginosa ATCC27853b 13 ± 0.26 2 ± 0.04 18 ± 0.36

Listeria monocytogenes ATCC 7644c 12 ± 0.24 5 ± 0.1 15 ± 0.3

Escherichia coli ATCC 8739c 11 ± 0.22 5 ± 0.1 13 ± 0.26

Methicillin resistant Staphylococcus aureus 
KIBGE-IB23b 9 ± 0.18 ND 10 ± 0.2

Bacillus cereus ATCC 11778b 9 ± 0.18 ND 8 ± 0.16

Aspergillus flavus KIBGE-IB34d ND ND ND

Aspergillus terreus KIBGE-IB35d ND ND ND

Aspergillus niger KIBGE-IB36d ND ND ND

Aspergillus fumigatus KIBGE-IB33d ND ND ND

Microorganisms Minimum Inhibitory Concentrations (µg ml−1)

Minimum inhibitory concentration of silver nanocomposites

Enterococcus faecalis ATCC 29212a 1.56 ± 0.03

Salmonella typhimurium ATCC 3632b 3.12 ± 0.06

Listeria monocytogenes ATCC 7644c 7.8 ± 0.15

Pseudomonas aeruginosa ATCC 27853b 12.5 ± 0.25

Microorganisms
Fractional inhibitory concentration index 
(FICI) Combinatorial effect

Fractional inhibitory concentration index of silver nanocomposites

Enterococcus faecalis ATCC 29212a 0.02 Synergistic effect

Salmonella typhimurium ATCC 3632b 0.40 Synergistic effect

Listeria monocytogenes ATCC 7644c 0.03 Synergistic effect

Pseudomonas aeruginosa ATCC27853b 0.06 Synergistic effect
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have a potential to be used as an alternative approach for the treatment of MDROs with enhanced antibacterial 
activity when used in combination. Similarly, antipathogenic activity of different AgNPs using two Pseudomonas 
pathogen strains has also been previously reported53.

In vitro analysis of silver nanoparticles and nanocomposite system.  The cytotoxic effect of the 
biosynthesized and the fabricated nanomaterials was studied. Cell cytotoxicity assay was performed to deter-
mine the cytotoxic effect of the biosynthesized AgNPs and AgCNCs on NIH/3T3 mouse fibroblast cells. In this 
assay, mammalian cell lines were treated with various concentrations of nanoparticles and nanocomposites. The 
results revealed that more than 90.0% of NIH/3T3 mouse fibroblast cells could survived even in the presence of 
high concentrations of both the compounds thus confirming the nontoxic nature of the AgNPs and AgCNCs 
(Fig. 7a,b). These murine cell lines were able to survive all the tested concentrations. Moreover, these nontoxic 
concentrations are much higher than the minimal inhibitory concentrations required for the tested compounds 
to exterminate the pathogenic multidrug resistant organisms. Therefore, it can be concluded that AgNPs and 
AgCNCs could be utilized in future in the form of nanomedicine after some quantifiable trials, as they are non-
toxic and antibacterial in nature even in low doses.

Conclusions
In the current study, green synthesis approach was used for the formation of silver nanoparticles which were 
further used for the fabrication of silver–chitosan based nanocomposite system. To best of our knowledge, this 
study first time reports the biosynthesis of very small size of the silver nanoparticles (05 nm) thus exhibiting the 
novelty of the approach adapted. The biosynthetic methodology designed in this study resulted in the formation 
of nanoparticles that not only exhibited the antibacterial potential alone but also expressed improved antibacterial 
spectrum in synergism with a biopolymer. This study resulted in the production of some stabilizing exopolysac-
charides that not only provided long-term stability to the silver nanoparticles but also successfully prevented 
their agglomeration. Further successful coating of these nanoparticles with chitosan resulted in their extended 
stability in suspension form and suggests that the particle charge on the developed nanocomposite system could 

Figure 7.   Cell cytotoxicity analysis on the viability of NIH/3T3 cells using MTS assay. (a) schematic 
presentation of cell viability. (b) effect of different concentrations of the developed silver nanoparticles (AgNPs) 
and the silver nanocomposite system (AgCNCs).
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be used for interaction with different type of chemical compounds. The antibacterial potential and the synergistic 
behavior of both the nano entities against some multidrug resistant microorganisms with almost no cytotoxic 
effect, seamlessly accentuates their potential application in the field of medicine as a nanocarrier system.

Methods
Materials and chemicals.  Extra pure silver nitrate, 99.0% (Cat No. PL00490100, Scharlau, Spain), acetic 
acid puriss, 99.8% (Cat No. 27225, Sigma-Aldrich) and chitosan from shrimp shells ≥ 75.0% degree of deacetyla-
tion (Cat No. C3646-1009, Sigma-Aldrich) were used throughout this research work. Medium components were 
from Oxoid, UK. Dulbecco′s Modified Eagle′s Medium (DMEM, Cat No. 11965-092, Gibco, Life Technologies), 
Fetal Bovine Serum (FBS, Cat No. 10500-064, Gibco, Life Technologies), Penicillin/Streptomycin (Pen : Strep, 
10,000 Units ml−1:10,000 µg ml−1, Cat No. 15140-122, Gibco, Life Technologies) and Cell Titer 96 Aqueous One 
Solution Cell Proliferation Assay (Cat No: G3580, Promega , USA) were also used in the study. All the chemicals 
were of analytical grade. Double deionized water was used for the preparation of regents otherwise specified.

