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Abstract
Introduction  This study explores the biogenic synthesis of silver nanoparticles (AgNPs) using keratinase from 
Pseudomonas aeruginosa-C1M as a reducing and stabilizing agent. The synthesis of AgNPs was characterized by a 
color change from transparent to dark brown and a UV-Vis absorption peak at 450 nm, confirming nanoparticle 
formation. The study further investigates the structural, morphological, and functional properties of these AgNPs, 
particularly their antibacterial activity and their potential role in azo dye decontamination.

Methods and results  The FTIR confirmed that AgNPs nanoparticles formation with keratinase. X-ray diffraction 
analysis showed that the prepared AgNPs were crystalline in nature and had face-centered cubic lattice planes. 
When observed under the transmission electron microscope and scanning electron microscope the nanoparticles 
were monodispersed spheres of different sizes. The diameter of the AgNPs was ~ 119 nm according to dynamic 
light scattering. High dispersion, long-term stability and excellent colloidal properties were supported by a high 
negative zeta potential value. The silver nanoparticles were found to have an antibacterial activity with zone of 
inhibition 25 mm and 33 mm against pathogenic strains of Staphylococcus aureus and Escherichia coli respectively. The 
synthesized zero-valent silver nanoparticles assisted in the decontamination of azo dyes (methyl red, methyl orange, 
safranin O and methyl violet) through the incorporation of sodium borohydride and light-catalyzed processes.

Conclusion  This study demonstrates, for the first time, that keratinase from Pseudomonas aeruginosa-C1M can be 
used for AgNPs synthesis. The biogenic AgNPs exhibited potent antibacterial activity and played a crucial role in 
detoxifying hazardous azo dyes. These findings highlight the dual-functional potential of AgNPs for applications in 
antimicrobial treatments and environmental remediation. Future studies should explore their mechanism of action, 
scalability, and industrial applications.
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Introduction
With the convergence of nanotechnology and biology, 
a new field known as nano-biotechnology has emerged, 
combining molecular motors, nano-bio materials, nano-
crystals, and biochips with inter-disciplinary biotechnol-
ogy and nanotechnology techniques. The primary goal 

of synthesizing and stabilizing various metallic and non-
metallic nanoparticles is to give them unique properties 
to be employed in various fields. The key constraints for 
the novel properties of nanoparticles include their shape 
and size [1]. Noble metal nanoparticles are more appeal-
ing and have beneficial uses in different industries like 
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cancer therapy, electro-catalyst, photo-catalysts batter-
ies, etc [2]. Due to increased surface area in nanoparticles 
that improve the characteristics of noble metals, enor-
mous applications are possible [3].

Among them are also included silver nanoparticles. 
They are 100  nm consist of 20 − 15,000 silver atoms per 
particle, which hold distinguished chemical, physical, 
and biological attributes, contrasting their primary mate-
rials. Better physicochemical properties and thermal 
and electrical conductivity increased AgNP’s potential 
among other noble metals. AgNP’s exclusive behavior 
exhibited in biological activity makes them a promising 
candidate for antiviral, anti-inflammatory, antibacterial, 
and anti-cancer activities [4]. Lately, synthesized silver 
nanoparticles have been used as an alternate replacing 
conventional antibiotic agent [5].

Furthermore, AgNPs can captivate visible light, and 
they can also regulate the electron density [6]. Hence, 
they could be used as an appropriate medium for detect-
ing surface-enhanced Raman scattering (SERS) and could 
analyze sensitive molecules [7].

In addition, ease of design and reproducibility for the 
methods used in silver nanoparticle synthesis can be 
used in several domains of life where novel properties 
are required. Many techniques, including heating, laser, 
and radiolysis, can synthesize AgNPs. The problem is 
that these methods are hazardous and expensive due to 
the involvement of harmful reducing agents and toxic 
solvents. Therefore, biogenic synthesis has been a viable 
option for the last few years to fulfill the green approach 
and proved to be sustainable [8]. Plants and their 
extracts, bacteria, fungi, and their secondary metabolites 
all have been employed in the past to produce AgNPs 
successfully.

The biosynthesis method using bacteria and their 
metabolites, especially extracellular enzymes, is a com-
passionate alternative to reduce the consequences of the 
consumption of chemicals involved in traditional meth-
ods. Furthermore, biogenic methods based on bacterial 
enzymes have huge potential and are more efficient and 
valuable than other biological substitutes because of sim-
plicity of use, easy culturing, low cost and maintenance 
[9]. In this scenario, approaches to apply a single chemi-
cal to stabilize and act as reducing agent for controlling 
the growth process and meritoriously alter the size of the 
NPs are highly demanded. Due to this reason now, meth-
odology has shifted towards developing a sustainable 
process for the biosynthesis of metallic NPs according to 
desired applications.

In an eco-friendly manner, silver nanoparticles can 
be used to decontaminate organic and inorganic dyes. 
Generally, it is common to utilize organic dyes in sectors 
ranging from plastic to paper to pharmaceuticals. Envi-
ronment and aquatic bodies might be at risk from them. 

