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Summary and thesis outline 

Silver Nanoparticles (AgNPs) have been known to be used for numerous physical, 

biological, and pharmaceutical applications. Although they can be synthesized using 

physical and chemical ways, these methods waste much energy, are potentially hazardous 

and are not environmentally friendly. On the other side, biological methods are based on 

viable microorganisms, their components or extracts, and possess two major benefits: 

they have a lower environmental impact and increase cost-effectiveness.  

Many organisms naturally secrete large amounts of extracellular proteins with diverse 

functions, and for the synthesis of AgNPs many of these compounds have been reported 

responsible for the metal–ion reduction and morphology. In this context, some redox 

biomolecules produced by fungi, (among these enzymes with high content of L-cysteine 

such as laccase and nitrate reductase) have been suggested as necessary for the reduction 

of the Ag+, however, the exact mechanisms for the formation of the AgNPs has not been 

elucidated yet. 

Therefore, the aim of this project is to in vitro mimic the mechanism used by fungi to 

produce AgNPs through the participation of redox biomolecules such as L-cysteine to 

produce AgNPs with suitable physic-chemical properties to be used as antimicrobial 

agent. 

To achieve this purpose, in a first stage synthetic redox biomolecules found in literature 

to be involved in the AgNP synthesis by fungi were tested in an in vitro assay, which gave 

us the information to produce AgNPs without the presence and intervention of a living 

organism. In a second stage. the formulation obtained in the previous assay was optimized 

by Design of Experiment (DoE), using a Surface Response Model (RSM) and reductants 

Flavin adenine dinucleotide (FAD), hydroquinone (HQ) and L-cysteine (L-cys) were used 
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acting as coating and stabilizer respectively. The AgNPs were characterized by 

techniques including UV-Vis spectroscopy (UV-Vis), Dynamic Light Scattering (DLS), 

Potential Z, X-ray diffraction (XRD), Scanning Electron Microscope (SEM) Energy 

Dispersive X-ray (EDS), Fourier Transformed-Infrared Spectroscopy (FT-IR) and 

Atomic Force Microscope (AFM).  

The results of the in vitro assay showed the that L-cys, HQ and FAD are the main 

biomolecules involved in the fungal synthesis of the AgNPs, and the RSM showed that	

AgNO3 (2 mmol L−1), HQ (20 mmol L−1), L-cys (20 mmol L−1) and FAD (50.5 nmol 

L−1) at pH 8.4 were the optimal reaction parameters. The characterization allowed the 

determination of quasi-spherical AgNPs with an average hydrodynamic size of 101 nm, 

a zeta potential of −24 mV and the presence of elemental silver (Ag0) in their com- 

position. Fourier transform infrared spectroscopy showed silver and L-cys interactions, 

supporting the role of L-cys as a coating agent. The antibacterial activity showed that 

AgNPs displayed a minimum inhibitory concentration of 20–30 mg/mL−1 and a minimum 

bactericidal concentration of 30–40 mg/mL−1. against Escherichia coli, Staphylococcus 

aureus, Serratia marcescens and Salmonella sp., demonstrating that silver nanoparticles 

produced without the presence of a living organism, are capable to be a potential 

antimicrobial with wide applicability in biomedicine industry. 

Finally, in this work we present an easy, environmentally friendly, and cost-effective way 

to synthetize AgNPs with antimicrobial activity.
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1.1 General Introduction 

Over the past few years, silver nanoparticles (AgNPs) have been widely used in several 

biomedical applications gaining ground in the development industry of new 

nanomaterials because of their potent antimicrobial activity against bacteria, viruses and 

fungi (Ahluwalia et al. 2018, Ameen et al. 2021 Javed et al. 2021). Due to their 

antibacterial properties, AgNPs have been used mostly in healthcare industry, food 

storage, textile manufacturing, cosmetics drug delivery, water treatment, catalysis, 

biosensing, as antibiotic agents, and imaging (Rai et al. 2014, Kumar et al. 2018, Bruna 

et al. 2021). 

The traditional methods to produce AgNPs are potentially hazardous and not 

environmentally friendly (Borase et al. 2014). As a result, researchers in the field of 

nanoparticles (NP) synthesis and assembly, have turned to biological systems for 

inspiration. These biological systems, like bacteria, fungi, algae, cyanobacteria, 

actinomycetes, myxobacteria and plants are being efficiently used either for intracellular 

or extracellular synthesis of different metal NP (Adil et al. 2015, Ahmed et al. 2015). 

However, among many organisms, fungi are most commonly used because their intrinsic 

abilities and properties to synthetize extracellular metabolites used to synthetize NPs 

(Narayanan and Sakthivel 2010). For this purpose, many mechanism have been proposed 

(Yadav et al. 2015), however, the main mechanisms in literature suggest that the 

formation of AgNPs by fungi is ought to oxidoreductase enzymes such as nitrate 

reductase, and in the presence of an electron shutter and a quinone are responsible for the 

reduction of Ag+ ions and the subsequent formation of silver nanoparticles. Nitrate 

reductase (NR) and laccases (LAC) from white rot fungi have been widely reported as 

main components in the extracellular mechanism for the synthesis of AgNPs (Duran et 

al. 2005, Kumar et al. 2007, Cuevas et al. 2014, Duran et al. 2014). Nitrate reductase (NR) 
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is an oxidoreductase enzyme composed of two identical subunits containing one 

equivalent of flavin adenine dinucleotide (FAD), heme-Fe, and Mo-molybdopterin (Mo-

MPT) and belongs to the sulfite oxidase family which all contain one conserved cysteine 

residue that coordinates the molybdenum atom. This is consistent with other redox 

enzymes such as glucose oxidase, where FAD acts as electron initial receptor and it is 

reduced to FADH2, then the is oxidized by the molecular O2, which plays a role as FAD 

as final electron acceptor. Also, it was described that flavin adenine dinucleotide (FAD) 

redox reaction increases about 42%, electron transfer rate constant (Christwardana et 

al.2018). On the other side, lacasse is a type multi copper protein where coppers confer 

the typical blue color, resulting from the intense electronic absorption caused by the 

covalent copper–cysteine bond (Kelley, 2017). As it is seen, what they all have in 

common is the presence of cysteine, which in this work is the main molecule proposed 

for the reduction of the Ag ion in Ag0.  

Agreeing with this, the main objective in this study is to elucidate the mechanism for the 

synthesis of AgNPs by fungi and produce a biomimetic mechanism using cysteine as 

reductant for the synthesis of AgNPs with antimicrobial activity, without the need for the 

presence of fungal biomass. To the best of our knowledge, this is the first report to 

describe the proposed mechanism for the synthesis of antimicrobial AgNPs using redox 

biomolecules, based only on the literature regarding fungal mechanisms for the afore-

mentioned synthesis of nanoparticles. 

This study demonstrates the feasibility of the reduction of Ag+ to Ag0 using synthetic 

metabolites, which mimic the reduction and synthesis of fungal biomass. Therefore, it 

represents a new biocompatible, biocompatible and fast method to produce AgNPs. 
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1.2 Hypotheses 

“The identification of the redox biomolecules present in the mycelium-free fungal extract 

and the establishment of a mechanism for the synthesis of the AgNPs, will allow to 

produce an optimized method based on fungi to produce morphologically stable AgNPs 

with antimicrobial properties”. 
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1.3 General objective: 

“To elucidate the role of the main biomolecules in the extracellular mechanism to 

synthetize AgNPs that fungi possess, and generate an optimized method to produce 

stable AgNPs with antimicrobial activity without the use of fungal biomass”.  

 

1.4 Specific objectives: 

Objective 1. To identify redox biomolecules of the free-mycelium fungal extract 

involved in the fungal mechanism for the synthesis of AgNPs. 

Objective 2. To propose and molecularly model a mechanism for the synthesis of AgNPs.  

Objective 3. To determine the parameters for the optimum AgNPs production, and test 

their stability and antimicrobial activity against pathogens.  
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Redox biomolecules of free-mycelium fungal extract involved in the fungal 

mechanism for the synthesis of AgNPs 

Abstract 

Silver Nanoparticles (AgNP) have been known to be used for numerous physical, 

biological, and pharmaceutical applications. Although they can be synthesized using 

physical and chemical ways, these methods waste much energy and are potentially 

hazardous. On the other side, biological methods are based on viable microorganisms, 

their components or extracts, and possess two major benefits: they have a lower 

environmental impact and increase cost-effectiveness. Many authors agree that for the 

synthesis of AgNPs certain compounds are needed, and among these components, redox 

biomolecules such as enzymes with high content of L-cysteine, quinones and shuttle 

electrons seem to be part of the mechanism. However, despite that, and the fact that 

several mechanisms have been proposed for the biosynthesis of AgNPs, the mechanisms 

to produce them are still not elucidated. In this sense, the purpose of this chapter was to 

elucidate the main biomolecules from extracellular enzymes involved in the AgNPs 

synthesis. This was achieved through an in-vitro assay, based on biomolecules present in 

the mycelium-free fungal extract, which allowed us to use this information to produce 

AgNPs in a extracellular medium without the presence and intervention of a living 

organism. In conclusion, the results obtained from this chapter allowed to produce stable 

AgNPs and proportionate information for the elucidation of the mechanism of 

extracellular synthesis of AgNPs. 

Keywords: L-cysteine, silver nanoparticles, quinones, laccase 
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2.1 Introduction  

The field of nanotechnology is a developing discipline of several wide-ranging 

applications in different areas of science and technology. Nanoparticles are metal 

particles with size from 1–100 nm and exhibit different shapes and because of their unique 

chemical, physical and optical properties compared with the bulk material, synthesis of 

NP is a current area of interest (Rai et al. 2009, Pramanick et al. 2020).  

Different synthesis methods involve the use of many types of chemical, physical, and 

biological agents to yield NP of different sizes and shapes. However, nowadays there is 

a growing need to develop environmentally friendly NP synthesis processes that do not 

use toxic chemicals in their synthesis protocol (Rai et al. 2014, Kalyani et al. 2022). In 

this sense, biological systems such as fungi are being efficiently used for the synthesis of 

AgNPs, because they produce extracellular metabolites that serve as agents for their own 

survival when exposed to different environmental stresses like toxic materials such as 

metallic ions (Adil et al. 2015, Ahmed et al. 2015, Zambonino et al. 2021). Among these 

metabolites, enzymes such as Laccase and Nitrate Reductase have been widely described 

for many authors responsible for the synthesis of AgNPs, along with other biomolecules 

acting as shutter electrons and electron donors for the reduction of silver. Laccase and 

Nitrate reductase are both extracellular enzymes present in fungi, with a high redox 

potential and the presence of L-cysteine in its molecular conformation, which has been a 

possible candidate to act as a reductor of the Ag+ to Ag0 in the extracellular synthesis 

mechanism that fungi possess (Cisternas et al. 2021). 

Agreeing with this, the purpose of this chapter is to elucidate the role of the main 

biomolecules involved in the AgNPs synthesis, such as Nitrate Reductase and Laccase 

along with other biomolecules acting as electron donors and shuttle electron. 
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 To achieve this, an in-vitro assay, an exclusion assay and several characterizations were 

performed, which allowed us to use this information to produce AgNPs without the 

presence and intervention of a living organism. 

2.2 Materials and methods 

Reagents and stock solutions  

L-cysteine (L-cys), Flavin Adenine Dinucleotide (FAD), Nitrate Reductase (NR), and 

laccase (LAC) were purchased from Sigma Aldrich, St. Louis, MO, USA; β-nicotinamide 

adenine dinucleotide 2-phosphate (B-NADPH) and hydroquinone (HQ) were purchased 

from Winkler, Santiago, Chile. All the reagents were used as fungal metabolites according 

to the reported literature (Tortella et al. 2008, Kalishwaralal et al. 2010, Sharma and 

Rabinal 2015, Duran et al. 2016). NaOH and AgNO3 were purchased from Merck, 

Darmastadt, Germany. 