Screening of nitrate reducing microorganisms.  Four indigenously isolated Aspergillus species were 
screened for their ability to reduce nitrate salt54. All the strains were cultivated in potato dextrose broth (PDB) 
that consist of (gl−1): potato starch, 0.3 and dextrose, 20.0 (pH: 5.6 ± 0.2). All the cultures were incubated at 30 °C 
for 72.0 h and were processed for the screening of nitrate reduction. After 72.0 h fungal biomass was harvested 
using Whatman filter paper No. 1 and the cell free supernatant (100 µl) was mixed with silver nitrate (1.0 mM) 
and the reaction was carried out in dark at 30 °C for up to 3.0 days. The change in color from white to brown was 
visualized for the reduction of silver nitrate to silver.

Production of fungal biomass for the biosynthesis of silver nanoparticles.  For the biosynthesis 
of silver nanoparticles, previously described method with slight modifications was used23. Fungal strain that 
displayed maximum reduction of silver nitrate was selected for further studies. For the production of fungal 
biomass, Aspergillus fumigatus KIBGE-IB33 was sub-cultured in PDB (1000 ml) at 30 °C for 05 days. Fungal bio-
mass was separated using Whatman filter paper No. 1 and inoculated in sterilized double deionized water (2500 
ml). This suspension was kept at 30 °C for 03 days under static condition. After three days, fungal biomass was 
separated by ultracentrifugation (40,000×g) at 4 °C for 15 min under sterilized condition. This cell free extract 
was further used for the biosynthesis of silver nanoparticles. For this purpose, silver nitrate (3.5 mM) was incor-
porated in the cell free filtrate and was again kept in dark with orbital shaking (100 rpm) at 25 °C for 03 days. 
After 3 days, the suspension containing biosynthesized silver nanoparticles was subjected to characterization of 
the developed silver nanoparticles and for the subsequent fabrication of silver nanocomposites.

Molar concentration of the biosynthesized silver nanoparticles was calculated by a method described earlier55. 
For this purpose, first the concentration of the silver nanoparticles was calculated by the following formula:

where N is the number of atoms per nanoparticles; the value of π is 3.14; the value of ρ is the density of face 
centered cubic (fcc) silver (10.5 g cm−3); D is the average diameter of nanoparticles (~ 05 nm = 5 × 10−7 cm); M is 
atomic mass of silver (107.868 g); NA is the Avogadro’s number [atoms per mole (6.023 × 1023)].

While, for the calculation of molar concentration of the biosynthesized silver nanoparticles in solution56, the 
following formula was used:

where C is the molar concentration of nanoparticles in solution; NT is the total number of silver atoms added 
as AgNO3 = 1.0 M; N is the number of atoms per nanoparticle (calculated from Eq. 1); V is the volume of the 
reaction solution in liter; NA is the Avogadro’s number (6.023 × 1023).

Determination of total protein and carbohydrate content of cell free extract.  The cell free 
extract containing biosynthesized silver nanoparticles was examined for total protein and carbohydrate con-
tents. Lowry’s Assay was performed to determine the total protein concentration of the extract and Anthrone’s 
method was used for the determination of carbohydrate content57,58.

Fabrication of silver–chitosan nanocomposites.  Biosynthesized silver nanoparticles were used to 
fabricate silver nanocomposites and the biopolymer used for this purpose was low molecular weight chitosan 
(≥ 75% degree of deacetylation). The method used for the fabrication of metallic-polymer based nanocomposite 
was adapted from a previously described protocol with some modifications59. Chitosan (15.0 gl−1) was solubi-
lized in glacial acetic acid (1.0%). The suspension containing silver nanoparticles was mixed with this chitosan 
solution (1:2 v/v). The reaction mixture was exposed to microwave heating at 650 W for 90 s with 30-s intervals 
and was cooled at room temperature. This suspension containing fabricated nanocomposite system was stored 
at 4 °C for further characterization.

Confirmation of silver nanoparticles and nanocomposite system.  Initially for the detection and 
confirmation of the biosynthesized silver nanoparticles and the fabricated silver–chitosan nanocomposites, UV–

(1)N =
πρD3

6M
NA

(2)C =
NT

NVNA
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Visible spectrophotometry was used. Absorption spectra for both the samples were measured using a spectro-
photometer (UVS-2700, Labomed Inc., USA). The spectral range used for the detection of both samples was in 
the range between 200 and 700 nm.

Surface topology of silver nanoparticles and nanocomposite system by scanning electron 
microscopy.  The surface morphology and shape of the silver nanoparticles and the fabricated silver nano-
composites were observed through scanning electron microscope (SEM) (JSM 6389 A Jeol, Japan). The dried 
samples were deposited on the SEM stub which was coated with gold (Au) and was focused up to 300 Å in an 
auto coater (JFC-1500 Jeol, Japan). The scans were observed until a better resolution of the samples was achieved.

