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Abstract: To evaluate silver nanoparticles” (AgNPs) therapeutic and clinical potentials, antibacterial
action, blood compatibility, and antiplatelet activities are the main concerns for toxicity profiling.
Heat-denatured lysozyme-mediated formulation stabilized the AgNPs, thereby providing more
bactericidal activity and blood compatibility. The study of the synthesis of AgNPs suggests the
rapid and cost-effective formulation of AgNPs by one-step reaction using a 10:1 ratio of silver nitrate
and lysozyme by incubating at 60 °C for two hours. Characterization of AgNPs was analyzed
by UV-Visible spectroscopy, DLS, TEM, EDX, XRD, AFM, and FTIR, followed by antibacterial,
hemocompatibility, and platelet aggregation testing. The average size of synthesized AgNPs was
found to be 94.10 nm with 0.45 mV zeta potential and 0.293 polydispersity index by DLS. The TEM
and EXD results indicated homogeneously 28.08 nm spherical-shaped pure formations of AgNPs. The
XRD peaks showed the synthesis of small AgNPs with a crystallite size of 22.88 nm, while the AFM
confirmed the homogeneity and smoothness of the monodispersed AgNPs. The FTIR spectra specified
the coating of the lysozyme-derived amide group on the AgNPs surface, which provides stability
and functionality of nanoparticles. The antibacterial activity of AgNPs was remarkable against
six pathogenic bacteria and three multidrug resistance (MDR) strains (i.e., Escherichia coli, Klebsiella
aerogenes, and Pseudomonas aeruginosa), which exhibited inhibition zones with diameters ranging
between 13.5 £ 0.2 mm to 19.0 & 0.3 mm. The non-hemolytic nature of the AgNPs was calculated
by percentage hemolysis with four concentrations. The negative result of platelet aggregation using
platelet-rich plasma suggests the antiplatelet effect of AgNPs. Only minor hemolysis of 6.17% in
human erythrocytes and mild platelet aggregation of 1.98% were induced, respectively, by the use
of 1000 uL of 1 mM AgNPs, which contains approximately 107.8 ug silver. The results indicated
that the antiplatelet potency and non-hemolytic nature with the antibacterial action of the lysozyme
functionalized AgNPs have a good chance to be used to solve in-stent restenosis and thrombosis
issues of the coronary stent and may also have a possibility to use in vaccination to resolve the blood
clotting problem. So, the optimized biogenic formulation of AgNPs offers promising opportunities to
be used as a therapeutic agent.
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1. Introduction

Nanoparticles with less toxicity and more efficacies are indispensable materials in
medicine and pharmaceutical applications. Various nanoparticles are now introduced
to diagnose disease and as a therapeutic agent in the medical field. Silver nanoparticles
(AgNPs) are attractive nanomaterials among several other metallic nanoparticles explored
in medical science worldwide [1]. AgNPs are also well-explored for consumer product
formulation and have the highest commercial application [2—4] due to their unique physic-
ochemical and biological properties [5,6]. However, formulation methods have determined
the efficacy and stability of AgNPs.

The formulation of broad-spectrum antimicrobial efficacy of biogenic colloidal AgNPs
is an ongoing demand after pandemic throughout the world [7]. Conventional synthesis of
AgNPs is a costly and hazardous affair requiring harsh conditions such as heavy metals
and polyphenols [8]. The green alternative to the chemical synthesis of AgNPs utilizes
the living organisms such as microbes, algae, fungi, plants, and animals as well as their
biomolecules (especially enzymes) for the applications. Compared to conventional AgNPs
synthesis methods, the green approach has been highly explored due to less or no hazardous
waste production, benign, and eco-friendly process [9,10]. Additional benefits of green
nanoparticle synthesis include the safer process and relatedly pure AgNPs synthesis [11].
Nowadays, overcoming the agglomeration and aggregation of AgNPs formulated using
plant extract creates the need for dispersed and stable AgNPs. In addition, biogenic
synthesis routes using pure form of enzymes or biocatalysts for the preparation of single-
step dispersed and stable AgNPs are also attracting attention.

The toxic effects of the AgNPs are a crucial concern before their use in medical and
health-related products and processes. Due to the smaller size of the AgNPs, they are
translocated into blood tissue after direct or indirect exposure. The small size makes them
highly reactive with blood components and adversely affects blood cells [12]. Moreover,
the biological effects induced by AgNPs in the blood are dose-dependent [13].

