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ntial of biogenically synthesized
silver nanoparticles using Lythrum salicaria L.
extracts as pharmaceuticals and catalysts for
organic pollutant degradation†

Nikola Z. Srećković, a Zoran P. Nedić,b Davide Liberti,c Daria Maria Monti,c

Nevena R. Mihailović,a Jelena S. Katanić Stanković, d Silvana Dimitrijeviće

and Vladimir B. Mihailović *a

This study was designed to evaluate the optimal conditions for the eco-friendly synthesis of silver

nanoparticles (AgNPs) using Lythrum salicaria L. (Lythraceae) aqueous extracts and their potential

application and safe use. AgNPs synthesized using L. salicaria aerial parts (LSA-AgNPs) and root extract

(LSR-AgNPs) were characterized by UV-Vis spectrophotometry, Fourier transform infrared spectroscopy

(FTIR), scanning electron microscopy (SEM/EDS), and X-ray powder diffraction (XRPD). Dynamic light

scattering (DLS) was used for the determination of the size distribution profiles of the obtained

nanoparticles. Both L. salicaria extracts showed high phenolic content, while the flavone C-glucosides

orientin, vitexin, and isovitexin were detected in extracts using HPLC. The synthesized AgNPs displayed

growth inhibition of the tested bacteria and fungi in concentrations between 0.156 and 1.25 mg mL�1.

The studied nanoparticles also showed antioxidant potential and gained selectivity at different

concentrations on different cancer cell lines. Concentrations of LSA-AgNPs were found to be 20.5 and

12 mg mL�1 towards A431 and SVT2, respectively, while LSR-AgNPs were effective only against A431

cancer cells (62 mg mL�1). The hemolytic activity of LSA-AgNPs in concentrations up to 150 mg mL�1 was

not observed, while LSR-AgNPs in the highest applied concentration hemolyzed 2.8% of erythrocytes.

The degradation possibility of Congo red and 4-nitrophenol using LSA-AgNPs and LSR-AgNPs as

catalysts was also proven. The results indicate that L. salicaria may be used for the eco-friendly synthesis

of AgNPs with possible applications as antimicrobial and selective cytotoxic agents towards cancer cell

lines, as well as in catalytic degradation of pollutants.
1. Introduction

Nanoparticle's research is a topic of dynamic scientic explo-
ration nowadays, emphasizing nanoparticle application in
various elds such as electronics, catalysis, biosensors, waste-
water treatment, biomedicine, pharmaceuticals, and
cosmetics.1 Due to the rising industrial uses of nanoparticles,
their production volume is constantly increasing, and their
nce, Department of Chemistry, Radoja

-mail: vladimir.mihailovic@pmf.kg.ac.rs

hemistry, Studentski trg 12-16, P.O. Box

lesso Universitario Monte Sant’Angelo,

ia 4, 80126, Naples, Italy

Information Technologies Kragujevac,

4000 Kragujevac, Serbia

i bulevar 35, 19210 Bor, Serbia

tion (ESI) available. See DOI:

the Royal Society of Chemistry
synthesis is mainly based on physical and chemical methods
that consume a lot of energy or need the use of potentially
environmentally harmful chemical compounds.2 Nano-
biotechnology aims to establish low-cost and environmentally
suitable methods for use of some biological components or live
organisms and their products for the fabrication of different
nanoparticles. It has been reported that bacteria, fungi, molds,
and plants may be used for the successful synthesis of nano-
particles in an environmentally acceptable manner.3,4 However,
the use of some natural resources such as microorganisms in
nanoparticle synthesis risks possible negative effects on health
and environmental contamination. Some plant extracts or
phytochemicals, particularly obtained from medicinal herbs
and spices, have greater potential in nanoparticle synthesis
compared with microorganisms. In addition to provide envi-
ronmentally friendly reducing and stabilizing agents for the
formation of the nanoparticles, these plant-originated products
may possess benecial biological characteristics and transfer
their properties to nanoparticles during synthesis.5 Plant
RSC Adv., 2021, 11, 35585–35599 | 35585
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phenolic compounds are well-known secondary metabolites
with valuable pharmacological properties and their emphasized
redox characteristics. Their redox capacity provides them an
opportunity to be used as reducing agents of metal ions during
plant-mediated synthesis of metal nanoparticles, while their
structure is responsible for stabilizing obtained nanoparticles.6

Among different metal-based nanoparticles that are in use,
silver nanoparticles (AgNPs) have a long history of application
primarily because they possess antimicrobial properties.7 AgNPs
are used in cosmetic preparations, as a catalyst in the chemical
industry, for biomedical purposes, and preparation of material
with antimicrobial properties.8 The use of AgNPs for medicinal or
food packaging purposes is in increase and their synthesis using
plant extracts could be a great advantage considering the ecolog-
ical aspect of the synthesis process and supplementing of nano-
particles themselves with biologically important compounds.9,10

Different nanoparticles, including AgNPs, have been reported as
effective catalysts in the degradation of harmful diazo dyes from
various industries.11Oxidation or photolysis is not a commonpathway
of degradation of stable azo dyes and they can remain unchanged for
years.12Therefore, the treatment ofwastewater containing suchdyes is
essential for the preservation of the environment.13

Lythrum salicaria L. (Lythraceae) is native in Europe and Asia,
as well as in some areas in Africa and Australia. In North
America, L. salicaria (purple loosestrife) has been introduced
and now it is on the red list because of its strong invasive ability.
Purple loosestrife is also known for its traditional use in the
treatments of inammatory disorders (dysentery, hemorrhoids,
intestinal catarrh, and eczema).14 Previously published results
showed that L. salicaria possesses high polyphenolic content
and excellent antioxidant properties. Its root is particularly rich
in tannins, while the aerial part contains characteristic C-
glycosides vitexin, orientin, isovitexin, and isoorientin.14,15 L.
salicaria aerial part extract was used in a previous study con-
ducted by Mohammadalinejhad et al. for synthesis of AgNPs for
the fabrication of nanohybrids with cellulose, chitosan, and
lignocellulose.16 However, the root extract of L. salicaria which
possesses high antioxidant potential15 has not been studied for
nanoparticle synthesis, as well as detailed biological properties of L.
salicaria fabricated nanoparticles have not been examined so far.
The main goal of this study is to determine and optimize the
conditions for the ecologically friendly synthesis of AgNPs using
aerial part (LSA) and root (LSR) aqueous extracts of L. salicaria.
Considering the invasiveness of L. salicaria and due to the need for
reduction of its population in some areas (especially in North
America), the focus of this research was the prospective application
of L. salicaria in the environmentally friendly synthesis of AgNPs and
potential applications of obtained nanoparticles as antimicrobial,
antioxidant, and cytotoxic agents. Considering catalytic properties of
AgNPs, degradation of Congo red day and 4-nitrophenol in presence
of obtained nanoparticles was also determined.

