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Abstract
The discovery of antimicrobial agents continues to develop in line with advances in materials science and technology, and in 
light of resistance to many pathogens. Nanoparticle-based materials offer enhanced food preservation from foodborne patho-
gens. In this study, the simple, eco-friendly and non-toxic synthesis of silver nanoparticles (GC-AgNPs) by goat colostrum is 
reported for the first time. Confirmation of synthesized GC-AgNPs is based on UV–Visible and FTIR spectroscopy, scanning 
electron microscopy (SEM), and powder X-ray diffraction method (PXRD). The PXRD study confirms that GC-AgNPs are 
6.93 nm in size. The role of goat colostrum proteins in the reduction of silver ions  (Ag+) to silver nanoparticles (AgNPs) 
is confirmed by FTIR analysis. The crystalline structure of the nanoparticles is determined by the XRD spectrum having 
characteristic peaks at (111), (200), (220), and (311) respectively, correlated with silver Bragg reflections. The antimicrobial 
potential of GC-AgNPs is studied using multiple bioassays. GC-AgNPs exhibit 93% DPPH scavenging activity. The anti-
oxidant results of various bioassays show that GC-AgNPs have a strong ability to stabilize the oxidized metal ions and can 
accept the electron in anaerobic and anhydrous conditions. GC-AgNps represent the highest inhibition zone (40.27 mm) for 
Pseudomonas Aeruginosa and Aspergillus flavus (18.34 mm) and are highly biocompatible as cleared from their cytotoxicity 
 (IC50 = 615 ± 0.64 mg/mL) against L-929 fibroblast cell lines. Therefore, it can be concluded that non-toxic and antimicrobial 
GC-AgNPs may be used as potential antimicrobial agents against foodborne pathogens.
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like camel milk, sheep milk and goat milk has already been 
reported by a few researchers e.g., Akshata et al. [28] used 
milk in an orbital shaker at 37 °C, 120 rpm for 72 h and Pan-
dey et al. [29] used milk at 60 °C to synthesize AgNPs. The 
milk proteins reduce the metal ions and stabilize the nano-
particles [29] and it is also expected that at high-temperature 
casein and whey proteins interact with each other to result 
in abnormal functional properties [29, 30]. Still, the mecha-
nism and use of proteins in the synthesis of AgNPs have not 
been much investigated. Only Lee et al. [31] and Hegazi 
et al. [32] reported the significant antimicrobial activity of 
cow milk mediated silver nanoparticles. So, there is still a 
need for new antimicrobial materials to overcome existing 
microbial resistance challenges.

Although milk is already used in the synthesis of silver 
nanoparticles, no studies regarding goat colostrum have been 
reported. Colostrum is the milk, which is produced right 
after calving. It is rich in proteins, antibodies and amino 
acids relative to common breast milk, which start to appear 
after the first day of calving [33]. In this study, we used goat 
colostrum for the first time to synthesize GC-AgNPs from a 
silver salt solution. We have thoroughly examined the anti-
microbial potential of GC-AgNPs through various biological 
activities such as (i) DPPH radical scavenging assay, (ii) 
metal chelation assay, (iii) phosphomolybdenum assay, (iv) 
azinobis 3-ethylbenzothiazoline-6-sulfonate  (ABTS⋅+) assay, 
(v) hydrogen peroxide  (H2O2) scavenging assay, (vi) nitric 
oxide radical scavenging assay, (vii) reducing power assay, 

1 Introduction

Microbial contamination is a prevalent concern in food 
processing. Scientists employ metal nanoparticles like 
silver, and gold dioxide, magnesium oxide, zinc oxide, 
copper oxide, cadmium selenite/tellurite, and titanium to 
cope with microbial activities. Nanoparticles exhibit some 
exceptional and novel properties depending on their size, 
shapes, and morphological attributes, endorsing their inter-
actions with animals, plants, and microorganisms [1–3]. 
They are prepared to investigate their physical properties 
and morphological features from different perspectives [1, 
4–8]. Numerous factors determine the stability, size, and 
morphological attributes of nanoparticles, particularly the 
synthetic protocol, solvent, temperature, concentration, and 
strength of the reducing agent [9]. Some researchers mistak-
enly claimed that the chemical synthesis of nanoparticles is 
green, although it was done inadvertently [10].

It is well known that green synthesis involving biologi-
cal materials provides the best environmental platform for 
reducing the metal ions into metallic nanoparticles [11–15]. 
In recent times, gold and silver nanoparticles have been 
synthesized from floral parts, fruits, and leaves of plants 
[1, 9, 16–18], apart from typical enzyme-based synthesis 
[19]. The AgNPs have gained a significant position among 
all previously reported nanoparticles owing to their inher-
ent antimicrobial property, even in the solid-state [20–27]. 
The synthesis of nanoparticles using various animal milk 
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(viii) antibacterial disk diffusion assay, (ix) antibacterial disk 
diffusion assay, (x) time course growth assay, (xi) Broth dilu-
tion (BD) method, (xii) anti-inflammatory assay, and (xiii) 
biocompatibility assay.

2  Material and Methods

2.1  Materials

GC-AgNPs were synthesized by utilizing the following 
precursors; Silver nitrate  (AgNO3, 99.99% Sigma-Aldrich); 
Ammonium molybdate ((NH4)2MoO4, 99.99% Sigma-
Aldrich); Sodium Phosphate (NaOH, 98% Sigma-Aldrich); 
Potassium persulfate  (K2S2O8, 99.99% Sigma-Aldrich); Sul-
phuric Acid  (H2SO4, 98% Sigma-Aldrich); Ethylenediamine-
tetraacetic acid (EDTA, 99.98% Sigma-Aldrich); Hydrogen 
peroxide (30 wt % in  H2O Sigma-Aldrich); All chemicals 
were used as received.

2.2  Synthesis of Silver Nanoparticles (GC‑AgNPs)

The goat colostrum mediated silver nanoparticles were pre-
pared by adding 5 mL fresh goat colostrum to 50 mL of 
 10−4 M  AgNO3 aqueous solution for reducing  Ag+ ions. This 
reaction mixture was kept in direct sunlight for two days 
and the formation of silver nanoparticles from the reduc-
tion of silver ions was confirmed when the white colour of 
goat colostrum changed to reddish-brown. The nanoparticles 
were collected after centrifugation and finally purified using 
distilled water. The unbound proteins were removed with 
80% ethanolic solution (v/v).