Elemental analysis of silver nanoparticles and nanocomposite system by energy dispersive 
x‑ray spectroscopy.  The biosynthesized silver nanoparticles and the fabricated silver nanocomposites were 
subjected to energy dispersive X-ray (EDX) spectroscopy for the detection of the fundamental elements.

Functional groups analysis of silver nanoparticles and nanocomposite system by Fourier 
transform infrared spectroscopy.  Fourier Transform Infrared (FTIR) spectrum analysis of both biosyn-
thesized silver nanoparticles and the fabricated silver nanocomposites were determined through FTIR (Thermo 
Fisher, USA/Nicolet iS5) in the scanning range from 400 to 4000 cm−1 using an ATR mode of operation.

Determination of zeta potential value and size distribution of silver nanoparticles and nano-
composite system by dynamic light scattering spectroscopy.  Zeta potential and particle size dis-
tribution of the biosynthesized silver nanoparticles and the fabricated silver nanocomposites were estimated 
using dynamic light scattering (DLS) spectroscopic analysis. All the measurements were conducted at 25 °C 
using a DLS system (LM10. Malvern Zetasizer, United Kingdom). The Brownian motion was studied and the 
distributed particle size in a given sample was calculated using Stokes–Einstein relationship60.

Storage stability of the fabricated nanocomposite system.  Long-term storage stability of the fabri-
cated silver nanocomposites was analyzed by UV–visible spectrophotometer within the wavelength range from 
200 to 500 nm. The fabricated silver nanocomposites were stored at 4 °C and their spectrum was determined for 
different time intervals up to 03 months.

Minimal inhibitory and fractional inhibitory concentrations of silver nanoparticles and nano-
composite system.  Agar well diffusion technique was carried out to determine the antimicrobial potential 
of the biosynthesized silver nanoparticles and the fabricated silver nanocomposites against various pathogenic 
bacterial and fungal strains. All the indicator bacterial species were incubated at 37 °C in nutrient broth and the 
log phase (108 CFU ml−1) of each culture were streaked on nutrient agar plates. While all the fungal strains were 
cultivated at 30 °C on potato dextrose broth (PDB). Two-fold serial dilutions were prepared in normal saline and 
the fungal biomass was mixed in molten potato dextrose agar before pouring the suspension in the petri plates. 
The samples were added in already prepared 05 mm wells in agar medium and the petri plates were incubated 
under standard conditions according to the type of bacterial culture used. The data for minimum inhibitory 
concentration (MIC) was estimated using micro dilution methods as described earlier by Clinical and Labora-
tory Standards Institute61. Dilutions (1:1) of metal nanoparticles and the biopolymer alone were used as controls. 
Minimal inhibitory concentration (MIC) was recorded by measuring the zone of inhibition in millimeters. All 
the experiments were performed in triplicates and results were the mean of the three independent values. Frac-
tional inhibitory concentration (FIC) was also calculated for the determination of synergistic behavior of silver 
nanoparticles and chitosan. For this purpose, previously calculated minimal inhibitory concentrations of the 
silver nanoparticles and chitosan biopolymer were used in the given equation as described earlier50,62 and frac-
tional inhibitory concentrations were interpreted using the following FIC index equation:

Cell viability assay.  The cytotoxicity effect of biosynthesized silver nanoparticles and the fabricated silver 
nanocomposites was determined on NIH/3T3 mouse fibroblast cell lines (ATCC CRL-1658TM) maintained 
in DMEM with 10.0% heat inactivated FBS along with 1.0% of streptomycin-penicillin. After achieving 80.0% 
confluency level, 5 × 103 cells were seeded in each well of the 96 well plate and incubated at 37 °C for 24 h under 
5.0% carbon dioxide. After 24 h of incubation, cells were treated with different concentrations of synthesized 
nanoparticles and nanocomposites and incubated for further 24 h. Afterwards MTS reagent was added and after 
02 h of incubation, the absorbance was recorded at 490 nm. Positive control (Triton X-100) and negative control 
(DMEM) were also prepared. The viability of cells was measured in terms of percentage using the following 
equation:

(3)FIC Index = [MIC A(Combined)/MIC A(Alone)]+ [MIC B(Combined)/MIC B(Alone)]

(4)Cell viability(%) =
O.D. of test

O.D. of control
× 100
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Statistical analysis.  All the experiments were performed three times in triplicates and the data is presented 
as the mean value of all with a ± 2.0 value for standard deviation (SD). The P value (< 0.05) was considered as 
statistically significant after determining the differences between the data sets using Student’s t-test.