AgNPs are well-known for their anti-inflammatory effects and improving healing
effects [14]. So, a comprehensive evaluation of AgNPs biocompatibility is needed to be
measured before widespread biomedical applications. The blood cell-silver nanoparticle in-
teraction analysis is helpful in the target drug delivery system to estimate the toxicity effects
of AgNPs. The pharmacological and toxicological actions and antimicrobial effectiveness
of the AgNPs depend on the functionalization and physicochemical properties [15], which
differ and turn on the strategic synthesis route. In this study, the biocatalyst lysozyme
was used to synthesize AgNPs. Lysozyme is a 129 amino acid residue enzyme with three
phenylalanine, three tyrosine, six tryptophan, and one histidine amino acid. Depending on
the pH and temperature during the lysozyme crystalline process, there are two types of
crystalline structure form: (i) the orthorhombic structure form at room temperature, and
(ii) the tetragonal structure below room temperature [16]. After heating, lysozyme’s crystal
structure changes from tetragonal to orthorhombic, possessing excellent antimicrobial
properties and capable of attacking cell walls of different bacterial species [17]. It indicated
that the nanomaterial prepared from the lysozyme might have excellent antimicrobial
properties. Shifting in amide-I peak due to interaction of lone pair of electrons on nitro-
gen increases the stability of the nanoparticles formed using lysozyme. Additionally, the
thermal treatment also aids in denaturation of disulfide bonds present in cysteine residues
of lysozyme, exposing -SH groups resulting in increased affinity towards the AgNPs and
thereby stabilizing AgNPs [18]. The nano-gel prepared using lysozyme did not show any
adverse effects on RBCs, suggesting its biocompatibility, which is stable for long-term
storage and useful for drug delivery [19,20].
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The AgNPs act as a potent bactericidal agent, and no other metal particles are compa-
rable with its broad-spectrum antimicrobial action. The synthesis of AgNPs using lysozyme
provides synergistic effects and effectively works against drug-resistant bacteria. More-
over, the lysozyme-AgNPs are non-toxic at concentrations sufficient to inhibit microbial
growth [21]. In addition to antibacterial action, non-hemolytic and antiplatelet activities of
AgNPs raise the hope to be used for therapeutic purposes, specifically in coronary stents
coating and viral vaccine preparations [22,23]. Due to the limited literature on the biogenic
formulation of such multiple features containing AgNDPs, the investigation is required to
establish a safe and effective therapeutic agent.

Platelets play a crucial role in facilitating the innate immune response and homeosta-
sis [24]. Hemolysis triggered by AgNPs results in the release of hemoglobin and other fluid
contents from erythrocytes, resulting in severe consequences such as anemia, jaundice,
and renal failure [25]. Similarly, lysis and loss of platelets cause thrombotic disorders.
Both positive and negative effects of AgNPs on platelet aggregation have been reported;
however, the small-size AgNPs showed antiplatelet activity are valuable for the therapeutic
and biotechnological application [22].

Nowadays, the formulation of a non-toxic and more effective nano-silver attracts
the scientific community’s attention. Biogenic AgNPs were synthesized using lysozyme
and optimized by changing lysozyme and silver nitrate concentration, time, and tem-
perature in this study. Following the physicochemical characterization of AgNPs, the
antibacterial activity of AgNPs was investigated against six pathogenic bacteria and three
multidrug-resistant (MDR) bacterial species to explore its suitability as a bactericidal agent.
Hemocompatibility and platelet aggregation were investigated to explain their possible
biomedical applications.

2. Materials and Methods
2.1. Materials

Silver nitrate (AgNO3), triton X-100, ethylene diamine tetra-acetic acid (EDTA), sodium
citrate, adenosine triphosphate (ATP) were obtained for Sisco Research Laboratory Pvt.
Ltd., Mumbai, India. Lysozyme enzyme (chicken egg white—100,000 units/mg), Muller
Hilton agar media, and all antibiotics disks were obtained from HiMedia Laboratory Pvt.
Ltd., Mumbai, India, and used without any additional process.

2.2. Biosynthesis of AGNPs

With the 10:1 ratio of AgNOj3 and lysozyme, 16 reactions were prepared using four
concentrations (0.1, 0.5, 1, and 2 mM) of AgNO3; and four concentrations (200, 300, 400, and
500 pL) of 1 mg/mL lysozyme in 0.1 M NaOH. All reactions were incubated at 37, 60, 80,
and 90 °C temperatures up to 8 h. The pH of the reaction was adjusted to 7.2 = 0.2. The
color change was observed to demonstrate the reduction of silver ions, and the time needed
to form the AgNPs was confirmed by UV-Vis spectrophotometer at every 2 h interval.