2.3  Characterization of Silver Nanoparticles

The synthesized GC-AgNPs (obtained from the bio-reduced 
 Ag+ ions) in the medium were monitored through a UV–Vis-
ible spectrophotometer (Lambda-35 R PerkinElmer, USA) 
in the 300–650 nm wavelength range. The spectra were 
monitored w.r.t., time at a 1 nm resolution, and ambient 
temperature.

The diameter of the nanoparticles was determined at 
a fixed scattering angle of 90° and ambient temperature. 
FT-IR spectra of GC-AgNPs have been recorded on Fourier 
Transform Infra-Red spectrophotometer (FTIR; 8400S, Shi-
madzu, Japan) with transmission (%) mode and 200 scans. 
For FT-IR analysis, potassium bromide KBr-pelletized, GC-
AgNPs having 1% (w/w) concentration were compared with 
pure KBr pellet as a reference background. The morpho-
logical structure analysis and the size of silver nanoparticles 
were performed on scanning electron microscopy (SEM) 
(Model No: Jeol 6480LV; JSM, USA) keeping acceleration 
voltage at 15 kV.

2.4  Biological Activities Against Foodborne 
Pathogens

2.4.1  Antioxidant Activities

2.4.1.1 DPPH Radical Scavenging Assay The DPPH radical 
scavenging activity of GC-AgNPs was investigated using 
the reported method [34] with some modifications. Vari-
ous concentrations of GC-AgNPs (10, 10, 20, 30, 40, 50, 
75, and 100 μg/mL) and butylated hydroxytoluene (BHT) 
were transferred to sample test tubes and 5 mL of ethanolic 
DPPH solution (0.1 mmol/L) was added by vigorous shak-
ing. The sample tubes were placed in the dark ambient for 
about 30 min. The activity was assessed by taking absorb-
ance at 517 nm. The DPPH radical percent inhibition was 
calculated using the optical density (OD) of the samples and 
the control using Eq. 1 as given below.

2.4.1.2 Metal Chelation Assay The GC-AgNPs were also 
tested for chelation activity with ferrous ions by following 
a reported method [35]. In the first step of process, different 
concentrations of the GC-AgNPs (100, 200, 300, 400 and 
500 µg/mL) and 0.1 mL of  FeCl2 solution (2 mmol/L) were 
mixed. To initiate the chelation reaction, ferrozine solution 
(0.2 mL; 5 mmol/L) was mixed in the reaction medium and 
by vigorous and continuous shaking and then kept at ambi-
ent temperature for almost 10 min. Afterwards, the absorb-
ance was measured at 562  nm to calculate the  Fe2+ ion's 
chelating activity. Ethylenediaminetetraacetic acid (EDTA) 
as a standard was used to measure the chelation activity of 
the GC-AgNPs. The chelating activity is expressed in mil-
ligrams of EDTA equivalent/gram of sample. The percent 
inhibition (%) of ferrozine–Fe2+ complex was computed 
with the help of the following Eq. 2.

2.4.1.3 Phosphomolybdenum Assay The antioxidant 
potential of the GC-AgNPs was also evaluated against phos-
phomolybdenum following a reported procedure [36]. The 
sample vial was loaded with reagent solution [prepared by 
mixing, sodium phosphate (4 mM), ammonium molybdate 
(4 mM) and sulfuric acid (0.6 M)], and sample solution (100, 
200, 300, 400 and 500 µL respectively). The capped sample 
vials were incubated in a thermostat at 95 °C for 90 min. 
On attaining room temperature, the absorbance of samples 

(1)

DPPH percent inhibition(%)

=
(OD of control − OD of sample)

OD of control
× 100.

(2)
Fe2+ ions chelating activity (%)

=
[

Acontrol − Asample∕standard

]

× 100.
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was recorded at 695 nm to measure phosphomolybdenum 
antioxidant activity as ascorbic acid equivalents (AAE/g).

2.4.1.4 Azinobis 3‑Ethylbenzothiazoline‑6‑Sulfonate  (ABTS⋅+)  
Assay The GC-AgNPs were also assessed for their ABTS 
radical cation  (ABTS⋅+) decolourization activity, following 
a reported method [37]. The radical cations  (ABTS⋅+) were 
produced by reacting aqueous azinobis 3-ethylbenzothiazo-
line-6-sulfonate  ABTS⋅+ solution (7  mM) with potassium 
persulfate (2.4 mM), in the dark in a room temperature for 
almost 12–16 h. Ethanol (approximately 1:89 v/v) was used 
for diluting the reagent solution and subsequently equilibrated 
at 30 °C to measure the absorbance (0.7 ± 0.02) at 734 nm. To 
the samples of varying concentrations (100, 200, 300, 400, 
and 500  μg/mL), 3  mL of  ABTS⋅+ reagent (0.1  mM) was 
added and kept in the dark place to incubate for 15 min. The 
absorbance was measured at 745 nm to assess the extent of 
decolourization. Rutin was the standard and ABTS reagent 
was designated as the control. The percent  ABTS+ inhibition 
was calculated with Eq. 3.

2.4.1.5 Hydrogen Peroxide  (H2O2) Scavenging Assay The 
silver nanoparticles were also assayed with Hydrogen per-
oxide  (H2O2) scavenging activity by slight modification in 
the previously reported assay [38]. The method is briefly 
described here; 50 mL of  H2O2 (5 mM) solution was added to 
the GC-AgNPs of varying concentrations (10 20, 30, 40, 50, 
75, and 100 g/mL) and standard ascorbic acid. The reaction 
mixtures were incubated at ambient conditions for 20 min 
and afterwards, the absorbance of solutions was measured at 
610 nm. The scavenging activity was determined from Eq. 4.

2.4.1.6 Nitric Oxide Radical Scavenging Assay This scav-
enging activity was determined from nitric oxide radicals 
 (NO⋅), generated by the interaction of oxygen with aqueous 
sodium nitroprusside solution (100 µL of 20 mM) at physi-
ological pH. The nitrite ions were measured with Griess 
reagent after slight modification in the protocol reported 
by Sousa [39]. The incubation of nitric oxide radicals with 
100 µg/mL of GC-AgNPs was carried out for an hour under 
ambient conditions. Commercial phenolic BHT and  NO⋅ 
were the positive controls in this assay and scavenging 
activity was calculated from the same Eq. 4.