Data availability
All data and results are available upon request.
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References
	 1.	 Thangavel, G., Tan, M. W. M. & Lee, P. S. Advances in self-healing supramolecular soft materials and nanocomposites. Nano 

Converg. 6, 1–18. https://​doi.​org/​10.​1186/​s40580-​019-​0199-9 (2019).
	 2.	 Zang, Z. et al. Tunable photoluminescence of water-soluble AgInZnS–graphene oxide (GO) nanocomposites and their application 

in-vivo bioimaging. Sens. Actuators B Chem. 252, 1179–1186. https://​doi.​org/​10.​1016/j.​snb.​2017.​07.​144 (2017).
	 3.	 Paul, D. R. & Robeson, L. M. Polymer nanotechnology: nanocomposites. Polymer 49, 3187–3204. https://​doi.​org/​10.​1016/j.​polym​

er.​2008.​04.​017 (2008).
	 4.	 Al-Jumaili, A. et al. Eco-friendly nanocomposites derived from geranium oil and zinc oxide in one step approach. Sci. Rep. 9, 1–16. 

https://​doi.​org/​10.​1038/​s41598-​019-​42211-z (2019).
	 5.	 Wang, L. S. et al. Synthesis and anti-fungal effect of silver nanoparticles-chitosan composite particles. Int. J. Nanomed. 10, 2685–

2696. https://​doi.​org/​10.​2147/​IJN.​S77410 (2015).
	 6.	 Pinto, R. J. et al. Antifungal activity of transparent nanocomposite thin films of pullulan and silver against Aspergillus niger. Col-

loids Surf. B Biointerfaces 103, 143–148. https://​doi.​org/​10.​1016/j.​colsu​rfb.​2012.​09.​045 (2013).
	 7.	 Pan, J. et al. In situ generation of silver nanoparticles and nanocomposite films based on electrodeposition of carboxylated chitosan. 

Carbohydr. Polym. 242, 116391. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​116391 (2020).
	 8.	 Kim, J. H., Park, H. W. & Seo, S. W. In situ synthesis of silver nanoparticles on the surface of PDMS with high antibacterial activity 

and biosafety toward an implantable medical device. Nano Converg. 4, 1–9. https://​doi.​org/​10.​1186/​s40580-​017-​0126-x (2017).
	 9.	 Lai, H. Z., Chen, W. Y., Wu, C. Y. & Chen, Y. C. Potent antibacterial nanoparticles for pathogenic bacteria. ACS Appl. Mater. 

Interfaces 7, 2046–2054. https://​doi.​org/​10.​1021/​am507​919m (2015).
	10.	 Hajipour, M. J. et al. Antibacterial properties of nanoparticles. Trends Biotechnol. 30, 499–511. https://​doi.​org/​10.​1016/j.​tibte​ch.​

2012.​06.​004 (2012).
	11.	 Vigneshwaran, N. et al. Biological synthesis of silver nanoparticles using the fungus Aspergillus flavus. Mater. Lett. 61, 1413–1418. 

https://​doi.​org/​10.​1016/j.​matlet.​2006.​07.​042 (2007).
	12.	 Khameneh, B., Diab, R., Ghazvini, K. & Bazzaz, B. S. F. Breakthroughs in bacterial resistance mechanisms and the potential ways 

to combat them. Microb. Pathog. 95, 32–42. https://​doi.​org/​10.​1016/j.​micpa​th.​2016.​02.​009 (2016).
	13.	 Teillant, A., Gandra, S., Barter, D., Morgan, D. J. & Laxminarayan, R. Potential burden of antibiotic resistance on surgery and 

cancer chemotherapy antibiotic prophylaxis in the USA: a literature review and modelling study. Lancet Infect. Dis. 15, 1429–1437. 
https://​doi.​org/​10.​1016/​S1473-​3099(15)​00270-4 (2015).

	14.	 Ventola, C. L. The antibiotic resistance crisis: part 1: causes and threats. Pharm. Ther. 40, 277–283 (2015).
	15.	 Riley, M. A. et al. Resistance is futile: the bacteriocin model for addressing the antibiotic resistance challenge. Biochem. Soc. Trans. 

40, 1438–1442. https://​doi.​org/​10.​1042/​BST20​120179 (2012).
	16.	 O’Connell, K. M. et al. Combating multidrug-resistant bacteria: current strategies for the discovery of novel antibacterials. Angew. 

Chem. 52, 1–28. https://​doi.​org/​10.​1002/​anie.​20120​9979 (2013).
	17.	 Alanis, A. J. Resistance to antibiotics: Are we in the post-antibiotic era?. Arch. Med. Res. 36, 697–705. https://​doi.​org/​10.​1016/j.​

arcmed.​2005.​06.​009 (2005).
	18.	 Bakshi, P. R. & Londhe, V. Y. Widespread applications of host–guest interactive cyclodextrin functionalized polymer nanocom-

posites: its meta-analysis and review. Carbohydr. Polym. 242, 116430. https://​doi.​org/​10.​1016/j.​carbp​ol.​2020.​116430 (2020).
	19.	 Armentano, I. et al. Multifunctional nanostructured biopolymeric materials for therapeutic applications in Nanostructures for novel 

therapy (eds Ficai, D. & Grumezescu, A. M.) 107–135. https://​doi.​org/​10.​1016/​B978-0-​323-​46142-9.​00005-0(Elsevier, 2017).
	20.	 Liu, J., Ma, Q., Huang, Z., Liu, G. & Zhang, H. Recent progress in graphene-based noble-metal nanocomposites for electrocatalytic 

applications. Adv. Mater. 31, 1–20. https://​doi.​org/​10.​1002/​adma.​20180​0696 (2019).
	21.	 Suk, J. S., Xu, Q., Kim, N., Hanes, J. & Ensign, L. M. PEGylation as a strategy for improving nanoparticle-based drug and gene 

delivery. Adv. Drug Deliv. Rev. 99, 28–51. https://​doi.​org/​10.​1016/j.​addr.​2015.​09.​012 (2016).
	22.	 Allen, T. M. & Cullis, P. R. Liposomal drug delivery systems: from concept to clinical applications. Adv. Drug Deliv. Rev. 65, 36–48. 