2.3. Characterization of Lysozyme Functionalized AgNPs
2.3.1. UV-Vis Spectroscopy

The AgNPs synthesis was observed by the color change of the reaction mixture caused
by silver ions reduction, mediated by the lysozyme, from colorless to yellowish-orange.
By scanning the absorption spectrum of the reaction mixture over the range of 200 to
800 nm wavelengths, the AgNPs formation was detected by using a dual-beam UV-Vis
spectrophotometer (UV-1800, Shimadzu, Japan) at 1 nm resolution [26].

2.3.2. Dynamic Light Scattering (DLS) with Zeta Potential

Zetasizer (Nano-ZS, Malvern Instruments, Malvern, Worcestershire, UK) was used to
investigate the size distribution profile of the AgNPs by using d,H,O water as a dispersing
agent. The refractive index is 1.33, and the viscosity is 0.8872 cP. The calculation of hydrody-
namic size was based on the average means value of three readings. Zeta potential-based
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descriptive analysis, including stability, dispersion, aggregation, or flocculation in colloidal
AgNPs, was analyzed before the advanced study [27].

2.3.3. TEM and EDX Analysis

The morphology and size of AgNPs were studied using TECNAI G2 F30X TEM
equipment (FEI Corp. Hillsboro, OR, USA) at 80 kV. The 50 uL. AgNPs sample was attested
to carbon tape. Its photographic image was taken using TEM imaging and analysis (TIA)
software and visualized using TEM to check the size, shape, and agglomeration. The
lattice spacing and fine morphology analysis were carried out using high-resolution TEM
micrographs, and the elementary profiling of AgNPs was performed using TEM embedded
EDX [28].

2.3.4. X-ray Diffraction (XRD) Analysis

Dried AgNPs were analyzed by the X-ray diffractometer on PANalyticalX'Pert Pro
(USA) under the condition of 40 kV and 30 mA current at 25 °C. Through continuous
scanning with position sensitive detector (PSD) mode (PSD Length °26 = 3.35) by Cu-K«1
radiation, the diffraction pattern was recorded with a wavelength of 1.540 A and the step
size 0.013 in the region of 20 from 5° to 90°. The average crystalline size (D) was calculated
using Debye-Scherrer equation D = 0.9 A/3cos6; where D is the average crystalline size,
A is the X-ray wavelength (1.5406 A), and B is the angular full-width at half maximum
(FWHM) of the XRD peak at the diffraction angle 6 [29].

2.3.5. Atomic Force Microscopy (AFM)

AFM was used to investigate the dispersion and aggregation of AgNPs. A thin film of
AgNPs was deposited on a silica glass plate by drops dropping the AgNPs on the plate
and allowed to dry at room temperature for 12 h in the dark and then subjected to AFM
analysis (CSPM-5500, Karaltay (Beijing) Instruments Co. Ltd., Beijing, China) [30]. The
diameter was estimated according to the following equation; Robs = 4 (RtRp)1/2, where
Robs, Rt, and RP denote the observed particle radius, tip radius (10 nm, manufactures
specification), and actual radius of the particle, respectively.

2.3.6. Fourier Transform Infrared Spectroscopy (FTIR)

The solution of AgNPs was dried at 65 °C, and the dried powders were subjected
to FTIR analysis in the range of 4000-4500 cm ! using the KBr pellet method to identify
the active group in lysozymes involved in the formation of AgNPs. The FTIR spectra
were obtained using a Spectrum Two FT-IR Spectrometer (Perkin-Elmer, Waltham, MA,
USA) [31]. The spectrometer operated in the diffuse reflectance mode at a resolution of
4 cm~! with a speed scan of 0.2 cm/s.

2.3.7. Antibacterial Activity

Antibacterial activity of AgNPs was performed using a well diffusion method [26]
against six laboratory-isolated pathogens and three MDR strains of bacterial species. Six
pathogenic bacteria, Escherichia coli, Klebsiella aerogenes, Bacillus subtilis, Bacillus licheniformis,
Pseudomonas aeruginosa, and Klebsiella pneumoniae, were isolated from clinical samples
provided by the Microcare laboratory, Surat, India. Three MDR bacterial species were
also used to test the antimicrobial potential of AgNPs. The MDR strains of Escherichia coli,
Klebsiella aerogenes, and Pseudomonas aeruginosa were tested using 30, 35, and 32 antibiotics,
respectively (Supplementary data file Table S1 and Figures S1-S3). The antibiotic resistance
profile was performed following CLSI guidelines—M100 ED 32 (2022) [32]. The sterile
cotton swabs were used to evenly spread the bacterial culture onto the Muller-Hilton (MH)
agar plates to investigate antibacterial efficacy. The sterilized agar cup borer was used to
punch the 9 mm hole in MH agar, and 100 pL of AgNPs were added. The antibacterial
activity of 100 puL of 1 mM AgNPs was measured as the size of the zone of inhibition (ZOI)
in mm against the ZOI of 1 mM AgNOj solution (100 pL) to determine its efficiency. The