2. Methods and materials
2.1. Materials

The chemicals used in this study (sodium borohydride (NaBH4),
silver nitrate (AgNO3), 2,20-azino-bis(3-ethylbenzthiazoline-6-
35586 | RSC Adv., 2021, 11, 35585–35599
sulfonic acid) (ABTS), sodium dodecyl sulfate (SDS), 2,2-diphenyl-
1-picrylhydrazyl 1,1-diphenyl-2-picrylhydrazyl radical (DPPH),
referent phenolic standards, and methanol) were procured from
Sigma-Aldrich Chemicals (Deisenhofen, Germany). Substrates and
components (Nutrient agar (NA), Sabouraud Dextrose Agar (SDA),
Müller–Hinton broth (MHB), and Sabouraud Dextrose Broth
(SDB)) for microorganisms' cultivation and determination of
antimicrobial activity are provided from Torlak Institute of
Virology, Vaccines, and Sera (Belgrade, Serbia). The resazurin salt
was supplied from Acros Organics (New Jersey, USA). Solvents used
in high-performance liquid chromatography (HPLC) analyses were
obtained from Roth (Karlsruhe, Germany).

2.2. Preparation of L. salicaria extracts

L. salicaria was collected in village Veliko Krčmare (Central
Serbia) in August 2017. The plant material was identication at
the Herbarium of the Department of Biology and Ecology, Faculty
of Science, University of Kragujevac, Serbia (voucher number 130/
018). To remove any impurities, the plant material was rinsed with
deionized water, dried at room temperature in a dark area, and
powdered using a laboratory mill. The powdered dried aerial (LSA)
and root (LSR) plant materials (10 g) were separately added to
100 mL of boiling deionized water. Aer 1 h, the obtained extract
was ltered with Macherey-Nagel 85/70 mm lter paper. Aqueous
extracts were stored at 4 �C for further use within a week.

2.3. Phytochemical assessment of L. salicaria aqueous
extracts

Total phenolic and avonoid contents were estimated spectro-
photometrically as described previously.15 Total phenolic
content expressed asmilligrams of gallic acid equivalents per gram
of dry plant weight (mg GAE per g dry plant) was determined using
the Folin–Ciocalteu reagent. The quantication of total avonoids
in extracts expressed in milligrams of quercetin per gram of dry
plant weight (mg QUE per g dry plant) was determined using the
method with aluminum chloride as reagents for the formation of
yellow compounds with avonoid compounds. All experiments for
the determination of total phenolic and avonoid contents were
performed in three replications.

The chromatographic analyses of phenolic compounds in L.
salicaria aqueous extracts were performed using the HPLC
system (Shimadzu Prominence, Kyoto, Japan) congured with
a Photodiode Array Detector (SPD-M20A). For separation of
phenolic compounds, a Phenomenex Kinetex® (Phenomenex,
Torrance, CA, US) C18 column (100� 4.6mm, 2.6 mmparticle size)
thermostated at 40 �C was used. The mobile phase used for the
separation of phenolic compounds was Millipore water (phase A)
and acetonitrile (phase B) with the addition of triuoroacetic acid
(0.1% in both phases). Gradient mode 0–1 min 5% B, 1–10 min 5–
30% B, and 10–15 min 100% B was applied. The solvent ow rate
during chromatographic separation was 2 mL min�1 aer injec-
tion of 10 mL of sample extracts.17 The chromatograms were
recorded at wavelengths 280, 325, and 360 nm and analyzed using
LC Solution soware version 1.24 SP1 (Shimadzu, Kyoto, Japan).

For the identication of compounds in extracts, the reten-
tion times and UV-Vis absorption spectra obtained for reference
© 2021 The Author(s). Published by the Royal Society of Chemistry
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standards were compared with corresponding data obtained for
chromatograms of extracts. The calibration lines for vitexin,
isovitexin, and orientin were drawn using different concentra-
tions of corresponding referent standards and used for quan-
tication of these compounds in extracts.

2.4. Biosynthesis of AgNPs

Different reaction conditions were applied for the synthesis of
nanoparticles using the aerial part (LSA-AgNPs) and root (LSR-
AgNPs) extracts of L. salicaria. Silver nitrate was dissolved in
diluted (2.5, 5, 10, and 20%, v/v) LSA and LSR aqueous extracts
to obtain different concentrations of AgNO3 (0.5, 1, 10, and 20 mM).
The reaction mixtures were stirred on a magnetic stirrer and heated
at different temperatures (25, 50, and 80 �C) until metal nano-
particles were formed. Tomodify the pH of the reactionmixture (pH
2, 6, and 12) 1MHNO3 or 1MNaOHwere used. Visual color change
(from light yellow todark brown) andUV-Vis spectrophotometrywere
used to observe the production of AgNPs throughout the synthesis.
The best conditions for the highest LSA-AgNPs yield productionwere:
20 mM concentration of AgNO3, 5% (v/v) aerial part extract concen-
tration, a reaction temperature of 25 �C, pH 12, and reaction time of
30min for synthesis. The best reaction conditions for the LSR-AgNPs
productionwere as follows: 10mMAgNO3 concentration, root extract
concentration 10% (v/v), a reaction temperature of 80 �C, pH 12, and
reaction time 30 min. Aer the synthesis of AgNPs, the suspensions
were centrifuged at 12 000 rpm for 10 min. Obtained residue aer
centrifugation resuspended in demineralized water, centrifugated
again, and the precipitated nanoparticles were then dried in a hot air
oven (40 �C) and stored at 4 �C.

2.5. Characterization of synthesized AgNPs

A double beam spectrophotometer Halo DB-20S (Dynamica
GmbH, Switzerland) was used tomonitor the synthesis of AgNPs in
the wavelength range 300–800 nmwith a resolution of 0.5 nm. The
X-ray diffractometer (PHILIPS PW 1710) set at a voltage of 40 kV
and 30 mA with CuKa radiation of 1.54178�A was used to analyze
the crystal structure of the biosynthesized nanoparticles. The
samples were tested in the range of 10–90� 2q with a step of 0.02�

and a retention time of 0.25 s at each step. A scanning electron
microscope (SEM) JOEL JSM IT 300LV with EDS detector (OXFORD
Instruments, X-max) was used to examine the surface and
elemental composition of nanoparticles. The samples for SEM
were prepared in JOEL FC-TM20 auto coating thickness controller.
For the determination of nanoparticles size, dynamic light scat-
tering (DLS) measurements were carried out using Mastersizer
2000 from Malvern Panalytical. Obtained nanoparticles samples,
as well as dry extract used in their synthesis, were subjected to
Fourier transform infrared spectroscopy (FTIR) for the detection of
functional groups of molecules present in samples.