2.4.1.7 Reducing Power Assay The GC-AgNPs were inves-
tigated for their reducing power using a slight modification 

(3)ABTS inhibition (%) =
(The absorbance of the control − absorbance of the sample)

The absorbance of the control
× 100.

(4)Scavenging activity(%) =
(The absorbance of the control − absorbance ofthe sample)

The absorbance of the control
× 100.

in the reported protocol [40]. In this method, the solutions 
of GC-AgNPs in varying concentrations (10, 20, 30, 40, 50, 
75 and 100 µg/mL), phosphate buffer (2.5 mL of 200 mM; 
pH 6.6) and potassium ferricyanide (2.5 mL of 1%) were 
mixed. The reaction mixture was incubated at 50  °C for 
20 min and suddenly cooled and TCA solution (2.5 mL of 
10%) was added. The reaction mixture was centrifuged at 
3000 rpm for 8 min. Afterwards, the supernatant and Mil-
lipore Milli-Q water were mixed in equal amounts. Finally, 
a  FeCl3 reagent (1 mL of 0.1%) was added to the upper layer 
of the supernatant and measured the absorbance of samples 
at 700 nm. The results were compared with positive control 
and the percent reducing power was calculated with Eq. 4.

2.4.2  Antimicrobial Assay

2.4.2.1 Antibacterial Disk Diffusion Assay For this assay, 
sterile agar plates were prepared using 20  mL of ster-
ile nutrient agar liquid medium (pH 7.4 ± 0.2). Once we 
attained the solidification of plates, the bacterial sample 

containing 100 μL of suspension  (105 colony-forming units/
mL) was applied to the agar plates. The suspended solutions 
(5 mg/mL, 10 mg/mL) of  AgNO3 and the GC-AgNPs were 
impregnated on sterile disk filter paper (6 mm in diameter). 
Disks loaded with samples were afterwards positioned on 
inoculated agar plates. The sensitivity of bacterial species 
to GC-AgNPs was determined using positive control chlo-
ramphenicol (10 mg/mL). The inoculated plates were incu-
bated for 24 h keeping the thermostat at 37 °C. Antibacterial 
activity was assessed from inhibition zones [41].

2.4.2.2 Antifungal Disk Diffusion Assay The antifungal 
activity of  AgNO3 and the GC-AgNPs was determined 
by the disk diffusion method [42]. The point inoculation 
method was used to inoculate potato dextrose agar plates 
with 10 days old fungal cultures. Disk filter papers (What-
man No. 1) impregnated with  AgNO3 and the GC-AgNPs (5 
and 10 mg/mL), were placed on test organism seeded agar 
plates. Nystatin (10 mg/mL) was the positive control in this 
assay. The antifungal activity was determined after incubat-
ing the samples for 72 h at 28 °C. The inhibition zones were 
located and their diameters, as well as mean values, were 
determined with a calliper.
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2.4.2.3 Time Course Growth Assay The sensitivity of GC-
AgNPs and  AgNO3 for pathogenic bacterial strains was 
measured by time course growth assay [43]. From the bac-
terial culture incubated overnight in a nutrient broth (NA), 
100 μL was put into sterile test vials loaded with 1 mL of 
NA and 100 μL of  AgNO3/ GC-AgNPs (5 mg/mL, 10 mg/
mL). The inoculated sample in the tubes was thoroughly 
mixed and incubated at 37 °C. The optical density (OD) of 
samples was measured at 550 nm on a micro quant spectro-
photometer (BioTek; USA) after time intervals of 0, 1, 2, 3, 
and 5 h. The bacteriostatic effect of incubated cultures led 
to a decrease in optical density. Three technical replicates of 
the assay were taken.

2.4.2.4 Broth Dilution (BD) Method Minimum Inhibition 
Concentration (MIC): The visible growth of microorgan-
isms in Mueller–Hinton, MH (for bacteria) and Sabouraud 
dextrose, SD (for fungi) broth was evaluated in terms of 
minimum inhibition concentration (MIC) and Minimum 
Bactericidal Concentration (MBC). 100 μL of GC-AgNPs 
(200 to 1  μg/mL) was poured into microtitre plates with 
100 μL each broth. After two-fold serial dilution, 100 μL 
of microbial samples were incubated for 24 h (for bacteria) 
and 48 h (for fungi) at 37 °C [44]. The optical densities were 
calculated at 600 nm using a microplate reader.

Minimum Bactericidal Concentration (MBC) and Mini-
mum Fungicidal Concentration (MFC): To calculate MBC 
and MFC, 2 µL of microbial sample from MIC well were 
incubated for 24 h and 48 h respectively at 37 °C. The point 
where silver nanoparticles kill 99.9% of the microbial popu-
lation is called the MBC (bacteria) and MFC (fungi) point 
[45].

2.4.3  Anti‑inflammatory Assay

The GC-AgNPs were testified for their anti-inflammatory 
potential using albumin denaturation protocol [46]. In 
this method, the reaction mixture was prepared by mixing 
0.2 mL of fresh egg albumin (hen’s egg), 2.8 mL of PBS (pH 
6.4), and 2 mL of GC-AgNPs (25, 50, 100, 200, and 400 µg/
mL). The reaction mixture was placed in a BOD incubator 
for 15 min initially at 37 °C and then the temperature was 
raised to 70 °C for 5 min. The distilled water was taken 
as control. The absorbance of the sample was measured at 
660 nm after cooling it to room temperature. The reference 
drug acetylsalicylic acid of varying concentrations (5, 10, 
15, 25, 50, and 100 mg/mL) was prepared as the abovemen-
tioned procedure and absorbance was measured. The inhibi-
tion of denaturation was calculated with the following Eq. 5.

where  Vt is the absorbance of the test sample and  Vc stands 
for the absorbance of the control. The  IC50 (the concentra-
tion of drug causing 50% inhibition of denaturation), was 
determined from the dose/ response curve by plotting per-
cent inhibition of control against varying concentrations of 
treatment.