2.2.1 Study of the role of Redox biomolecules involved in the synthesis of Silver 

Nanoparticles (AgNPs) by white rot fungi 

The elucidation of the components and the mechanism for the extracellular synthesis of 

AgNPs was in a first instance tested by an in-vitro assay (De Castro 2014), representing 

different experimental conditions assigned for each assay, allowing thus to identify the 

role of the components involved in the synthesis of AgNPs. The stock solutions were 

prepared and added in different concentrations to each treatment according to Table 1. 

Flavin adenine dinucleotide (FAD) 1.39 mM, Nitrate Reductase (NR) 500 U/L, 

Hydroquinone (HQ) 100 mM, Laccase (LAC) 100 mg/L and L-cysteine (L-cys) 100 mM 

acting as reductant and stabilizer. Each condition was filled to a final volume of 400µL 

with deionized water and adjusted to pH = 8.4. All the treatments were also denatured at 

105ºC, in duplicate. The concentration reagents were based on literature (Piontek et al. 
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2003, Kumar et al. 2007, Castro Vermelho 2015). After 96 h of incubation, the presence 

of Surface Plasmon Resonance (SPR) for AgNPs was detected by an Ultraviolet-visible 

spectrophotometer ranging 250 to 800 nm. 
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Table 1. In vitro assays showing different treatments with their respective combinations 
of metabolites for the synthesis of AgNPs 

NR: nitrate reductase; HQ: hydroquinone; F: flavin adenine dinucleotide; B: β-nicotinamide adenine 

dinucleotide 2′-phosphate, LAC: laccase; L-cys: L-cysteine.  

 

Main 
component 

Component concentration 

Treatment AgNO3 

(1.5 
mM) 

NR 

(50 U) 

HQ 

(15 
mM) 

B-
NADPH 

(10 mM) 

FAD 

(50 
nM) 

LAC 

(12 U) 

L-cys 

(15 
mM) 

 Negative 
control 

+ - - - - - - 

 

 

Assay I 

NR 

NR + + - - - - - 

NRHQ + + + - - - - 

NRHQ + + + + - - - 

NRHQF + + + - + - - 

NRHQBCys + + + + + - + 

NRHQBF + + + + + - - 

 

Assay II 

LAC 

LAC + - - - - + - 

LACCys + - - - - + + 

LACBF + - - + + + - 

 

 

Assay III 

Without 
enzyme 

Cys + - - - - - + 

BCys + - - + - - + 

HQBFCys + - + + + - + 

HQFCys + - + - + - + 

HQF + - + - + - - 

HQCys + - + - - - + 

BFCys + - - + + - - 

FCys + - - - + - + 
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2.2.2 Silver Nanoparticles characterization  

Dynamic light scattering, Zeta Potential, SEM-STEM, EDX and ATR FT-IR were 

performed to the samples obtained from the previous stages. 

2.2.2.1 UV-visible spectroscopy 

UV-Vis spectrophotometry was performed in samples ranging from 300-700 nm 

searching for the characteristic SPR for AgNPs (380-450 nm) using a Genesys10s 

spectrophotometer with absorption band between 200 to 800 nm.  

2.2.2.2 Dynamic light Scattering and Zeta potential (DLS and Z-potential) 

 The average hydrodynamic diameter, polydispersity index (PDI) and Zeta Potential of 

AgNPs was determined using a Zetasizer Nano ZS (Malvern Instruments Co, UK). The 

measurements were performed at 25oC using a fixed angle of 173o in disposable folded 

capillary zeta cells with a 10-mm path length in aqueous suspension.  

2.2.2.3 Scanning and transmission electron microscopy (SEM-STEM) 

 The surface morphology and composition of the AgNPs was evaluated in samples of 

AgNPs in a Variable Pressure Scanning electron microscope (VP-SEM), with 

transmission module STEM SU-3500 Hitachi-Japan. EDX analysis was determined in 

the STEM/EDX mode by the AgL lines (AgLα at 3.000 keV and AgLα at 3.180). 

2.2.2.4 Fourier Transformed Infrared Spectroscopy (FT-IR) 

ATR FT-IR Spectrometer Cary 600 from Agilent was used to FT-IR analysis utilizing 

100 mg of air dried sample (24 h, 105oC). This analysis was performed to detect the 

potential presence or absence of different functional groups present in the sample. 
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2.3 Results and discussion 

2.3.1 Study of the role of Redox biomolecules involved in the synthesis of Silver 

Nanoparticles (AgNPs) by fungi: first approach 

The results in Table 2. showed the combination of several metabolites involved in the 

fungal synthesis of AgNPs, showing the presence of AgNPs in numerous combinations. 

In Assay I, the maximum absorbance at 420 nm is reached by the combination of FAD, 

NADPH, hydroquinone, L-cysteine and nitrate reductase metabolites showing that the 

condition NRHQB presents a size distribution of 154 nm, a Z-potential of -17 mV and a 

PDI of 0.4. This condition is followed by condition NRHQBF and NRHQBCys. To 

continuate, in Assay II where the LAC enzyme is the preponderant molecule, the SPR for 

AgNPs is present in all the conditions, exhibiting a size among 134 nm and 164 nm, a Z-

Potential among -14 and 10 mV and a PDI index ranging from 0.5 to 1. Opposite to these 

results, in Assay III most of the conditions are negative for the presence of the SPR for 

AgNPs, which is associated to the lack of enzymes in the assay. However, two conditions 

HQBFCys and HQFCys present a positive SPR for AgNPs, along with a size of 164 nm 

and 121 nm, a Z-potential of -20 and -22 mV and a PDI of 0.15 and 0.2, respectively.  

These results set that several enzymes and metabolites are involved in the extracellular 

synthesis by fungi. In this context, the presence of the SPR for AgNPs in Assay I is 

strongly related to the presence of the nitrate reductase enzyme, that along with the 

presence of the right electron donors and electron shuttles is able to produce AgNPs 

(Kumar et al. 2007, Yadav et al. 2015, Rai et al. 2021) 

On the other side, in Assay II all the treatments were positive for the SPR for AgNPs.  

These results are related to the oxidoreductase enzyme Laccase, which has the ability for 

synthetize AgNPs. These results are also increased by the presence of FAD, NADPH and 
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L-cys, acting as electron donors and shuttle electron.  In contrast, we found that in Assay 

III there was not a suitable absorbance related to the SPR for AgNPs, this mainly is 

attributed to the lack of the enzymes and coenzymes, which confirms their main role the 

in-electron transference and donation.  

Nevertheless, one of the treatments where no enzymes was present (HQFCys) showed a 

positive response for SPR for AgNPs, indicating that L-cysteine may have a preponderant 

role in the biological synthesis of AgNPs, findings that are consistent with many authors 

that claim that cysteines present in oxidoreductase enzymes serve as a reductive and are 

responsible for the AgNP reduction. (Mukherjee et al. 2008, Kalishwaralal et al. 2010, 

Duran et al. 2014, Shafiri et al. 2017) 
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Table 2. Surface plasmon resonance (SPR), size distribution average, zeta potential and 

PDI of different treatments for the synthesis of AgNPs 

NR: nitrate reductase; HQ: hydroquinone; F: flavin adenine dinucleotide; B: β-nicotinamide adenine 

dinucleotide 2′-phosphate, LAC: laccase; L-cys: L-cysteine.  

Considering that the main goal of this study was to find a simple and effective method 

for the synthesis of AgNPs using the least number of metabolites, the treatment containing 

Hidroquinone, NADPH, FAD and L-cys was selected to optimize the concentration of the 

metabolites in the synthesis to obtain smaller size and better physicochemical 

characteristics of the AgNPs. 

Main 

component 

 

Treatment 

Characteristics 

SPR at 420 

nm 

Size distribution 

average (nm) 

Z-potential (mV) PDI 

 Negative control - - - - 

 

 

Assay I 

NR 

NR - - - - 

NRHQ - - - - 

NRHQB + 154 -17 0.4 

NRHQF - - - - 

NRHQBCys + 120 -21 0.3 

NRHQBF + 149 -18 0.3 

 

Assay II 

LAC 

LAC + 164 -14 0.5 

LACCys + 177 -10 1.0 

LACBF + 134 -10 0.6 

 

 

Assay III 

Without 

enzyme 

Cys - - - - 

BCys - - - - 

HQBFCys + 164 -22 0.2 

HQFCys + 121 -20 0.15 

HQF - - - - 

HQCys - - - - 

BFCys - - - - 

 FCys - - - - 
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2.3.2 Physicochemical characterization of the AgNPs and cover characterization 

The AgNPs synthetized using L-cys, FAD and HQ at pH 8.2 were characterized by 

Dynamic light scattering, Zeta potential, SEM-STEM, EDX and ATR FT-IR. The results 

are shown below. 

2.3.2.1 Dynamic light scattering (DLS) 

Dynamic light scattering was used to evaluate the size of the AgNPs synthetized using L-

cys, FAD and HQ at pH 8.2 (Table 3.) The results showed a hydrodynamic ratio of 119 

nm and a PDI of 0.3, indicating they tend to slightly aggregate. The criterion for AgNPs 

to have high stability is about the magnitude of zeta potential being either higher than +30 

mV or lower than −30 mV, and among these values. DLS result analyses showed that the 

Z-average of the AgNPs was near 100 nm with a polydis- persity index (PDI) of 0.151; 

indicating a good size distribution among the AgNPs (Mankar et al. 2020). These results 

can be associated with the concentration of the components in the solution of the AgNPs, 

and to the lack of a stabilizer that could improve these results. 

2.3.2.2 Z-Potential 

As seen in Table 3, the sample presented a negative surface charge which has been 

referred to play a role as a cellular signature to study the surface interaction of AgNPs 

(Kumar and Mamidyala. 2011). Z-potential is an indicator that determines the extent and 

character of the interparticles interaction in a disperse system, and the greater it is, the 

more stable is the colloid. If the Z-potential (positive or negative) is ≥30 mV, the 

dispersion will be stable to aggregation (Vatchinkina et al, 2017). Also, above pH 8 the 

concentration of HO- rises in the solution, causing a negative surface charge of the formed 

nanoparticles. It has long been recognized that the Z-potential is a very good index of the 
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magnitude of the interaction between colloidal particles, and its measurements are 

commonly used to assess the stability of colloidal systems (Malvern. 2009).  

Table 3. Dynamic light scattering of AgNPs synthetized using L-cys, FAD and HQ at pH 

8.2 

 Size (nn) Z-potential (mV) Polydispersity index 

CysFHQ 119 -24 0.3 

 

2.3.2.5 SEM-STEM and Energy Dispersive X-ray  

Electron Microscopy (SEM) (Figure 3) and Energy Dispersive X- ray (EDX) (Figure 1) 

studies revealed the spherical nature of AgNPs. SEM images showed quase spherical 

AgNPs up to >70 nm in almost all assays, except for assay at pH 2 where AgNPs were 

not found. In Figure 1a, it is exhibited the presence of spherical AgNPs in a semi-

aggregated state, with a size among 150 nm and 220 nm. As we moved forward in the pH 

scale (Figure 1b) AgNPs seem to be smaller and less aggregated, probably ought to the 

increase in the Z-potential which produces negative charged surface AgNPs causing 

repulsion among them. This tendency is similar in Figure 1c and 1d. 

In comparison with the results obtained by DLS analysis, the differences showed an 

overestimated size by DLS. In fact, DLS technique measures the hydrodynamic diameter 

of the particle. It gives the information of the inorganic core along with any coating 

material and the solvation layer attached to the particle. It means that nanomaterial sizing 

determined by techniques that use wet dispersion are commonly over-estimated (Dhawan 

Sharmam et al. 2010, Gengiun et al.2020). In contrast, SEM analysis uses dehydrated 

samples, where only the inorganic core and the coating material are considered. In 
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addition, due to poor contrast the measurement of the coating layer can sometimes be 

underestimated (Gaumet et al. 2008).  

