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A B S T R A C T   

Salvia (Lamiaceae family) is used as a brain tonic to improve cognitive function. The species 
including S. plebeia and S. moorcroftiana are locally used to cure hepatitis, cough, tumours, 
hemorrhoids, diarrhoea, common cold, flu, and asthma. To the best of authors’ knowledge, no 
previous study has been conducted on synthesis of S. plebeia and S. moorcroftiana silver nano-
particles (SPAgNPs and SMAgNPs). The study was aimed to synthesize AgNPs from the subject 
species aqueous and ethanol extracts, and assess catalytic potential in degradation of standard 
and extracted (from yums, candies, and snacks) dyes, nitrophenols, and antibiotics. The study also 
aimed at AgNPs as probe in sensing metalloids and heavy metal ions including Pb2+, Cu2+, Fe3+, 
Ni2+, and Zn2+. From the results, it was found that Salvia aqueous extract afforded stable AgNPs 
in 1:9 and 1:15 (quantity of aqueous extract and silver nitrate solution concentration) whereas 
ethanol extract yielded AgNPs in 1:10 (quantity of ethanol extract and silver nitrate solution 
concentration) reacted in sunlight. The size of SPAgNPs and SMAgNPs determined by scanning 
electron microscopy (SEM) and transmission electron microscopy (TEM) were 21.7 nm and 19.9 
nm, with spherical, cylindrical, and deep hollow morphology. The synthesized AgNPs demon-
strated significant potential as catalyst in dyes; Congo red (85 %), methylene blue (75 %), 
Rhodamine B (<50 %), nitrophenols; ortho-nitrophenol (95–98 %) and para-nitrophenol (95–98 
%), dyes extracted from food samples including yums, candies, and snacks. The antibiotics 
(amoxicillin, doxycycline, levofloxacin) degraded up to 80 %–95 % degradation. Furthermore, 
the synthesized AgNPs as probe in sensing of Pb2+, Cu2+, and Fe3+ in Kabul river water, due to 
agglomeration, caused a significant decrease and bathochromic shift of SPR band (430 nm) when 
analyzed after 30 min. The Pb2+ ions was comparatively more agglomerated and chelated. Thus, 
the practical applicability of AgNPs in Pb2+ sensing was significant. Based on the results of this 
research study, the synthesized AgNPs could provide promising efficiency in wastewater treat-
ment containing organic dyes, antibiotics, and heavy metals.  
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1. Introduction 

A variety of nanomaterials/nanoparticles (NMs/NPs) due to their unique size, composition, and surface area, are the materials of 
today’s focus. These can be employed in delivery systems, packaging materials, safe food, novel pathogen detection, and disease 
treatment. In recent decades, due to lower toxicity, specificity, high loading capacity, efficacy, stability, and biocompatibility, NPs has 
gained popularity as a strategy for treating cancer and drug delivery [1–3]. A variety of NMs/NPs have a wide range of applications in 
industries, material science, engineering, biomedical imaging, agriculture, biosensing, environmental remediation, pollutants 
removal, biomarking, and drug administration [4–7]. 

Organic synthetic dyes are commonly used in textile, plastic, food, and pharmaceutical industries. The industries released a high 
content of the toxic dyes in wastewater, creating substantial pollution issues such as eutrophication, deoxygenation, and hindrance to 
the infiltration of sunlight. Hence, the dyes accumulate in ecosystems causing various toxic effects to the exposed organisms. Usually, 
the accumulated dyes are not easily biodegraded by wastewater treatment of ultrafiltration, chemical, and electrochemical methods. 
NPs on the other hand, have been efficient in dyes removal from wastewater. In recent years, numerous NPs have attracted growing 
attentions in organic dyes degradation. The biosynthesized NPs are used as nanocatalysts for the effective removal of dye contaminants 
[8–10]. 

Metal NPs (MNPs) can be synthesized using a variety of techniques including chemical vapour deposition, sol-gel method, solution- 
based synthesis, chemical reduction, photochemical reduction, co-precipitation, reverse micelle formation, electrochemical, high- 
energy radiation, and laser ablation [11–13]. However, these methods are thought to be expensive, time-consuming, toxic, and 
eco-unfriendly [14,15]. Therefore, there has always been a need for fast, efficient, and eco-friendly methods for NPs synthesis to reduce 
the use of harmful and toxic chemicals. Phytosynthesized MNPs using plants, algae, and microbes have attracted remarkable attention 
in a number of life fields. Green-synthesized MNPs are non-toxic, efficient, and cost- and time-effective [16]. Because to their unique 
physico-chemical characteristics, they are excellent candidates for chemical and biological sensing. Recently, researchers found that 
green MNPs made from medicinal plants have effective antioxidant, antimicrobial, and anti-cancer potential. 

Among MNPs, silver nanoparticles (AgNPs) are used in a variety of industries including food, healthcare, and engineering [17]. 
Many plant parts such as fruits, stems, peels, leaves, and flowers can be used to synthesize AgNPs. They are chemically stable with 
significant catalytic potential in dyes and antibiotics degradation, detection of toxic contaminants in a wide range of environmental 
samples, and bactericidal and fungicidal activities [18,19]. Due to unique characteristics and wide potential, AgNPs are used in a 
number of consumer items, for example, plastics, soaps, foods, fabrics, and pastes [20]. 