https://​doi.​org/​10.​1016/j.​addr.​2012.​09.​037 (2013).
	23.	 Ansari, A. et al. Characterization and interplay of bacteriocin and exopolysaccharide-mediated silver nanoparticles as an antibacte-

rial agent. Int. J. Biol. Macromol. 115, 643–650. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2018.​04.​104 (2018).
	24.	 Durán, N., Marcato, P. D., Alves, O. L., De Souza, G. I. H. & Esposito, E. Mechanistic aspects of biosynthesis of silver nanoparticles 

by several Fusarium oxysporum strains. J. Nanobiotechnol. 3, 1–7. https://​doi.​org/​10.​1186/​1477-​3155-3-8 (2005).
	25.	 Hietzschold, S., Walter, A., Davis, C., Taylor, A. A. & Sepunaru, L. Does nitrate reductase play a role in silver nanoparticle synthesis? 

Evidence for NADPH as the sole reducing agent. ACS Sustain. Chem. Eng. 7, 8070–8076. https://​doi.​org/​10.​1021/​acssu​schem​eng.​
9b005​06 (2019).

	26.	 Saravanan, C. et al. Synthesis of silver nanoparticles using bacterial exopolysaccharide and its application for degradation of azo-
dyes. Biotechnol. Rep. 15, 33–40. https://​doi.​org/​10.​1016/j.​btre.​2017.​02.​006 (2017).

	27.	 Gahlawat, G. et al. Microbial glycolipoprotein-capped silver nanoparticles as emerging antibacterial agents against cholera. Microb. 
Cell Fact. 15, 1–14. https://​doi.​org/​10.​1186/​s12934-​016-​0422-x (2016).

	28.	 Kemp, M. M., Kumar, A., Mousa, S., Park, T. J. & Ajayan, P. Synthesis of gold and silver nanoparticles stabilized with glycosami-
noglycans having distinctive biological activities. Biomacromol 10, 589–595. https://​doi.​org/​10.​1021/​bm801​266t (2009).

	29.	 Chien, R. C., Yen, M. T. & Mau, J. L. Antimicrobial and antitumor activities of chitosan from shiitake stipes compared to com-
mercial chitosan from crab shells. Carbohydr. Polym. 138, 259–264. https://​doi.​org/​10.​1016/j.​carbp​ol.​2015.​11.​061 (2016).

	30.	 Ngo, D. H., Vo, T. S., Ngo, D. N., Kang, K. H. & Je, J. Y. Biological effects of chitosan and its derivatives. Food Hydrocoll. 51, 200–216. 
https://​doi.​org/​10.​1016/j.​foodh​yd.​2015.​05.​023 (2015).

	31.	 Zhang, C., Liao, L. & Gong, S. S. Recent developments in microwave-assisted polymerization with a focus on ring-opening polym-
erization. Green Chem. 9, 303–314. https://​doi.​org/​10.​1039/​B6088​91K (2007).

	32.	 Morsi, R. E., Alsabagh, A. M., Nasr, S. A. & Zaki, M. M. Multifunctional nanocomposites of chitosan, silver nanoparticles, copper 
nanoparticles and carbon nanotubes for water treatment: antimicrobial characteristics. Int. J. Biol. Macromol. 97, 264–269. https://​
doi.​org/​10.​1016/j.​ijbio​mac.​2017.​01.​032 (2017).

https://doi.org/10.1186/s40580-019-0199-9
https://doi.org/10.1016/j.snb.2017.07.144
https://doi.org/10.1016/j.polymer.2008.04.017
https://doi.org/10.1016/j.polymer.2008.04.017
https://doi.org/10.1038/s41598-019-42211-z
https://doi.org/10.2147/IJN.S77410
https://doi.org/10.1016/j.colsurfb.2012.09.045
https://doi.org/10.1016/j.carbpol.2020.116391
https://doi.org/10.1186/s40580-017-0126-x
https://doi.org/10.1021/am507919m
https://doi.org/10.1016/j.tibtech.2012.06.004
https://doi.org/10.1016/j.tibtech.2012.06.004
https://doi.org/10.1016/j.matlet.2006.07.042
https://doi.org/10.1016/j.micpath.2016.02.009
https://doi.org/10.1016/S1473-3099(15)00270-4
https://doi.org/10.1042/BST20120179
https://doi.org/10.1002/anie.201209979
https://doi.org/10.1016/j.arcmed.2005.06.009
https://doi.org/10.1016/j.arcmed.2005.06.009
https://doi.org/10.1016/j.carbpol.2020.116430
https://doi.org/10.1016/B978-0-323-46142-9.00005-0
https://doi.org/10.1002/adma.201800696
https://doi.org/10.1016/j.addr.2015.09.012
https://doi.org/10.1016/j.addr.2012.09.037
https://doi.org/10.1016/j.ijbiomac.2018.04.104
https://doi.org/10.1186/1477-3155-3-8
https://doi.org/10.1021/acssuschemeng.9b00506
https://doi.org/10.1021/acssuschemeng.9b00506
https://doi.org/10.1016/j.btre.2017.02.006
https://doi.org/10.1186/s12934-016-0422-x
https://doi.org/10.1021/bm801266t
https://doi.org/10.1016/j.carbpol.2015.11.061
https://doi.org/10.1016/j.foodhyd.2015.05.023
https://doi.org/10.1039/B608891K
https://doi.org/10.1016/j.ijbiomac.2017.01.032
https://doi.org/10.1016/j.ijbiomac.2017.01.032