Processes 2022, 10, 623

50f16

inhibition zone was measured after 24 h incubation at 37 °C. The sterile distilled water
(100 nL) was used as the control.

2.3.8. Blood Collection

Blood was withdrawn from healthy adult volunteers who had not been on any med-
ication known to interfere with RBC and platelet function for at least one month before
the study. The medical officer did collection as per the institutional policy of the blood-
bank (Surat Rakdan Kendra). Blood was collected in EDTA vials for in vitro hemolytic
activity. Blood was collected in the vial containing 3.2% sodium citrate for the platelet
aggregation activity.

2.3.9. Hemolytic Activity

The test described by Huang et al. [13] was performed in triplicate by the spectrophoto-
metric method of hemoglobin released after exposure to different concentrations of AgNPs.
Whole blood was collected in an EDTA vial, and its total blood hemoglobin (TBH) was
adjusted to a concentration of 10 mg/mL by the addition of normal saline. Normal saline
and 1% Triton X-100 were negative and positive controls, respectively. The mixture was
incubated at 37 °C for three hours. Then, the samples were centrifuged at 800 g for 15 min.
The absorbance of the supernatant was measured at 450 nm. The reaction mixture was
prepared using four volumes of 1 mM AgNPs (Table 1). The percentage of hemolysis was
calculated from the following formula. The significance threshold was set at 0.05.

(absorbance of sample) — (absorbance of negative control)
(absorbance of posi ive control — absorbance of negative control)

@

% Hemolysis =

Table 1. Hemolytic activity of the AgNPs using healthy volunteer blood.

Reaction Tube Dilute Human Blood 1%Triton X-100 Normal Saline 1mM AgNPs
Positive Control 100 L 100 L Not Added Not Added
Negative Control 100 uL Not Added 100 uL Not Added
Test-1 100 pL. Not Added Not Added 1000 uL
Test-2 100 L Not Added Not Added 500 uL.
Test-3 100 L Not Added Not Added 250 uL.
Test-4 100 pL Not Added Not Added 100 puL

2.3.10. Platelet Aggregation Activity

Platelet-rich plasma (PRP) was obtained from the blood collected in sodium citrate-
containing vial by centrifugation at 110x g for 10 min at room temperature [33]. The
collected supernatant was diluted with Tyrode’s solution containing bovine serum albu-
min (3.5 mg/mL). Adenosine triphosphate (ATP) and crude potato extract as a source of
apyrase [34] were used as a positive control, and normal saline was used as a negative
control. The reaction mixture with two tests was prepared, as shown in Table 2. The
test reaction mixture was incubated at 37 °C for 15 min, followed by making up the final
volume of 1000 uL. with normal saline. The absorbance was measured at 415 nm, and the
percentage of platelet aggregation as inhibition (PI) was calculated from the formula shown
below. The reactions were performed in triplicates.

(A—B)

PI (%) = % 100 @)

where PI = Percentage of Aggregation, A = Absorbance of Blank, B = Absorbance of Test.
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Table 2. Platelet aggregation of AgNPs using platelet-rich plasma.

Reaction Tube g:::::tggli:; ATP (PotI: Foy]riist:act) Normal Saline 1 mM AgNPs
Positive Control 500 pL. 5uM 10 uL Not Added Not Added
Negative Control 500 puL Not Added Not Added 500 puL Not Added
Test-1 500 uL. Not Added Not Added Not Added 500 uL.
Test-2 1000 pL. Not Added Not Added Not Added 1000 uL.

2.3.11. Statistical Analysis

The data obtained were presented as mean =+ standard error of the mean (SEM) and
plotted with Microsoft Excel. One-way analysis of variance (ANOVA) was used to examine
the significant difference between groups and * indicates p < 0.05 between groups.