Salvia, a largest genus of Lamiaceae family, can be widely found in Pakistan. Salvia plebeia (S. plebeia), rich in polyphenols and 
terpenoids is locally used to treat hepatitis, cough, tumours, and diarrhoea with potential antioxidant, antibacterial, antiviral, anti- 
inflammatory, and anti-cancer activities. Another specie; Salvia moorcroftiana (S. moorcroftiana) largely distributed in Pakistan is 
traditionally used to heal hemorrhoids, coughs, and other ailment. It is a rich source of flavonoids and diterpenoids with significant 
anticancer activities [21–23]. 

Hence, considering the medicinal importance of the subject species and a wide application of green synthesized AgNPs, the current 
study was proposed to synthesize AgNPs using S. plebeia and S. moorcroftiana (SPAgNPs and SMAgNPs) extracts under the experimental 
conditions of quantity of reducing/stabilizing/capping agent (extract), silver ion concentration (silver nitrate salt), reaction time, 
stirring, heating, sunlight, and heating. The study also investigated the effect of pH, temperature, and salts on AgNPs stability. The 
synthesized AgNPs were applied as nanocatalyst to degrade standard dyes; Congo red (CR) methylene blue (MB), Rhodamine B (RdB), 
(methyl orange (MO), nitrophenols; ortho-nitrophenol (ONP) and para-nitrophenols (PNP), dyes extracted from food samples (yums, 
candies, and snacks), and antibiotics; amoxicillin (AMX), doxycycline (DXC), levofloxacin (LFX). Furthermore, the synthesized AgNPs 
were applied as probe in sensing of metals/heavy metals such as lead (Pb2+), copper (Cu2+), nickel (Ni2+), iron (Fe3+), and zinc (Zn2+) 
in river water samples. Additionally, antioxidant and antimicrobial potential of the synthesized AgNPs were assessed. 

2. Materials and methods 

2.1. Samples collection 

S. plebeia was collected from Tirah, Khyber Pakhtunkhwa (Pakistan) in September 2019. S. moorcroftiana was collected from a 
village Zarki Nasratti (site Murri Saam) of District Karak, Khyber Pakhtunkhwa (Pakistan). The samples were cleaned from unwanted 
solid debris. After that, samples were shade dried at least for a month, powdered, and stored for experimentation in clean and dry 
plastic bags (Fig. S1, supplementary material). Food samples (branded and unbranded) including different colors of yums, candy sweet 
balls, and snacks for dyes extraction were collected in triplicate from main local market (Saddar bazaar), Peshawar, Khyber Pak-
htunkhwa (Pakistan). To assess the practical applicability of AgNPs as probe for heavy metals detection, real water samples were 
collected from Kabul river Nowshera, Khyber Pakhtunkhwa (Pakistan). The river water was filtered with 0.22 μm syringe filter and 
stored at 4 ◦C for further experimentation. 

2.2. Chemicals, reagents, and instrumentation 

For AgNPs synthesis, chemicals including AgNO3 and extracting solvents (ethanol and ultrapure deionized water) were used. Dyes 
on which the catalytic activity of the AgNPs was investigated were Congo red, methylene blue, Rhodamine B, methyl orange, and 
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ortho- and para-nitrophenols. In addition, to extract dyes from food samples (yums, candies, and snacks), solvent including 70 % 
ethanol with 2 % ammonia (NH3) solution and glacial acetic acid (Merck) were procured from authentic suppliers in Peshawar. To 
determine the catalytic effect of AgNPs in antibiotics degradation, amoxicillin, levofloxacin, and doxycycline were used. To assess the 
effect of salts on AgNPs stability, and AgNPs as probe in metals sensing, the salts (Merck, Sigma Aldrich) selected were calcium 
chloride, copper chloride, iron chloride, lead acetate, magnesium chloride, nickel chloride, potassium chloride, sodium chloride, and 
zinc acetate. Chemicals for assessing antioxidant and antimicrobial activities included 2,2-diphenyl-1-picrylhydrazyl (DPPH), Muller 
Hinton agar and broth (MHA and MHB), quercetin, gallic acid, bacterial and fungal strains (Staphylococcus aureus and Escherichia coli, 
Candida albicans, and Aspergillus flavus), and reference standards (streptomycin, vancomycin, amphotericin, and fluconazole). Bac-
terial (Staphylococcus aureus ATCC 25923, and Escherichia coli ATCC 25922) and fungal (Aspergillus flavus, plant pathogen, and Candida 
albicans, ATCC 10231) strains were procured from Applied and Environmental Microbiology Research Laboratory, Quaid-i-Azam 
University Islamabad. 

Production of AgNPs and assessment of antioxidant potential was studied by recording absorbance of the reaction mixtures on 
UV–Visible spectrophotometer (model UV-1800, Shimadzu, Japan). Functional groups involvement as reducing entities in AgNPs 
synthesis were identified using FT-IR spectrometer (Bruker model). Size and morphology of AgNPs were analyzed by field emission 
scanning electron microscope (FE-SEM) (S-4800, Hitachi, Japan). The instrument is equipped with an ExB in-lens filter, Thermo-
NORAN NSS EDS, cold field emission electron gun, resolution 1 nm at 15 KV, 1.4 nm at 1 KV, magnification 20X to 800,000X, imaging 

Fig. 1. Successive UV–Vis absorption spectra (200–800 nm) of aqueous extract mediated SPAgNPs and SMAgNPs synthesis in 1:9 under (a) heating 
(b) sunlight, (c) stirring, and (d) incubation. 
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voltages 100V to 30 KV, STEM detector, BSE low and/or high angle, EDS detection range Boron and higher, EDS Quant, line, map, 
imaging. The SEM analytical parameters were configured as follows: 15 kV accelerating voltage, 0 V deceleration Voltage, x2.0k 
magnification, 7.7 mm working distance, 4.70μA emission current, and a high lens mode. TEM analysis was conducted on Phillips 
CM12 (Eindhoven, Netherlands) operating at 120 kV. The samples were stained using uranyl acetate and placed on copper grid to be 
examined using TEM. 