2.4.4  Biocompatibility Study

The GC-AgNPs were also evaluated for their biocompat-
ibility from the percent viability of normal fibroblast cell 
lines (L-929) [46]. The seeding of L-929 cells was car-
ried out in a flask containing Dulbecco’s modified Eagle’s 
medium (DMEM) and M-199 supplemented with fetal 
bovine serum FBS (10%) and incubated for one day under 
a 5%  CO2 atmosphere at 37 °C. After incubation, intact 
cells were trypsinized for about 3–5 min to separate indi-
vidual cells and then centrifuged at 800 rpm for 10 min. 
The number of individual cells was estimated and 5000 
cells/well were distributed in a 96-well ELISA plate and 
incubated for 24 h until 70–80% convergence of monolayer. 
The remarkable capacity of GC-AgNPs to reduce the ATPs 
of the cells ultimately caused mitochondrial damage and a 
dose-dependent increment of reactive oxygen species (ROS). 
Hence, the GC-AgNPs of concentrations ranging from 100 
to 700 mg/mL were tested for toxicity. The viability of the 
cells was detected after adding 200 mL of MTT solution 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) to sample wells and incubating for 4–5 h. Afterwards, 
200 mL of DMSO was transferred to the wells discarding the 
MTT solution and kept in dark for almost 15–20 min. Post-
incubation optical density (OD) of the formazan product was 
measured on a micro-titre plate reader at 595 nm.

2.4.5  Statistical Analysis

All bioactivity assays were run in triplicates to ensure their 
reproducibility. The results of antioxidant activities were 
expressed in percent inhibition (%) while the cytotoxic activ-
ity was expressed in percent viability as compared to control. 
The comparison of antioxidant and cytotoxic activities was 
made with the “Student’s t-test” with the respective controls. 
The collected data were then subjected to one-way ANOVA 
and Duncan’s Multiple Range Test processed on the SPSS 
program (IBM SPSS; statistics 19). A statistical difference 
was considered significant at p ≤ 0.05.

(5)Inhibition (%) = 100 ×
Vt

Vc

.
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3  Results and Discussion

3.1  Synthesis of GC‑AgNPs

Silver nanoparticles have been reported for their penetrat-
ing potential in biomedical applications [47]. The controlled 
magnitude of silver nanoparticles was herein accomplished 
with an appropriate quantity of goat colostrum. The colos-
trum contains a high concentration of proteins and a low 
concentration of fat (see Supplementary Material). The 
appearance of reddish-brown colour indicated the forma-
tion of elemental silver  (Ag°) from silver ion  (Ag+) reduction 
and surface plasmon resonance of the newly synthesized 
GC-AgNPs triggered this process. The GC-AgNPs presented 
noteworthy biomedical applications in terms of antioxidant, 
antimicrobial, antifungal, and anti-inflammatory activities.

3.2  UV–Visible Spectroscopy

The UV–Vis analysis of GC-AgNPs endorsed their visual 
results and stabilization at 426 nm (Fig. 1), which is in close 
agreement with the wavelength of surface plasmon reso-
nance in silver. The investigation revealed that the overall 
yield and growth of the GC-AgNPs are greatly influenced 
by various factors including sliver salt’s concentration, pre-
cursors, and goat colostrum. In this study, we employed 
1–5 mM  AgNO3 salt at ambient reaction conditions, and 
strong absorbance at 426 nm due to the formation of GC-
AgNPs. The surface plasmon vibration caused a sharp 
absorbance between 410 and 440 nm, which is mainly due 
to the enriched concentration of silver nanoparticles, as 
reported in the literature [48–51].

3.3  FTIR Spectroscopy

The biosynthesis methods significantly enhanced the stabil-
ity of nanoparticles, as bio-functionalization confers stabil-
ity. The FTIR spectrum (Fig. 2) of the GC-AgNPs synthe-
sized from goat colostrum on exposure to direct sunlight 
showed the characteristic peaks, observed at 3404, 2917, 
2849, 1732, 1608, 1444, 1375, 1080, 834, 724  cm−1 in clear 
comparison to the peaks in FTIR spectrum of goat colostrum 
spectrum (Supplementary material Fig S1).

3.3.1  Plausible Mechanism

It is presumed that the proteins and enzymes in the goat 
colostrum confer characteristic absorption peaks which in 
turn may be the causative agents to accelerate reduction and 
capping. Sunlight provides sufficient energy to accelerate the 
biomolecules to fabricate nanoparticles [52, 53]. The pres-
ence of the hydroxyl group or secondary amine was identi-
fied at 3404  cm−1. A characteristic band at 1608  cm−1 in 
FTIR spectra is assigned to amide I. It can be inferred from 
the FTIR analysis that the stretching vibrations of –C=O 
and –N–H in the proteins of colostrum cause the reduction 
and the functionalization of GC-AgNPs. The peaks spotted 
at 1375  cm−1 and 1444  cm−1 account for the C-N stretching 
vibrations of amide II and amide III correspondingly. It can 
be deduced from the abovementioned analysis; that photo-
reduction of  Ag+ to AgNP is directly influenced by the pro-
teins in goat colostrum. The peak observed at 2917  cm−1 
represents the str vibrations of –CH3 and at 2849  cm−1 rep-
resents –CH2. The strong and sharp peak at 1732  cm−1 is 
linked to the propionamide side chain of Vitamin  B12 present 
in the goat colostrum [54, 55]. It also provides an under-
standing that the colostrum proteins could be adsorbed on Fig. 1  UV visible spectrum of GC-AgNPs

Fig. 2  FTIR spectrum of GC-AgNPs
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the metal surface along with Vitamin  B12. Hence it is con-
ferred that the presence of proteins in the goat colostrum 
facilitates the photocatalytic synthesis of the GC-AgNPs 
from  Ag+ ions.

3.4  Phase and Crystallinity Analysis

The crystalline nature of GC-AgNPs was confirmed by X-ray 
diffraction (XRD) analysis, and the XRD pattern revealed 
numbers of Braggs reflections indexed based on face cen-
tred cubic structure of silver. The nanocrystal structure of 

GC-AgNPs was confirmed by the analogy of our XRD spec-
trum (ref no. 01-087-0719) to that of standard, as verified by 
the appearance of peaks at 2θ values of 38.3° (111), 44.1° 
(200), 64.6° (220), and 77.2° (311) corresponding to the 
Bragg reflections of silver [56] (Fig. 3). As elaborated in 
the experimental section, the synthesized nanoparticles were 
repeatedly centrifuged and dispersed in distilled water before 
the XRD analysis to prevent Bragg reflections caused by 
independent crystallization of any unbound biological mate-
rial. The average particle size of GC-AgNPs was 6.93 nm, 
calculated by using the Debye-Scherer Equation [57].