3. Result and Discussion
3.1. Synthesis of AgNPs and Spectroscopic Analysis

From all reactions using different concentrations of AgNOs3 and lysozyme, the opti-
mized synthesis of homogenous and stable AgNPs was observed with one mM AgNO;3,
200 pg of lysozyme at 60 °C after two h of incubation. The result of UV-Vis spectroscopic
analysis showed the narrow bell-shaped curve, and the highest absorbance was recorded
at 425 nm to confirm the formation of homogenous AgNPs. The reduction of the silver ions
was increased as the time, and temperature increased, leading to the color changes from
colorless to yellow and finally orange in all reaction mixtures, which indicates the growth of
AgNPs (Figure 1). The AgNPs synthesis was found to be time and temperature-dependent.
Due to the thiol group in the enzyme’s active site being sensitive and reactive with silver
ions [5,35], high temperature and prolonged time provide better accessibility of silver ions
to interact with thiol groups of the unfolded enzyme leading to the quick reduction of silver
to form nano-silver [36]. The results indicated that 60 °C temperature for two h was the
optimum condition to develop homogeneous and monodispersed AgNPs. It showed that
the synthesis rate could be facilitated by increasing the reaction time and temperature [37].
However, temperatures above 60 °C broadened the peak. It is suggested that the formation
of bigger and less monodisperse particles may be led to the absorption decrease due to the
denaturation of the enzyme at higher temperatures [38].

Absorbance

0 T T T T T ]
200 300 400 500 600 700 800
Wavelength (nm)

Formulated AgNPs after 2hr — — —1mM AgNO3  ------- 200 ug of 1 mg/ml Lysozyme

Figure 1. The UV-Visible spectrum of AgNPs was synthesized using a 10:1 ratio of 1 mM silver nitrate
and 200 pL lysozyme (1 mg/mL) after 2 h incubation at 60 °C along with UV-visible spectra of a
1 mM AgNOj3 and 1 mg/mL of 200 pL lysozyme.

The nucleation step of the silver ions is the critical process for the growth of nanoparti-
cles to determine their sizes. The amino and carboxyl groups and other functional groups
(i.e., hydroxyl and phenoxy groups) of an enzyme are involved in the nucleation step
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for the biosynthesis of nanoparticles [39,40]. Lysozyme is rich in aromatic amino acids,
such as tryptophan and tyrosine and the phenoxy group of tyrosine, and are well-known
moieties for interaction with silver [41]. The active functional moieties of the lysozyme
are suggested to be responsible for the nucleation of the silver ions and the growth of
AgNPs by a bottom-up approach. Similar studies were performed for silver nanoparticle
synthesis using lysozyme and borohydramide reduction method [18,42,43]. Here, an al-
ternative method with ATP and EDTA was used for nanoparticle synthesis in addition to
chicken lysozyme.

3.2. Particle Size, Charge, and Polydispersity

The size distribution profile of AgNPs showed an average size of 94.10 nm by in-
tensity, number with polydispersity index 0.293, and zeta potential value is 0.45 mV
(Figure 2). This finding is similar to the earlier report of the biogenic synthesis of AgNPs by
Pseudomonas sp. [44]. The lower value of the polydispersity index indicates the stable and
controlled quality of the nanoparticles, which is essential for the nanocarrier formulations
in clinical and therapeutic applications [45]. The positive value of zeta potential indicates
a quantitative value for the overall surface charge of the AgNPs. Furthermore, it is also
an indication to show the colloidal stability of the nano-silver. The higher absolute zeta
potential also indicates the greater electrostatic repulsion between nanoparticles. Hence,
the colloidal AgNPs are more stable with less incidence of agglomeration. The size distri-
bution profile of AgNPs showed an average size of 94.10 nm by intensity, number with
polydispersity index 0.293, and zeta potential value is 0.45 mV (Figure 2). This finding is
similar to the earlier report of the biogenic synthesis of AgNPs by Pseudomonas sp. [44]. The
lower value of the polydispersity index indicates the stable and controlled quality of the
nanoparticles, which is essential for the nanocarrier formulations in clinical and therapeutic
applications [45]. The positive value of zeta potential indicates a quantitative value for the
overall surface charge of the AgNPs.
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Figure 2. Particle size distribution of AgNPs with respect to (a) intensity, (b) number, and (c) Zeta
Potential 0.45 (mV).
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Furthermore, it is also an indication to show the colloidal stability of the nano-silver.
The higher absolute zeta potential is an indication of the greater electrostatic repulsion
between nanoparticles. Hence, the colloidal AgNPs are more stable with less incidence
of agglomeration.