Organic dyes like methyl orange and Congo red are fre-
quently utilized in industries [10]. Before the expulsion 
of industrial waste, complete removal of dyes is essen-
tial since dyes are remarkably stable in water due to their 
complex structure. Green techniques for eliminating dyes 
from the environment might be possible in the presence 
of sunlight and catalyst [11].

In addition, transition metal’s nanoparticles, such as sil-
ver, are responsible for the photo-degrading the organic 
dyes. Metals have desirable photo-electronic character-
istics and ions on their surface and massive surface-to-
mass ratios can cause their nanoparticle photocatalytic 
activities to be significantly higher. Silver nanoparticles 
have shown significant photocatalytic activity under UV–
visible irradiation [12]. Photocatalysis is possible with sil-
ver nanoparticles because the absorption of visible light 
results in energizing conduction of electrons, as a result 
they are excited from their ground state to higher levels 
of energy, allowing them to participate in chemical pro-
cesses. The dispersion of silver nanoparticles on sup-
porting materials results in reduction of agglomeration 
[13]. In contrast to the metal oxide nanoparticles such 
as TiO2, silver nanoparticles can have a modest number 
of charges, especially the one formed by the reducing 
the metal ions. Charging nanoparticles with functional 
groups like amino (–NH2) groups can produce coordi-
nation connections between them and their supporting 
materials, minimizing particle detachment.

Understanding the efficiency of noble silver nanopar-
ticles and the outcome of hazardous dyes to the eco-
system, the current study is based on green technology 
for synthesizing silver nanoparticles to investigate their 
antimicrobial and dye degradation activity. The sus-
tainable approach is adopted using native keratinase 
of Pseudomonas aeruginosa-C1M, and the in-situ bio-
reduction processes of silver ions into silver nanopar-
ticles are effectively achieved without externally adding 
any capping agent. Native keratinase of Pseudomonas 
aeruginosa-C1M, used for the proposed work, possesses 
keratinolytic activity and is involved in the degradation of 
hard-to-degrade proteinaceous substrates into peptides 
and amino acids. Leather bioprocessing, pharmaceuti-
cals, dehairing of hides, nitrogen fertilizer manufacture, 
and feed formulation all employ keratinases to some 
extent [14]. However, keratinases’ potential to generate 
metallic nanoparticles has only been used in a few pieces 
of research [15].

In this study, we report the synthesis of well-defined 
silver nanoparticles produced by keratinase of Pseudo-
monas aeruginosa-C1M and characterization of silver 
nanoparticles carried out through several techniques, 
like UV-Vis spectroscopy, XRD, SEM, TEM, FT-IR, and 
DLS, emphasize the novelty of keratinase Pseudomo-
nas aeruginosa-C1M for the formation of stable AgNPs. 
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Further, antimicrobial and dye degradation properties of 
silver nanoparticles were also explored.

This study offers a novel method, by using Pseudomo-
nas aeruginosa-C1M keratinase for the first time in the 
biogenic synthesis of silver nanoparticles (AgNPs). In 
addition to their strong antibacterial activities, these ker-
atinase-capped AgNPs are effective at degrading variety 
of hazardous azo dyes into less dangerous forms. This 
dual purpose demonstrates the potential of AgNPs pro-
duced from keratinase in biomedical and environmental 
applications.

Materials and methods
Biosynthesis of silver nanoparticles
In this study, keratinolytic strain Pseudomonas aerugi-
nosa-C1M was used [16]. Keratinase production was 
done using a Feather Basal medium (FBM) under sub-
merged fermentation. For the prospective keratinase 
production, the flask was seeded with Pseudomonas 
aeruginosa-C1M and kept at 37℃ for 48  h. at shaking 
conditions of (200  rpm). After 15  min of centrifugation 
at 3,000  g and 4˚C, the culture supernatant was stored 
at -20°C for later use as crude keratinase. Moreover, to 
confirm that keratinase was involved for AgNPs synthe-
sis, because protein hydrolysate found in the supernatant 
of keratinase consists of peptides and amino acids [17] 
resulting from keratin breakdown, which may also have 
a role in AgNPs formation [18], partially purified kerati-
nase (60% ammonium sulfate precipitation 25U/mg) was 
also employed for the biogenic synthesis of keratinase.

Silver nitrate solution and crude keratinase served as 
precursors for the synthesis of AgNPs. 50  ml of a solu-
tion of 2 mM AgNO3 solution was combined with 5 ml 
of crude keratinase (14U/mg followed by continuous 
stirring for 24 h. at room temperature. A 2mM AgNO3 
solution devoid of crude keratinase was utilized as a 
negative control. The change of color in reaction mixture 
was observed and AgNPs were purified after centrifuga-
tion at10, 000 rpm for 15 min at temperature 4°C. Sub-
sequently, the pellet was suspended in sterilized double 
distilled water. The following approaches were used to 
characterize eco-friendly silver nanoparticles.

Characterization of silver nanoparticles
UV-visible spectrophotometry
A common method for determining the creation and 
properties of nanoparticles is UV-visible spectroscopy. A 
UV-visible spectrophotometer was used to track the gen-
eration of Ag-NPs. Using a UV-visible spectrophotom-
eter with an accuracy of 1  nm between the wavelength 
ranges of 300–800  nm [19], the absorbance was calcu-
lated, and the peak was analyzed to determine the wave-
lengths at which nanoparticles were synthesized (Varian 
Cary 100 Bio UV-Visible Spectrophotometer).