2.3. Preparation of S. plebeia and S. moorcroftiana extracts 

Salvia aqueous and ethanol extracts were prepared by extracting 10.0 g of powdered samples in 100 mL of solvents (ethanol and 
water) at 40 ◦C for 1 h using an ultrasonic bath. The extracts were filtered and utilized in AgNPs synthesis. For assessing the practical 
application of AgNPs as catalysts in dyes degradation, dyes were extracted from yums, candies, and snack samples (Fig. S2, supple-
mentary material). Briefly, a 10.0 g of sample was extracted with 50 mL of 70 % ethanol solvent containing 2 % ammonia (NH3) 
solution and sonicated using ultrasonic bath at a temperature of 40–45 ◦C for 1 h. The solutions were left to rest to settle down the 
starch and sugars in the samples and then the coloured solutions were filtered and concentrated using rotary evaporator at 40 ◦C and 
200 atmospheric pressure. The residual content were then diluted with glacial acetic acid solution (30 mL) for further spectropho-
tometric analysis [24,25]. 

Fig. 1. (continued). 
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2.4. Synthesis and characterization of AgNPs 

Stable AgNPs were synthesized by treating aqueous and ethanol extracts (reducing/stabilizing/capping agents) of Salvia species 
with silver nitrate solution (silver ion concentrations) in various ratios (1:1 to 1:20) under stirring, sunlight, incubation, and heating at 
time intervals of 0–180 min (Fig. S3, supplementary material). Preliminary, synthesis of AgNPs was visually observed for colourimetric 
changes (yellow to dark brown) and then further characterized by appearance of surface Plasmon resonance (SPR) peak observed in 
420–440 nm in UV–vis spectroscopic analysis (200–800 nm). After being confirmed, the reaction mixtures were centrifuged and 
washed with deionized water [26–28]. The synthesized AgNPs were further characterized for their size and morphology by SEM and 
TEM techniques. 

2.5. Effect of pH, temperature and salt on stability of AgNPs 

The effect of pH, temperature, and salt on stability, physicochemical, and biological activities of AgNPs has been studied as per 
established procedure [29]. AgNPs pH (2–11) were varied with buffer solution. The changes in intrinsic SPR peak at various pH were 
recorded. The effect of temperature on AgNPs was studied in the range of 30–80 ◦C. For salt effect, monovalent and divalent salt 
solutions (1.0 mM, 50 μL) including CaCl2, MgCl2, KCl, and NaCl were added to AgNPs solutions (3.0 mL). The reaction mixtures were 

Fig. 2. Successive UV–Vis absorption spectra (200–800 nm) of aqueous extract mediated SPAgNPs and SMAgNPs synthesis in 1:15 under (a) heating 
(b) sunlight, (c) stirring, and (d) incubation. 
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allowed to react in cuvette by shaking for 45–60 s, and then analyzed by UV–vis spectroscopic technique. 

2.6. Catalytic potential of AgNPs in dyes and antibiotics degradation 

To assess AgNPs catalytic activity in dyes degradation, established protocols [26–28] were used. A 2.5 mL (1 mM) of stand-
ard/extracted dyes/nitrophenols and 0.5 mL (1 mM) freshly prepared NaBH4 were reacted with different dosage (0.1, 0.5, and 1.0 mL) 
of AgNPs (as catalyst). To assess the catalytic property of AgNPs in real food dyes, the working solutions of extracted dyes were 
prepared by diluting the stock dye extracts (100 μL) with ethanol (900 μL) and water (1000 μL) to 2.0 mL. The negative and positive 
controls included the dye solution, and the reaction mixture of dyes/nitrophenols (2.5 mL), NaBH4 (0.5 mL) without AgNPs, and 
deionized water (0.5 mL). Absorbance of the reaction mixtures were recorded at 0 min–180 min and the %decolourization/reduction 
was calculated from (1-At/A0) x 100. 

2.7. Degradation/reduction of antibiotics by AgNPs 

To assess antibiotics degradation by AgNPs as catalyst, a modified procedure [30] was followed. In this assay concentration range 
(0.001–0.1 mM) of antibiotics, working solutions were prepared in suitable solvents (water, ethanol). A series of experiments on 

Fig. 2. (continued). 
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antibiotic solutions, and reaction mixtures [AgNPs (1.0 mL) + NaBH4 (1.0 mL) + antibiotics (1.0 mL)] were conducted on UV–Vis 
spectrophotometer from 0 min to 180 min. The negative and positive controls included the antibiotics solution, and the reaction 
mixture of antibiotics (1.0 mL), NaBH4 solution (1.0 mL) without AgNPs, and deionized water (1.0 mL). The antibiotics percent 
reduction (R%) was calculated as R% = (C0 – C)/C0 *100 where C0 is the initial concentration and C represents the final concentration 
of antibiotics. 

2.8. Sensing of metals by AgNPs 

The sensing capability and applicability of Salvia AgNPs was assessed in the detection and recognition of Pb++, Cu++, Ni++, Fe+++, 
and Zn++ ions following published procedure [31]. Briefly, 1.0 mL of various concentrations (0.01 mM–0.1 mM) of the subject metal 
ion solutions (spiked samples) were mixed with 2.0 mL of AgNPs. The absorbance were recorded at time intervals of 0 min and 30 min. 
In addition, the practicality of this sensing ability of AgNPs was tested by considering real Kabul river water samples. 