2.6. Antioxidant activity

The antioxidant activity of AgNPs was studied using two ABTSc+

and DPPHc scavenging assays.15 Different concentrations of
LSA-AgNPs and LSR-AgNPs aqueous solutions were mixed with
ABTS methanol solution. Aer 30 minutes of incubation at
room temperature in the dark, the absorbance was measured at
© 2021 The Author(s). Published by the Royal Society of Chemistry
734 nm. Similarly, serial dilutions of obtained nanoparticles in
water were mixed with the same volume of DPPHc solution to
test the ability of nanoparticles to neutralize the DPPH radicals.
Aer standing in the dark place for 30 min the absorbance of
the solution mixture of DPPH radicals and nanoparticles was
measured spectrophotometrically at 517 nm. As a reference
antioxidant butylated hydroxytoluene (BHT) was used in both
radical scavenging methods. Using the dose–response
sigmoidal curve produced with OriginPro8 soware (OriginLab,
Northampton, Massachusetts, USA), the results for both
procedures were reported as the concentration of samples
giving 50% of radical scavenging activity (IC50).
2.7. Antimicrobial activity of LSA-AgNPs and LSR-AgNPs

The antimicrobial activity of synthesized AgNPs by the aqueous
leaf and root extracts of L. salicaria was tested on ve Gram-
negative and six Gram-positive bacterial strains. Antifungal
effects of synthesized AgNPs were tested on the nine fungal
species, eight molds and yeast Candida albicans. For the deter-
mination of AgNPs' antimicrobial activity, bacterial species
were obtained from the Institute for Public Health in Kraguje-
vac, Serbia, while fungal species were obtained from the Labo-
ratory for Microbiology, Department of Biology and Ecology,
Faculty of Science, University of Kragujevac, Serbia. Nutrient
agar (NA) and Sabouraud Dextrose Agar (SDA) were used for the
cultivation of bacterial strains and C. albicans, respectively,
whereas potato glucose agar (PDA) was used for fungal strains
growth before antimicrobial testing of AgNPs.

The antimicrobial activity of AgNPs was determined using
the microdilution method for the determination of minimal
inhibitory concentrations (MIC) described by Sarker et al.18 The
MIC determination assay was carried out by a serial dilution
technique in 96-well microtiter plates using a Müller–Hinton
broth (MHB) for bacterial and Sabouraud Dextrose Broth (SDB)
for fungi and C. albicans testing. Fresh overnight cultures of
bacteria and C. albicans were suspended in 5% DMSO and diluted
with sterilized water to obtain a concentration of 1.0 � 106 CFU
mL�1.19 The cell suspension of examined molds was diluted with
5%DMSO solution to obtain a concentration of 5� 104 CFUmL�1

following NCCLS recommendations20 for antifungal determina-
tion of AgNPs. For determination of MICs, AgNPs and antibiotic/
antimycotic were dissolved in sterile water and 10 mL of these
solutions were transferred to 96-microtiter wells containing 70 mL
of MHB or SDB. The solution of resazurin (10 mL, 0.6 mg mL�1),
then, was added to 96-microtiter wells as an indicator of bacterial
growth. In samples for antifungal determination, SBD was added
instead of resazurin solution. Lastly, 10 mL of microorganisms' cell
suspension was added to all the wells. The sterility control without
suspension of microorganisms and growth control without anti-
microbial compounds addition were also performed in each used
96-microtiter plate. The nal concentration of tested AgNPs was in
the range 0.156–20 mg mL�1, while the concentrations of tested
antibiotic (erythromycin) and antimycotic (nystatin) for MIC
determination were in the range 0.3125–40 mg mL�1. The lowest
concentration of test sample in the well without color change of
resazurin or visible growth was taken as the MIC value.
RSC Adv., 2021, 11, 35585–35599 | 35587
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2.8. MTT cell proliferation assay

For determination of cytotoxicity of synthesized AgNPs, cancer
cell lines Balb/c-3T3 mouse broblasts transformed by SV40
virus (SVT2 cells) and human epidermoid carcinoma cells
(A431), as well as immortalized murine broblasts (Balb/c-3T3)
and human keratinocytes (HaCaT) were used. Dulbecco's
Modied Eagle's Medium with the addition of 2 mM L-gluta-
mine, 10% fetal bovine serum, and streptomycin and penicillin
was used for cell cultivation. Cells were cultured in an incubator
containing 5% CO2 at 37 �C. The cytotoxic activity of LSA-AgNPs
and LSR-AgNPs was determined in 96-well plates with a cells
density of 3 � 103 per well for immortalized cells and 2 � 103

per well for cancer cells. The solutions of LSA-AgNPs, in
a concentration range from 1 to 25 mg mL�1 and LSR-AgNPs in
a concentration range from 1 to 100 mg mL�1, were added to 96-
well plates, 24 h aer plating the cells. The MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) solu-
tion was added to each well (nal MTT concentration MTT of
0.5 mg mL�1) aer 48 h of incubation.21 Then plates were
incubated at 37 �C for 4 h. Aer incubation, the solution of 2-
propanol containing 0.01 N HCl was added to dissolve obtained
formazan crystals. The absorbance at 570 nm of solution in
each well was measured using an automatic plate reader
(Microbeta Wallac 1420, PerkinElmer, Basel, Switzerland). The
percentage of cell survival was calculated based on the
percentage of viable cells in the presence of the tested AgNPs
relative to untreated cells and cells supplied with equivalent
quantities of the buffer. Each sample was tested in three inde-
pendent assays.

2.9. Hemolytic activity of synthesized nanoparticles

The possible hemolytic activities of LSA-AgNPs and LSR-AgNPs
were determined using erythrocyte cells and monitoring the
level of released hemoglobin during incubation of tested
samples with erythrocytes under simulated physiological
conditions.22 The human blood sample was collected from
healthy volunteers in a sterile container with an anticoagulant
(ethylenediaminetetraacetic acid). The blood sample was cen-
trifugated at 2500 rpm for 10 min for isolation of erythrocytes.
Obtained precipitates (red blood cells) were then washed three
times using phosphate buffer saline (PBS, pH 7.4) and centri-
fuged. For determination of hemolytic properties, 1 mL of LSA-
AgNPs or LSR-AgNPs solution in PBS was added in 1 mL of 5%
red blood cells (RBCs) dissolved in PBS to obtain the nal
concentration of nanoparticles of 150, 120, 90, 60, 30, and 10 mg
mL�1. Negative control was prepared using PBS instead of
nanoparticles solution, while the positive control contained
1 mL of RBCs and 1 mL 1% sodium dodecyl sulfate (SDS). The
samples were incubated at 37 �C for 1 h and then centrifugated
at 1200 rpm for 15 min. Aer centrifugation, the absorbance of
the supernatant was measured spectrophotometrically at
540 nm. The following equation was used for the determination
of the percentage of hemolyzed RBCs:

% Hemolysis ¼
�
AAgNPs � A0

�� Ak

ASDS � Ak

� 100
35588 | RSC Adv., 2021, 11, 35585–35599
where AAgNPs is the absorbance of samples with AgNPs, A0 is the
absorbance of corresponding concentration of AgNPs in PBS,
ASDS is positive control with SDS solution, and Ak is negative
control (only RBSs in PBS).
2.10. Catalytic degradation of Congo red and 4-nitrophenol

The evaluation of the catalytic activity of synthesized LSA-AgNPs
and LSR-AgNPs was determined by the reduction of aqueous
solutions of Congo red (CR) in the presence of NaBH4 as
described by Umamaheswari et al.13 In this reaction, 1 mL of
water solution of LSA-AgNPs or LSR-AgNPs (0.1 mg mL�1) was
mixed with 5 mL of 10 mM CR solution and 1.5 mL of 1 mM
NaBH4 solution. The rate of the catalytic degradation process of
Congo red at different time intervals was monitored using a UV-
Vis spectrophotometer (lmax was at 497 nm).