3.3. TEM and EDX Analysis

The results of the scattered particles in TEM analysis divulged the spherical shape of
AgNPs with an average diameter of 28.08 nm. The homogeneous small size of AgNPs was
further analyzed using high-resolution TEM (HRTEM), and the perfect atomic arrangement
was reported. The HRTEM image of AgNPs shows clear lattice fringes arranged due to
(111) planes, which can be indexed with a face-centered cubic with a spacing of 0.23 nm.
Energy-dispersive X-ray spectra of AgNPs showed the clear and sharp peak of metallic
silver nanocrystals at 3 keV, confirming the presence of elemental silver, which is due to
the surface plasmon resonance of AgNPs (Figure 3). The EDX result agreed with earlier
biogenic AgNPs formulation [46]. The high purity of the formulated AgNPs is suggestive
of the impending application in the biomedical field.

Full Scale 946 cts Cursor: 0.000 ke’

(c)

Figure 3. (a) TEM analysis of AgNPs indicating the scattered and spherical shapes with an average
size of 28.08 nm (Scale bar: 5 nm). (b) HRTEM image at 1 nm (100 A) indicates crystalline formation
arrangement in AgNPs. (The lattice spacing 0.23 nm of AgNP (111) plane in high-resolution TEM

image). (c) Elemental profiling using EDX spectra.

3.4. XRD Analysis

XRD analysis confirmed the presence of four distinct diffraction peaks at 38.31°,44.48°,
64.61°, and 77.51°, which indexed the planes of (111), (200), (220), and (311), respectively.
XRD analysis showed that the AgNPs conform to a face-centered cubic crystalline phase.
Due to the biogenic route of synthesis, a few minor unassigned peaks were also observed
(Figure 4). The broadening of the Bragg’s peaks around their bases shows the formation of
small-sized AgNPs [47]. Using the standard Debye- Scherrer method, the average crystallite
size (grain) was found at 22.88 nm (Table 3).
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Figure 4. XRD pattern of AgNP displaying peak indices and 20 positions. (* shows the extra
unassigned peaks of enzyme and its peptide).

Table 3. Crystallite (Grain) size of AgNPs calculated using Debye-Scherrer’s equation using
XRD data.

Peak Position 20)  Planes-hkl FWHM Crystallite Size Averag.e Crystalline
(20) (nm) Size (nm)
38.3182 111 0.3814 23.01
44.4893 200 0.5828 15.37 2288
64.6176 220 0.3458 28.37
77.5102 311 0.4293 24.77

3.5. AFM Analysis

The AFM tip analyses the surface of nanoparticles and records their topography to
elucidate the shape, size, and surface of nanoparticles after desiccating the samples. 2D
horizontal cross-section of AFM analysis revealed monodispersed and spherical AgNPs.
A three-dimensional image of AFM showed the average smoothness and homogeneity
of AgNPs (Figure 5). The absence of agglomeration with an average size of 60 nm indi-
cates the possibility to store AgNPs for the long term before actual use in clinical and
biomedical applications.

um
005 10 15 20 25 30 35 40 45 50
0 20 40 60 80 100 120 140 180
0 50 100 150 200 250 300 350

£
E 8 /]
e -
D05 10 15 20 25 30 35 40 45 50 0 20 40 60 B0 100 120 140

5
o CREERSMEE]

Figure 5. AFM analysis of silver nanoparticles: (a) 2D image of AgNPs horizontal cross-section;
(b) histogram showing average particle size; (c) 3D image of AgNPs.
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3.6. FTIR Spectroscopy

FTIR spectra are valuable for monitoring the secondary structural property of pro-
teins [48] and are thus helpful to characterize enzyme-coated metal nanoparticles. FTIR
measurements were performed to identify the presence of the surface charge and functional
group in the lysozyme functionalized AgNPs. The IR analysis revealed the strong and
sharp band peaks at 3350.14, 2127.89, and 1638.63 cm~! were assigned to the stretching
vibrations of amide III (O-H stretch), amide II (C-H stretch), and amide I (C=0 stretch),
respectively (Figure 6). The band frequencies can be easily correlated with the protein
structure, indicating the capping of AgNPs with amines bonding of lysozyme. The capping
with enzyme-derived amines is responsible for the overall stability of AgNPs.
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Figure 6. FTIR spectra of lysozyme functionalized AgNPs.