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:10500  | https://doi.org/10.1038/s41598-021-90016-w

www.nature.com/scientificreports/

	33.	 El-Sherbiny, I. M., Salih, E. & Reicha, F. M. Green synthesis of densely dispersed and stable silver nanoparticles using myrrh extract 
and evaluation of their antibacterial activity. J. Nanostruct. Chem. 3, 1–7. https://​doi.​org/​10.​1186/​2193-​8865-3-8 (2013).

	34.	 Youssef, A. M., Abdel-Aziz, M. S. & El-Sayed, S. M. Chitosan nanocomposite films based on Ag-NP and Au-NP biosynthesis by 
Bacillus subtilis as packaging materials. Int. J. Biol. Macromol. 69, 185–191. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2014.​05.​047 (2014).

	35.	 Perera, S., Bhushan, B., Bandara, R., Rajapakse, G. & Rajapakse, S. Morphological, antimicrobial, durability, and physical properties 
of untreated and treated textiles using silver-nanoparticles. Colloids Surf. A Physicochem. Eng. Asp. 436, 975–989. https://​doi.​org/​
10.​1016/j.​colsu​rfa.​2013.​08.​038 (2013).

	36.	 Biao, L., Tan, S., Wang, Y., Guo, X. & Fu, Y. Synthesis, characterization and antibacterial study on the chitosan-functionalized Ag 
nanoparticles. Mater. Sci. Eng. C 76, 73–80. https://​doi.​org/​10.​1016/j.​msec.​2017.​02.​154 (2017).

	37.	 Ananda, A. P., Manukumar, H. M., Krishnamurthy, N. B., Nagendra, B. S. & Savitha, K. R. Assessment of antibacterial efficacy of 
a biocompatible nanoparticle PC@ AgNPs against Staphylococcus aureus. Microb. Pathog. 126, 27–39. https://​doi.​org/​10.​1016/j.​
micpa​th.​2018.​10.​029 (2019).

	38.	 Govindan, S., Nivethaa, E. A. K., Saravanan, R., Narayanan, V. & Stephen, A. Synthesis and characterization of chitosan-silver 
nanocomposite. Appl. Nanosci. 2, 299–303. https://​doi.​org/​10.​1007/​s13204-​012-​0109-5 (2012).

	39.	 Laghrib, F., Ajermoun, N., Bakasse, M., Lahrich, S. & El Mhammedi, M. A. Synthesis of silver nanoparticles assisted by chitosan 
and its application to catalyze the reduction of 4-nitroaniline. Int. J. Biol. Macromol. 135, 752–759. https://​doi.​org/​10.​1016/j.​ijbio​
mac.​2019.​05.​209 (2019).

	40.	 An, J., Luo, Q., Yuan, X., Wang, D. & Li, X. Preparation, and characterization of silver–chitosan nanocomposite particles with 
antimicrobial activity. J. Appl. Polym. Sci. 120, 3180–3189. https://​doi.​org/​10.​1002/​app.​33532 (2011).

	41.	 Sriram, M. I., Kanth, S. B., Kalishwaralal, K. & Gurunathan, S. Antitumor activity of silver nanoparticles in Dalton’s lymphoma 
ascites tumor model. Int. J. Nanomed. 5, 753–762. https://​doi.​org/​10.​2147/​IJN.​S11727 (2010).

	42.	 Gurunathan, S., Lee, K. J., Kalishwaralal, K., Sheikpranbabu, S. & Vaidyanathan, R. Antiangiogenic properties of silver nanopar-
ticles. Biomaterials 30, 6341–6350. https://​doi.​org/​10.​1016/j.​bioma​teria​ls.​2009.​08.​008 (2009).

	43.	 Rogers, J. V., Parkinson, C. V., Choi, Y. W., Speshock, J. L. & Hussain, S. M. A preliminary assessment of silver nanoparticle inhibi-
tion of monkeypox virus plaque formation. Nanoscale Res. Lett. 3, 129–133. https://​doi.​org/​10.​1007/​s11671-​008-​9128-2 (2008).

	44.	 Honary, S., Ghajar, K., Khazaeli, P. & Shalchian, P. Preparation, characterization and antibacterial properties of silver–chitosan 
nanocomposites using different molecular weight grades of chitosan. Trop. J. Pharm. Res. 10, 69–74. https://​doi.​org/​10.​4314/​tjpr.​
v10i1.​66543 (2011).

	45.	 Potara, M. et al. Synergistic antibacterial activity of chitosan-silver nanocomposites on Staphylococcus aureus. Nanotechnology 22, 
135101. https://​doi.​org/​10.​1088/​0957-​4484/​22/​13/​135101 (2011).