3.5  Morphological Analysis

The morphological attributes, shape, and size of the GC-
AgNPs were clarified by employing Scanning Electron 
Microscopy (SEM). The SEM image (Fig. 4) confirmed that 
the nanoparticles appeared with sizes of 45.96–64.88 nm hav-
ing an average size of 55.42 nm. This range of particle size 
could be due to the aggregation of smaller particles or the over-
lapping capping agents. The aggregated GC-AgNPs endorsed 
the synthesis of silver nanoparticles and their capping through 
the biomolecules especially proteins in goat colostrum.

3.6  Evaluation of Biological Activities Against 
Foodborne Pathogens

3.6.1  Antioxidant Activities

3.6.1.1 DPPH Radical Scavenging Activity The DPPH is a 
stable free radical, known for its ability to accept hydrogen 

Fig. 3  PXRD pattern of GC-AgNPs

Fig. 4  SEM and histogram of GC-AgNPs
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or electrons from donors. The DPPH reducing the ability of 
the GC-AgNPs was determined by the change in colour due 
to the donation of hydrogen to stable DPPH molecule, on 
the contrary; the control showed no colour change. There 
was considerable inhibition of GC-AgNPs against DPPH as 
compared to the BHT standard (Fig. 5). The dose-depend-
ence increment of the GC-AgNPs in DPPH activity was 
observed. However, 93% scavenging activity of DPPH was 
exhibited by the GC-AgNPs. The absorbance was recorded 
at 517 nm in this assay. This antioxidant potential of the GC-
AgNPs could be ascribed to the adherence of characteristic 
functional groups originating from the goat colostrum.

3.6.1.2 Chelation Activity Iron is an active catalyst and pro-
oxidant to oxidize lipids. It accelerates the oxidation in its 
ferrous state by breaking down lipid peroxides and hydrogen 
to generate highly reactive free radical species. Ferrozine 
can form  Fe2+-complexes in quantitative amounts and the 
presence of other chelating agents, disrupt complexation. 
The highest metal chelation activity shown by EDTA is 
99.27% ± 1.84 (Fig. 6). The  Fe2+ ion chelating ability of syn-
thesized GC-AgNPs is 68.56% ± 2.68 compared with previ-
ous results. In short, the chelating agents are the secondary 
antioxidants, that stabilize the metal ions in their oxidized 
forms and cause a reduction in their redox potential.

3.6.1.3 Phosphomolybdenum Activity The phosphomo-
lybdenum assay gives a quantitative estimation of the anti-
oxidant potential of synthesized GC-AgNPs and measures 
Mo(VI) to Mo(V). The reducing activity was indicated by 
the appearance of the green phosphate-Mo(V) complex and 
showed absorbance at 695 nm. The present study revealed 
that the GC-AgNPs showed phosphomolybdenum reduction 
activity (85 µg/mL) (Fig. 7). It is noted that the structure of 
the antioxidant understudy is responsible for the transfer of 
electrons at different redox potentials during the chelation 
process and phosphomolybdenum assay.

3.6.1.4 Azinobis 3‑Ethylbenzothiazoline‑6‑Sulfonate  (ABTS⋅+) 
Activity Another useful technique “ABTS⋅+ assay helps in 
determining the antioxidant potential of aqueous phase radi-
cals (hydrogen donating antioxidants) and the lipid peroxyl 
radicals (chain-breaking antioxidants). Significant free radical 
inhibition was shown by the synthesized GC-AgNPs and the 
activity increased by increasing concentration. The maximum 
inhibition shown by GC-AgNPs is 89% at 500 µg/mL which is 
greater than the standard rutin (73%) as shown in Fig. 8.

3.6.1.5 H2O2 Scavenging Measurements In the biological 
systems, the membranes suffer huge damage by an uninhib-
ited accumulation of  H2O2 as oxygen free radicals (perox-

Fig. 5  DPPH radical scavenging 
activity of GC-AgNPs

Fig. 6  Metal chelation activity 
of GC-AgNPs
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ide and hydroxyl radicals) are generated in the process. The 
GC-AgNPs were evaluated spectrophotometrically for their 
quantitative  H2O2 scavenging activity with standard anti-
oxidant ascorbic acid as depicted in Fig. 9. At the highest 
concentration (100 µg/mL), the GC-AgNPs showed 94.12% 
inhibition in comparison to 90.28% inhibition of ascorbic 
acid. Interestingly, the free radicals generated during the 
 H2O2 scavenging assay were higher than those in the DPPH 
scavenging assay. Surprisingly, the characteristic structural 

attributes of GC-AgNPs enhanced their reducing potential 
in comparison to ascorbic acid. The dispersed GC-AgNPs 
can trigger the formation of hydroxyl radicals in the pres-
ence of hydrogen peroxide, and hence their dissolution is 
accelerated due to the maximal incorporation of hydrogen 
peroxide inside the cell. This triggers strong oxidative stress 
even at a low dose. GC-AgNPs induce greater inflamma-
some formation due to greater involvement of hydrogen per-
oxide and cause efflux of  K+ ions and leakage of cathepsins 

Fig. 7  Molybdenum reduction 
activity of GC-AgNPs

Fig. 8  ABTS⋅+ activity of GC-
AgNPs

Fig. 9  H2O2 scavenging activity 
of GC-AgNPs
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from impaired lysosomes. This process may be a major con-
tributor to producing hydrogen peroxide and superoxide in 
the mitochondrial membranes.

3.6.1.6 Nitric Oxide Scavenging Activity Nitric oxide (NO) 
has been reported for many significant bioregulatory func-
tions in the cardiovascular, immune, and nervous systems. 
The NO scavenging activity was concentration-dependent 
and the highest scavenging activity (80.02%) of the synthe-
sized GC-AgNPs was observed at the highest concentration 
(100 mg/mL) (Fig. 10). The experimental findings clearly 
showed that NO activity was lower as compared to standard 
BHT (81.35%). The less stable NO radical has a high elec-
tronegativity, and it interacts at room temperature with GC-
AgNPs under anaerobic and anhydrous conditions to accept 
electrons.

3.6.1.7 The Reducing Power The reducing power of the 
GC-AgNPs was determined from the dose-dependent 
response as graphically represented in Fig. 11. An increas-
ing trend in the reducing power of the GC-AgNPs was 
observed with increasing concentrations. The involvement 
of biomolecules in goat colostrum improved the reducing 

power of the nanoparticles more than standard BHT. Nev-
ertheless, the biomolecules of quol (polyphenolic daidzein 
metabolite) exhibit better antioxidant capacity in correlation 
to the synthesized GC-AgNPs.