2.9. Antioxidant activity of AgNPs 

Antioxidant/antiDPPH activity of Salvia AgNPs was assessed by DPPH radical inhibition assay [26–28,31]. In this assay, 2500 μL of 
a DPPH solution and 150 μL of AgNPs were reacted overnight in dark. A standard (gallic acid) external calibration curve was prepared 
at 1 mg/mL to 0.01 mg/mL. Samples and controls (negative and positive) including [DPPH (2.5 mL) + solvent (0.15 mL)], and solvent 
only were also measured alongside the samples at 515 nm. The inhibition percentage (%inhibition) was calculated by a formula 
[(1-(Asample/Acontrol)] x 100, where Asample and Acontrol denote the absorbance of samples and the controls, respectively. IC50 values 
(mg/mL) were calculated using nonlinear regression in GraphPad Prism software. 

2.10. Antimicrobial activity of AgNPs 

Antibacterial activity was evaluated by modified agar well diffusion method against bacterial and fungal/molds strains following 
the established procedures [26–28]. Fungal strains consisted of Aspergillus flavus (plant pathogen) and Candida albicans (yeast, ATCC 
10231). For agar-well diffusion assay, streaking of fresh overnight culture of each pathogen over Brain heart infusion (BHI) agar plate 
was done. The plates were incubated at 37 ◦C for 16 h. Under aseptic conditions, pure isolated colonies were transferred to sterile 
normal saline (0.85 %) solution and each microbial suspension was adjusted equal to 0.5 McFarland standard. Thereafter, 100 μL of the 
bacterial inoculum of each bacterial strain was spread over pre-solidified Muller Hinton Agar (MHA) plates and 8–9 mm wells were 
made using a sterile borer. A 100 μL of extracts/AgNPs (1 mg/mL) was poured into each of the wells. The plates were incubated for 24 h 
at 37 ◦C. Fungal strains were inoculated on Potato Dextrose Agar (PDA) media in order to fresh the strains and incubated for seven days 
at 27 ◦C. After seven days, mature growth was observed, then, suspensions of strains were prepared in distilled water 104–106 con-
idia/mL. Thereafter, 100 μL of the fungal inoculum of each fungal specie was spread over pre-solidified SDA (Sabouraud Dextrose 
Agar) plates and 8–9 mm wells were made using a sterile borer. A100 μL of extracts/AgNPs (1 mg/mL) were poured into each of the 
wells. In order to diffuse it in agar, the plates were incubated for 72 h at 27 ◦C. Positive control for antifungal activity was nystatin 
(nilstat) whereas for antibacterial activity, it was broad spectrum antibiotic levofloxacin disc. Dimethyl sulfoxide (DMSO) was used as 

Fig. 3. Successive UV–Vis absorption spectra (200–800 nm) of ethanol extract mediated SPAgNPs and SMAgNPs synthesis in 1:15 under sunlight.  
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a negative control. Antimicrobial activity indicated by the zone of inhibition (ZOI) surrounding the well was recorded using a zone 
scale and represented in millimeter (mm). 

2.11. Statistical analysis 

All the data of antimicrobial and antioxidant activities were represented as means of three replicates (n = 3). The differences 
between the assayed values were analyzed by one-way analysis of variance (ANOVA), followed by Tukey’s HSD Test in SPSS software, 
version 19.0. The IC50 values in antioxidant activity were calculated using GraphPad Prism 7.0. 

3. Results and discussion 

3.1. Synthesis of salvia mediated AgNPs 

Salvia AgNPs were synthesized using its aqueous and ethanol extracts in a range of ratios under heating, incubation, sunlight, and 
stirring (Fig. S3, supplementary material). The AgNPs synthesis was primarily confirmed by a colour change and then by a UV–Vis 
spectroscopic analysis scanned in the wavelength range of 200–800 nm. AgNPs synthesizing from aqueous extract at various quantity 

Fig. 4. FT-IR spectra of (a) S. plebeia and S. moorcroftiana aqueous and ethanol extracts, and (b) aqueous and ethanol extracts mediated SPAgNPs 
and SMAgNPs. 
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(1:1 to 1:20), the ratios from 1:1 to 1:5 did not yield AgNPs at all (Fig. S4, supplementary material). However, in 1:9 vol, the colour of 
the reaction mixture changed from bright yellow to dark brown while synthesizing AgNPs at heating. In UV–Vis spectroscopic analysis, 
a mixture displayed a significant surface plasmon resonance (SPR) band in 400–430 nm (Fig. 1a). However, at sunlight, stirring, and 
incubation, no AgNPs were produced (Fig. 1b–d). Furthermore, a 1:15 ratio resulted in the rapid synthesis of AgNPs under heating and 
sunlight (Fig. 2a and b), whereas stirring or incubation did not generate any significant AgNPs (Fig. 2c and d). Proceeding synthesis 
with ethanol extract, the best and prominent AgNPs were produced in sunlight with 1:10 proportion (Fig. 3). The results revealed that 
the phytoconstituents present in Salvia extracts successfully reduced/stabilized the Ag + ions to Ag0 metal, indicated by SPR absorption 
band (400–430 nm) of the conducting electrons of Ag metal. The AgNPs synthesis was found dependent on the addition of a reducing 
agent (Salvia extract) in AgNO3 solution, which resulted in a colourimetric change from pale yellow to reddish-brown. However, 
increase in the quantity of reducing agent led to the rapid AgNPs synthesis and eventually agglomeration, which is depicted from the 
noisy and bathochromic SPR band [28,32]. 