The catalytic reduction of 4-nitrophenol (4-NP) using NaBH4

in the presence of LSA-AgNPs and LSR-AgNPs was determined
according to the method described by Desai et al.23 Reaction
solution was prepared by adding 0.5 mL of nanoparticles solu-
tion (0.3 mg mL�1) to the mixture of 0.5 mL of NaBH4 (0.05 mg
mL�1) and 5 mL of 4-NP (10 mg mL�1) solutions. The reaction
was monitored spectrophotometrically at 25 �C in the wave-
length range from 250 to 550 nm.

The constant of reaction rate ‘k’ was calculated for catalytic
degradation of CR and 4-NP using the following equation:

ln

�
A0

At

�
¼ kt

where ‘A0’ is the absorbance at 0 min, ‘At’ is the absorbance at
different times, ‘k’ is a constant of reaction, and ‘t’ is reaction
time.
3. Results and discussion
3.1. UV-Vis spectral analysis

The generation of AgNPs in solution during their synthesis
using extracts was monitored spectrophotometrically. The color
change of solutions from light yellow to dark brown and the
appearance of the characteristic peak in UV-Vis spectra char-
acteristic for AgNPs as a result of surface plasmon resonance
(SPR) effect were observed. This process in a time-dependent
manner was shown in Fig. 1A. The UV-Vis absorption spectra
of formed nanoparticles were recorded (300–800 nm) and the
highest peaks were positioned within 395–415 nm (character-
istic peak for AgNPs), suggesting the formation of AgNPs. The
maximum absorption values during biosynthesis were obtained
at 30 min, and thereaer the absorption peaks did not increase,
thus indicating the end of the synthesis process. Then, the
inuence of concentration of AgNO3, extracts concentrations,
temperature, and pH on the biosynthesis of nanoparticles using
LSA and LSR aqueous extracts were evaluated. Initial conditions
for the synthesis of both types of nanoparticles were 5 mM
AgNO3, 25 �C, 10% extracts concentration without adjustment
of pH values. The separate UV spectra of the aerial part and root
aqueous extracts are presented in Fig. 1S (ESI†). For the deter-
mination of the best conditions in the synthesis of AgNPs using
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Time-dependent UV-Vis absorption spectra of AgNPs biosynthesized by L. salicaria aerial part (a) and root (b) extracts, (B) UV-Vis
absorption spectra of LSA-AgNPs as a function of extract concentration (a), salt concentration (b), pH value of extract solution (c), and different
temperatures (d), (C) UV-Vis absorption spectra of the LSR-AgNPs as a function of extract concentration (a), salt concentration (b), pH value of
extract solution (c), and different temperatures (d).
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LSA and LSR, the parameters were changed one by one. Fig. 1B
shows the UV-Vis spectra for the LSA-AgNPs when applied
different extract concentrations (a), salt concentrations (b), pH
values (c), and temperatures (d). The concentration of 5% (v/v)
© 2021 The Author(s). Published by the Royal Society of Chemistry
of LSA extract was the most effective for AgNPs synthesis
(Fig. 1B(a)), while higher concentrations of the extract caused
agglomeration of nanoparticles and their precipitation. The
sharpest peak of LSA-AgNPs was obtained using a higher salt
RSC Adv., 2021, 11, 35585–35599 | 35589
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concentration (20 mM AgNO3) (Fig. 1B(b)). Moreover, the
application of 1 mM AgNO3 did not lead to a high yield in
nanoparticles synthesis. Increasing the pH value of LSA extract
solution led to the augmentation of absorption values for LSA-
AgNPs (Fig. 1B(c)). This can be explained by the assumption
that the hydroxyl groups attract hydrogens of the phenolic and
carboxyl groups (from avonoids and phenolic acids) and thus
increase the partial negative charge of oxygens which then more
easily reduce the silver ions and stabilize formed nano-
particles.24 It is also shown that the concentration of NaOH in
solution during Ag+ bioreduction has an effect on the size,
shape, monodispersity, and yield of formed nanoparticles.25 No
nanoparticle formation was observed at pH 2, however, nano-
particles were successfully formed by increasing pH. The fast
nanoparticle formation, with high intensity of SPR band at
394 nm, was observed at pH 12, indicating that alkaline
conditions could be responsible for the activation of the
compounds from the extract and make them more suitable
electron donors. Also, Anigol et al. have shown that the
synthesis of nanoparticles in an acidic medium produces a wide
absorbance peak and a wide range of nanoparticles sizes. With
the pH increase during synthesis, the peak was narrower and
higher, while at pH 9 a more pronounced uniform
Fig. 2 (A) HPLC-PDA chromatograms of L. salicaria aerial part (a) and roo
root extracts (b) and synthesized nanoparticles LSA-AgNPs (c) and LSR-
nanoparticle synthesis.

35590 | RSC Adv., 2021, 11, 35585–35599
nanoparticles size was observed.26 Another study conrmed that
pH change does not affect their shape while with increasing pH
the size of nanoparticles decreases, for example, the average
particle sizes of AgNPs on the pH 5, 7, and 9 range are 45, 29,
and 20 nm, respectively.27 The biosynthesis of LSA-AgNPs was
also performed at different temperatures and based on the
obtained absorption maximums, it can be concluded that
temperature does not have an inuence on the formation of
nanoparticles using LSA. However, at lower temperatures,
slightly higher peaks intensity in the UV-Vis absorption spec-
trum of LSA-AgNPs were noticed (Fig. 1B(d)). This may be an
advantage of using LSA in the synthesis of nanoparticles
compared with LSR, due to lower energy consumption during
the synthesis process.

The spectrophotometric data for LSR-AgNPs synthesis under
different conditions are shown in Fig. 1C. It was noticed that the
absorption peaks for LSR-AgNPs increased dose-dependently
with the increase of the extract concentration (Fig. 1C(a)). The
sharpest peaks were obtained using 10 mM AgNO3 for LSR-
AgNPs synthesis. However, when a higher concentration of
AgNO3 (20 mM) was used for LSR-AgNPs synthesis, large,
dispersed particles appeared, causing a lower absorption
maximum in the UV-Vis spectrum (Fig. 1C(b)). As with the
t (b) aqueous extracts, (B) FT-IR spectra of L. salicaria aerial part (a) and
AgNPs (d), (C) proposed mechanism of orientin Ag(I) reduction during

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 HPLC quantification of phenolic compounds and total phenolics (TP) and flavonoids (TF) content of L. salicaria aqueous extracts (LSA
and LSR)a

Extracts

HPLC results (mg mL�1) Spectrophotometric results

Orientin Vitexin Isovitexin TP (mg GAE per g d.p.) TF (mg QUE per g d.p.)

LSA 15.23 � 0.06 6.94 � 0.02 11.77 � 0.17 99.56 � 2.14 18.29 � 0.95
LSR 0.357 � 0.02 0.83 � 0.02 1.46 � 0.09 26.44 � 0.81 0.19 � 0.02

a d.p. – dry plant.
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synthesis of nanoparticles using the aerial part extract, the
inuence of the pH value on LSR-AgNPs synthesis is clearly
shown in Fig. 1C(c). Temperature change had a signicant
effect on the synthesis of LSR-AgNPs, in contrast to the
synthesis of LSA-AgNPs. The UV-Vis absorption peak of the
solution during LSR-AgNPs synthesis was much higher at 80 �C
than at 50 and 25 �C, considering the same reaction conditions
(Fig. 1C(d)).