3.6.2  In‑Vitro Antimicrobial Potential

3.6.2.1 Disk Diffusion Antibacterial Activity The inhibition 
shown by gram-positive bacterial strains (Bacillus tropi-
calis, Staphylococcus aureus) and gram-negative bacterial 
strains (E. coli and Pseudomonas aeruginosa) was very sig-
nificant (Table 1).

The GC-AgNPs and  AgNO3 treatments showed inhibitory 
zones of diameters of 40.27 mm and 12 mm respectively 
(Table 1). When the GC-AgNPs and  AgNO3 (10 mg each) 
were treated against P. Aeruginosa, the highest inhibition 
zones were observed at 40.27 mm and 26 mm, respectively. 
The same treatment with 5 mg each of the GC-AgNPs and 
 AgNO3 showed correspondingly zones at 31.7 mm and 
25 mm. Among these treatments, inhibitory zones of  AgNO3 
(5 mg) were observed in the range of 10.04–26.00 mm. 
Moreover, in the treatment with GC-AgNPs (10 mg) with 
E. coli and Bacillus subtilis, the respective inhibitory zones 

Fig. 10  Nitric oxide scavenging 
activity of GC-AgNPs

Fig. 11  The reducing power of 
the GC-AgNPs
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were located at 29.27  mm and 25.78  mm in diameter. 
The minimum inhibition zone of 10.04 mm diameter was 
observed against Staphylococcus aureus.

Furthermore, in inhibition against P. Aeruginosa, the 
inhibitory zone of GC-AgNPs treatment (5 mg/mL) was 
observed with a 25.7 mm diameter in comparison to the 
28.66 mm diameter of chloramphenicol (positive control). 
The chloramphenicol is reported to show inhibitory zones 
ranging from 24.00 to 33.66 mm against all bacteria. On the 
other hand, the inhibitory zones against the P. aeruginosa 
strain were observed in the range of 27.00–40.27 mm.

3.6.2.2 Disk Diffusion Antifungal Activity The global food 
scenario is directly affected by microbial spoilage of food, 
and the quality of the organoleptic products (aspect ratios, 
textures, taste, and aroma). The supreme ability of fungi 
to grow under any extreme conditions poses serious prob-
lems for the food chains [58]. Other than disturbing the food 
chain and its quality, some fungi (Penicillium, Aspergillus, 
Alternaria, and Fusarium) produce mycotoxins (secondary 
metabolites) to cause toxic effects not only in human beings 
but also in animals. According to a gross estimate, these 
mycotoxins contaminate nearly 25% of agricultural raw 
materials [59–61]. The aflatoxins and “ochratoxin A (OTA)” 
are the mycotoxins that trigger the food spoilage, and are 
produced by Aspergillus species, the “OTA” has also been 
produced by Penicillium species. Aspergillus flavus primar-
ily produces aflatoxins which spoils various commodities of 
food [62]. There are some other mycotoxins like fumonisins 
and ochratoxins produced by Aspergillus niger present in 
grapes and coffee beans [63]. The fumonisins are also pro-
duced by Penicillium camemberti of mould-ripened cheese 
[64]; Aspergillus oryzae of soy sauce [65] or Fusarium 
oxysporum of infected bananas [66]. While the ochratoxins 
are produced by Alternaria alterna specie, present on fruit 
wounds [67]. Under these circumstances, the only solution 
to prevent food spoilage and losses is to control fungal con-
taminations at every niche of the food chain. The antifungal 
assay of GC-AgNPs against fungi, measured by inhibition 
zone diameter is summarized in Table 1. This treatment of 
GC-AgNPs (5 mg/mL) showed significant activities against 
Penicillium camemberti (13.00 mm), Fusarium oxysporum 
(15.10  mm), Alternaria alterna (13.24  mm), Aspergil-
lus oryzae (13.42 mm), Aspergillus niger (17.02 mm) and 
Aspergillus flavus (18.34 mm).

In the  AgNO3 treatment (5  mg/mL), the inhibitory 
zones against various strains were observed as given here, 
against Aspergillus flavus (13.45 mm), Fusarium oxysporum 
(10.00 mm), against Aspergillus oryzae (9.66 mm), Asper-
gillus niger (14.30 mm) Alternaria alterna (14.7 mm) and 
against Penicillium camemberti zone was spotted at with 
a diameter of 11.6 mm. Panacek et al. [68] reported some 
exceptional antifungal properties of GC-AgNPs and the 

nanoparticles to serve as facilitators for trapping metal ions 
onto the surface of cells during extracellular synthesis and 
consequently reduce ions in the presence of enzymes.

There are three action mechanisms of silver nanoparti-
cles: (1) Surface binding GC-AgNPs (with a diameter range 
of 1–10 nm) bind to the external surface of cell membranes 
and significantly impede the permeability and respiration; 
(2) The penetrating GC-AgNPs damage the bacterial cells 
probably by interacting with DNA and other sulfur and phos-
phorus containing compounds; (3) The release of potentially 
reactive silver ions by GC-AgNPs, may start reacting with 
the oppositely charged cell membranes.

3.6.2.3 Time Course Growth Activity The antimicrobial 
assay for GC-AgNPs was conducted against E. coli, B. sub-
tillis, L. monocytogenes, B. cereus, S. aureus, S. typhi, and 
C. albicans, commonly found in food products [69]. These 
GC-AgNPs showed strong inhibition of food spoiling bacte-
ria and the results of the treatment with GC-AgNPs (5 mg/
mL) showed optical density (OD) of 0.47 against B. subtillis 
and 0.40 against S. typhi (Table 2). On the contrary, in the 
treatment with a higher concentration (10 mg/mL) of GC-
AgNPs, greater inhibition was observed in bacterial strains 
[E. coli (0.38 OD); L. monocytogenes (0.29 OD); B. cereus 
(0.48 OD); S. aureus (0.45 OD); C. albicans (0.41 OD)]. 
All the bacterial strains were inhibited by the positive con-
trol and optical density in the range of 0.11–0.46 OD was 
observed.