Scanning Electron Microscopy (SEM)
Using a scanning electron microscope (SEM) (ZEISS 
EVO LS10) with a working voltage of 25  kV, silver 
nanoparticles (AgNPs) were morphologically examined. 
On a carbon tape-coated stub, a few drops of biosyn-
thesized AgNPs were applied. Additionally, the stub was 
sputter coated with gold to provide crisp pictures [20].

Transmission Electron Microscopy (TEM)
A drop of nanoparticle was placed on a copper grid with 
a mesh size of 200 and a 3.05  mm hexagonal form for 
transmission electron microscopy (Agar Scientific, Essex, 
UK) [21]. The coating was accomplished using samples 
suspended in chloroform. After 305  min of imaging, 
the surplus liquid was swept away, and the grids were 
air dried. The micrographs were taken with a JEM-1400 
(JEOL, USA) at a voltage of 100 kV.

Dynamic light scattering (DLS) and zeta potential
DLS (dynamic light scattering) and zeta potential analy-
sis on a zeta sizer were used to assess biosynthesized 
silver nanoparticles’ size distribution, surface charge, 
and hydrodynamic diameter at ambient temperature 
(Malvern Instruments, ZS nano, UK) [22]. For analysis, 
freeze-dried materials were distributed in water. The set 
up was operated at 15 V/cm of electric field to examine 
the data by using Zeta Sizer.

Fourier transform infrared (FTIR) analysis
Functional groups on the surface of nanoparticles in 
the range 4000–400 cm-1 were identified using Fourier-
transform infrared (FTIR) spectroscopy (Jasco, FTIR 
6300, Japan) [23] at a resolution of 4 cm-1. The samples 
were prepared by using the freeze-drying technique.

X-ray diffraction (XRD)
Silver nanoparticles were examined using X-ray diffrac-
tion (XRD) to identify their crystalline structure. The 
XRD pattern was recorded using an EMPYREAN X-ray 
diffract meter running [24] at 45 kV and 40 mA current 
strength with Cu-K/radiation (= 1.5406). The diffracted 
intensities were measured at a scan rate of 0.5°/min from 
5° to 90° 2 angles.

Applications for silver nanoparticles
Anti-bacterial activity assay
By using the traditional well diffusion approach, the anti-
bacterial activity of the AgNPs against the pathogenic 
strains Escherichia coli ATCC 25,922 and Staphylococcus 
aureus ATCC 25,923 were assessed. Culture broths were 
placed onto Müller-Hinton agar plates, after test strains 
in nutrient broth had been incubated for 24  h. at 37°C 
and 200 rpm. Wells were drilled in the agar with a steril-
ized 5 mm cork borer, and 100 µl of AgNP solution was 
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decanted into each well. Additionally, antibacterial activ-
ity was determined using DMSO, crude keratinase, and 
sterilized distilled water as controls. The widths of the 
clear inhibitory zones were measured after 24 h. of incu-
bation at 37°C to assess the antibacterial activity.

Dyes degradation by silver nanoparticles
Sodium borohydride catalyzed degradation of 
dye  1 ml of a 100 mM sodium borohydride solution was 
added to 1  ml of 0.15mM methyl red (MR) and methyl 
orange (MO) solutions. After diluting the solutions to 
10 ml with deionized water, the reaction mixture was rap-
idly agitated for 5 min. Solutions were then supplemented 
with 2 ml of silver nanoparticle followed by agitation for 
5  min. Dye degradation was evidenced by the solution 
becoming de-colorized. Non-catalyzed reaction was used 
as a reference. The deteriorating process was observed 
using a UV-visible absorption spectrophotometer.

Photocatalytic degradation of dyes by silver nanopar-
ticles  In the presence of silver nanoparticles, methyl 
violet (MV) and safranin O (SO) dyes were selected for 
photocatalytic degradation. In a flask, 10  mL of dyes 
(0.15 mM) methyl violet and Safranin O were added sepa-
rately. After adding 1 mg of AgNPs and thoroughly mixing 
with a magnetic stirrer, the reaction mixture was exposed 
to sunlight for 3 h. The kinetics of photocatalytic degra-
dation of methyl violet and safranin O was investigated 
by observing the change in emission spectra of UV-visible 
absorption spectrophotometer.

Results and discussion
Biosynthesis of silver nanoparticles
As silver ions reduced to silver nanoparticles after 24 h., 
the appearance of dark brown nanoparticles demon-
strated the synthesis of silver nanoparticles (Fig.  1). 
Crude keratinase was incubated with silver nitrate 
(AgNO3) solution and after 2  h. color creation started, 
which indicated the visual confirmation of synthesis of 
silver nanoparticles. This is because microbial keratinase 
was responsible for capturing the metal ion (silver ion) 
and acting as a reductant to create silver nanoparticles 
[25]. Bio-reduction of silver ions was responsible for 
enhanced color intensity of biosynthesized nanoparticles. 
The control solution remained clear, while the produc-
tion of dark brown to blackish particles confirmed the 
creation of silver nanoparticles (Fig. 2).