Based on the presented results, the following conditions
were used for further experiments. The synthesis of LSA-AgNPs
was the most successful using the 5% aqueous extract, 20 mM
AgNO3 concentration, without heating, and pH 12, while the
most favorable conditions for the synthesis of LSR-AgNPs are as
follows, 20% aqueous extract, 10 mM AgNO3, with heating at
80 �C for 30 min, and pH 12.

Our research is in accordance with studies conducted by
Mohammadalinejhad et al. about the use of L. salicaria aerial
part extract for the synthesis of AgNPs and AgNPs-organic
nanohybrids.16 The synthesis of nanoparticles using L. sali-
caria root extract, as well as the investigation of optimal
conditions for the application of this plant in the synthesis of
nanoparticles, their cytotoxic and photocatalytic activities, on
the other hand, has never been reported before.

3.2. Phytochemical characterization of L. salicaria aqueous
extracts

Aqueous extract of L. salicaria aerial part and root, used for the
synthesis of AgNPs, contained total phenolic compounds in the
concentration of 99.56 and 26.44 mg GAE per g of dry plant
weight, respectively. Also, the aerial part of the plant had higher
avonoid content (18.29 mg QUE per g dry plant) than the root
(0.19 mg QUE per g dry plant). These results, higher total
phenolic and avonoid content in aerial part, can explain the
use of a lower concentration of LSA extract for AgNPs synthesis
in comparison with the concentration of LSR extract. HPLC
chromatograms of L. salicaria aerial part and root aqueous
extracts are presented in Fig. 2A (a and b, respectively) while the
quantication of identied phenolic compounds in extracts is
given in Table 1. C-glucoavones orientin, vitexin, and iso-
vitexin were identied in both LSA and LSR aqueous extracts
utilized for AgNPs synthesis. The presence of free hydroxyl
groups in the structure of these compounds, which are
responsible for the redox potential of polyphenolics, suggests
that these C-glucoavones may be one of the main compounds
in extracts responsible to produce AgNPs. Plants with high
© 2021 The Author(s). Published by the Royal Society of Chemistry
antioxidant potential are strongly effective in converting
metallic ions to metallic nanoparticles.28 It is also well known
that phenolic compounds are one of the most responsible
metabolites for the antioxidant activity of plants, thus phenolics
are considered as main contributors in the reduction of metal
ions and the synthesis of nanoparticles using plant extracts.29

HPLC analyses showed that LSA extract was richer in all iden-
tied compounds compared with LSR. In previous research
published by Srećković et al. C-glucoavones orientin and
vitexin were also identied in L. salicaria methanol extracts as
the main phenolic compounds.15

3.3. Characterization of synthesized AgNPs

3.3.1. XRPD analysis. The crystalline structure of the bio-
synthesized AgNPs was checked by XRPD analysis, and spectra
of LSA-AgNPs and LSR-AgNPs are shown in Fig. 3A(a and b).
Based on the obtained values of I/Imax intensities, mutual
distances d, comparison with the literature data, and ICDD
PDF-2 standards, the presence of the crystalline phases was
conrmed.30

The most represented crystal phase in both samples was Ag
(PDF 87-0597) and the next crystal phase by representation was
an AgCl (PDF 31-1238). In the case of LSA-AgNPs (Fig. 5A), the
characteristic Bragg reection peaks appeared at position
38.19�, 44.42�, 64.53� and 77.46� in the 2q range between 10�

and 80�, which could be analog to the (111), (200), (220) and
(311) planes of face-centered cubic (fcc) crystalline AgNPs.1 The
peaks at 27.80�, 32.24�, 46.24� correspond to the formation of
AgCl phases. Silver in LSR-AgNPs had a lower crystallinity than
silver chloride and lower crystallinity than silver in the LSA-
AgNPs sample. However, the content of silver chloride in LSR-
AgNPs was lower than in the LSA-AgNPs sample. The forma-
tion of the crystalline phase of silver chloride may be a conse-
quence of the presence of chloride ions in plant extracts.

3.3.2. FTIR analysis. FT-IR spectra of the dried aqueous
aerial part and root extracts of L. salicaria were compared with
the spectrum of synthesized AgNPs (Fig. 2B). It was observed
that the main peaks in the spectra of synthesized nanoparticles
(Fig. 2B(c and d)) coincide with peaks of the corresponding
extracts (Fig. 2B (a and b)). The absorption band at
3391.60 cm�1 for LSA and 3391.25 cm�1 for LSR extracts is the
characteristic stretching vibration of –OH groups from phenolic
compounds (avonoids, phenolic acids, and other phenolic
derivatives). The small band at 2937.55 cm�1 and 2937.67 cm�1

for LSA and LSR, respectively, may be a consequence of aliphatic
RSC Adv., 2021, 11, 35585–35599 | 35591
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Fig. 3 (A) XRPD pattern of synthesized LSA-AgNPs (a) and LSR-AgNPs (b), (B) SEM image of biosynthesized LSA-AgNPs (a), LSR-AgNPs (c), and
their corresponding EDX spectra (b and d), (C) particle size distributions of LSA-AgNPs (a) and LSR-AgNPs (b).
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C–H stretching. Also, in the IR spectrum of the LSA and LSR
extracts (Fig. 2B(a and b)), bands at 1727.72 and 1730.86 cm�1

indicate the presence of –C]O groups. The appearance of
pronounced bands at 1616.15 cm�1 and 1623.07 cm�1 corre-
sponds to the –C]C– of an aromatic ring. FTIR spectra of LSA-
AgNPs (c) and LSR-AgNPs (d) were compared with the spectrum
of LSA (a) and LSR (b). Based on Fig. 2B it is clear that LSA-
AgNPs and LSR-AgNPs possessed bands that originated from
plant extract. LSA-AgNPs and LSR-AgNPs possess bands at
3434.14 and 3440.97 cm�1, respectively, which correspond to
35592 | RSC Adv., 2021, 11, 35585–35599
the alcohol groups, whereas LSR-AgNPs have bands at
2925.80 cm�1 that correspond to the C–H from alkanes. The
appearance of these bands in LSA-AgNPs and LSR-AgNPs FTIR
spectra implies that compounds from L. salicaria extracts be
involved in the formation of nanoparticles' capping layer.
However, peaks attributed to the –C]O group in the nano-
particles' spectra were reduced and almost merged with the
intensive band corresponding to aromatic –C]C– vibrations
(Fig. 2B(c and d)). The decrease in the peak intensity charac-
teristic for the carbonyl group in nanoparticle spectra may be
© 2021 The Author(s). Published by the Royal Society of Chemistry
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attributed to the low concentration of compounds with this
group were involving in the stabilization of nanoparticles. Also,
the interaction of AgNPs with the carbonyl group (silver–
carboxylate interactions) can decrease the intensity and posi-
tion of –C]O peak in the FTIR spectrum.31 Additionally, char-
acteristic peaks at 1605.14 and 1629.55 cm�1 in obtained
nanoparticles may correspond to –C]C– of an aromatic ring as
conrmed in the extracts. Finally, the intense bands located at
1051.61–1052.89 cm�1 (Fig. 2B(a and b)) which correspond to the
ether groups (C–O bond stretch) were present in LSA and LSR
extracts (a and b) but not in LSR-AgNPs, so it can be assumed that
compounds with an ether group are not responsible for the
stabilization of root nanoparticles. The mentioned peaks in FTIR
spectra of LSA-AgNPs and LSR-AgNPs characteristic for poly-
phenolic compounds indicate that avonoids or other phenolic
compounds form protective capping layers on the surface of the
obtained nanoparticles. The disappearance of the bands at
1052.89, 1078.19, and 1384.68 cm�1 in LSR-AgNPs compared with
LSR extract, proves that some compounds present in the extract do
not participate in the stabilization of nanoparticles or may be
chemically changed during bioreduction of metal ions.