 

Figure 1. SEM-STEM analysis at pH 4 (a), pH 6 (b), pH 10 (c) and pH (d) 

On the other side, in Figure 2. EDX image showed quase spherical AgNPs at pH 8, with 

a EDX spectrum revealing a strong peak for Ag, generally showing typical optical 

absorption peak approximately at 3 KeV due to surface plasmon resonance (Kaviya, et 

al., 2011). In Figure 2d, EDX analysis showed that Ag (62.5%) was the major constituent 

element compared to carbon (28.6%) and sodium (8%). EDX profile showed strong signal 

for silver along with weak oxygen peak which may have originated from the molecules 

that are bound to the surface of AgNPs, indicating the reduction of silver ions to elemental 

silver. 
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Figure 2. SEM-STEM (a, b) images, EDX analysis (c) and EDX spectrum (d) of AgNPs 

at pH 8.  
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2.3.2.6 ATR-FT IR 

FT-IR ATR analysis was performed using dried samples (105ºC for 24 h) and the obtained 

spectra from the AgNPs and L-cysteine at pH 8.2 was compared searching for pattern 

differences. 

In Figure 3, the spectra from AgNPs and the aminoacid L-cysteine at pH 8.2 is exhibited. 

A broad intense band among ∼2900 cm−1 and ∼3500 cm−1 assigned to the OH stretching 

frequency, and probably overlapped in this broad band, an amide-II band (∼3270 cm−1) 

(Mukherjee et al. 2008) is present from the peptide bonds in the AgNPs, sample. At ∼2600 

cm−1 there is a significant peak corresponding to the SH-, probably arising from the 

linkages present in the sulfhydryl residue from the L-cysteine aminoacid. However, it 

disappears in the spectra corresponding to AgNPs, showing that the thiol group is 

oxidized or indicating the formation of a bond between S atoms and silver particles (Tan 

et al. 2002, Sanghi and Verma 2009, Calisir et al. 2020).  
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Figure 3. FT-IR spectra of the AgNPs (blue) with l-cysteine in its composition and L-

cysteine (red). 
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2.4 Conclusions and perspectives 

In this chapter, a first approach of the molecules involved in the synthesis of AgNPs by 

fungi are described. Through this, we report that for the synthesis of AgNPs, it is 

necessary the presence of molecules such as: L-cysteine, quinones, FAD and NADPH, 

acting as electron shuttles or electron donors, and their presence and interaction result to 

form AgNPs. These statements were corroborated through UV-Vis, SEM-EDX Images, 

DLS, Z-potential and FT-IR 

For future perspectives, this still unknown interactions are cleared out and a reliable 

mechanism for the synthesis of AgNP is accomplished, considering that several redox 

molecules appear to be part of the synthesis mechanism for AgNPs production, regardless 

its source (bacteria, fungi, plant among others). 
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ABSTRACT 

Background: A biomimetic method was developed for the synthesis of silver 

nanoparticles (AgNPs). Synthetic chemical compounds were used according to the 

metabolites present in the fungal extracts for the synthesis of AgNPs. The main objective 

of this study was to find a simple and effective synthesis method without the presence of 

a living organism.  

Methodology: A central composite design combined with response surface methodology 

was used to optimize the necessary metabolite concentrations (flavin adenine dinucleotide 

(FAD), hydroquinone (HQ), and L-cysteine (L-cys)) for the synthesis of AgNPs. The 

design was assessed based on the size distribution and zeta potential of the nanoparticles. 

In addition, the antibacterial activity of the AgNPs against Escherichia coli, 

Staphylococcus aureus, Serratia marcescens, and Salmonella enterica was tested.  

Results: The results demonstrated that AgNO3 (2 mM), HQ (20 mM), L-cys (20 mM), 

and FAD (50.5 nM) at pH 8.4 were the optimal reaction parameters. The characterization 

allowed the determination of quasi-spherical AgNPs with an average hydrodynamic size 

of 101 nm, a zeta potential of -24 mV, and the presence of elemental silver (Ag0) in their 

composition. Fourier transform infrared spectroscopy showed silver and L-cysteine 

interactions, supporting the role of L-cysteine as a coating agent. The antibacterial activity 

showed that AgNPs displayed an MIC of 20–30 µg mL-1 and an MBC of 30–40 µg mL-

1.  

Conclusions: This study demonstrates the feasibility of the reduction of Ag+ to Ag0 using 

synthetic metabolites, which mimic the reduction and synthesis of fungal biomass. 

Therefore, it represents a new biocompatible and fast method to produce AgNPs. 
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3.1 Introduction 

Silver nanoparticles (AgNPs) are in high demand because of their wide applications in 

industry and medicine (Rai et al. 2014, Kumar et al. 2018 and Desgupta et al.2018), due 

to their recognized antimicrobial properties against bacteria, viruses, and fungi 

(Alhuwalia et al. 2018). Moreover, their antimicrobial activity has also favored the 

improvement in the activity of conventional antibiotics through synergistic effects, even 

against multi-resistant bacteria at noncytotoxic concentrations for human cells (Cui et 

al.2013, Morones and Ramirez, 2013). For the synthesis of AgNPs, chemical and physical 

methods are usually employed; however, they are energy-intensive, toxic chemicals are 

required, and hazardous wastes are produced, which are a major risk to the environment. 

In contrast, biological synthesis offers a biocompatible and cost-effective alternative that 

involves plant, microbial, or animal metabolites. Many microorganisms are capable of 

synthesizing inorganic structures using a biomineralization process, and the assembly of 

nanostructured inorganic components into hierarchical structures (Naik 2012). These 

have been used to improve various approaches by mimicking the nucleation abilities 

found in redox biomolecules from living organisms for nanoparticle synthesis (Zhu et al. 

2013). However, not only microorganisms and plants, and their metabolites or associated 

enzymes have been used for the synthesis of AgNPs, but also insect and animal 

derivatives, such as honey (Lateef et al. 2016) and fur (Aquintayol et al. 2020) which are 

considered reliable candidates because of their intrinsic properties such as the presence 

of enzymes and polyphenols (Rubilar et al. 2008, Tortella et al. 2008, Acevedo et al. 

2012). 

Fungi can produce oxide-reductive extracellular metabolites that play a key role in the 

biosynthesis of AgNPs (Duran and Seabra, 2018), such as laccase and xylene Lateef et 

al. 2015) although the use of fungal cell cultures has some drawbacks, mainly related to 
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the large amounts of enzymes or metabolites in adequate concentrations for the synthesis 

process. These limitations can easily be solved using a biomimetic approach, attempting 

to prepare nanoparticles based on fungal synthesis pathways, and the conditions of the 

intrinsic method used by these microorganisms to form nanostructures. Many 

mechanisms have been proposed for the synthesis of AgNPs by fungi. In most of them, 

the presence of components, such as quinones, enzymes that present thiol groups in 

their conformation (Kumar et al. 2007, Mukherjee et al. 2008, Duran et al. 2014) or 

electron shuttles and carriers such as NADPH and FAD that are present in the free-

mycelium fungal extract (Duran et al. 2005). Lately, one of the most accepted 

mechanisms for the fungal synthesis of AgNPs is that the thiol groups from proteins 

containing L-cysteine in the mycelium-free fungal extract are responsible for the 

reduction of silver (Faramarzi et al. 2011, Kalishwaralal et al. 2010, Sharma and Rabinal, 

20156) L-cysteine is a polar amino acid with a nucleophilic thiol and has been described 

as covalently bonded with Ag+ forming Ag-S, acting as a reductant and stabilizer of Ag+ 

to Ag0. The use of L-cysteine alone does not produce nanostructures; however, combined 

with other reductant biomolecules found in the free-mycelium fungal extract, we found 

that it can confer interesting properties such as the formation of stable AgNPs with thiol 

groups that can act as a bond with other compounds (Duran et al. 2016, Balakumaran et 

al. 2016, Khan et al 2012).  

Based on this evidence, the aim of this study is to produce an easy and novel optimized 

biomimetic mechanism for the synthesis of AgNPs with antimicrobial activity, without 

the need for the presence of fungal biomass. To the best of our knowledge, this is the first 

report to describe the proposed mechanism for the synthesis of antimicrobial AgNPs 

using redox biomolecules, based only on the literature regarding fungal mechanisms for 

the aforementioned synthesis of nanoparticles.  
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3.2. Materials and methods 

3.2.1 Reagents and stock solutions  

L-cysteine (L-cys), flavin adenine dinucleotide (FAD), nitrate reductase (NR), and 

laccase (LAC) were purchased from Sigma Aldrich, St. Louis, MO, USA; β-nicotinamide 

adenine dinucleotide 2-phosphate (B-NADPH) and hydroquinone (HQ) were purchased 

from Winkler, Santiago, Chile, and all reagents were used as fungal metabolites according 

to the reported literature (Tortella et al. 2008, Kalishwaralal et al. 2010, Sharma and 

Rabinal, 2015 and Duran et al. 2016). NaOH and AgNO3 were purchased from Merck, 

Darmastadt, Germany. For the antimicrobial activity assay, Mueller Hinton media (broth 

and agar) were purchased from Merck, Santiago, Chile. For all the experimental work, 

the solutions were prepared using analytical grade water from a Millipore Milli-Q 

Gradient filtration system (Millipore, 18.2 MΏ, Merck, Santiago, Chile). All the reagents 

used in this study were of analytical grade and were used without further purification.  

 

3.2.2 Synthesis of AgNPs based on fungal mechanisms  

AgNPs were synthesized by combining metabolites (L-cys, HQ, B-NADPH, FAD, NR, 

and LAC) as the main actors involved in the reduction of silver by fungal extracts (Lateef 

et al. 2015, Khan et al. 2012, Piontek et al. 2002, Poole et al. 2015). The synthesis of 

AgNPs was divided into,three groups: Assay I, containing NR enzyme as the main actor 

(NR, NRHQ, NRHQB, NRHQF, NRHQBCys, and NRHQBF), Assay II, containing LAC 

enzyme (LAC, LACCys, and LACBF), and Assay III, without enzymes (Cys, BCys, 

HQBFCys, HQFCys, HQF, HQCys, BFCys, and FCys) (Table 1), with the aim of 

simplifying the method and finding the condition with the fewest components to obtain a 

simple and efficient process. AgNO3 (1.5 mM) was used as the precursor. The treatments 

were carried out in an ELISA plate (96-well) as shown in Table 1. Each treatment was 
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performed in triplicates. The solutions were adjusted to pH 8.4, according to the pKa of 

the thiol group present in L-cysteine27 with 1M NaOH. The samples were kept at 20 °C 

in the dark for 72 h. A control without AgNO3 was also carried out. The formation of 

AgNPs was confirmed by the presence of a surface plasmon resonance (SPR) for AgNPs 

between 380 nm and 420 nm using a Genesys10s UV-Vis spectrophotometer with a range 

of 250–800 nm. Additionally, the size distribution and the Z-potential of the AgNPs were 

measured by dynamic light scattering (DLS) using a Zetasizer Nano ZS (Malvern 

Instruments Co., UK). The condition with the low number of metabolites that showed 

AgNP formation, as evidenced using UV-Vis and DLS, was selected for further assays. 

 

3.2.3 Optimization of AgNP synthesis using response surface methodology (RSM) 

The selected conditions from Table 1 were optimized using the RSM based on a central 

composite design (CCD) and were run to reduce the number of experiments and to obtain 

the optimum AgNP synthesis formulation based on statistical calculations (Oktay et al. 

2018). For the synthesis of AgNPs, the same procedure explained above was used, where 

the components were mixed with AgNO3 and adjusted to pH 8.4 with 1M NaOH. The 

samples were kept at 20 °C in the dark for 72 h. A control (without AgNO3) was also 

carried out. 