Microbial keratinase offers a biological and environ-
mentally friendly substitute for chemical synthesis of 
AgNPs. Those who are biosynthesized have industrial, 
biomedical, and antibacterial uses. Producing nanopar-
ticles with the right size and characteristics can be opti-
mized by knowing the enzymatic mechanism. Further 
optimization research needs to be done. Numerous 
research has demonstrated that silver nanoparticles may 
be formed from bacteria and their metabolites. However, 
just a few publications exist on the production of AgNPs 
using keratinase. Lateef and colleagues said that they 
synthesized silver nanoparticles using Bacillus safensis 
keratinase [26]. Similarly, another study revealed that 
keratinase was accountable for the brown hue of silver 
nanoparticles [27]. Similarly, the reducing agent Steno-
trophomonas maltophilia R13 keratinase was employed 
to synthesize AgNPs in an environmentally suitable 

Fig. 1  Illustration of silver nanoparticle biosynthesis: (A) shows the control containing a silver nitrate solution, while (B) depicts the synthesized silver 
nanoparticles
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manner [15]. Characterization revealed more details on 
the structure and properties of the silver nanoparticles. 
A range of silver nitrate concentrations (0.5 mM, 1 mM, 
2 mM, 5 mM, 10 mM) was tested. 2 mM AgNO₃ was 
selected because it provided the best balance between 
nucleation, growth, and stability based on experimental 
optimization. Insufficient and excess silver ions may lead 
to improper nanoparticle yield. While 2mM AgNO₃ pro-
duces uniform, stable, and well-dispersed nanoparticles.

Characterization of silver nanoparticles
UV-visible spectroscopy
UV-visible spectrophotometers were used to induce 
localized surface plasmon resonance in metal, which 
results in the formation of an electric field and caused 
excitation of electrons. (Fig.  3) Resonance at a certain 
wavelength might result in beam scattering within that 
wavelength range. When Ag+ ion is reduced from AgNP 
complex to Ag0 ion by Pseudomonas aeruginosa-C1M 

Fig. 3  UV-Vis absorption spectra of crude keratinase-mediated silver nanoparticles (AgNPs). The spectra exhibit a characteristic surface plasmon reso-
nance (SPR) peak in the range of 400–450 nm, confirming the synthesis of AgNPs. The shift in peak intensity and position suggests variations in nanopar-
ticle size, distribution, and stability. The red line indicates control (silver nitrate solution) while blue indicates peak of silver nanoparticles at 460 nm

 

Fig. 2  Schematic representation of the synthesis mechanism of crude keratinase-mediated silver nanoparticles (AgNPs) using AgNO₃ as a precursor. 
The enzymatic reduction of Ag⁺ ions by crude keratinase leads to the formation of AgNPs. Key steps include the interaction of Ag⁺ with crude keratinase, 
nucleation, and stabilization of AgNPs. Spectroscopic and morphological analyses confirm the successful synthesis and stability of AgNPs
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keratinase resulted in surface plasmon resonance. At 
450–470  nm, a robust, single, and wide resonance peak 
was seen, demonstrating the biogenic production of 
AgNPs [28]. Furthermore, it was shown that AgNPs have 
a spherical shape because they only have one surface 
plasmon resonance peak [29], while anisotropic particles 
have several peaks. The new discovery is supported by 
earlier research on the creation of silver nanoparticles 
from fungus, which indicated a peak in the UV-Visible 
spectrum at 442  nm [30]. Meanwhile, Parkash and col-
leagues reported that a surface plasmon resonance peak 
at 420  nm was recorded, followed by a steady rise to 
445  nm during a 48-hour period [31]. The UV-Visible 
spectrum of keratinase-mediated silver nanoparticles 
(AgNPs) may lack a sharp peak due to several reasons. 
Significant variation in size and shape, that is polydis-
persity, leads to the broadening of surface plasmon reso-
nance (SPR) which in turn is responsible for non-sharp or 
diffuse peaks. Aggregation of AgNPs is also a factor for 
broad UV-Visible spectrum.

Another possible reason may be the keratinase, or 
other biomolecules present in the reaction mixture may 
adsorb onto the nanoparticle surface, altering the elec-
tronic environment and leading to a broader or less-
defined peak. The dispersion medium and any residual 
reactants can affect the UV-Vis spectrum, causing peak 
broadening or even shifting.

Scanning Electron Microscopy (SEM)
Biogenic silver nanoparticles (AgNPs) were examined 
using SEM to assess their size and surface form. Silver 
nanoparticles were determined to be round, smooth, 
and ranging in size from 15  nm to 100  nm using SEM 
micrographs (Fig.  4). The AgNPs’ predominant spheri-
cal shape is confirmed by the SEM micrographs, which 
is in line with other research on biologically produced sil-
ver nanoparticles. A non-uniform nucleation and growth 

process, which can be impacted by variables like temper-
ature, precursor concentration, and the type of biomol-
ecules used in the synthesis, is suggested by the wide size 
distribution (15 nm to 100 nm).