3.7. Antimicrobial Activity

Antimicrobial resistance (AMR) of pathogenic microbes and infection control are global
issues of great challenge. Various potential antimicrobial drugs have been tried to treat
the infections from AMR bacteria, and the search for new antimicrobial substances against
MDR species is ongoing. Due to the various antimicrobial mechanisms of AgNPs, it could
be one of the best solutions to solve the resistant problems of bacteria [49,50]. In this study,
the highest antibacterial activity of AgNPs was observed against Klebsiella pneumoniae,
followed by Escherichia coli, Klebsiella aerogenes, Bacillus licheniformis, Bacillus subtilis, and
the lowest antibacterial activity of AgNPs was observed against Pseudomonas aeruginosa.
Furthermore, the results of the antimicrobial activity of AgNPs against three pathogenic
MBDR strains of Escherichia coli, Klebsiella aerogenes, and Pseudomonas aeruginosa exhibited
inhibition zones with diameters ranging between 13.5 £ 0.2 mm to 19.0 = 0.3 mm, which is
far better than AgNO;3 (Table 4). The AgNPs demonstrated powerful bactericidal effects on
all gram-negative non-MDR and MDR bacteria (Supplementary data). The AgNPs interact
with enzymes and proteins, modify the cell wall structure, alter membrane permeability,
and inhibit respiratory activity leading to the death of the bacteria [51]. AgNPs are easily
diffused across the membrane of Gram-negative bacteria due to the negative electrostatic
charges present in their membranes. The membrane allows the entry of smaller AgNPs
inside the cell. The smaller the size of the AgNPs make them easier to penetrate the bacterial
cells [36,52].

Furthermore, smaller AgNPs are destructive against bacterial cell membrane and
cell wall by forming free radicals to induce the release of reactive oxygen species (ROS)
such as H,O,, O,~, OH™, O,*™ etc. with decisive bactericidal action. However, it is
still a matter of debate, but the involvement of AgNPs mediated ROS is well reported in
cell destruction [53-55]. However, the variation of AgNPs’ response to different bacterial
species is due to bacteria’s metabolic diversity and inherent characteristics [56]. Hence,
Pseudomonas aeruginosa was reported more resistant than E. coli. Also, the result of effective
antibacterial activity against MDR strain indicates the role of lysozyme as a coating agent.
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Table 4. Antibacterial activity of colloidal ImM AgNPs against laboratory pathogens and
MDR strains.

Laboratory Isolated Bacterial Species ZOI of 100 pL AgNO3 ZOI of 100 uL AgNPs Z0O1100 uL Distilled
(mm) (mm) Water (mm)
Gram-positive
Bacillus licheniformis 10.0 £ 0.6 145+ 0.7 0.0
Bacillus subtilis 125+ 04 14.5+£0.8 0.0
Gram-negative
Escherichia coli 140+ 05 19.0 £ 0.3 0.0
Klebsiella aerogenes 120£0.8 15.0£0.6 0.0
Klebsiella pneumoniae 16.0 £ 0.2 20.0+£0.6 0.0
Pseudomonas aeruginosa 10.0 £ 0.6 14.0 £ 0.5 0.0
Escherichia coli (MDR) * 15.0+0.3 19.0+£0.3 0.0
Klebsiella aerogenes (MDR) * 15.0 £ 0.4 175 £ 0.5 0.0
Pseudomonas aeruginosa (MDR) * 11.0+0.2 135+0.2 0.0

Z0], zone of inhibition; Multidrug resistance has been checked according to the Clinical and Laboratory Standards
Institute (CLSI) standards 2022 [32]. Available online: https://clsi.org/ (accessed on 18 March 2022). * All three
MDR were extended spectrum beta-lactamase (ESBL) and metallo beta-lactamase (MBL) positive strains evaluated
by the E-test (Supplementary Figure S4). The E-test strips were purchased from HiMedia Laboratories Pvt Ltd.,
Mumbai, India.

3.8. Hemolytic Activity

To analyze the hemolysis, 100, 250, and 500 uL of 1 mM AgNPs were found non-
hemolytic after three repetitive reactions. However, 1000 pL of 1 mM AgNPs (contains
approx. 107.8 pg silver) could induce minor hemolysis (6.17%) in human erythrocytes
(Figure 7). The AgNPs mediated hemolysis is size and dose-dependent process. Small
size (15 nm) AgNPs have the highest tendency to induce hemolysis compared to bigger a
size (50 to 100 nm) of AgNPs [57]. In addition, the capping agents and coating medium of
AgNPs play important roles in the hemolysis of human erythrocytes. The result suggests
that lysozyme-coated AgNPs are suitable for intravenous or subtropical applications.
Our result is better than the earlier reported 19% hemolysis by approximately 40 pug/mL
of polyvinylpyrrolidone-coated AgNPs with a size of 21.6 &+ 4.8 nm [13]. However, it
remains difficult to compare results of AgNPs-triggered hemolysis across different studies
due to the lack of physicochemical characterization and in vitro hemolysis standards.
Nevertheless, our results are in good agreement with previous reports [57,58]. Usually, in
the hemolysis process, the AgNPs interact with RBC in vitro and cause ROS production.
The AgNPs may also alter the membrane of erythrocytes, causing pores and leading to
osmotic lysis [58]. However, the exact reason for AgNPs-induced hemolysis has not yet
been clearly demonstrated, and many more mechanisms might contribute to hemolysis,
including deformability, adhesiveness, and membrane vesiculation of RBCs.