3.2. Characterization of salvia mediated AgNPs 

To determine and confirm the involvement of functional groups of the phytoconstituents present in the extracts, sizes, and 
morphology of the synthesized AgNPs, FT-IR, SEM, and TEM spectroscopic and microscopic techniques were used. The FTIR spectra 
(Fig. 4a) of extracts have shown frequencies/peaks observed at 3400-3200 cm− 1, 3000-2900 cm− 1, and 1750-1600 cm− 1, which 
indicated stretching mode of –O–H, –C–H, and –C–O. An absorption peak at 2361 cm− 1 is assigned to –C–H stretching of –CH2 group. 
The other absorption frequencies at 1380-1350 cm− 1 (–C–O stretching vibrations) and 1100-1000 cm− 1 (stretching–C–OH bond vi-
brations) were also observed. On the other hand, FT-IR spectra of AgNPs (Fig. 4b) depicted the distorted absorption frequencies of 
–O–H, –C–H, and –C–O, which indicates the involvement of the subject functional groups in AgNPs synthesis. Hence, it can be 
concluded that the main functional groups in various phytochemicals (polyphenols, triterpenoids, flavonoids, polysaccharides) may 
act as capping and stabilizing agent and are accountable for bioreduction of Ag + ions to Ag0 NPs as described by several researchers 
[33–35]. 

The surface morphology and sizes of the AgNPs were examined using FESEM and TEM techniques. The image scans of AgNPs 
revealed a mixed spherical, cylindrical, and deep hollow type wells morphology (Fig. 5) with partially aggregated form. In addition, 

Fig. 5. (a) Surface morphology by SEM and (b) size by TEM techniques of the synthesized SPAgNPs and SMAgNPs.  
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the sizes from TEM analysis were observed as 21.7 nm (SPAgNPs) and 19.9 nm (SMAgNPs). There are number of factors involved in 
influencing the shape and size of AgNPs such as pH, temperature, and electrostatic force. In this study, it can be concluded that the 
partial agglomeration may result from the interaction/association of concentrated AgNPs with the phytochemicals such as poly-
saccharides, proteins, and amino acids [35]. 

3.3. Effect of pH and temperature on stability of AgNPs 

The stability of AgNPs is greatly affected by pH and temperature, which ultimately affect the AgNPs size and surface morphology, 
and hence, the properties. To determine pH and temperature effect on AgNPs, different experiments on pH (2-11) and temperature 
(ambient to boiling) were conducted. The UV–Visible spectra exhibited that the SPR intensity and λmax of AgNPs is affected when pH is 
varied. At pH 4 to 8, AgNPs were stable, whereas decreasing or increasing the pH from the subject range (<4 or >8), the AgNPs get 
agglomerated and become unstable (Fig. 6). Hence, the results indicate a significant role of pH in reducing silver ions. Several previous 
studies determining the effect of pH on AgNPs synthesis and stability, claimed that lower pH enhances the NPs nucleation while the 
higher pH values lead to electrostatic repulsion, causing less NPs synthesis. This reveals that the slightly alkaline pH is favorable for 
NPs biosynthesis. However, pH values (greater than 9) reduces the NPs synthesis and stability [32,36,37]. Determining temperature 
effect (r.t, 40 ◦C, 50 ◦C, 60 ◦C, 70 ◦C, 80 ◦C, 80 ◦C, and boiling), the UV–Vis spectral graphs (Fig. 6) depict that increase in the 
temperature from 40 ◦C to 60 ◦C broadens (bathochromic shift) and reduces the intensity of SPR band, which eventually causes rapid 

Fig. 6. Successive UV–Vis absorption spectra of effect of pH and temperature on synthesized SPAgNPs and SMAgNPs.  
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agglomeration. A study of Link & El-Sayed (1999) [38] revealed that to assess a significant effect of temperature on SPR broadening, it 
must be needed to raise a temperature to hundreds (>100 ◦C). 

3.4. Effect of salt on stability of AgNPs 

In this analysis, the effect of monovalent and divalent metallic salt solutions including NaCl, KCl, MgCl2, and CaCl2 was studied. The 
UV–vis analysis (Fig. 7a–h) depicts that with increasing salt concentration and the passage of time, sedimentation rate of AgNPs 
suspension increases. In case of monovalent metallic cations (NaCl and KCl), AgNPs suspended in 0.1 mM NaCl resulted in less 
sedimentation of AgNPs up to 24 h, and less decrease in absorbance was observed (Fig. 7a–d). However, after 5 days, a considerable 
decrease in λmax absorbance and agglomeration occurred. Similarly, AgNPs suspended in 0.1 mM KCl solution, the AgNPs sedimen-
tation rate up to 24 h was lower than that caused due to NaCl salt solution. Regarding divalent salt solutions (MgCl2 and CaCl2), 
increase in salt concentration, resulted in the immediate colour change (from bright yellow to dark brown) in AgNPs suspension, which 
resulted in the broadening and bathochromic/red shift of SPR peak (due to agglomeration) (Fig. 7e–h). An increase in divalent cations 
induces agglomeration of AgNPs due to its interaction/binding with the free/pendant functional groups. From the overall results, Ca2+

was active in inducing AgNPs agglomeration than Mg2+. This might be due to the large size of Ca2+ ions, which interact with a greater 
number of AgNPs [39]. The results further suggest that at the same concentration, Ca2+ plays a slightly more significant role than Mg2+

in the AgNPs aggregation/agglomeration. In addition, monovalent cations (Na+ and K+) play a small role in AgNPs agglomeration 
relative to divalent cations. 