This range includes the reported average size in com-
parable studies (33.75  nm and 35  nm), which supports 
the idea that the biological source and synthesis circum-
stances can affect the results of AgNP production.

Although images were collected at various magnifica-
tions, aggregation was also observed. One common arti-
fact from sample preparation is the aggregation seen in 
SEM pictures. Nanoparticles may cluster because of cap-
illary forces drawing them together when the stub dries. 
However, several scientists have already discovered that 
AgNPs vary in size [32]. Recently, in a study on the syn-
thesis of AgNPs using the marine macroalgae Padina 
sp., the average particle size determined by the standard 
error of the mean was 33.75 nm [31]. Meanwhile, another 
research discovered AgNPs to be 35 nm in diameter and 
spherical in form [33]. AgNPs’ antimicrobial activity, cat-
alytic, and optical properties are strongly influenced by 
their size and shape.

The surface area-to-volume ratios of smaller nanopar-
ticles (less than 50 nm) are often higher, which increases 
their reactivity and possible biological activity.

Transmission Electron Microscopy (TEM)
Transmission electron micrographs of silver nanopar-
ticles are presented in the image below (Fig.  5). AgNPs 
were discovered to be between 15 and 35  nm in aver-
age size and spherical in form. Kanan et al. estimated 
the size to be between 30 and 44  nm [34]. In contrast 
to this research, variations in synthesis conditions have 
an impact on nanoparticle size. These AgNPs’ biologi-
cal and catalytic properties, especially their antibacterial 
activity, are enhanced by their small size. Compared to 
other biogenic techniques, enzyme-mediated synthesis 

Fig. 4  Scanning Electron Microscopy (SEM) images of the sample at different magnifications. (A) Image at 10,000x magnification showing overall surface 
morphology with a scale bar of 1 μm. (B) Image at 15,000x magnification providing a closer view of the microstructure with a scale bar of 1 μm. (C) Image 
at 50,000x magnification revealing fine surface details and nanoparticle distribution with a scale bar of 0.2 μm
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yields nanoparticles that are more homogeneous and 
evenly distributed. TEM offers a more precise picture 
of nanoparticle dispersion than SEM, demonstrating 
that keratinase efficiently stabilizes AgNPs to reduce 
aggregation.

Dynamic light scattering (DLS) and zeta potential
A fundamental aspect of nanoparticles is their size, which 
has a significant effect on their dissolution rate, physical 

stability, saturation solubility, and their active perfor-
mance. With a range of 20–400 nm, the average particle 
size was found to be 119.8  nm. AgNPs were found to 
have a polydispersity index (PDI) of 0.210, showing good 
dispersion of the nanoparticles. Additionally, charge was 
assessed using zeta potential, whose negative value indi-
cates the presence of negatively charged capping agents 
that inhibit agglomeration. It is, nonetheless, implicated 
in the stability of colloidal systems (Figs. 6 and 7).

Fig. 7  Silver nanoparticles prepared with keratinase exhibit a negative zeta potential distribution, which suggests the existence of negatively charged 
capping agents that support nanoparticle stability by inhibiting aggregation

 

Fig. 6  Size distribution by intensity of silver nanoparticles synthesized using keratinase, showing a primary peak around 100 nm, indicating the domi-
nant nanoparticle population, with a minor peak suggesting possible aggregation or secondary particle formation

 

Fig. 5  Transmission electron micrographs of biogenically synthesized silver nanoparticles at various magnification (60X, 100X and 150X), (A) Low-mag-
nification TEM image showing the overall morphology and dispersion of nanoparticles. (B) Higher magnification image displaying the internal structure 
and boundaries of the nanoparticles. (C) Further high-resolution TEM image revealing the atomic arrangement within the material
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Moreover, divergence in findings of TEM and DLS 
is owing to fluctuation in sample circumstances. For 
dynamic light scattering (DLS) water based hydrody-
namic system was employed whereas for TEM dry sam-
ples were use [35, 36]. In the literature, it has been noted 
that the size of silver nanoparticles varies with the reduc-
ing agent. According to recent research, the average size 
of AgNPs encapsulated in fungal chitosan was 75–80 nm; 
whereas AgNPs generated from Trichoderma viride had 
an average size assessed by zeta sizer of 242 nm but were 
well dispersed [37, 38].

Fourier transform infrared (FTIR) analysis
The bio-molecular mechanism responsible for the stabil-
ity of biosynthesized nanoparticles were identified using 
FTIR measurements. The FTIR spectrum showed several 
distinct peaks. The NH2-amino-acidic group has a peak 
at 3268 cm− 1, which could be seen. At 2853–2963 cm-1, 
side chain vibrations of symmetric and anti-symmetric 
C–H stretching modes of aliphatic and aromatic groups 
were found. At a wavelength of 2500 cm− 1, the S-H bond 
was found to be present. While the peak at 1625  cm− 1 
reflected the C = O I bond, the peak at 1447 cm− 1 dem-
onstrated the carboxylic acid bending of the OH group. 
Similarly, the 1381  cm− 1 peak revealed the aliphatic 
bending group of CHS and CH2. A peak at 1060  cm− 1 
indicated the presence of S = O. 623  cm− 1, on the other 

hand, was previously assumed to be N-H stretched 
(Fig. 8).