3.3.3. SEM/EDX analysis. The results of SEM and EDX
analyses for LSA-AgNPs and LSR-AgNPs are presented in Fig. 3B
(a, b and c, d, respectively). The additional information about
the structural morphology of green synthesized AgNPs was
provided by SEM analysis, while EDX analysis was used to
identify the elements included in LSA-AgNPs and LSR-AgNPs.
Based on SEM results, it has been conrmed that the ob-
tained nanoparticles possess a spherical shape, also a lower
degree of agglomeration was observed. The observed large
agglomerated nanoparticles probably occurred as a result of the
evaporation of solvent during sample preparation.32

The EDX detection displayed intense signals of silver atoms
in both types of nanoparticles, and it is around 3 KeV, which
corresponds to the previously published value.1 In addition to
the Ag atoms as the main component of nanoparticles, the
presence of C and O in LSA-AgNPs and LSR-AgNPs (Fig. 3B(b
and d)) was also conrmed. The occurrence of C and O in
nanoparticles may be the consequence of the presence of
compounds from L. salicaria extracts incorporated into the
nanoparticle structure. The elemental analysis of LSA-AgNPs
and LSR-AgNPs by EDX (Fig. 3B (b and d)) showed that Ag is
the main constituent, and it is found to be 50.92% and 45.66%
respectively. The mineral content of the plant materials, which
is mostly dependent on the soil of the plant habitat, results in
the identication of Al traces in both types of nanoparticles.
Vardanyan and Ingole conrmed the presence of Al in L. sali-
caria, which suggests the possibility of incorporation of these
metal atoms into the structure of the obtained nanoparticles.33

The Cl content may originate from plant extracts. Also, the
increased content of C and O in the nanoparticles synthesized
by the aerial part of the plant (LSA-AgNPs) corresponds to the
higher phenolic content of the aerial part.

3.3.4. Particle dispersion characterization. For the deter-
mination of the size distribution proles of LSA-AgNPs and LSR-
AgNPs in solutions, DLS measurements were carried out.
Besides the inuence of the pH and temperature during the
© 2021 The Author(s). Published by the Royal Society of Chemistry
reaction of the synthesis, many biomolecules from the plant
extracts (proteins, avonoids, terpenoids, and other poly-
phenols) may have signicant effects on the nanoparticle size,
structure, and morphology.8,34,35 Many studies have shown that
the size of AgNPs is important for their stability, biocompati-
bility, and antibacterial activity.36

According to DLS analysis, LSA-AgNps and LSR-AgNPs
possessed similar sizes, ranging from 20 to 138 nm (Fig. 3C).
The size of the most formed LSA-AgNPs and LSR-AgNPs ranged
between 35 and 60 nm (60.52 and 60.25% respectively), whereby
75.88% of particles were under 60 nm for both synthesized
nanoparticles (Fig. 3C(a and b)). The complexity of the chemical
composition of L. salicaria extracts may have signicant effects
on the agglomeration and deposition of the AgNPs.14

It is possible that the alkaline environment leads to an
increase of negative charge of oxygen on the phenolic hydroxyl
groups, which contributes to a better interaction between
phytochemicals and silver ions, and therefore faster reduction
time, and stabilization. Fig. 2C shows the possible mechanism
of nanoparticles synthesis using orientin, one of the phenolic
compounds (avonoid) identied in both extracts used for
nanoparticle synthesis. Bhutto et al. suggested a mechanism of
AgNPs synthesis using gallic acid as an example of a phenolic
compound, explaining that phenolic groups are oxidized to
quinones.37 Another study conrmed that avonoids with 1 to 3
OH groups react only at pH values 9 and/or 10, while avonoids
with four andmore hydroxyl groups, such as luteolin (aglycon of
orientin), can reduce Ag+ relatively fast in the solution with pH
around 7. The high reactivity of avonoids in this process is
conditioned by the presence of hydroxyl groups on the B ring
which can be oxidized. Further, additional hydroxyl groups of
avonoids and their obtained oxidation forms aer reduction
reaction are important for attaching avonoids molecules to
obtained nanoparticles and for nanoparticles stabilization.38

The orientin possesses these properties and may be one of the
molecules in L. salicaria extracts that contributes to the
formation and stabilization of AgNPs.
3.4. Antioxidant potential of L. salicaria aqueous extracts
and synthesized nanoparticles

The antioxidant potential of the extracts was assessed using
DPPH and ABTS methods. Butylated hydroxytoluene (BHT) was
used as a referent standard and obtained results are presented
in Table 2. The biosynthesized LSA-AgNPs and LSR-AgNPs dis-
played lower antioxidant activity in the DPPH method
compared with LSA and LSR. It has been noticed that the IC50

value of the LSR-AgNPs in the ABTS assay was lower (127.78 mg
mL�1) compared with the IC50 value of LSA-AgNPs (141.66 mg
mL�1). Moreover, LSR-AgNPs showed higher antioxidant
activity against ABTSc+ compared with the root aqueous extract
(LSR).

As shown in Table 2 the aqueous extract of the aerial part had
a slightly higher ABTS radical scavenging potential compared to
the corresponding LSA-AgNPs nanoparticles. Interestingly, the
nanoparticles synthesized by root extract (LSR-AgNPs) have
approximately the two-fold ABTS radical scavenging potential
RSC Adv., 2021, 11, 35585–35599 | 35593
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Table 2 In vitro antioxidant activity of L. salicaria aerial and root
aqueous extracts and synthesized nanoparticlesa

Samples and
standards

IC50 values (mg mL�1)

DPPHc
scavenging activity ABTSc+ scavenging activity

LSA 86.38 � 0.13 65.33 � 2.08
LSA-AgNPs >100 141.66 � 17.05
LSR 175.26 � 6.31 198.36 � 11.75
LSR-AgNPs >100 127.78 � 13.52
BHT 13.08 � 0.97 21.29 � 1.98

a LSA – L. salicaria aerial aqueous extract, LSR – L. salicaria root aqueous
extract, LSA-AgNPs – silver nanoparticles synthesized by L. salicaria
aerial part extract, LSR-AgNPs – silver nanoparticles synthesized by L.
salicaria root extract.