Fig. 7. Successive UV–Vis absorption spectra of effect of salt on synthesized SPAgNPs and SMAgNPs.  
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3.5. Catalytic potential of salvia AgNPs in dyes degradation 

Degradation/reduction of organic dyes can be done in a variety of ways [40]. For instance, the dyes can be degraded to non-toxic 
species by reducing with NaBH4. However, this reduction is slow process. Hence, there must be some fast and safe techniques to reduce 
organic dyes. MNPs have interesting catalytic effect in dye reduction. In this reduction process, the activation energy is lowered, which 
results in less dye being produced. Hence, in order to manage this issue, recently, MNPs was the focus to be used as effective catalysts in 
degradation of dyes [26–28,41]. 

The AgNPs synthesized in the current study were used as a catalyst in model dyes reduction. The results (Fig. 8a–f) indicated that 
the rate of dye degradation is extremely slow in the absence of AgNPs, but upon the addition of AgNPs, the dyes are rapidly reduced 
over time. This is evident from the related dyes discoloration and decrease in absorption maxima. For example, the catalytic potential 
of Salvia AgNPs against MB (a synthetic cationic thiazine having a prominent peak at 665 nm from n–π* electronic transition) at 
different reaction times was investigated. In this analysis, a monotonic decrease in the absorption intensity at 665 nm was observed. 
The color of MB visually transformed from brilliant blue to colorless. MB dye without AgNPs (control) did not exhibit color change. In 
an uncatalyzed reaction, the difference in the redox potential of NaBH4 and MB did not lead to degradation. Hence, thermodynamically 
favorable reaction is kinetically unfavourable. A negligible decrease in absorbance of λmax at 653 nm, 591 nm, and 290 and simul-
taneous growth at 255 nm was observed after 30 min (Fig. 8a). Mechanism of degradation is supposed to be due to the adsorption of 
BH4

− ions (donor) and MB (acceptor) on catalyst surface, which carries an electron from BH4
− ions to MB and accelerates the reduction 

process [42]. The green synthesized AgNPs, which contain phytochemicals as capping agents facilitate electrostatic interactions be-
tween catalyst surface and the dye. Hence, a decrease in absorbance, eventually degradation of dye takes place. 

Fig. 7. (continued). 
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Fig. 8. Successive UV–Vis absorption spectra for catalytic potential of SPAgNPs and SMAgNPs in (a) MB (b) CR, (c) MO, (d) RdB, (e) ONP, (f) PNP 
degradation, and (g–j) extracted dyes from yums, candies, and snacks. 
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Regarding the CR, MO, and RdB reduction, λmax at 487 nm (CR), 349 nm (CR), 462 nm (MO), and 550 nm (RdB), AgNPs caused the 
absorption maxima (λmax) of the subject dyes to blue shift (Fig. 8b–d). Furthermore, nitrophenols also exhibited significant degradation 
(Fig. 8e and f). The overall %degradation/reduction for dyes and nitrophenols was; MB (75 %), CR (85 %), MO (85 %), RdB (<50 %), 
ONP (95–98 %), and PNP (95–98 %). 

The practical application of AgNPs as catalyst in dyes degradation was assessed by the degradation of the colour/dyes extracted 
from yums, candies, and snacks. From the results of UV–Vis spectral graphs (Fig. 8g–j), it was observed that upon the addition of AgNPs 
to the extracted dyes causes a decrease in the intensities/absorbance of λmax, which indicates the degradation. From the study, it was 
observed that maximum dyes degradation (up to 80–98 %) occurred at 180 min. Above this reaction time, the rate of reaction and 
efficiency of the catalysts stopped. 

3.6. Catalytic potential of salvia AgNPs in antibiotics degradation/reduction 

Antibiotics degradation was analyzed in the absence and presence of AgNPs respectively. A rich hydrogen source (NaBH4) was used 
as a reducing agent and catalyst. From the UV–Vis spectral graphs (Fig. 9), it was noticed that in the absence of AgNPs, NaBH4 was 
unable to reduce antibiotics. Conversely, in the presence of AgNPs, the reduction was very fast and completed within 1–2 h. Levo-
floxacin (LFX) (Fig. 9) displays an absorption peak at λmax 288 nm, which is reduced upon the AgNPs addition, when the contact time is 
increased from 0 to 180 min, representing the antibiotics degradation. From the spectral graphs of doxycycline (DXC) (Fig. 9), ab-
sorption peaks were at λmax 274 nm and 245 nm, which in the absence of AgNPs undergoes a very small change in absorption up to 24 
h. However, upon the addition of AgNPs, degradation became fast and SPR bands got reduced. Amoxicillin (AMX) (Fig. 9) displays 

Fig. 8. (continued). 
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Fig. 9. Successive UV–Vis absorption spectra of degradation of antibiotics; LFX, DXC, and AMX by SPAgNPs and SMAgNPs.  
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Fig. 10. Successive UV–Vis absorption spectra of SPAgNPs and SMAgNPs interaction with different concentrations of metal ion solutions of Pb+2, 
Cu+2, Fe3+, Ni+2, and Zn+2 at 0 and 30 min. 
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absorption maxima at λmax 229 nm and 278 nm, which upon the addition of AgNPs decreased with the passage of time. From this study, 
a high catalytic efficiency of the AgNPs can be concluded. 