It has been demonstrated in the past that free amine 
groups and cysteine residues are crucial for the efficient 
stabilization and capping of AgNPs by interacting pro-
teins and nanoparticles. Along with the findings pre-
viously mentioned, it seems that protein and leftover 
chemicals played a role in the stability and capping of 
AgNPs.

X-ray diffraction (XRD)
The XRD pattern analysis revealed crystalline silver 
nanoparticles. The five diffraction peaks at 2 values of 
38.03°, 44.29°, 64.49°, 77.49°, and 81.51° indicate that the 
face-centered cubic structure of silver may be indexed to 
the (1 1 1), (2 0 0), (2 2 0), (3 1 1), and (2 2 2) reflection 
planes. Notably, the peak at 38.03° exhibited the high-
est intensity, indicating a strong preferential orientation 
along the (111) plane (Fig. 9). The presence of these peaks 
suggests that the AgNPs were successfully synthesized 
and stabilized by keratinase, a biomolecule that facili-
tated the reduction of silver ions, as supported by pre-
vious studies [39]. Similar findings have been reported 
where biosynthesized AgNPs exhibited identical diffrac-
tion peaks, confirming their crystalline FCC structure. 
Furthermore, the sharp and well-defined peaks indicate 
the high crystallinity of the nanoparticles, aligning with 
results from other studies on biogenic AgNP synthesis 

Fig. 8  FTIR spectrum of biogenic silver nanoparticles, displaying characteristic absorption bands. Peaks around 3200–2800 cm⁻¹ correspond to O-H and 
C-H stretching vibrations, while bands near 1625 cm⁻¹ and 1541 cm⁻¹ indicate amide bonds. The peaks in the fingerprint region (1242–600 cm⁻¹) suggest 
the presence of sulfhydryl, aromatic, and aliphatic functional groups, confirming biomolecule capping on the nanoparticles
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[40]. The use of keratinase in AgNP stabilization also sug-
gests a green synthesis approach, reducing the need for 
toxic chemical reducing agents while ensuring nanopar-
ticle stability. These findings contribute to the grow-
ing body of research on eco-friendly synthesis methods 
for AgNPs with potential biomedical and catalytic 
applications.

Application of biogenic silver nanoparticles
Antibacterial activity of silver nanoparticles
For testing the antibacterial properties of AgNPs pro-
duced from Pseudomonas aeruginosa-C1M keratinase, 
the well diffusion technique was used using a 100 micro 
liter nanoparticles solution. Escherichia coli ATCC 25,922 
Gram-negative and gram-positive Staphylococcus aureus 
ATCC 25,923 had inhibition zones of 33 mm and 25 mm, 
respectively. Zone of inhibition of pathogenic strains are 
listed in Table  1. A class of proteases called keratinases 
may be responsible for the inhibitory function of keratin-
ase, since it has been shown to limit the growth of micro-
organisms (Fig. 1 Supplementary).

AgNPs made by biosynthesis have been shown to be 
effective against E. coli [41]. In another study AgNPs 
from crude keratinase demonstrated effective inhibition 

against distinct isolates of E. coli [42]. AgNPs have a 
proven high surface area to volume ratio, which makes 
them superior to bulk silver metal in terms of their 
exceptional antibacterial activity since it would enable 
tight attachment of these nanoparticles with microbial 
cells, enabling their antimicrobial effect to be size depen-
dent [43]. Moreover, bactericidal mechanism involves: 
Release of Ag⁺ ions, which disrupt bacterial cell mem-
branes. Reactive oxygen species (ROS) formation, leading 
to oxidative stress and bacterial death. Electrostatic inter-
actions between bacterial walls and positively charged 
ions, resulting in membrane rupture [44]. The antimicro-
bial activity observed in crude keratinase preparations 
is preferably due to the proteolytic activity of keratin-
ase, that can lead to the disintegration of cell wall and 
membrane of microorganisms resulting into cell lysis 
and death. Moreover, another reason could be that the 
microbes that produce keratinases may also exude other 
antimicrobial substances. For example, secondary metab-
olites containing anti-microbial, which can be present in 
crude extract. Likewise, the synergistic effect of both; the 
existence of further antimicrobial compounds produced 
by the keratinase-producing microorganisms and pro-
teolytic degradation of microbial structures is respon-
sible for antimicrobial activity of crude keratinase [45]. 
Furthermore, AgNPs can interact closely with bacterial 
membranes because of their high surface-to-volume 
ratios. Bacterial cell death, ion leakage, and membrane 
damage are the results of interactions between the posi-
tively charged silver ions and the negatively charged 

Table 1  Zone of inhibition of antimicrobial activity of keratinase 
mediated silver nanoparticles
S. No. Pathogenic strain Zone of inhibition
1. E. coli ATCC 25,922 33 mm
2. S. aureus ATCC 25,923 25 mm

Fig. 9  XRD pattern of biogenic silver nanoparticles, showing characteristic diffraction peaks at 2θ values corresponding to the (111), (200), (220), and 
(311) crystallographic planes. These peaks confirm the face-centered cubic (FCC) crystalline structure of silver nanoparticles, consistent with the standard 
JCPDS reference pattern
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bacterial cell wall. Gram-positive bacteria exhibit greater 
sensitivity than Gram-negative bacteria due to differ-
ences in their cell wall structure. The chemistry behind 
photocatalysis of organic dye is because AgNPs promote 
electron transfer, which produces reactive species that 
break down organic dyes [46]. 