	46.	 Lin, B., Luo, Y., Teng, Z., Zhang, B. & Zhou, B. Potent antibacterial nanoparticles for pathogenic bacteria. LWT Food Sci. Technol. 
63, 2046–2054. https://​doi.​org/​10.​1021/​am507​919m (2015).

	47.	 Liu, X., Jiang, Q. & Xia, W. One-step procedure for enhancing the antibacterial and antioxidant properties of a polysaccharide 
polymer: Kojic acid grafted onto chitosan. Int. J. Biol. Macromol. 113, 1125–1133. https://​doi.​org/​10.​1016/j.​ijbio​mac.​2018.​03.​007 
(2018).

	48.	 Paredes, D., Ortiz, C. & Torres, R. Synthesis, characterization, and evaluation of antibacterial effect of Ag nanoparticles against 
Escherichia coli O157: H7 and methicillin-resistant Staphylococcus aureus (MRSA). Int. J. Nanomed. 9, 1717–1729. https://​doi.​org/​
10.​2147/​IJN.​S57156 (2014).

	49.	 Kong, M., Chen, X. G., Xing, K. & Park, H. J. Antimicrobial properties of chitosan and mode of action: a state-of-the-art review. 
Int. J. Food Microbiol. 144, 51–63. https://​doi.​org/​10.​1016/j.​ijfoo​dmicro.​2010.​09.​012 (2010).

	50.	 Ruden, S., Hilpert, K., Berditsch, M., Wadhwani, P. & Ulrich, A. S. Synergistic interaction between silver nanoparticles and 
membrane-permeabilizing antimicrobial peptides. Antimicrob. Agents Chemother. 53, 3538–3540. https://​doi.​org/​10.​1128/​AAC.​
01106-​08 (2009).

	51.	 Lee, B. & Lee, D. G. Synergistic antibacterial activity of gold nanoparticles caused by apoptosis-like death. J. Appl. Microbiol. 127, 
701–712. https://​doi.​org/​10.​1111/​jam.​14357 (2019).

	52.	 Habiba, K. et al. Synergistic antibacterial activity of PEGylated silver–graphene quantum dots nanocomposites. Appl. Mater. Today 
1, 80–87. https://​doi.​org/​10.​1016/j.​apmt.​2015.​10.​001 (2015).

	53.	 Marpu, S., Kolailat, S. S., Korir, D., Kamras, B. L. & Chaturvedi, R. Photochemical formation of chitosan-stabilized near-infrared-
absorbing silver nanoworms: a “green” synthetic strategy and activity on Gram-negative pathogenic bacteria. J. Colloid Interface 
Sci. 507, 437–452. https://​doi.​org/​10.​1016/j.​jcis.​2017.​08.​009 (2017).

	54.	 Pervez, S., Siddiqui, N. N., Ansari, A., Aman, A. & Qader, S. A. U. Phenotypic and molecular characterization of Aspergillus species 
for the production of starch-saccharifying amyloglucosidase. Ann. Microbiol. 65, 2287–2291. https://​doi.​org/​10.​1007/​s13213-​015-​
1070-9 (2015).

	55.	 Liu, X., Atwater, M., Wang, J. & Huo, Q. Extinction coefficient of gold nanoparticles with different sizes and different capping 
ligands. Colloids Surf. B Biointerfaces 58, 3–7. https://​doi.​org/​10.​1016/j.​colsu​rfb.​2006.​08.​005 (2007).

	56.	 Kalishwaralal, K., BarathManiKanth, S., Pandian, S. R. K., Deepak, V. & Gurunathan, S. Silver nanoparticles impede the biofilm 
formation by Pseudomonas aeruginosa and Staphylococcus epidermidis. Colloids Surf. B Biointerfaces 79, 340–344. https://​doi.​org/​
10.​1016/j.​colsu​rfb.​2010.​04.​014 (2010).

	57.	 Lowry, O. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. Protein measurement with the Folin phenol reagent. Int. J. Biol. Chem. 
193, 265–275 (1951).

	58.	 Hassid, W. Z. & Abraham, S. Chemical procedures for analysis of polysaccharides. Methods Enzymol. 3, 34–37. https://​doi.​org/​10.​
1016/​S0076-​6879(57)​03345-5 (1957).

	59.	 Valodkar, M., Jadeja, R. N., Thounaojam, M. C., Devkar, R. V. & Thakore, S. Biocompatible synthesis of peptide capped copper 
nanoparticles and their biological effect on tumor cells. Mater. Chem. Phys. 128, 83–89. https://​doi.​org/​10.​1016/j.​match​emphys.​
2011.​02.​039 (2011).

	60.	 Power, A. C., Byrne, S., Goethals, S., Betts, A. J. & Cassidy, J. F. The bench synthesis of silver nanostructures of variable size and 
an introductory analysis of their optical properties. Aust. J. Ed. Chem. 73, 1–6 (2014).

	61.	 Wikler, M.A. Methods for dilution antimicrobial susceptibility tests for bacteria that grow aerobically: approved standard (2006) 
11th Edition Wayne, PA Clinical and Laboratory Standards Institue (NCCLS), 26 M7-A7.