3.7. Detection of heavy metals by salvia AgNPs 

Nowadays, a wide range of anthropogenic activities causes a rapid influx of heavy metals (arsenic, lead, cadmium, and mercury) 
into the environment, which ultimately results in environmental (soil, air, and water) toxicity and have negative health impacts. 
Therefore, it is crucial to remove these contaminants from the environment using safe, effective, and efficient methods. Recently, the 
use of nanomaterials due to efficient and environmentally benign technique, are the preferred choice for detection and removal of 
heavy metals as colorimetric sensors. 

In the current study, Salvia mediated AgNPs was treated with Pb2+, Cu2+, Fe3+, Ni2+, and Zn2+ metal ions. Addition of Pb2+, Cu2+, 
and Fe3+ solutions caused a significant change in the position and intensity of SPR band when analyzed after 30 min (Fig. 10a–j). The 
decrease and shifting of SPR band of AgNPs towards bathochromic/red shift indicates agglomeration and destabilization [43,44]. 
However, upon the addition of Ni2+and Zn2+ ion solutions to AgNPs, there was no significant change in SPR band except a slight 
decrease in the intensity (Fig. 10g–j). The results revealed that agglomeration by Pb2+ ions is comparatively higher, which could be 
attributed to Pb2+ stronger chelating ability hydroxyl (–OH) and carboxyl (–COOH) groups present on the surface of AgNPs (Fig. 10a 

Fig. 10. (continued). 
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&b). The study further depicts that increasing the concentration of Pb2+, Cu2+, Fe3+, Ni2+, and Zn2+ ion solutions gradually reduces 
the intensity of SPR band. The practical applicability of the sensing potential of AgNPs was assessed by using real water (Kabul river) 
samples. The results (Fig. 11) revealed that SPR band of AgNPs vanished when added to the Kabul water samples. Hence, it can be 

Fig. 11. UV–Vis absorption spectra of SPAgNPs and SMAgNPs interaction with of Pb+2 ion solution in Kabul river water samples.  

Table 1 
Antioxidant activity of S. plebeia and S. moorcroftiana aqueous and ethanol extracts and synthesized AgNPs.  

Extracts/AgNPs IC50 values (mg/mL) 

S. plebeia S. moorcroftiana 

Ethanol 0.346 ± 0.151d 0.311 ± 0.013d 

Aqueous 0.405 ± 0.034e 0.391 ± 0.010e 

AgNPs (aqueous) 0.200 ± 0.011c 0.195 ± 0.004c 

AgNPs (ethanolic) 0.138 ± 0.008b 0.114 ± 0.003b 

Gallic acid (standard) 0.041 ± 0.005a 0.035 ± 0.0006a 

Lowercase superscripts (a-e) in a column represent significant differences at p < 0.05. 

Table 2 
Antibacterial and antifungal activities of S. plebeia and S. moorcroftiana aqueous and ethanol extracts and synthesized AgNPs.  

Bacterial strains  

S. aureus E. coli 

Extracts/AgNPs S. plebeia S. moorcroftiana S. plebeia S. moorcroftiana 

Ethanol extract 11.0–12.0b 12.0–13.0b 8.0–9.0a 8.00–9.00a 

Aqueous extract 6.00–7.00a 6.00–7.00a 6.00–7.00a 6.00–7.00a 

AgNPs (aqueous) 19.0–20.0d 18.0–19.0d 14.0–15.0c 13.0–14.0c 

AgNPs (ethanol) 20.0–21.0d 18.0–19.0d 15.0–16.0c 15.0–16.0c 

Vancomycina 19.0–20.0d 12.0–13.0b 

Streptomycina 16.0–17.0c 13.0–14.0b 

Fungal strains  
Candida albicans Aspergillus flavus  
S. plebeia S. moorcroftiana S. plebeia S. moorcroftiana 

Ethanol extract 10.0–11.0b 10.0–11.0b 9.00–10.0b 9.00–10.0b 

Aqueous extract 7.00–8.00a 7.00–8.00a 6.00–7.00a 6.00–7.00a 

AgNPs (aqueous) 19.0–20.0c 19.0–20.0c 18.0–19.0c 18.0–19.0c 

AgNPs (ethanol) 20.0–21.0c 20.0–21.0c 20.0–21.0d 20.0–21.0d 

Fluconazolea 19.0–20.0c 20.0–21.0d 

Amphotericina 19.0–20.0c 19.0–20.0c 

Lowercase superscripts (a-d) in a column represent significant differences at p < 0.05. 
a Standards. 
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concludes that the subject AgNPs can be used as sensors to detect toxic heavy metal ions (Pb2+) in water samples. 

3.8. Antioxidant activity of salvia AgNPs 

Oxidative stress, a process of generating free radicals by oxidation of DNA, proteins, and lipids, is the root cause of various 
complications. Plants containing polyphenolic constituents exhibit key antioxidant (due to –OH group) and antimicrobial properties. 
Antioxidants are the constituents, which reduce free radicals, and, hence, lower the oxidative stress. In the current study, the syn-
thesized AgNPs were assessed for antioxidant capacity via DPPH assay in which a DPPH• radical (purple colour) gains an electron from 
an antioxidant constituents, and, hence, reduces to DPPH–H (yellow colour). The results of anti-DPPH potential of Salvia AgNPs 
(Table 1) showed that the ethanol extract mediated AgNPs have excellent inhibition of DPPH and the IC50 values were lower (0.138 
mg/mL, SPAgNPs and 0.114 mg/mL, SMAgNPs) than aqueous extract-mediated AgNPs (0.200 mg/mL, SPAgNPs and 0.195 mg/mL, 
SMAgNPs). This high antioxidative potential of the AgNPs of ethanol extract might be assigned to the abundance of phytochemicals 
(polyphenols) adhered to the surface of AgNPs. 