Dyes degradation by silver nanoparticles
Dyes, especially azo dyes, have a considerable impact 
on the environment, due to their toxicity, longevity, and 
intricate interactions with environmental conditions, The 
xenobiotic nature of dye effluents and their degradation 
compounds make natural remediation challenging and 
presents direct threats to aquatic and terrestrial envi-
ronments. Furthermore, as azo dyes degrade, especially 
when their composition is changed by microbiological 
and physico-chemical processes, carcinogenic aromatic 
amines may be produced [47]. Environmental factors 
like light, moisture, and oxygen availability also impact 
on dye degradation and can occasionally result in a for-
mation of hazardous byproducts in ecosystems. Alter-
natives to traditional treatment techniques, which are 
often expensive, energy-intensive, and produce hazard-
ous sludge, are promising when it comes to sustainable 
remediation options, especially microbial technologies. 
However, biogenic nanoparticles are the promising enti-
ties for the degradation of dyes [48]. Generally, in dye 
degradation experiments it’s observed that either the 
new peaks will emerge, or already existing peaks will 
disappear. Emergence of new peaks or disappearance 
of peak is correspondent to degradation product. But 
in some cases, like here, the degradation via keratinase 
mediated synthesized silver nanoparticles, only reduc-
tion in the primary peaks appear without the origina-
tion of new peaks. Several factors play their role in this 
regard: The degradation products may exhibit absorp-
tion bands that coincide with those of the original dye, 
leading to a general decrease in peak intensity without 
the emergence of distinct new peaks. In such scenarios, 
UV-Vis spectrophotometry might struggle to differenti-
ate between the parent dye and its degradation products, 
and the phenomenon is known as Overlapping absorp-
tion bands. Another possible explanation for this is the 
complete mineralization of dye. After complete mineral-
ization, dye convert into inorganic molecules like carbon 
dioxide (CO₂) and water (H₂O), and they do not have the 
capacity to absorb light in the UV-Visible spectrum. Sub-
sequently, a decrease in the original peak occurs instead 
of the emergence of new peaks.

Another reason for this is either the rapid degradation 
of intermediates or their low concentration. The detec-
tion of intermediate products would be challenging if 
they degrade immediately after formation. It means that 
they might not build up to a certain detectable range, 

which reduces the overall absorbance lacking formation 
of new peaks. In low concentrations, the intermediate 
products might be too delicate to observe, thus leading to 
the diminishing peaks of the original dye.

Sodium borohydride catalyzed degradation of dye (Methyl 
red and methyl orange)
In the present era, harmful industrial dyes are increas-
ingly contaminating water sources, environmental con-
servation is a major concern in contemporary culture. 
The synthetic and non-biodegradable nature of many 
dyes, such as methyl orange (MO) and methyl red (MR), 
makes them a serious environmental hazard. These poi-
sonous, mutagenic, and carcinogenic properties of dyes 
make them potentially harmful to human health and 
aquatic life [49].

Nanoparticles—in particular, silver nanoparticles 
(AgNPs) have drawn interest as catalysts in dye degrada-
tion due to their large surface area and increased catalytic 
activity [50]. One of the efficient ways to degrade methyl 
orange (MO) and methyl red (MR) is to reduce them by 
using sodium borohydride (NaBH4). AgNPs act as an 
electron mediator to speed up the process and NaBH4 
act as a reducing agent, the reaction proceeds accord-
ing to an electron transfer mechanism. High surface-to-
volume ratio of biogenic nanoparticles offers more active 
sites for interaction with the dye molecules, responsible 
for their catalytic efficiency. Adsorption between MO 
molecules and silver nanoparticles may also be facilitated 
by a coating of reducing agent on the silver nanoparticles. 
Smaller particles have an advantage over larger ones in 
the oxidation-reduction reaction between active MO and 
NaBH4.

The presence of AgNPs and NaBH4 reduces methyl 
orange, an organic sulfosalt, and causes it to lose its dis-
tinctive 465  nm spectral band [51]. The following is an 
outline of the reaction mechanism:

(1)	 Ag/NaBH4 + h → Ag/NaBH4 (h+-e−)
(2)	 2e− + MOH + + H+ → MOH2
(3)	 The 465 nm MO band began to go away over time. 

An electron and a hole are expected to be involved 
in the reaction process, that is not yet completely 
understood

However, methyl red (MR) is an acid-base indicator 
whose absorption spectra are pH-dependent. The peak 
shift from 442 nm to 428 nm was noticed after the addi-
tion of NaBH4 to methyl red solution. More hydroxyl ions 
are present, which causes a pH change. N = N-methyl red 
is converted to less hazardous form, which may be seen 
as a degradation peak. NaBH4 in the presence of nano 
silver catalyzes the breakdown of dyes to nontoxic and 
smaller molecules via an electron transfer action between 
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nucleophilic BH4 ions and electrophilic organic dye mol-
ecules (Fig. 2 Supplementary).