There are many mechanistic arguments about the micro-
bial growth inhibition by GC-AgNPs but the free radical 
generation mechanism is the most convincing and accepted 
one. The free radicals generated in the living systems, attack 
the membrane lipids to trigger their dissociation and ulti-
mately inhibit microbial growth [70]. The silver ion  (Ag+) 
permeates into the bacteria through their cell wall [71], con-
sequently, rupturing it and denaturing its protein to cause 
death. The positively charged silver ions which are relatively 
smaller than neutral GC-AgNPs can interact with electron-
rich molecules present in the bacterial cell wall having sul-
phur, nitrogen, or phosphorous. The generation of silver ions 
by the oxidation of elemental silver requires some oxidiz-
ing agents. The antibacterial potential of the GC-AgNPs is 
ascribed to their attachment to the cell membrane surface, 
thus hampering cell permeation and respiration [72]. It is 
also reported that silver nanoparticles inhibit cell prolifera-
tion by attaching to the enzymes or DNA [73].

3.6.2.4 Broth Dilution (BD) Method BD method has the 
advantage over disc diffusion assay, as it is a direct contact 
test and independent of diffusion properties. The antimi-
crobial activity of GC-AgNPs in terms of MIC, MBC, and 
MFC is presented in Table 3. Among bacterial pathogens, 
maximum sensitivity was shown in E. coli and the least sen-
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sitivity was observed in B. Subtilis [74]. C. albicans showed 
higher sensitivity to GC-AgNPs than A. Niger. The MIC and 
MBC/MFC values are much less than the reported one, indi-

cating the high potency of GC-AgNPs. The higher MIC and 
MBC value of gram-positive B. subtilis may be due to the 
thick peptidoglycan layer that resists the penetration of GC-

Table 2  Antibacterial activity 
of GC-AgNPs

All values represented as mean ± SE of triplicate values and analysed using SPSS 17.0 software with one-
way ANOVA followed by DMRT and their relationship was statistically significant when P < 0.05
GC-AgNPs goat colostrum mediated silver nanoparticles, AgNO3 silver nitrate, ANOVA analysis of vari-
ance, DMRT Duncan’s new multiple range test, SE standard error, SPSS statistical package for the social 
sciences, OD optical density

Samples and bacterial strains Time course growth assay (OD 550 nm)
Inhibition of bacterial growth at time intervals

0 h 1 h 2 h 3 h 5 h

GC-AgNPs (5 mg/mL)
 E. coli 0.22 ± 0.02 0.27 ± 0.00 0.28 ± 0.02 0.29 ± 0.01 0.32 ± 0.02
 B. Subtillis 0.26 ± 0.00 0.27 ± 0.00 0.27 ± 0.02 0.29 ± 0.00 0.47 ± 0.00
 L. monocytogenes 0.16 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 0.20 ± 0.02 0.28 ± 0.00
 B. cereus 0.19 ± 0.01 0.21 ± 0.01 0.21 ± 0.01 0.24 ± 0.01 0.30 ± 0.03
 S. aureus 0.25 ± 0.00 0.30 ± 0.02 0.30 ± 0.01 0.32 ± 0.02 0.37 ± 0.01
 S. typhi 0.21 ± 0.02 0.24 ± 0.01 0.25 ± 0.02 0.26 ± 0.02 0.40 ± 0.02
 C. Albicans 0.18 ± 0.01 0.19 ± 0.02 0.20 ± 0.01 0.22 ± 0.02 0.25 ± 0.01

GC-AgNPs (10 mg/mL)
 E. coli 0.26 ± 0.01 0.27 ± 0.01 0.27 ± 0.01 0.30 ± 0.02 0.38 ± 0.00
 B. Subtillis 0.20 ± 0.02 0.22 ± 0.02 0.24 ± 0.00 0.27 ± 0.00 0.40 ± 0.02
 L. monocytogenes 0.17 ± 0.00 0.18 ± 0.02 0.19 ± 0.02 0.20 ± 0.02 0.29 ± 0.00
 B. cereus 0.24 ± 0.00 0.26 ± 0.00 0.29 ± 0.00 0.32 ± 0.01 0.48 ± 0.03
 S. aureus 0.21 ± 0.02 0.22 ± 0.01 0.25 ± 0.02 0.25 ± 0.02 0.45 ± 0.02
 S. typhi 0.19 ± 0.01 0.20 ± 0.02 0.21 ± 0.01 0.23 ± 0.00 0.36 ± 0.00
 C. Albicans 0.27 ± 0.00 0.27 ± 0.02 0.28 ± 0.01 0.29 ± 0.01 0.41 ± 0.04

AgNO3 (5 mg/mL)
 E. coli 0.20 ± 0.01 0.22 ± 0.01 0.23 ± 0.02 0.25 ± 0.01 0.32 ± 0.01
 B. Subtillis 0.19 ± 0.02 0.20 ± 0.01 0.20 ± 0.01 0.23 ± 0.02 0.30 ± 0.00
 L. monocytogenes 0.14 ± 0.01 0.15 ± 0.01 0.16 ± 0.00 0.18 ± 0.00 0.19 ± 0.03
 B. cereus 0.19 ± 0.02 0.20 ± 0.01 0.20 ± 0.01 0.21 ± 0.01 0.26 ± 0.02
 S. aureus 0.24 ± 0.01 0.26 ± 0.01 0.28 ± 0.01 0.30 ± 0.02 0.35 ± 0.00
 S. typhi 0.19 ± 0.03 0.20 ± 0.01 0.21 ± 0.01 0.28 ± 0.02 0.34 ± 0.02
 C. Albicans 0.16 ± 0.01 0.16 ± 0.00 0.17 ± 0.01 0.19 ± 0.00 0.28 ± 0.01

AgNO3 (10 mg/mL)
 E. coli 0.25 ± 0.02 0.26 ± 0.03 0.31 ± 0.00 0.32 ± 0.01 0.40 ± 0.01
 B. Subtillis 0.29 ± 0.02 0.30 ± 0.02 0.33 ± 0.01 0.39 ± 0.02 0.44 ± 0.02
 L. monocytogenes 0.17 ± 0.01 0.18 ± 0.01 0.20 ± 0.02 0.20 ± 0.01 0.23 ± 0.01
 B. cereus 0.20 ± 0.00 0.22 ± 0.02 0.23 ± 0.01 0.24 ± 0.00 0.27 ± 0.01
 S. aureus 0.21 ± 0.01 0.22 ± 0.00 0.24 ± 0.00 0.26 ± 0.01 0.33 ± 0.00
 S. typhi 0.22 ± 0.00 0.25 ± 0.03 0.26 ± 0.02 0.29 ± 0.00 0.35 ± 0.02
 C. Albicans 0.35 ± 0.01 0.36 ± 0.00 0.36 ± 0.01 0.37 ± 0.02 0.39 ± 0.00