Table 3 Antibacterial and antifungal activity of AgNPs synthesized by
L. salicaria aerial part (LSA-AgNPs) and root (LSR-AgNPs) extracts

Bacterial strains

MIC (mg mL�1) MIC (mg mL�1)

LSA-AgNPs LSR-AgNPs Erythromycin

E. coli 0.625 2.5 2.5
B. cereus 0.3125 0.3125 <0.156
P. aeruginosa <0.156 0.3125 20
E. faecalis 0.3125 0.625 1.25
B. subtilis 0.156 0.625 10
M. lysodeikticus 0.625 0.156 <0.156
S. typhimurium 1.25 0.625 2.5
S. enteritidis 1.25 0.625 20
S. epidermidis <0.156 0.3125 0.625
S. aureus 0.3125 0.625 1.25
K. pneumoniae 0.3125 0.625 10

Fungal strains

MIC (mg mL�1) MIC (mg mL�1)

LSA-AgNPs LSR-AgNPs Nystatin

C. albicans 0.625 1.25 1.25
T. longibrachiatum 1.25 1.25 5
T. harzianum 1.25 0.625 5
P. canescens 0.3125 0.625 2.5
P. cyclopium <0.156 0.625 2.5
D. stemonitis 2.5 0.625 2.5
A. alternata 1.25 0.3125 1.25
F. oxysporum 10 0.625 2.5
A. brasiliensis 10 0.3125 1.25
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compared to the aqueous root extract. Previous studies have
conrmed that nanoparticles synthesized using plant extracts
possessed signicantly higher antioxidant potential than
nanoparticles obtained using conventional methods indicating
that plant compounds bound to nanoparticles are responsible
for the higher antioxidant potential.39 The higher antioxidant
potential of LSR-AgNPs, compared with the value obtained with
LSR, may suggest that this extract has antioxidant compounds
that can be incorporated very efficiently on the surface of the
nanoparticles.
3.5. Antimicrobial activity

The employment of silver as an antimicrobial agent against
infections has been known since ancient Greek and Roman
times. Numerous studies have conrmed the antimicrobial
properties of AgNPs on different microbes, fungi, and para-
sites.2,40 According to our knowledge, most studies dealing with
the antimicrobial activity of AgNPs used the disk diffusion test
to determine the antimicrobial activity of nanoparticles
samples. The disk diffusion test is used to determine the anti-
microbial susceptibility of microorganisms against antimicro-
bial drugs, while the dilution method provides signicantly
more accurate results, and obtained MIC values are used for the
determination of drug dosage for infection treatment.41 In this
study, the microdilution method was used for the determina-
tion of the antimicrobial activity of synthesized LSA-AgNPs and
LSR-AgNPs and the results are presented in Table 3. The ob-
tained nanoparticles showed potent antibacterial activity with
MIC values below 1 mg mL�1 against the tested bacteria. Anti-
bacterial activities of LSR-AgNPs and LSA-AgNPs were similar
and most of their MIC values were in the range from 0.156 to
0.625 mg mL�1. Obtained nanoparticles showed less antifungal
activity compared with their antibacterial potential, especially
LSA-AgNPs. The concentrations that inhibit fungal growth were
considerably lower for tested LSR-AgNPs compared with LSA-
AgNPs which showed MIC values for six fungal species above
1 mg mL�1.

It may be interesting to point out that AgNPs synthesized
using LSA and LSR extracts showed higher inhibitory potential
35594 | RSC Adv., 2021, 11, 35585–35599
on the growth of P. aeruginosa compared to AgNPs synthesized
using P. hibiscicola in research conducted by Punjabi et al42

Another Lythraceae plant, Lagerstroemia speciosa, was used to
synthesis Ag-NPs that inhibited biolm formation against P.
aeruginosa.43 There are few studies reporting the MIC values of
AgNPs determined using the dilution method technique,
a number of studies are based on the disk diffusion method for
the determination of the antimicrobial activity of AgNPs. Garibo
et al. showed that green synthesized AgNPs possess higher
antimicrobial potential against E. coli, S. aureus, P. aeruginosa,
and C. albicans than chemically produced AgNPs.44 Also, the
study conducted by Shu et al. conrmed that ampicillin in
combination with AgNPs possesses extremely higher antibac-
terial activity against highly resistant E. coli-Amp+ compared
with ampicillin alone.7 Using electron microscopy, Xia et al.
demonstrated that AgNPs destroy the cell wall, inltrate within
the cells, damage organelles, induce chromatin condensation
and margination, a sign of apoptotic cell death.45 Also, it has
been conrmed that the size of nanoparticles has an inuence
on their antimicrobial activity, smaller-sized nanoparticles pass
unhindered through the cell membrane, expressing their
activity within the cell. According to reported studies, the anti-
microbial activity of AgNPs is also attributed to the electrostatic
interaction between positively charged silver ions and nega-
tively charged cell walls.46 Due to a slightly different cell
membrane of the fungi composedmostly of brous b-1,3 glucan
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Cytotoxic activity of synthesized LSA-AgNPs (a and b) and LSR-AgNPs (c and d) against immortalized (HaCaT and Balb/c-3T3) and cancer
(A431 and SVT-2) cell lines.
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and mannoproteins, interaction with AgNPs is quite different.47

This fact may be one of the causes for the slightly lower anti-
fungal activity of obtained AgNPs compared with their anti-
bacterial activity.
Table 4 Percentage of hemolysis induced by AgNPs synthesized by
aerial part (LSA-AgNPs) and root (LSR-AgNPs) extracts

Concentration
(mg mL�1)

% hemolysis

LSA-AgNPs LSR-AgNPs

150 <negative control 2.77 � 0.25
120 <negative control 0.50 � 0.11
90 <negative control 0.28 � 0.06
60 <negative control <negative control
30 <negative control <negative control
10 <negative control <negative control
3.6. Cytotoxic activity

The cytotoxic activity of biosynthesized LSA-AgNPs and LSR-
AgNPs was analyzed on two immortalized (murine broblasts
Balb/c-3T3, and human keratinocytes, HaCaT) cell lines and two
cancer cell lines (transformed broblast, SVT2, and epidermoid
carcinoma, A431). The MTT test was used to determine cell
viability aer the treatment with different concentrations of
LSA-AgNPs and LSR-AgNPs (from 1 to 100 g mL�1) for 48 hours.