3.9. Antimicrobial activities of salvia AgNPs 

Due to morphological characteristics (size and shape), AgNPs play a key role as potential antimicrobial agents against most of the 
bacterial and fungal strains. The antimicrobial activity of AgNPs is due to the accumulation and formation of “pits and gaps” of AgNPs 
in microbial cell membrane, and destruction of permeability of cell membrane, which eventually causes cell death. Hence, a variety of 
microbial strains can be inhibited [45,46]. From the results of antibacterial activity (Table 2), AgNPs were found to be the most active 
inhibitors of both the microbial (bacterial and fungal) strains. The inhibition zones exhibited by Salvia mediated AgNPs are 18.0 
mm–21.0 mm against S. aureus and 13.0 mm–16.0 mm against E. coli. It was observed that even at low concentration of AgNPs, a 
complete inhibition of Gram-positive strain occurred. This could be due to biomolecules adsorbed on the AgNPs surface. However, 
against Gram-negative strains, a mild effect was shown by AgNPs. Nowadays, it is essential to develop biocompatible and ecofriendly 
antifungal agents. AgNPs have been recorded as potential anti-fungal drugs against various fungi. In antifungal activity conducted in 
this investigation (Table 2), aqueous extract mediated AgNPs exhibited inhibition zones of 19.0–20.0 mm and 18.0–19.0 mm whereas 
ethanol extract mediated AgNPs have shown inhibition of 20.0–21.0 mm against C. albicans and A. flavus, respectively. 

4. Conclusions 

The current research work describes Salvia mediated AgNPs synthesis under various conditions. The synthesized AgNPs (1:9, 1:10, 
1:15) performed excellent catalytic activity in dyes and antibiotics degradation, and sensing ability in heavy metals (Pb++) detection in 
model and real water samples. Based on the key features of less degradation time and good sensing ability of AgNPs, explores its great 
potential in treating wastewater containing organic dyes, antibiotics, and heavy metals. This research work opens new dimensions for 
synthesizing cost effective, time effective, environmental friendly, and efficient catalyst, which might provide promising efficiency in 
the treatment of environmental contaminants (from dyes, antibiotics, and toxic metals). 
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[46] E. Matras, A. Gorczyca, S.W. Przemieniecki, M. Oćwieja, Surface properties-dependent antifungal activity of silver nanoparticles, Sci. Rep. 12 (2022) 18046, 
https://doi.org/10.1038/s41598-022-22659-2. 

S. Ihsan et al.                                                                                                                                                                                                           

https://doi.org/10.1016/j.jwpe.2020.101299
https://doi.org/10.1016/j.chemosphere.2021.129794
https://doi.org/10.1016/j.chemosphere.2021.129794
https://doi.org/10.3389/fchem.2022.994721
https://doi.org/10.1016/j.chemosphere.2018.10.122
https://doi.org/10.1016/j.chemosphere.2018.10.122
https://doi.org/10.1021/acsomega.1c06267
https://doi.org/10.1016/j.envres.2023.115983
https://doi.org/10.1016/j.envres.2023.115983
https://doi.org/10.1016/j.indcrop.2023.116951
https://doi.org/10.3390/ijms24032920
https://doi.org/10.1021/jp984796o
https://doi.org/10.1016/j.scitotenv.2012.09.055
https://doi.org/10.1016/j.scitotenv.2012.09.055
https://doi.org/10.1007/s13399-022-02711-x
https://doi.org/10.1007/s13399-022-02711-x
https://doi.org/10.1016/j.saa.2020.119370
https://doi.org/10.3389/fchem.2022.840133
https://doi.org/10.1016/j.ccr.2022.214461
https://doi.org/10.1016/j.colsurfb.2022.112974
https://doi.org/10.3390/nano13040705
https://doi.org/10.3390/nano13040705
https://doi.org/10.1038/s41598-022-22659-2

	Biogenic Salvia species synthesized silver nanoparticles with catalytic, sensing, antimicrobial, and antioxidant properties
	1 Introduction
	2 Materials and methods
	2.1 Samples collection
	2.2 Chemicals, reagents, and instrumentation
	2.3 Preparation of S. plebeia and S. moorcroftiana extracts
	2.4 Synthesis and characterization of AgNPs
	2.5 Effect of pH, temperature and salt on stability of AgNPs
	2.6 Catalytic potential of AgNPs in dyes and antibiotics degradation
	2.7 Degradation/reduction of antibiotics by AgNPs
	2.8 Sensing of metals by AgNPs
	2.9 Antioxidant activity of AgNPs
	2.10 Antimicrobial activity of AgNPs
	2.11 Statistical analysis

	3 Results and discussion
	3.1 Synthesis of salvia mediated AgNPs
	3.2 Characterization of salvia mediated AgNPs
	3.3 Effect of pH and temperature on stability of AgNPs
	3.4 Effect of salt on stability of AgNPs
	3.5 Catalytic potential of salvia AgNPs in dyes degradation
	3.6 Catalytic potential of salvia AgNPs in antibiotics degradation/reduction
	3.7 Detection of heavy metals by salvia AgNPs
	3.8 Antioxidant activity of salvia AgNPs
	3.9 Antimicrobial activities of salvia AgNPs

	4 Conclusions
	Statements and declarations
	Data availability statement
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