The concentrations of L-cys (X1), HQ (X2), FAD (X3), and AgNO3 (X4) were chosen as 

independent variables in the experimental ranges shown in Table 2. Their effects were 

evaluated with respect to the average size distribution and Z-potential of AgNPs 

determined using DLS. To corroborate the AgNP synthesis, a sample was analyzed using 

a Genesys10s UV-Vis spectrophotometer with a range of 250–800 nm. The synthesis was 

confirmed by SPR between 380 nm and 420 nm. The Design Expert 6.07 software (Trial 

version) was used for regression and graphic analysis of the data. The experimental design 
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consisted of 32 experiments with three replicates at the central points used for the model. 

The optimum value assigned as the smallest value average size distribution of AgNPs 

was obtained by solving the regression equation at the desired values of the process 

responses as the optimization criteria. 
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Table 1. In vitro assays showing different treatments with their respective combinations 
of metabolites for the synthesis of AgNPs 

NR, nitrate reductase; HQ, hydroquinone; FAD, flavin adenine dinucleotide; B-NADPH, β-

nicotinamide adenine dinucleotide 2′-phosphate, LAC, laccase; L-cys, L-cysteine 

 

 

Main 
component 

Component concentration 

Treatment AgNO3 

(1.5 
mM) 

NR 

(50 U) 

HQ 

(15 
mM) 

B-
NADPH 

(10 mM) 

FAD 

(50 
nM) 

LAC 

(12 U) 

L-cys 

(15 
mM) 

 Negative 
control 

+ - - - - - - 

 

 

Assay I 

NR 

NR + + - - - - - 

NRHQ + + + - - - - 

NRHQB + + + + - - - 

NRHQF + + + - + - - 

NRHQBCys + + + + + - + 

NRHQBF + + + + + - - 

 

Assay II 

LAC 

LAC + - - - - + - 

LACCys + - - - - + + 

LACBF + - - + + + - 

 

 

Assay III 

Without 
enzyme 

Cys + - - - - - + 

BCys + - - + - - + 

HQBFCys + - + + + - + 

HQFCys + - + - + - + 

HQF + - + - + - - 

HQCys + - + - - - + 

BFCys + - - + + - - 

FCys + - - - + - + 
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3.2.4 Characterization of AgNPs  

The AgNPs were characterized by UV–Vis spectrophotometry in the range of 300–700 

nm using a Genesys10s spectrophotometer with an absorption band of 200–800 nm. The 

optical band gap of AgNPs was calculated using the Tauc plot according to Mistry et al. 

(2021). X-ray diffraction (XRD) analyses were performed using reflection geometry with 

a conventional Bruker D8 ADVANCE (CuKα radiation of 1.5418 Å). The crystal grain 

size of the AgNPs was calculated using the Debye-Scherrer equation: D = (kλ)/(β cos θ), 

where D is the diameter (nm), λ is the wavelength of Cukα, β is the full width at half-

maximum, θ is the Bragg diffraction angle, and k is a constant (9.1) (Khan et al 2015). 

The average solid-state of the nanoparticles was analyzed by atomic force microscopy, 

using atomic force microscopy in the AFM/SPM Series 5500 dynamics (Agilent 

Technologies) of 4 nm thickness 125 µm in length, 30 µm frequency of 320 kHz 

resonance, and force constant of 42 N/m. The nanoparticles were dispersed in an 

ultrasound bath, diluted (1:9), and dried at 20ºC. The images were treated using WSxM 

5.0 software. The average hydrodynamic diameter of the AgNPs (assayed based on the 

percentage of number) was determined by DLS using a Zetasizer Nano ZS (Malvern 

Instruments Co., UK). The surface morphology and composition of the AgNPs were 

evaluated using variable pressure scanning electron microscopy (VP-SEM), with a 

scanning transmission module (SU-3500 Hitachi, Japan). EDX analysis was performed 

in the STEM/EDX mode using the AgL lines (AgLa at 3.000 keV and AgLa at 3.180). 

Fourier transform infrared spectroscopy (FT-IR) was used to detect the potential 

interactions of the thiol groups of L-cysteine and silver and to identify the functional 

groups from the redox biomolecules present on the surface of the AgNPs. For this 

purpose, 100 mg of an air-dried sample (24 h, 105 °C) was analyzed using an FT-IR 

spectrometer (Cary 600) from Agilent. Thermogravimetric analysis (TGA) was 
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performed to evaluate the stability of the AgNPs based on their thermal degradation. This 

analysis was performed using a simultaneous thermal analyzer (STA 6000) from Perkin 

Elmer, with approximately 20 mg of the samples in a N2 atmosphere and at a heating rate 

of 5 °C min
-1

. A hypothetical mechanism for the synthesis of AgNPs was developed from 

the results obtained from the synthesis and characterization of the nanoparticles. 

 

Table 2. Factors used in the RSM formulation and their experimental ranges for the 

synthesis of AgNPs 

 

 

 

 

 

 

 

 

3.2.5 Antibacterial activity of AgNPs  

The antibacterial activity of AgNPs was evaluated using the minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC). The activity of 

antibiotics streptomycin and gentamycin, at the same concentrations as AgNPs, was also 

evaluated for comparison. Sterile Eppendorf tubes containing 1000 µL of inoculated 

Mueller Hinton Broth at OD 600, equivalent to a concentration of 1–2 × 106 CFU/mL of 

Factor Name Units Min Max 

A L-Cysteine mM 5 25 

B Hydroquinone mM 5 25 

C FAD nM 17 84 

D AgNO3 mM 1 3 
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Serratia marcescens and Salmonella enterica ATCC 14028, and the gram-positive strain 

Staphylococcus aureus ATCC 29213 (CLSI standard), were mixed with 200 µL of 

different AgNP concentrations (10–110 µg/mL). The tubes were incubated in a shaking 

incubator (150 rpm) for 24 h at 37 °C. Then, bacteria (20 µL) and AgNP mixture were 

inoculated on Mueller Hinton agar and incubated for 24 h at 37 °C. The inhibition zone 

was determined by observation. The MIC and MBC of AgNPs were determined using the 

microtiter broth dilution method (Wiegand et al. 2008). The MIC was reported as the 

lowest AgNP concentration that inhibited bacterial growth and MBC as the AgNP 

concentration that showed no bacterial growth. All the experiments were performed in 

triplicates. 

 

3.3 Results and Discussion 

3.3.1 Synthesis of AgNPs based on fungal mechanism  

The metabolites NR, HQ, B-NADPH, FAD, LAC, and L-cys have been reported in the 

literature as the main actors involved in the reduction of silver by fungal extracts (Tortella 

et al. 2008, Kalishwaralal et al. 2010, Acevedo et al. 2012, Lateef et al. 2015). Few studies 

have evaluated whether one or a combination of them is necessary for the synthesis of 

AgNPs. In this context, the present study evaluated different combinations of the 

metabolites in the presence of AgNO3 as a precursor (Table 1). The first indication of the 

success of AgNP synthesis was the presence of the SPR (between 380 and 420 nm) 

evaluated by UV-vis spectrophotometry. The UV-visible spectrum showed that in the 

group tests containing the NR enzyme (NR), the NR enzyme along with HQ (NRHQ), and 

the NR enzyme with HQ and FAD (NRHQF), SPR was not observed (Table 3). These 

results indicate that the NR enzyme requires a co-factor for the formation of AgNPs. 

These findings are consistent with those of a study by Duran et al. (2014), which indicated 
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that the reduction of metal ions occurs via a ß-NADPH-dependent nitrate reductase and 

a shuttle quinone in the extracellular process. In relation to this, our research showed that 

in addition to hydroquinone, another compound is necessary for AgNP formation. Kumar 

et al. (2007) demonstrated the synthesis of stable AgNPs using phytochelatin, 4-

hydroxyquinoline, and α-NADPH in the presence of nitrate reductase, which agrees with 

our results since the SPR at 420 nm was uniquely formed in the samples containing NR 

along with HQ and β-NADPH (Table 3). In this sense, the process of AgNP formation 

requires the reduction of β-NADPH to β-NADP+, and the HQ probably acts as an electron 

shuttle by transferring the electron and inducing the reduction of nitrate to Ag2+ ions and 

converting it to Ag0. In contrast, L-cysteine was evaluated in Assay II (as a laccase 

component) and Assay III, which can coat nanoparticles providing stability without 

agglomeration effects and a minor size (Ocwieja et al. 2018). L-cysteine is an amino acid 

with a thiol group, which could be acting to stabilize the AgNPs by bonding with other 

L-cysteines or forming Ag-S bonds (Poole et al. 2015). This effect was demonstrated in 

the size distribution shown in Table 3, where the lowest values obtained in this group 

were when cysteine was added to the synthesis medium, resulting in particle size of 120 

nm for the NRHQBCys treatment. In the same way, a zeta potential between -17 mV and 

-21 mV and PDI (Polydispersity Index) between 0.3 and 0.4, indicating good stability and 

polydispersity of AgNPs. 

In all the assays with LAC enzyme (Assay II) (LAC, LACCys, and LACBF), it was 

possible to observe the SPR for AgNPs even in the condition with only laccase and 

AgNO3 (Table 3). The size distribution varied between 134 nm and 177 nm with a zeta 

potential between -10 mV and -14 mV and a PDI between 0.5 and 1.0. This is an expected 

outcome, mainly because the laccase enzyme has shown reductive action for the synthesis 

of AgNPs (Akintayo et al. 2020, Duran et al. 2015). The reduction of Ag+ to Ag0 by LAC 
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does not require the use of other components, such as quinones or other electron shuttles, 

but is only related to the presence of free cysteine as a reducing group (Duran et al. 2016). 

Nevertheless, when L-cysteine was added to the solution with LAC, a slight increase in 

the size and PDI of the AgNPs was observed. The addition of β-NADPH and FAD to the 

solution with LAC did not modify the characteristics of the AgNPs.  

The group without enzymes (Assay III) showed SPR of AgNP (Table 3) in treatments 

HQBFCys (containing HQ, β-NADPH, FAD, and L-cysteine) and HQFCys (containing 

HQ, FAD, and L-cysteine) with size distribution, Z-potential, and PDI of 164 nm and 121 

nm, -22 mV and -20 mV, and 0.2 and 0.1, respectively (Table 3). According to these 

results, the fundamental components for the synthesis of AgNPs are HQ, FAD, and L-

cys. HQ can act as a reducing agent, becoming an anion by reaction with the base. The 

HQ dianion formed would oxidize silver, losing electrons, and leaving a semiquinone and 

Ag0 as the resulting products. Once Ag+ is reduced to Ag0 in the thiol group of L-cysteine, 

it is dehydrogenated and the oxidant FAD is reduced to FADH2, leaving an oxidized 

thiolate, which is free to covalently bind with other compounds or Ag. 

Considering that the main goal of this study was to find a simple and effective method 

for the synthesis of AgNPs using the least number of metabolites, the HQFCys treatment 

was selected to optimize the concentration of the metabolites (hydroquinone, FAD, and 

L-cysteine) in the synthesis to obtain smaller size and better physicochemical 

characteristics of the AgNPs. 