Photo-catalytic degradation of dyes by silver nanoparticles 
(Safranin O and methyl violet)
Safranin O (SO) and Methyl violet (MV) dyes degraded 
when silver nanoparticles were present during photolysis 
studies under sunlight. Irradiation for 3 h caused the red 
hue of SO and MV dyes to fade. The degradation of SO 
and MV under used settings is indicative of a reduction 
in the absorption spectra of materials at the maximum 
wavelength of SO and MV dye (Fig. 3 Supplementary).

Expected mechanism for the photocatalysis of safranin 
O is as follow: A photon with energy of hv, which creates 
a hole (h+) in the valence band, stimulates an electron 
in the valence band (e) to go into the conduction band. 
Finally, hydroxyl radicals were produced by trapping 
holes on the surface of the hydroxyl group. When oxy-
gen dissolved in water reacts with electrons in the con-
duction band, super oxide radical anions O2– are formed. 
Hydrogen radicals (HO2) were formed because of the 
protonation of superoxide anions O2-. Dye degradation 
was ultimately caused by the super oxide anions’ activ-
ity. Color changes were induced by valence band holes 
and conduction band electrons, respectively A photon 
with energy of hv, which creates a hole (h+) in the valence 
band, stimulates an electron in the valence band (e) to go 
into the conduction band [52]. Because of SPR excitation, 
the photocatalytic activity of AgNPs may be described 
by their ability to absorb visible light and convert it into 
chemical energy.

Similarly, for the photocatalysis of Methyl violet (MV), 
the expected mechanism is as follows: AgNP act as pho-
tocatalyst for the degradation of methyl violet (MV) 
dye. The method breaks down organic contaminants 
by activating reactive species in response to light. Elec-
tronic transitions occur, in which the absorption energy 
is greater than the band gap energy of the photocatalyst. 
Electron-hole pairs (h⁺VB) are created when electrons 
(e⁻) in the valence band (VB) are stimulated to the con-
duction band (CB) by exposure to solar light. The dye 
molecules are broken down by hydroxyl radicals (OH˙) 
and superoxide anions (O₂˙), which are produced because 
of redox processes facilitated by these charge carriers. 
The key reactions in the degradation process include:

1.	 Photoexcitation: AgNP absorbs visible light, 
generating electron-hole pairs.

2.	 Oxygen Reduction: Electrons in the CB react with 
O₂, forming superoxide radicals (O₂˙).

3.	 Hydroxyl Radical Formation: Holes (h⁺VB) oxidize 
water or hydroxide ions to produce OH˙.

4.	 Methyl violet Degradation: Hydroxyl radicals and 
electron-hole pairs interact with MV, leading to its 
breakdown.

5.	 Redox Reactions: Electrons and holes directly 
participate in pollutant reduction and oxidation, 
forming degradation products [53]. 

The concept of photocatalysis and antibacterial potential 
is correlated. AgNPs show strong antibacterial poten-
tial. AgNPs along with ZnO enhance antibacterial effi-
cacy by inducing production of reactive oxygen species 
(ROS), that ultimately lead towards oxidative stress and 
cell damage. Ag + ions take part in amplifying oxidative 
damage and nanoparticles prevent the biofilm formation. 
Thus, the synergistic effect of AgNP and ZnO improves 
antibacterial activity multiple times. AgNPs integrated 
into ZnO structures showed the ability to degrade photo 
catalytically. Through permeability enhancement and 
bacterial cell wall disruption, the ZnO-AgNP nanopar-
ticles broke down bacterial biofilm [54]. Silver nanopar-
ticles (AgNPs) exhibit cytotoxicity, which refers to their 
ability to cause damage or death to cells. The cytotoxic 
effects of AgNPs depend on various factors, includ-
ing particle size, shape, concentration, surface charge, 
and exposure duration. AgNPs exert toxicity primarily 
through mechanisms such as oxidative stress, disruption 
of cellular membranes, mitochondrial dysfunction, DNA 
damage, and apoptosis induction [55]. They generate 
reactive oxygen species (ROS), which lead to oxidative 
damage, inflammation, and interference with cellular sig-
naling pathways. Additionally, AgNPs can release silver 
ions (Ag⁺), which contribute to their toxicity by interact-
ing with proteins, enzymes, and genetic material inside 
cells. The extent of cytotoxicity varies across different 
cell types and is influenced by environmental conditions. 
While AgNPs have broad applications in medicine, coat-
ings, and antimicrobial products, their potential adverse 
effects on human health and the environment necessitate 
careful evaluation and regulation [56].

Conclusion
This study presents an eco-friendly and cost-effective 
method for synthesizing protein-capped silver nanopar-
ticles (AgNPs) using keratinase from Pseudomonas aeru-
ginosa-C1M. Characterization techniques confirmed that 
the AgNPs are spherical, crystalline, and effectively bio-
conjugated with keratinase. The synthesized AgNPs dem-
onstrated significant antibacterial activity against various 
bacterial strains. However, further research is necessary 
to assess their cytotoxicity before considering biological 
or pharmaceutical applications.
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