3.9. Platelet Aggregation Activity

Platelet aggregation (0.19%) was not observed in the presence of 500 uL of 1 mM
AgNPs (containing approx. 53.9 ug silver), suggesting the antiplatelet effect of AgNPs.
The mild aggregation (1.98%) was found in the presence of 1000 puL of ImM AgNPs
(contains approx. 107.8 ug silver) (Figure 8). The in vitro blood compatibility study of
AgNPs is a controversial topic due to morphologically different AgNPs reacting with
platelet differentially (i.e., either no impact or platelet aggregation). In addition to the
morphological features of AgNPs, coating agents also play essential roles in the aggregation
of platelets [59]. As a natural molecule of the immune system, lysozyme does not induce
adverse effects such as inflammation or other clinical ailments. The antiplatelet properties
may be due to the coating of lysozyme on AgNPs. However, the current result is qualitative


https://clsi.org/

Processes 2022, 10, 623

12 of 16

only. More experimental works should be executed to confirm the reason for the antiplatelet
activity of AgNPs.
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Figure 7. Hemolysis of human erythrocyte at the different volumes of 1 mM AgNPs. A satellite
image shows reaction tubes after 3 h incubation at 37 °C temperature. (PC, positive control; NC,
negative control; Test, 1000 uL of 1 mM AgNPs, and * p < 0.05).

Figure 8. Platelets aggregation of AgNPs (PC, positive control; NC, negative control; Test1, 500 L of
AgNPs; Test 2, 1000 uL of AgNPs).

The key factors responsible for the antiplatelet activity of silver include AgNPs size,
shape, surface charge, coating agents, and impurities. Similarly, platelet biological features
are also responsible, including the physiological state of platelets before the exposure of Ag-
NPs [51,60,61]. Furthermore, proper methods are also required to detect mild aggregation
and micro-aggregation of platelets.

The antibacterial, non-hemolytic, and antiplatelet nature has specified the possibilities
to prepare safe and effective AgNPs-coated coronary stents. They may be used as potent
molecules to reduce blood clotting, such as the adverse effects of the COVID-19 vaccine in
a vaccinated person. However, this study provides only baseline information of AgNPs
formulation, characteristics, and therapeutic applicability. The side effects of AgNPs
and cytotoxicity in human cells must be investigated to establish the AgNPs as a safe
therapeutic agent.

4. Conclusions

Single-step synthesis of functionalized, non-toxic, and more effective silver nanopar-
ticles has been produced using lysozyme as a reducing agent. In addition, the lysozyme-
AgNP conjugate was proved to achieve a synergic antibacterial effect since heat-denatured
lysozyme-stabilized silver nanoparticles are more bactericidal [62]. AgNPs synthesis using
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a 10:1 ratio of 1 mM AgNOj3 and 1 mg/mL of lysozyme at 60 °C for 120 min incubation is
a viable and scalable process at the large-scale synthesis. Lysozyme-mediated silver ions
reduction stabilized the AgNPs and assisted in the ripening of the nanoparticles. In narrow
bell-shaped graphs, the synthesized AgNPs showed the SPR peak at 425 nm. The spherical,
monodispersed, and mild positive surface charge containing AgNPs was found stable and
free from impurities, revealing the suitability for therapeutic and clinical uses. Formulating
controlled-size and scattered AgNPs with crystalline nature is suitable for biotechnolog-
ical applications. The amide functional groups on the AgNPs make them reactive with
remarkable antibacterial activity against non-MDR and MDR strains of pathogenic bacte-
ria. The lysozyme-coated AgNPs exhibited non-hemolytic activity and antiplatelet effects.
The results indicate that the physicochemical and biological characteristics of lysozyme
functionalized AgNPs are significant for the impending application as nanotherapeutics
and nanomedicine.
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