 

 

 

 

 



Chapter III: Development of a new biomimetic method for the synthesis of silver 
nanoparticles based on fungal metabolites: optimization and antibacterial activity 

 
 

38	

Table 3. Surface plasmon resonance (SPR), size distribution average, Z-potential, and 

PDI of different treatments for the synthesis of AgNPs 

 

NR, nitrate reductase; HQ, hydroquinone; FAD, flavin adenine dinucleotide; B-NADPH, β-

nicotinamide adenine dinucleotide 2′-phosphate, LAC, laccase; L-cys, L-cysteine 

 

3.3.2 RSM optimization of the AgNPs synthesis  

An experimental design using the RSM model was developed to evaluate the effect of L-

cys concentration (5, 15, and 25 mM), hydroquinone concentration (5, 15, and 25 nM), 

FAD concentration (17, 50.5, and 84 mM), and AgNO3 concentration (1, 2, and 3 mM) 

on the average size distribution and Z-potential of AgNPs to establish the optimal 

Main 

component 

 

Treatment 

Characteristics 

SPR at 420 

nm 

Size distribution 

average (nm) 

Z-potential 

(mV) 

PDI 

 Negative control - - - - 

 

 

Assay I 

NR 

NR - - - - 

NRHQ - - - - 

NRHQB + 154 -17 0.4 

NRHQF - - - - 

NRHQBCys + 120 -21 0.3 

NRHQBF + 149 -18 0.3 

 

Assay II 

LAC 

LAC + 164 -14 0.5 

LACCys + 177 -10 1.0 

LACBF + 134 -10 0.6 

 

 

Assay III 

Without 

enzyme 

Cys - - - - 

BCys - - - - 

HQBFCys + 164 -22 0.2 

HQFCys + 121 -20 0.15 

HQF - - - - 

HQCys - - - - 

BFCys - - - - 

 FCys - - - - 
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nanoparticle production. Data analysis using the mathematical models and analysis of 

variance (ANOVA) revealed that the cubic and 2FI models are suitable empirical models 

to represent the relationship between size distribution and Z-potential, respectively. The 

ANOVA for the size distribution and Z-potential of AgNPs is presented in Table 4. The 

results indicate that the model for size distribution was statistically significant with a 95% 

confidence level, an F-value of 7.01, and a low probability P-value of 0.0005. Similarly, 

the model for Z-potential was statistically significant with an F-value of 2.62 and a P-

value of 0.0303. After comparing the viability of the current model residuals with the 

variability between observations at replicate settings of the factors, the lack of fit test was 

performed. The lack of fit test for size distribution and Z-potential with P-values of 0.0782 

and 0.6093 were statistically nonsignificant for both parameters. The nonsignificance of 

the lack of fit indicates that there might be some systematic variations in the model, which 

can be accounted for by the replicate values of the independent variable, and give an 

estimate of the pure error in the model (Othman et al. 2017). Therefore, a nonsignificant 

lack of fit implies that it is not significant relative to the pure error. 

The influence of the independent variables on the response surface models, as well as 

their interaction on the size of the response variables and Z-potential are shown in Fig. 1. 

The results showed that L-cys and hydroquinone (Figure 1a) exhibited an inversely 

proportional concentration-size effect on the AgNPs, producing smaller (from 126–76 

nm) AgNPs as the concentrations of L-cys and HQ increase from 15–25 mM. This is 

given by the effect of L-cysteine as a stabilizer and reductor (Khan et al. 2012) which 

binds with the silver ions, producing steric stabilization, preventing aggregation, and 

increasing the size of AgNPs. In this way, HQ follows a similar trend probably associated 

with the fact that hydroquinone acts as an electron shuttle (Duran et al. 2005) necessary 

for the reduction and capping of the Ag+ ions, and as its concentration increases, the size 
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of the AgNPs decreases. In contrast, the concentration effect of FAD and AgNO3 on the 

size parameter is shown in Figure 1b as a directly proportional relationship between the 

concentrations of FAD and AgNO3 and the size of the AgNPs; thus, as the concentration 

of the components decreased (from 84–17 nM in the case of FAD and 3–1 in the case of 

AgNO3), the size of the AgNPs also decreased. This is explained in one way because 

FAD in its structure possesses a prosthetic group that experiences sequential transferences 

for one or two electrons between the quinone, semiquinone, and p-benzoquinone and 

among its oxidation states it interacts with HQ (Campbell, 2009), and possibly is adhered 

to the capping of the AgNPs, increasing its size from 56–120 nm. In contrast, the effect 

of the salt precursor AgNO3 showed a similar tendency, increasing the size of the AgNPs 

as the concentration increased. This is because the nucleation rate of the silver ions could 

easily cause it to aggregate into larger particles owing to the rise in the collision frequency 

with an increase in the silver salt content (Sobczak-Kupiec et al. 2011). 

Conversely, the Z-potential decreased from -16 mV to -26 mV when the concentration of 

L-cys and HQ increased from 15 mM to 25 mM. According to Poole et al. (2015), L-

cysteine is an amino acid with a thiol group that can be easily oxidized, leaving a 

negatively charged S-, which could contribute to decreasing the charge on the surface of 

the AgNPs. In this way, HQ also negatively influenced the Z-potential of the AgNPs. As 

the reaction of synthesis is carried out in a basic environment (pH 8.4), the HQ becomes 

a dianion, which in the last step is then turned into a p-benzoquinone (FAD) (Guin et al. 

2011) necessary to complete the reduction and capping. Finally, the positive influence of 

the interaction of AgNO3 and FAD on the Z-potential of the AgNPs is shown in Fig. 1d, 

which can be attributed to the oxidation of hydroquinone and the reduction of FAD to 

FADH2, increasing the H+ in the solution. Similarly, AgNO3 showed the same outline, and 

the surface of the AgNPs tended to become more positive (from -24 to -20 mV) when the 
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concentration of AgNO3 increased from 1–3 M. This is related to the high surface area 

per unit volume shown by small AgNO3 particles (with a lower concentration of AgNO3), 

subsequently increasing the particle connectivity and increasing the electrical 

conductivity31. Mathematical models were used to establish a suitable method for AgNP 

synthesis. Multiple optimizations were carried out for the concentrations of AgNO3, HQ, 

L-cys, and FAD, to obtain AgNPs with smaller size, lower Z-Potential, and PDI. The 

optimization results showed that AgNO3 (2 mM), HQ (20 mM), L-cys (20 mM), and FAD 

(50.5 nM) at pH 8.4 were the reaction parameters for the synthesis of AgNPs, with a 

predicted 88.4 nm size, -24 mV Z-Potential, and 0.19 PDI.  

 

Table 4. Analysis of variance (ANOVA) of the cubic model and fitted 2FI model for size 

distribution and Z-potential of AgNPs, respectively 

 Sum of squares Degrees of 

freedom 

Mean squares F-value P-value 

Size distribution 

Model 13243.71 18 735.76 7.01 0.0005 

Residual 1365.17 13 105.01   

Lack of fit 998.29 6 166.38 3.17 0.0782 

Pure error 366.87 7 52.41   

Total 14608.88 31    

Zeta-potential 

Model 650.31 10 65.3 2.62 0.0303 

Residual 521.41 21 24.83   

Lack of fit 331.54 14 23.68 0.8730 0.6093 

Pure error 189.87 7 27.12   

Total 1171.72 31    
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Fig. 1. 3D response surface plots showing the influence of the independent factors L-cys 

and HQ (a) and FAD and AgNO3 (b) on the response factor size (Y1). In addition, the 

influence of the factors L-cys and HQ (c) and FAD and AgNO3 (d) on the response factor 

Z-potential (Y2). 
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3.3.3 Characterization of AgNPs synthesized at optimized conditions 

To confirm the results from the optimization, the synthesis of AgNPs was carried out 

under the optimized reaction parameters, showing monodisperse AgNPs with a size of 

101.5 nm and a Z-potential of -24 mV. The UV-vis spectrum of synthesized AgNPs 

showed an SPR at 380 nm and a band gap of 2.8 eV, as calculated from the Tauc plot 

(Supplementary material Fig. 1). The band gap reported for AgNPs ranged from 2.4–3.4 

eV (Mistry et al. 2021, Aziz et al. 2018, Das et al. 2016). The AgNPs synthesized were 

also characterized by XRD, VP-SEM, AFM, FT-IR, and TGA (Fig. 2). The XRD peaks 

in degrees 2θ appear at 38.3º, 44.2º, 64.5º, and 73.41º corresponding to the Ag0 (AgNPs) 

face-centered cubic planes (111), (200), (220), (311), and (222), respectively, which is 

consistent with the results found by Khan et al. 2015, (Fig. 2a), and the size of the AgNPs 

was calculated using the Debye-Scherrer equation, which showed a grain size of 13.7 nm. 

As far as we know, the AgNPs synthesis route determines the structure obtained. Factors 

such as the reducing agent, the reduction rate and temperature determine the formation of 

crystal defects in the Ag nanoparticles, being configurations observed as cubooctahedral 

and icosahedral. Theoretical analyses (DFT) have made it possible to evaluate the 

reactivity of each structure and theoretically predict the reactivity of the AgNPs obtained 

(Ruiz-Baltazar et al. 2016). In fact, AFM results showed nanoparticles with a quasi-

spherical morphology which is consistent with these statements and with the results 

reported in several studies (Satishkumar et al. 2009, Feng et al. 2010, Khan et al. 2015, 

Neelgund et al. 2015, and Tahir et al. 2016).	It is possible to observe a monodisperse size 

distribution and an average diameter of 104.5 ± 12.5 nm. The VP-SEM analysis revealed 

that the nanoparticles were quasi-spherical, with an average size of 70 ± 5 nm and a slight 

agglomeration of nanoparticles (Fig. 2b). The EDX spectrum reveals a strong peak for 

Ag (Supplementary Figure 3a), which generally shows a typical optical absorption peak 
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at approximately 3 KeV, according to its characteristic SPR (Feng et al. 2016). Following 

this, the component analysis showed that silver (62.5%) was the major constituent 

element, accounting for a greater percentage than carbon (28.6%) and oxygen (3.9%). 

Additionally, the profile showed a signal for silver along with a weak peak for oxygen 

and sulfur, which may have originated from molecules, such as L-cys, bound to the 

surface of the AgNPs. (Supplementary Figure 3b). Although there was an observable 

difference between the results of the DLS (101 nm) and AFM (104.5) with the SEM 

studies, this variance was associated with the presence of extra hydrate layers (Tahir et al. 

2016), along with ions or molecules attached to the nanoparticle surfaces in an aqueous 

environment being responsible for the greater hydrodynamic sizes in comparison with the 

results of the SEM study, which was water-free (Tortella et al. 2019). While the use of 

DLS to measure the nanoparticles in aqueous solutions has become increasingly common, 

the diffusion of particles in a solution is influenced by the kinetic and hydrodynamic 

conditions, which are often insufficient to accurately evaluate the real size of 

nanoparticles. These statements are corroborated by FT-IR spectroscopy, which was used 

to analyze the coating of AgNPs. As seen in Fig. 2c, the L-cys (red) spectrum exhibits a 

broad intense band at ~2550 cm-1, as reported for thiol groups (SH-) (Nyquist, 2001), 

which disappeared in the spectrum obtained from the lyophilized (black) and calcined 

AgNPs (gray), indicating that the thiol group from L-cys is oxidized, or suggesting the 

formation of a bond between the S atoms and silver particles (Tan et al. 2002) This is in 

accordance with the presence of the peaks at ~2470 cm-1 in the curves of the calcined and 

lyophilized AgNPs, showing a strong covalent bond between the silver and sulfur (Ag–

S) (Jiang et al. 2014). Such bonding was also observed by Sanghi and Verma, (2009) and 

So Ann et al. (2015). These findings provide strong evidence that the surface of L-cys 

bonds to the silver particles via a thiolate linkage (Khan et al. 2012). Conversely, an 
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overlapped peak at ~1640 cm-1, which was found for the position of the carboxylate 

stretch vibration, suggests the existence of some interactions between the acid group and 

other L-cys molecules, possibly through hydrogen bonding, suggesting the existence of 

bonds among the L-cys molecules on the surface of the AgNPs. 

The stability of the AgNPs was evaluated using TGA (Fig. 2d). The TGA results show a 

10% weight loss of AgNPs with an increase in temperature up to 125 °C, which is 

characterized by the dehydration of the residual moisture and desorption of chemisorbed 

water. A mass weight loss for the AgNPs occurs at approximately 297 °C and 416 °C, 

corresponding to 49.4% of the total weight, and it was likely due to the pyrolysis of the 

organic compounds adsorbed on the nanoparticle (Gasparovic et al. 2010). These results 

suggest that covalent bonds between the S- and L-cys might allow them to maintain their 

structure and physicochemical properties under high temperatures and adverse 

conditions. 
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        V    

        

Fig. 2. X-Ray diffraction pattern (a), SEM image (b), AFM image (c), AFM distribution 

(d), FT-IR spectra (e), and TGA plot (f) of AgNPs synthesized with 2 mM AgNO3, 20 

mM hydroquinone, 50.5 mM FAD, and 20 mM L-cys. 