	62.	 Choi, H. & Lee, D. G. Synergistic effect of antimicrobial peptide arenicin-1 in combination with antibiotics against pathogenic 
bacteria. Res. Microbiol. 163, 479–486. https://​doi.​org/​10.​1016/j.​resmic.​2012.​06.​001 (2012).

Acknowledgements
The authors acknowledge the indigenous support, laboratory facilities and funding by The Karachi Institute 
of Biotechnology and Genetic Engineering (KIBGE), University of Karachi, Pakistan. The authors gratefully 
acknowledge International Center for Chemical and Biological Sciences (ICCBS), University of Karachi, Karachi, 
Pakistan for providing the cell lines for cytotoxicity analysis.

https://doi.org/10.1186/2193-8865-3-8
https://doi.org/10.1016/j.ijbiomac.2014.05.047
https://doi.org/10.1016/j.colsurfa.2013.08.038
https://doi.org/10.1016/j.colsurfa.2013.08.038
https://doi.org/10.1016/j.msec.2017.02.154
https://doi.org/10.1016/j.micpath.2018.10.029
https://doi.org/10.1016/j.micpath.2018.10.029
https://doi.org/10.1007/s13204-012-0109-5
https://doi.org/10.1016/j.ijbiomac.2019.05.209
https://doi.org/10.1016/j.ijbiomac.2019.05.209
https://doi.org/10.1002/app.33532
https://doi.org/10.2147/IJN.S11727
https://doi.org/10.1016/j.biomaterials.2009.08.008
https://doi.org/10.1007/s11671-008-9128-2
https://doi.org/10.4314/tjpr.v10i1.66543
https://doi.org/10.4314/tjpr.v10i1.66543
https://doi.org/10.1088/0957-4484/22/13/135101
https://doi.org/10.1021/am507919m
https://doi.org/10.1016/j.ijbiomac.2018.03.007
https://doi.org/10.2147/IJN.S57156
https://doi.org/10.2147/IJN.S57156
https://doi.org/10.1016/j.ijfoodmicro.2010.09.012
https://doi.org/10.1128/AAC.01106-08
https://doi.org/10.1128/AAC.01106-08
https://doi.org/10.1111/jam.14357
https://doi.org/10.1016/j.apmt.2015.10.001
https://doi.org/10.1016/j.jcis.2017.08.009
https://doi.org/10.1007/s13213-015-1070-9
https://doi.org/10.1007/s13213-015-1070-9
https://doi.org/10.1016/j.colsurfb.2006.08.005
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.1016/j.colsurfb.2010.04.014
https://doi.org/10.1016/S0076-6879(57)03345-5
https://doi.org/10.1016/S0076-6879(57)03345-5
https://doi.org/10.1016/j.matchemphys.2011.02.039
https://doi.org/10.1016/j.matchemphys.2011.02.039
https://doi.org/10.1016/j.resmic.2012.06.001


15

Vol.:(0123456789)

Scientific Reports |        (2021) 11:10500  | https://doi.org/10.1038/s41598-021-90016-w

www.nature.com/scientificreports/

Author contributions
S.R. performed experimental work and wrote the initial draft of the manuscript text. A.A. performed cytotoxic 
analysis, assisted in fabrication of nanomaterials and antimicrobial activities. N.N.S. assisted in analytical work. 
F.I. assisted in antimicrobial activities. M.I.A. supported in characterization of nanomaterials. and A.A. super-
vised the overall research work, carried out the conceptual framework of the project and finalized the interpreta-
tion of the data. All authors have reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Biosynthesis of silver nanoparticles for the fabrication of non cytotoxic and antibacterial metallic polymer based nanocomposite system
	Results and discussion
	Biological synthesis of silver nanoparticles (AgNPs). 
	Fabrication of metallic-polymer nanocomposite system (AgCNCs). 
	Characterization of biosynthesized silver nanoparticles and fabricated silver–chitosan nanocomposites. 
	Long-term efficiency and stabilization of nanocomposite system. 
	Antimicrobial potential of nanomaterial and nanocomposite system. 
	In vitro analysis of silver nanoparticles and nanocomposite system. 

	Conclusions
	Methods
	Materials and chemicals. 
	Screening of nitrate reducing microorganisms. 
	Production of fungal biomass for the biosynthesis of silver nanoparticles. 
	Determination of total protein and carbohydrate content of cell free extract. 
	Fabrication of silver–chitosan nanocomposites. 
	Confirmation of silver nanoparticles and nanocomposite system. 
	Surface topology of silver nanoparticles and nanocomposite system by scanning electron microscopy. 
	Elemental analysis of silver nanoparticles and nanocomposite system by energy dispersive x-ray spectroscopy. 
	Functional groups analysis of silver nanoparticles and nanocomposite system by Fourier transform infrared spectroscopy. 
	Determination of zeta potential value and size distribution of silver nanoparticles and nanocomposite system by dynamic light scattering spectroscopy. 
	Storage stability of the fabricated nanocomposite system. 
	Minimal inhibitory and fractional inhibitory concentrations of silver nanoparticles and nanocomposite system. 
	Cell viability assay. 
	Statistical analysis. 

	References
	Acknowledgements