Chloramphenicol (10 mg/mL)
 E. coli 0.15 ± 0.01 0.15 ± 0.01 0.16 ± 0.02 0.17 ± 0.01 0.18 ± 0.00
 B. Subtillis 0.19 ± 0.01 0.20 ± 0.01 0.22 ± 0.01 0.22 ± 0.01 0.25 ± 0.00
 L. monocytogenes 0.13 ± 0.02 0.13 ± 0.01 0.14 ± 0.05 0.15 ± 0.02 0.17 ± 0.02
 B. cereus 0.25 ± 0.01 0.27 ± 0.04 0.27 ± 0.02 0.32 ± 0.01 0.47 ± 0.01
 S. aureus 0.36 ± 0.01 0.38 ± 0.02 0.39 ± 0.04 0.40 ± 0.01 0.54 ± 0.02
 S. typhi 0.19 ± 0.02 0.19 ± 0.01 0.21 ± 0.00 0.23 ± 0.03 0.33 ± 0.01
 C. Albicans 0.13 ± 0.01 0.14 ± 0.02 0.15 ± 0.02 0.15 ± 0.01 0.19 ± 0.01
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AgNPs through the cell membrane. The higher MIC and 
MFC value of A. niger than C. albicans may be linked to the 
spore-producing and filamentous nature of fungi causing a 
decrease in the sensitivity.

3.6.3  Anti‑inflammatory Activity

The in-vitro bioassay of silver nanoparticles against albumin 
denaturation to assess their antiarthritic effect is summarized 
in Table 4. There was significant inhibition of egg albumin 
denaturation at concentrations (P < 0.001), but the highest 
inhibition percentage of GC-AgNPs (99.2%) was obtained 
at 0.2 mg/mL. Whereas the standard drug (acetylsalicylic 
acid) exhibited comparatively less inhibition (71%) even at 
a higher concentration (5 mg/mL) than nanoparticles.

The involvement of protein denaturation in arthritic 
reactions and tissue damage during inflammations is well 
documented [79, 80]. It is concluded that the synthesized 
GC-AgNPs have effective inhibition of thermally induced 
denaturation of albumin at all concentrations; hence they 
control the protein denaturation during inflammations. 
It is also considered that GC-AgNPs can interrupt the 
release mediators or antagonize their actions during acute 
inflammations.

3.6.4  Biocompatibility Study

The synthesized GC-AgNPs could be implicated success-
fully in the biomedical science and food industry only 
after recognizing their biocompatibility potential. The 

Table 3  MIC, MBC and MFC of GC-AgNPs

Microorganisms GC-AgNPs (μg/mL) AgNPs (μg/mL)

Bacteria MIC MBC MIC (literature)

E. coli 15 ± 0.1 15 ± 0.3 75 ± 0.5 [75]
S. typhi 25 ± 0.3 25 ± 0.5 75 ± 0.2 [76]
B. subtilis 30 ± 0.1 30 ± 0.4 70 ± 0.3 [75]

Fungi MIC MFC MIC (literature)

C. albicans 40 ± 0.2 40 ± 0.6 500 ± 0.1 [77]
A. niger 100 ± 0.3 100 ± 0.4 75 ± 0.1 [78]

Table 4  Anti-inflammatory activity of GC-AgNPs

The results are expressed as means ± SEM in each group (n = 3); **P 
0.01, ***P 0.001 compared to controls

Sample Concentra-
tion (mg/
mL)

Optical density % inhibition

Control – 2.53 ± 0.02 –
GC-AgNps 0.025 0.22 ± 0.01*** 92.45

0.05 0.14 ± 0.02*** 96.34
0.1 0.08 ± 0.00*** 98.01
0.2 0.04 ± 0.01*** 98.90
0.4 0.12 ± 0.01 96.75

Acetylsalicylic acid 5 0.91 ± 0.05*** 67.31
10 1.18 ± 0.07*** 54.48
15 1.30 ± 0.10** 51.76
25 1.56 ± 0.23** 47.39
50 2.0 ± 0.09 30.54
100 2.31 ± 0.01 14.30

Fig. 12  Cytotoxicity study of 
GC-AgNPs on the human cell 
line. The percentage of cell 
viability is represented as the 
mean ± SD (n = 3). The control 
was considered 100% viable in 
all experiments. Bars having 
different superscripts were 
significantly different from each 
other (P < 0.05), whereas the 
bars having the same super-
scripts (P > 0.05) were not 
significantly different from each 
other
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biocompatibility of the GC-AgNPs was evaluated from 
their cytotoxicity to normal fibroblast cell lines (L-929). 
The inhibitory potential of the GC-AgNPs against L-929 
was observed at low concentrations during this study. The 
viability of the normal fibroblast cells declined with the 
increasing concentration of the GC-AgNPs (Fig. 12). The 
 IC50 value of 615 ± 0.64 mg/mL against normal cell lines 
indicates the significant biocompatibility and safety of GC-
AgNPs for the human body. Fortunately, our present findings 
are corroborated with previously reported findings [81]. The 
thorough implementation and practical application of GC-
AgNPs as a product require comprehensive studies on their 
biocompatibility and biosafety.

4  Conclusion

The antimicrobial nanoparticles play a vital and critical role 
in the quality and shelf life of food. In this context, we suc-
cessfully report an ecological and cost-effective methodol-
ogy for synthesising the silver nanoparticle mediated by goat 
colostrum. GC-AgNPs have an average size of 6.93 nm. The 
characterization results show that goat colostrum is suit-
able for the low-cost synthesis of silver nanoparticles. GC-
AgNPs possess excellent antimicrobial properties against six 
foodborne pathogens. In addition to this, the inflammatory 
and antioxidant activity of the GC-AgNPs confirmed their 
prevention from oxidation due to radical activity as well 
as other factors. Cytotoxicity results revealed that they are 
highly biocompatible to human fibroblast cell lines (L-929). 
Because of the non-toxic nature of goat colostrum, antimi-
crobial GC-AgNPs have great potential in medical science 
and the current study recommends strong participation of 
nanoscience against foodborne pathogens.
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