As shown in Fig. 4 (panels a and b), LSA-AgNPs present
a slight selectivity towards cancer A431 and SVT-2 cells, with
IC50 values of 20.5 � 5 and 12,7 � 6 mg mL�1, respectively.
Interestingly, no IC50 values were detected on immortalized
cells. In a previously published research, the methanolic extract
of the L. salicaria root showed biocompatibility on the two
immortalized cell lines, but only up to 45 mg mL�1 for murine
cell lines.15 Interestingly, when roots were used to obtain
nanoparticles, LSR-AgNPs exerted toxicity only towards the A431
cell line (62 � 17 mg mL�1) (panels c and d). Based on the
© 2021 The Author(s). Published by the Royal Society of Chemistry
presented results, both nanoparticles LSA-AgNPs and LSR-
AgNPs synthesized using L. salicaria aqueous extracts, exhibit
a selective behavior towards cancer cell lines. Thus, the selective
activity may occur due to the acidic pH in cancer cells, leading
to greater release of Ag+ and phytochemicals from AgNPs in
their surroundings compared with the immortalized ones.48

The cytotoxicity of AgNPs is based on their ability to penetrate
into the cells and liberate silver ions which promote ROS
generation, causing mitochondrial and DNA damage, as well as
cell apoptosis.49 In addition, the advantage of AgNPs synthe-
sized by plant extracts is based on phytochemicals incorporated
RSC Adv., 2021, 11, 35585–35599 | 35595
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Fig. 5 (A) The catalytic activity of the synthesized LSA-AgNPs (a) and LSR-AgNPs (b) on Congo red (CR) degradation in the presence of NaBH4

and corresponding degradation kinetics of CR (c and d), degradation of CR in absence of nanoparticles (e); (B) the catalytic activity of the
synthesized LSA-AgNPs (a) and LSR-AgNPs (b) on reduction 4-NP to 4-AP in the presence of NaBH4 and corresponding degradation kinetics of
4-NP (c and d), degradation of 4-NP in absence of nanoparticles (e).
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into the nanoparticle structure, which have well-known bio-
logical activity. Various studies concluded that green synthe-
sized AgNPs combined with cancer drugs can elevate anticancer
activity, in relation to the drugs attached to chemically synthe-
sized nanoparticles.50

3.7. Hemolytic activity of synthesized nanoparticles

Blood is the rst contact for nanoparticles to reach their target
tissues, so the effect of nanoparticles on blood cells is crucial for
further research and potential therapeutic application.51 The
process of hemoglobin release during the interaction of
different LSA-AgNPs and LSR-AgNPs concentrations with
erythrocytes at 37 �C for 1 h was monitored spectrophotomet-
rically at 540 nm. The hemolytic activity of the sample was
calculated based on the hemolytic activity of SDS used as
a positive control. It is considered that 1% solution of SDS
causes complete (100%) hemolysis of erythrocytes. The exam-
ined samples of nanoparticles showed a negligible degree of
erythrocytes hemolysis (Table 4). Moreover, LSA-AgNPs at all
applied concentrations showed lower hemolytic activity
compared with the negative control (erythrocytes in PBS solu-
tion), hence LSA-AgNPs may be considered as membrane
stabilizing agents. However, LSR-AgNPs showed dose-
dependent weak hemolysis when applied in concentrations
from 150 to 90 mg mL�1. The highest applied concentration of
LSR-AgNPs showed only 2.8% of erythrocytes hemolysis while
concentrations lower than 90 mg mL�1 had no effect on eryth-
rocyte degradation. Because high hemocompatibility of bio-
synthesized nanoparticles was observed, it could be safely used
in a therapeutic application, moreover, LSA-AgNPs possess the
potential for further research as antihemolytic and erythrocytes
membrane stabilization agents.

3.8. The catalytic activity of synthesized nanoparticles

Environmental pollution by industrial dyes has a great inu-
ence on public health. Many of the synthetic dyes are highly
carcinogenic and le in the environment for a long time. As
degradation of these compounds requires catalysts that would
increase the reaction rate, today, there is great interest in the
easy production of environmentally friendly catalysts.52 Many
investigations have conrmed that green synthesis nano-
particles had the potential to catalyze the degradation of
numerous organic contaminants. The effectiveness of LSA-
AgNPs and LSR-AgNPs for the degradation of CR and the
reduction of 4-nitrophenol to 4-aminophenol (4-AP) at room
temperature was examined. The reactions of catalytic degrada-
tion of CR were monitored spectrophotometrically in the
wavelength range between 700 and 300 nm, while the wave-
length range for monitoring 4-NP reduction was between 550
and 250 nm. The ability of AgNPs to behave as a catalyst in the
degradation of dye is reected in their property to transfer an
electron from donor molecules (NaBH4) to acceptor molecules
(azo bond in CR).53 The catalytic activities of LSA-AgNPs and
LSR-AgNPs are presented in Fig. 5 and both types of nano-
particles showed high potential for catalytic degradation of CR
(Fig. 5A(a and b)) as well as for catalytic reduction 4-NP to 4-AP
© 2021 The Author(s). Published by the Royal Society of Chemistry
in the presence of NaBH4 (Fig. 5B(a and b)). The absorbance of
the CR constantly decreased overtime at 338 and 497 nm, and
nally, the solution became colorless and absorption maxi-
mums in the UV-Vis spectrum disappear. Application of NaBH4

in the absence of AgNPs has no signicant effect on the
degradation of CR solution and reduction 4-NP (Fig. 5A and
B(e)). During the reduction process of CR and 4-NP, NaBH4 has
the role of an electron source, however, electron transfer is not
possible without the presence of a catalyst. The nanoparticles
serve as electron transporters, absorbing BH4

� and dyes on
their surface, allowing electron exchange from BH4

� to organic
dyes.54 The catalytic rate constant (k) for LSA-AgNPs and LSR-
AgNPs was higher for reaction of degradation CR (k ¼ 0.1162
and k ¼ 0.1060, respectively) compared with k for chemo-
catalytic reduction of 4-NP to 4-AP (k ¼ 0.063 and k ¼ 0.0659,
respectively). In general, biogenic LSA-AgNPs and LSR-AgNPs
exhibited excellent catalytic activity with high efficiency of CR
degradation and 4-NP reduction, so they can be successfully
applied as catalysts in wastewater treatment.

4. Conclusions

The results of the present study showed that aqueous extracts of
Lythrum salicaria can be successfully used for the eco-friendly,
economically viable, and rapid synthesis of AgNPs. It is
concluded that reaction conditions play an important role in
the rate of nanoparticles formation. The results of antimicrobial
activity demonstrate that newly synthesized AgNPs have prom-
ising antimicrobial potential against most of the selected
bacteria. Their activity on immortalized and cancer cells indi-
cates a selectivity towards the latter, even if low toxicity was
found in the case of LSR-AgNPs towards SVT-2 cells. Contrary
LSR-AgNPs which showed a slight degree of red blood cell
hemolysis at the highest applied concentration, LSA-AgNPs are
completely hemocompatible. The green AgNPs showed clear
catalytic potential in Congo red dye and 4-nitrophenol degra-
dation reactions, which possesses well-known harmful effects
on the environment. The current study suggested that the
invasive potential of this plant in the North American continent
may be exploited in the eco-fabrication of AgNPs. Further
research will be focused on decreasing size and increasing the
cytotoxic selectivity of synthesized nanoparticles. Also, further
researchmay include the incorporation of some drugs into their
structure for the development of new pharmaceuticals. Due to
the demonstrated antimicrobial activity, future research may be
focused on the possible use of biosynthesized nanoparticles in
wastewater disinfection as well.
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38 M. Švecová, P. Ulbrich, M. Dendisová and P. Matějka,
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J. A. Rodŕıguez, O. A. Romo, L. A. Chávez-Almazán and
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