 

 

 

(e)	 (f)	
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3.3.4 Antibacterial activity of AgNPs  

The antibacterial activity of the AgNPs selected by RSM was determined based on the 

MIC and MCB values against E. coli ATCC 25922, S. marcescens, S. enterica, and S. 

aureus ATCC 14028 (CLSI standard). Table 5 lists the MIC and MBC values after 24 h 

of incubation with AgNP concentrations from 10–110 µg/mL. The results indicate that S. 

marcescens and S. enterica exhibited the lowest MIC and MBC values, followed by E. 

coli. and S. aureus.  

Accordingly, with the MICs obtained, the AgNPs visibly affected the growth of all the 

bacterial strains evaluated, which exhibited a concentration-dependent antimicrobial 

activity, as revealed by the decrease in absorbance. In comparison with the commercial 

antibiotics gentamycin and streptomycin, the results obtained in all the strains responded 

to minor concentrations, showing better efficacy with lower concentrations of AgNPs. 

These results were consistent with those reported by Paredes et al.  (2014), who claimed 

that L-cys-covered AgNPs exhibited antibacterial activity against the pathogen E. coli 

O157:H7 and MRSA (methicillin-resistant Staphylococcus aureus) strains, and even 

presented higher activity than a commercial antibiotic, with MIC values from 0.25–20 

µg/mL. 

Two possible mechanisms have been described for the antimicrobial effects of AgNPs 

against bacterial cells: (a) membrane damage through the association/interaction of 

AgNPs with DNA and biomolecules, leading to the inhibition of cell multiplication, and 

(b) the formation of reactive oxygen species (ROS) through interaction with enzymes 

and/or biomolecules, leading to cell damage/destruction. In the case of E. coli, although 

it was presented as the most resistant bacteria, other authors have reported a different 

behavior because it possesses an outer membrane composed of lipids and proteins, and 

these structures are encountered by the AgNPs. Therefore, the AgNPs could adhere to 
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these structures, altering their properties and integrity, and forming gaps within the 

membrane, increasing its permeability. This means that Ag+ ions could interact with 

membrane or cell wall components or participate in the generation of ROS. Therefore, 

this mechanism could alter and damage the permeability and physiology of bacteria. 

 

Table 5. MIC and MBC values of AgNPs against Escherichia coli, Serratia marcescens, 

Salmonella enterica, and Staphylococcus aureus as determined by the microdilution 

method using gentamicin and streptomycin as control 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bacteria AgNPs (µg/m-1) Gentamicin (µg/mL-

1) 

Streptomycin (µg/mL-

1) 

Escherichia coli    

      MIC (µg/mL-1) 

        MBC (µg/mL-1)                          

 

30 

40 

 

50 

60 

 

70 

70 

Serratia marcescens 

       MIC (µg/mL-1) 

       MBC (µg/mL-1)                                      

 

20 

30 

 

≥64 

≥64 

 

≥64 

≥64 

Salmonella enterica  

      MIC (µg/mL-1)           

      MBC (µg/mL-1) 

 

20 

30 

 

≥16 

≥16 

 

≥16 

≥16 

Staphylococcus aureus  

     MIC (µg/mL-1) 

     MBC (µg/mL-1) 

 

 

30 

40 

 

 

≥64 

≥16 

 

 

≥64 

≥16 
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3.4 Conclusion 

In this study, we proposed a new biocompatible method inspired by the fungal mechanism 

of biogenic AgNP synthesis, using only biocompatible metabolites, such as HQ, as a 

reductant, L-cys as a stabilizer and reductant, and FAD as an electron shuttle. In addition, 

we demonstrated that the presence of L-cys residue allows the formation of covalent 

bonds that change the chemical surface of the AgNPs, without the use of toxic solvents. 

After optimization using RSM, it is possible to conclude that under the conditions 

evaluated in this study, AgNPs with small sizes (101 nm) and Z-potential of -24 mV were 

obtained, which demonstrates the efficiency of the method for the synthesis of AgNPs. 

The antimicrobial capacity of the synthesized AgNPs was demonstrated by suppressing 

the growth of four human pathogenic bacterial strains. Therefore, these results provide a 

basis for the development and synthesis of a biocompatible and controlled methods to 

produce nanoparticles of biomedical and technological interest. 
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Abstract: 

Background: In this study, L-cysteine-capped silver nanoparticles (Cys-AgNPs) were 

successfully linked onto the cotton fabric surfaces, being covalently linked to the cotton 

fibers via esterification with the cellulose hydroxyl groups. The AgNPs were tightly 

adhered to the fiber surface via coordination bonds with the L-cys thiol groups. Also, they 

were compared with biogenic silver nanoparticles produced from fungi (bio-AgNPs).  

Materials and methods: The characterization of the Cys-AgNPs and the bio-AgNPs 

solutions were accomplished by UV-visible (UV-vis), Z-potential an X-ray diffraction 

(XRD). After the attachment of the Cys-AgNPs and the Bio-AgNPs to the raw cotton, the 

textile surface was characterized by variable pressure scanning electron microscopy (VP-

SEM), Energy dispersive X-ray (EDX) and Fourier transformed Infrared (FT-IR). The 

antibacterial activity was performed by disk diffusion analysis.  

Results: The results of the UV-Vis analysis revealed the presence of AgNPs in the Cys-

AgNPs and the Bio-AgNPs solutions, showing the Surface Plasmon resonance (SPR) for 

the AgNPs among 380-420 nm. Also, they exhibited a Z-potential of -27 and -24 mV, 

respectively, with the presence of elemental silver shown by the XRD analysis. The VP-

SEM images from the cotton fabrics covered in Cys-AgNPs and bio-AgNPs showed the 

presence of spherical AgNPs on their surface, and EDX analysis revealed the presence of 

peaks associated with the presence of Ag, C and O. Furthermore, FT-IR analysis exhibited 

peaks associated with the presence of L-cysteine (SH-) and carboxylic acid upcoming from 

the esterification reaction among the cellulose from cotton and the carboxylic acid in the 

L-cys molecules. Finally, the fabrics exhibited antibacterial activity against Escherichia 

coli and Staphylococcus aureus. 
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Conclusions: This study demonstrates the ability of the Cys-AgNPs to bind the cellulose 

from the cotton fabric, to produce antibacterial fabrics with enhanced durability, opening a 

wide range of options to be further used in the healthcare and industry 

 

Keywords: Cotton fabric, textile modification, L-cysteine, Antimicrobial, Silver 

nanoparticles 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter IV: Cotton Textile with Antimicrobial Activity and enhanced durability produced 
by L-cysteine-Capped Silver Nanoparticles. 

 
 

55	

4.1 Introduction  

Over the past few years, silver nanoparticles (AgNPs) have been broadly used for their 

potent antimicrobial activity against several microorganisms (Ahluwalia et al. 2018, 

Narayanan et al. 2021). They have been widely consumed in the industry of healthcare, 

pharmaceuticals, agriculture and environment gaining ground in the development 

manufacturing of new nanomaterials for different field applications (Kumar et al. 2018, 

Saravaran et al. 2018). In this context, modification of cellulose fibers (cotton fabrics) 

with silver nanoparticles have attracted extensive attention with the purpose of conferring 

properties such as antibacterial activity with enhanced durability (Mohamed et al. 2017, 

Tang et al. 2017, Pal et al. 2021). Several methods have been used for coating AgNPs on 

a textile surface, such as by generating active groups via plasma, UV irradiation, or sol-

gel processing (Mahltig et al. 2005, Rashidi et al. 2013, Vu et al. 2013, Salem et al. 2020, 

Siaffuddin et al. 2020). However, some drawbacks to provide antibacterial functionalities 

to cotton fabrics after laundering cycles seem to occur, because conventional surface 

modification of textiles by AgNPs is not persistent, especially against several laundering 

cycles. Also, the involvement of chemicals in its fabrication process and the use and 

release on the environment of chemical such as triclosan (and phenolic derivatives seem 

to a problem to consider (Hong 2014, Dhiman and Chakraborty. 2015). Nevertheless, 

these difficulties can be solved by providing steric stabilization of the AgNPs on the 

cotton fabrics. This because raw cotton present many hydroxyl groups on the surface, 

which can react with carboxyl groups at high temperature, causing an esteric bond among 

the agent containing carboxyl groups onto the cotton surface. In this sense, L-cysteine is 

a non-toxic, small aminoacid with a carboxyl group which can react with the hydroxyl 

groups in the cotton surface. Also, it possesses a thiol, which in this case it is coordinated 

with AgNPs to form cys-AgNPs. 
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 In this work, we present and easy and cost-effective option to provide AgNPs coated 

with L-cysteine onto cotton fabrics. The resulting fabric samples were characterized using 

scanning electron microscope (SEM-STEM), Fourier Transform Infrared (FTIR) 

spectrum, X-ray diffraction (XRD). The durability of the cys-AgNPs and antibacterial 

activity was also evaluated. 

4.2 Materials and methods 

Reagents and stock solutions: L-cysteine (L-cys), flavin adenine dinucleotide (FAD) 

and Pluronic F-127® were purchased from Sigma Aldrich, USA. Silver nitrate (AgNO3), 

sodium hydroxide (NaOH) and hydroquinone (C6H6O2) were purchased from Winkler, 

Santiago. For the antimicrobial activity assay, Mueller–Hinton media was purchased from 

Merck, Germany. The cotton textile (raw white, 60 ends/cm 0.42 mm thickness) was 

purchased from Santiago Textiles Ltd, Chile. Circles of the cotton textile were cut with a 

diameter of 10 mm and then washed by ultrasonic cleaning in a sodium lauryl sulfonate 

2% solution for 30 min. Then the cotton was rinsed with deionized water for three times 

and washed in an ethanol 80% solution for 2 h and then rinsed with deionized water for 

25 min for 3 times. 

For all the experimental work, solutions were prepared using analytical grade water from 

a Millipore Milli-Q Gradient filtration system (Millipore, 18.2 MΏ, USA). All the 

reagents used in this study were of analytical grade and were used without further 

purification.  

Microorganisms: Escherichia coli ATCC 25922 and the gram-positive strain was 

Staphylococcus aureus ATCC 29213 (CLSI standard) were obtained from Applied 

Molecular Biology Laboratory, Universidad de La Frontera. 
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4.2.1 Silver nanoparticles synthesis  

To cover the cotton fabric with silver nanoparticles (AgNPs) and test its antibacterial 

activity and enhanced durability in time, two silver nanoparticles solutions were 

synthetized using different sources. The first solution of silver nanoparticles covered in 

L-cysteine (L-cys-AgNPs) was obtained according to Cisternas et al. (2021), using L-

cysteine (L-cys) (25 mM), hydroquinone (25 mM), flavin adenine dinucleotide (FAD) 

(80 nM), silver nitrate (AgNO3) (1.5 mM), sodium hydroxide (NaOH) and Pluronic F-

127® (2%) at pH 8.4 in a final volume of 25 mL. The second biogenic silver nanoparticles 

solution (Bio-AgNPs) was synthetized according to (Rolim et al. 2019), using aqueous 

extract of Galega officinalis, silver nitrate (1.6 mM) and sodium hydroxide. Silver nitrate 

solution (1.5 mM) was used as control. Both samples containing AgNPs were 

characterized by Dynamic Light Scattering (DLS) and Z-Potential.  

4.2.2 Analytical characterization of the Cys-AgNPs and the bio-AgNPs solutions  

The Cys-AgNPs and bio-AgNPs solutions were analyzed by an UV–vis 

spectrophotometry in the range of 300–700 nm, using a Genesys10s spectrophotometer 

with an absorption band of 200–800 nm to search for the characteristic SPR for AgNPs 

(380-420 nm). Also, the average hydrodynamic diameter, the polydispersity index (PDI) 

and the Z-potential of the L-cys-AgNPs and the bio-AgNPs were analyzed using a 

Zetasizer Nano ZS (Malvern Instruments Co, UK). The measurements were performed at 

25 °C using a fixed angle of 173° in disposable folded capillary zeta cells with a 10 mm 

path length in an aqueous suspension. The samples were not sonicated to keep the original 

capping structure unaltered and avoid the agglomeration of the AgNPs.  

Afterwards, X-Ray diffraction (XRD) of the L-cys c 
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overed and the biogenic AgNPs was performed in a reflection geometry with a 

conventional Bruker D8 ADVANCE (CuKα radiation of 1.5418 Å). Samples were 

measured from 10o to 79o 2θ with a step size of 0.02o and a counting time of 5 s per step 

and the grain size of the AgNPs was calculated with the Scherrer-Debye equation (Abbasi 

et al. 2019) D = (kλ)/ (β cos θ); where D is the diameter (nm), λ is the wavelength for 

Cukα, β is the full width at half-maximum (FWHM), θ is the Bragg diffraction angle and 

K is a constant (9.1).  

4.2.3 Cotton fabric preparation and curing process 

The cotton fabric was immersed in three different solutions containing cysteine-covered 

nanoparticles (L-cys-AgNPs), biogenic nanoparticles obtained from Galega officinalis 

(bio-AgNPs) and AgNO3 (used as a control), respectively, in a concentration of 25% v/v 

for each of them. All the treatments (cotton fabrics) were cured at 180oC for 5 min and 

then rinsed with distilled water (50 mL3 times), and finally dried at 50oC for 2 h. 

4.2.4 Characterization of the cotton fabrics covered in Cys-AgNPs and bio-AgNPs 

The surface morphology and composition of the fabric cotton covered with L-cys-AgNPs, 

bio-AgNPs and the AgNO3 solution (control sample) was analyzed using a VP-SEM, with 

transmission module STEM SU-3500 (Hitachi-Japan). EDX analysis was determined in 

the STEM/EDX mode by the AgL lines (AgLα at 3.000 keV and AgLα at 3.180). Finally, 

to detect the presence of different functional groups in the sample, a FT-IR analysis was 

performed with a FT-IR Spectrometer Cary 600 from Agilent, using 100 mg of air dried 

sample for 24 h at 105oC.  
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4.2.5 Antibacterial activity of the cotton fabric covered in L-cys-AgNPs, bio-AgNPs 

and AgNO3  

The antibacterial activity of the cotton fabrics covered in Cys-AgNPs and the bio-AgNPs 

was evaluated by disk diffusion method. For this purpose, circular pieces were (10 mm) 

and sterilized by UV light for 1 h and placed on S. aureus and E. coli Muller-Hinton agar 

plates (1.0×108CFU/mL), incubated at 37 oC for 24 h. The diameters of the inhibition 

zone (IZ) were determined.  

 

4.3 Results and discussion 

4.3.1 Characterization of the L-cys-AgNPs and the bio-AgNPs previous stabilization 

onto the cotton fabric. 

Previously to be attached to the cotton fabric, the L-cys-AgNPs and the bio-AgNPs and 

the control (AgNO3) were analyzed by UV-Vis, DLS and Z-potential. Both samples 

exhibit a characteristic SPR for AgNPs (380-420 nm) (Figure 1) showing a maximum 

peak at 383 nm for L-cys-AgNPs and 400 nm for the bio-AgNPs. Also, DLS analysis 

showed a size diameter of 89 nm and 109 nm, respectively and a Z-Potential of -27 mV 

and -24 mV (Table 1). These results are in concordance with the reported by Khan et al. 

(2012), Paramelle et al. (2014) and Manosalva et al. (2019).  

The XRD pattern of the cotton fabrics modified with L-cys-AgNPs (Figure 2) is 

presented, showing peak values in L-cys-AgNPs of 38.2°, 44°3, 64.2° and 77.2; assigned 

to (111), (200), (220), (311) and (222) planes, respectively. These results agree with the 

demonstrated by (Khan et al. 2012) and confirm the presence of silver nanoparticles with 

metallic silver (Ag0) and face centered cubic (FCC) on the cotton fabrics covered in L-

cys-AgNPs (Khan et al. 2015, Htwe et al. 2019). Also, the grain size of the AgNPs was 
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calculated by Debye-Scherrer equation (Abasi et al. 2019), resulting in 13.7 nm (a). On 

the other side, XRD pattern of the cotton fabric containing bio-AgNPs is not present. 

However, the expected outcome is the appearance of similar peaks found for the L-cys-

AgNPs, which correspond to the presence of metallic silver. 

	

	

	

	

 

 

Table 1. Size and Z-Potential analysis of L-cys-AgNPs and Bio-AgNPs after 12 h of 

synthetized. 

 Size (nm) Z-Potential (mV) PDI 

L-cys-AgNPs 89 -27 0.15 

Bio-AgNPs 109 -24 0.12 
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Figure 1. UV-vis spectrum of the L-cys-AgNPs (a), the bio-AgNPs (b) and the control 

(-) AgNO3 
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Figure 2. X-Ray diffraction pattern of the sample containing L-cys-AgNPs showing 

peaks at 38.3º, 44.2º, 64.5º and 73.41º associated to the presence of metallic silver 

 

4.3.2 Characterization of the cotton fabric covered in L-cys-AgNPs, bio-AgNPs and 

AgNO3 

Once the L-cys-AgNPs, the bio-AgNPs and the control were attached to the surface of 

the cotton textile, the fabrics were characterized by different analytical methods. The 

surface and composition of the modified cotton fabrics were evaluated by SEM-STEM 

and EDX analysis (Figure 3). The results showed that the fabric cotton sample covered in 

L-cys-AgNPs (Figure 3a, Figure 3b) revealed abundant quasi-spherical nanoparticles with 

a size among 70 nm and 100 nm, widely distributed among the textile. The EDX spectrum 

reveals a strong peak for the Ag (Figure 3f), which generally shows a typical optical 

absorption peak approximately at 3 KeV, according to its characteristic Surface Plasmon 

Resonance (Kaviya et al. 2011). Additionally, EDX component analysis showed that the 

sample was mainly composed by carbon (47.5%) and oxygen (47.5%), which are 

constitutive elements of the cellulose which is present in the cotton textile over the 90% 

(Ansell et al. 2009, Xu et al. 2018). In minor concentrations, the element silver (2.2%) 

and sodium were present in the sample, arising from the presence of the L-cys-AgNPs 

attached to the cotton and the NaOH previously used to adjust pH, respectively.  

On the other side, SEM images of the cotton fabric covered in bio-AgNPs (Figure 3c and 

Figure 3d), showed the presence of spherical nanoparticles with a size among 110 nm and 

170 nm. In comparison with the cotton fabric covered in L-cys-AgNPs, the cotton with 

bio-AgNPs exhibit minor quantity of particles among the textile, which might be 

associated with the loss of the nanoparticles in the attachment process because of the lack 

of bonding of the bio-AgNPs which are not chemically bonded with the cellulose from 
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the fabric. Because of this low concentration, the EDX analysis was not able to capture a 

signal from the sample. On the other side, Figure 4e showed the presence of dispersed 

aggregates of crystals of AgNO3 on the fabrics, without the presence of AgNPs. 

These statements were corroborated by Fourier Transform Infrared Spectroscopy, which 

was used to analyze the cover of the fabrics covered with L-cys-AgNPs (a), bio-AgNPs 

(b) and AgNO3 (c), by the analysis of the presence of functional groups on the samples. 

As seen in Figure 4, the spectrum of the cotton covered with L-cys-AgNPs (a) exhibits a 

band near to 2350 cm-1, corresponding to the presence of mercaptans -SH (Shakirulla et 

al. 2012). This band clearly disappears for the spectrum obtained from the samples with 

cotton covered in bio-AgNPs (b) and the fabric covered in AgNO3 (c), showing that the 

thiol groups from the L-cysteine present on the cover of the AgNPs are successfully 

present on the cotton. L-cysteine present on the AgNPs have a major role in the durability 

of the antimicrobial activity of the cotton, because it contains a carboxylic acid and amino 

group, which react with the cellulose polymer chains on the cotton through an 

esterification reaction, being covalently bonded and preserved in time (Xu et al. 2018). 

On the other side, the spectrum of the cotton covered in the bio-AgNPs (b), showed no 

major differences with the control (c).  
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Figure 3. SEM-STEM analysis of the cotton fabric covered in L-cys-AgNPs (a,b); the 

cotton fabric covered in bio-AgNPs (c,d) and the control (e). Also, EDX Spectrum (f) 

displaying the composition of the L-cys-AgNPs at pH 8.6 and the presence of a peak at 

3 keV characteristic for Ag element, determined by the AgLα lines. 	
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Figure 4. FT-IR spectrum from the cotton textile covered in L-cys-AgNPs (a), the bio-

AgNPs (b) and AgNO3 used as control (c). 

 

4.3.3 Evaluation of the antibacterial activity of the cotton fabric covered in  L-cys-

AgNPs and the bio-AgNPs 

Antibacterial activity of the cotton fabrics covered in L-cys-AgNPs, bio-AgNPs and 

AgNO3 was carried out by disk diffusion assay against Escherichia coli ATCC 25922 and 

Staphylococcus aureus ATCC 14028 (CLSI standard. 2017).  

The results demonstrate that the cotton fabrics covered in L-cys-AgNPs and Bio-AgNPs 

both showed antibacterial activity against E. coli and S. auureus, (Figure 5) exhibiting an 

inhibition zone of 1.7 cm and 1.4 cm for S. aureus and 1.5 cm and 1.4 cm for E. coli, 

respectively. Nevertheless, the difference of the diameter of inhibition in both assays, 

could be sustained by the fact that as seen in the SEM images, cotton fabric with L-cys-

AgNPs exhibit a major concentration per area on the textile, a minor size of the 

nanoparticles, and a more negative Z-Potential, avoiding aggregation. These statements 
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are consistent with the reported by Paredes et al. (2014) who claims that L-cysteine 

covered AgNPs exhibited antibacterial activity against the pathogen E.coli O157:H7 and 

MRSA (Methicillin-resistant-Staphylococcus aureus) strains, and even present higher 

activity compared to commercial antibiotic or biogenic nanoparticles. On the other side, 

the cotton textile covered in bio-AgNPs could have a slight antimicrobial activity, 

showing a minor inhibition zone on the disk. This because cotton fabrics covered in bio-

AgNPs have not the capability of covalently bonding to the surface of the textile, losing 

concentration of the bio-AgNPs in the process. As far as we know, it has been shown that 

the release of Ag+ ions is the main antibacterial mechanism of toxicity of AgNPs (Ivask 

et al. 2013, Salle et al. 2020). In this sense, the widespread use of AgNPs has implications 

over the entire life cycle of products, from production to disposal, including but not 

limited to environmental releases of nanomaterials themselves. Therefore, in a future a 

life cycle assessment from nanoparticle synthesis to end-of-life incineration of the 

products needs to be performed for a commercially available cotton fabric with L-cys-

AgNPs. 
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Figure 5. Inhibition zone test of the (a) Cys-AgNPs cotton, (b) Bio-AgNPs Cotton and 

(c) Control (-) AgNO3 in Escherichia coli (a) and Staphylococcus aureus (b) 

4.4 Conclusions 

The L-cys-AgNPs and bio-AgNPs were successfully attached to the cotton fabrics in an 

easy and affordable way, which was demonstrated by the analytical characterization of 

the textiles. However, the results clearly revealed that L-cys from the L-cys-AgNPs can 

be covalently attached on the cotton fabrics, explained because of the L-cys moieties 

enhance adhesion capability of the AgNPs in comparison with the bio-AgNPs. In spite 

that the durability of the L-cys-AgNPs in the laundering process and the Ag+ loss could 

not be tested, further test including the quantity of Ag+ concentration by Atomic 

Absorbance and a Life cycle assessment need to be performed.  

Finally, the expected outcomes are that this advantage confers a major durability of the 

antibacterial activity on the fabrics, conferring huge potential applications in biomedical 

textiles market.  



Chapter IV: Cotton Textile with Antimicrobial Activity and enhanced durability produced 
by L-cysteine-Capped Silver Nanoparticles. 

 
 

68	

Acknowledgements 

We have appreciated the support from FONDECYT 1191089, 

CONICYT/FONDAP/15130015, CONYCIT-FAPESP (2018/08194-2), CONICYT-

REDES 180003, CNPq (404815/2018-9) 

 



Chapter V: General discussion, concluding remarks and future directions 

 
 

69	

 

 

 

 

 

 

CHAPTER V  

“General discussion, concluding remarks and 

future directions” 

 

 

 

 

 



Chapter V: General discussion, concluding remarks and future directions 

 
 

70	

5. General discussion, concluding remarks and future directions 

5.1 General discussion 

The field of nanotechnology is a developing discipline of several wide-ranging 

applications in different areas of science and technology, but nowadays there is a growing 

need to develop environmentally friendly NPs synthesis processes that do not use toxic 

chemicals in their synthesis protocol. As a result, researchers in the field of NP synthesis 

and assembly, have turned to biological systems for inspiration. Several biological 

systems have been used for the synthesis of AgNPs, however, they present drawbacks 

and limitations (Adil et al. 2015, Ahmed et al. 2015, Zhu et al. 2020).  

In this work, we produced a simple, cost-effective and biocompatible method to produce 

AgNPs, without the use of a living organism. This method, was based in a first instance 

in the elucidation of the role of L-cysteine and other redox components reported by 

several authors to be involved in the synthesis of AgNPs by fungi (Kalishwaralal et al. 

2010, Sharma et al. 2015, Durán et al. 2016). We achieved this purpose by building an 

in-vitro assay, to mimic the extracellular mechanism used by fungi to produce AgNPs. 

The results from this in-vitro assay, showed that several conditions exhibited the Surface 

Plasmon Resonance for AgNPs (380-420 nm). However, results vary according with the 

treatment used, being many of the treatments with the positive SPR for AgNPs conformed 

by oxireductases enzymes such as Laccase and nitrate reductase (Cuevas et al. 2014, 

Duran et al. 2005). Nevertheless, as the main objective in this work was to study the 

mechanisms behind the fungal synthesis of nanoparticles and obtain and easy and cost-

effective method, the treatments that used enzymes as main components were left behind. 

In other conditions, lacking enzymes and only using metabolites that conform these 

enzymes, most of them were not proper to be used because they did not produce AgNPs 



Chapter V: General discussion, concluding remarks and future directions 

 
 

71	

or the AgNPs that produced followed their characterization they were not suitable to be 

used as antimicrobial agent. This is because as we previous mention, for the formation of 

AgNPs some minimal requirements must be present, such as electron shuttles and electron 

donors (Milek et al. 2014, Duran et al. 2015). Nevertheless, one of the conditions 

composed by L-cysteine, hydroquinone and FAD could produce AgNPs and it was used 

for the synthesis of the nanoparticles, producing quasi spherical AgNPs, with a size 

approximately 200 nm and a Z-potential of -20 mV. These statements are related to the 

redox standard potential of the components used for the synthesis of AgNPs, allowing the 

synthesis of the AgNPs which is achieved by 2 semi-reactions where the hydroquinone 

(Ev= -0.7) in a basic environment and in the presence of water, is oxidized into a quinone 

by the Ag+, which is reduced to Ag0 in the process (Lehninger, 2013). In a second phase, 

the thiol group from L-cysteine is deprotonated and the protons in solution are captured 

by the FAD and reduced to FADH2 which can be oxidized by the quinone to be reduced 

to its hydroquinone form, so the deprotonated thiolate group from L-cysteine bonds to the 

surface of the AgNPs with the metallic silver forming a Ag-S (Tan et al. 2002).	 

According to these results, it can be deduced that if we use organic or even inorganic 

components with the minimal redox potential to produce a difference in the redox 

potential, nanoparticles using several components from different origins could be 

produced. 

As seen in the previous paragraph, although the components were identified, these 

starting parameters had to be optimized using Design of experiment (DoE) with a 

Response Surface Model (RSM). This step allowed us to obtain a standard formulation 

with adequate concentrations to produce AgNPs, and the influence of the components L-

cysteine, hidroquinone, FAD and AgNO3 on the parameters “size” and “Z-potential”.  
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The results showed that L-cys and hydroquinone exhibited an inversely proportional 

concentration–size effect on the AgNPs, producing smaller by the effect of L-cys as a 

stabilizer and reductor which binds with the silver ions, producing steric stabilization, 

preventing aggregation and increasing the size of AgNPs. In this way, hydroquinone 

follows a similar trend, probably associated with the fact that hydroquinine acts as an 

electron shuttle (Duran et al. 2005, Khan et al. 2012). In contrast, the concentration effect 

of FAD and AgNO3 on the size parameter presents a directly proportional relationship 

between the concentrations of FAD and AgNO3 and the size of the AgNPs; meaning that 

as the concentration of the components decreased, the size of the AgNPs also decreased. 

This is explained in one way because FAD in its structure possesses a prosthetic group 

that experiences sequential transferences for one or two electrons between the quinone, 

semiquinone and p-benzoquinone, and among its oxidation states it interacts with 

hydroquinone (Campbell, 1999) and possibly is adhered to the capping of the AgNPs, 

increasing its size. In contrast, the effect of the salt precursor AgNO3 showed a similar 

tendency, increasing the size of the AgNPs as the concentration increased. This is because 

the nucleation rate of the silver ions could easily cause it to aggregate into larger particles 

owing to the rise in collision frequency with an increase in the silver salt content (Sobczak 

et al. 2011).  

Finally, the AgNPs produced by the optimized formulation were characterized by UV-

Vis, DLS, Z-potential, SEM-STEM, EDX, FTIR and TGA analysis, displaying suitable 

characteristics to be used as an antimicrobial.  

In a finale stage, the antibacterial activity of the AgNPs was demonstrated by determining 

the MIC and MCB of the AgNPs against Escherichia coli ATCC 25922, Serratia 

marcescens ATCC, Salmonella enterica and Staphylococcus aureus ATCC 14028 (CLSI 

standard). The MIC and MBC values were reported after 24 h of incubation with AgNPs 
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concentrations from 10 µg/mL to 110 µg/mL, and the results showed that S. enterica and 

S. marcescens exhibit the lowest MIC and MBC values; followed by S. aureus and E. 

coli. These results are in concordance with Paredes et al. (2012) demonstrating that 

AgNPs visibly affected the proliferation in all the bacterial strains, exhibiting a decrease 

in the absorbance as the concentration of the AgNPs increased. 

Finally, the synthesis of the AgNPs based on the intrinsic mechanism that fungi possess, 

is mimicked in this work by two semi-reactions. However, manifold of possible redox 

reactions in biological system can be “reduced” hereby to a to a single, tunable parameter: 

the redox-potential. This allows us to mimic in principle any reducing condition (Milek 

and Zahn. 2014)  

The previous work allowed us to produce silver nanoparticles capped in L-cysteine with 

antimicrobial capacity by suppressing the growth of human pathogenic bacterial strains 

with low concentrations. These advantages were taken into further consideration to test 

the ability of the L-cys-AgNPs to bond to other materials such as cotton. In this sense, 

several methods have been used for coating AgNPs on a textile surface to provide antibacterial 

activity, attempting to achieve that the the metallic the silver ions are slowly released from the 

cotton. AgNPs through a binding process can confer some properties such a sustained 

antibacterial activity over time, however, some functionalities in the cotton fabrics after 

laundering cycles seem to occur, because conventional surface modification of textiles by AgNPs 

is not persistent, especially against several laundering cycles. In fact, it is estimated that the 

polyester and cotton fiber manufacturing industry alone produces 2.7-6.4 mg of AgNPs, 

(Gibson et al. 2018) and when discarded, released in wastewater, showing the presence 

of AgNPs ranging from 40 to 70 ng/L, and below 100 nm, with a few above 100 nm in 

the conventional effluent (Cervantes et al. 2019). 
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 The second work from this thesis was to produce a cotton fabric with antimicrobial 

activity and enhanced durability, by using the L-cysteine from the capping of the AgNPs 

as a chemical anchor. For this purpose, the carboxyl group form the L-cysteine on the 

cover of the AgNPs was attached to the hydroxyl group from the cotton fabric by an 

esterification reaction, producing a covalent bond among the L-cys-AgNPs and the cotton 

textile, producing a cotton fabric with enhanced durability. To test the ability of the L-cys 

AgNPs to bond with cotton, it was compared with a cotton fabric covered in nanoparticles 

with biogenic origin. For this matter, the SEM analysis showed that L-cys-silver showed 

that L-cys-AgNPs, the cotton with bio-AgNPs exhibit minor quantity of particles among 

the textile, which might be associated with the loss of the nanoparticles in the attachment 

process because of the lack of bonding of the bio-AgNPs which are not chemically 

bonded with the cellulose from the fabric. Also, the FT-IR spectrum of the cotton covered 

with L-cys-AgNPs exhibits a band near to 2350 cm-1, which is associated with the 

presence of thiol groups (-SH) arising from the L-cysteine (Shakirulla et al. 2012). This 

band is not present for the spectrum of the cotton fabric covered in nanoparticles obtained 

from a biogenic source. These results gave us a precedent showing that the thiol groups 

from the L-cysteine present on the cover of the AgNPs are successfully present on the 

cotton. 

Furthermore, this fabric was tested against two pathogens, showing antibacterial activity 

against Escherichia coli and Staphylococcus aureus by the slow release of Ag+ ions that 

are able to penetrate the bacteria and cause further damage, possibly by interacting with 

sulfur- and phosphorus-containing compounds, such as DNA (Raffi et al. 2008, Ivask et 

al. 2013, Kim et al. 2017). 
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5.2 Concluding remarks and future directions 

Our investigation was able to produce AgNPs with biogenic characteristics, antibacterial 

activity and the presence of thiol groups on the surface of the AgNPs, but without the use 

of a living organism. The L-cysteine coated silver nanoparticles were obtained with a new 

easy method mimicking the fungal mechanism to synthetize AgNPs and a hypothetical 

mechanism explaining the formation of the L-Cys-AgNPs was proposed, exhibing L-

cysteine as a reductor, interacting with FAD and hydroquinone as electron shuttle and 

electron donor respectively.  

L-Cysteine coated silver nanoparticles, demonstrated antimicrobial activity against four 

bacteria strains; Escherichia coli, Staphylococcus aureus, Salmonella enterica and 

Serratia mercensens, acting as a potential new antimicrobial. Design of experiment (DoE) 

was successfully used to optimize L-cysteine capped silver nanoparticles synthesis 

formulation, obtaining AgNPs with an average size of 100 nm, a PDI of 0.151 and a Z-

potential of -24 mV. Also, the L-cysteine AgNPs were attached to a cotton textile, via 

esterification, providing antibacterial protection to cotton textile.  

The future directions include the use of the AgNPs as antimicrobial agent, or even through 

the functionalization of nanoparticles where L-cysteine is acting as a bonding agent 

between the nanoparticles and biomolecules attached. 

Also, further studies regarding the mechanisms, life cycle assessment and the 

foundations of the bonding among the cotton fabric and the L-cys-AgNPs are necessary, 

showing a potential use in biomedical applications. 
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