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1. Introduction

Nanotechnology is a fast-growing field of science due to the
increasing interest in nanostructures (Eckhardt et al., 2013).
Nanoparticles are structures with at least one dimension under
100 nm and have high surface to mass ratio. This gives them
unique properties that their macroscopic counterparts do not
possess and enables their use for instance in: electronics (Lee
et al., 2008), bioremediation (Cropek et al., 2008), biological
markers (Edelstein et al., 2000), catalysts (Astruc et al.,
2005), antimicrobials (Lara et al., 2011). The list of potential
applications is constantly growing as a number of products
containing nanostructures are commercially available. Increas-
ing trend of NPs commercialization demands safer, repro-
ducible and inexpensive synthesis methods. The most
popular type of nanomaterials is silver nanoparticles (AgNPs).
Because of their antimicrobial properties, they found various
applications in products for personal hygiene, cleaning and
disinfection, building materials, medical products, textiles,
and even food processing (Tran et al., 2013). In recent years
many studies have been conducted to test nanoparticles’ toxi-
city towards living organisms. Those reports suggested that sil-
ver nanoparticles show high cytotoxicity towards both human
and bacterial cells (Foldbjerg et al., 2011, Lubick, 2008). How-
ever, a later research indicated that the toxic effect is the result
of ion dissolution from AgNPs over time (Kittler et al., 2010)
and it points that only Ag™ ions contribute to nanosilver tox-
icity (Beer et al., 2012).

Silver nanoparticles are produced mainly by chemical syn-
thesis. However, chemical approaches are based on the use
of potentially hazardous substances. Thus, more research is
concentrated on alternative production methods. One of them
is the synthesis with the use of plant extracts. Biomolecules
present in those extracts usually act as both reducing and cap-
ping agents. Many of extracts’ components have shown to be
active against animal and plant pathogens on their own.
Depending on the extract used for nanostructure synthesis
and experimental conditions, different antimicrobial activity
of the final product can be obtained. Because of the multiplic-
ity of factors which may influence on AgNPs activity, the
researchers are still investigating new and more efficient ways
of AgNPs synthesis.

Since the 12th century carnivorous plants have been used
for the treatment of illnesses such as dry cough, bronchitis,
whooping-cough, asthma, urinal tract infections or even head-
ache. This is due to their secondary metabolite composition
that comprises of flavonoids, naphthoquinones, anthocyanins,
phenolic compounds, and organic acids (Juniper et al., 1989).
Carnivorous plants belong to a group of endangered species
however they can be obtained with a high yield through vege-
tative reproduction in in vitro cultures. This technique allows
to increase the propagation rate of valuable, genetically identi-
cal plants from even a single plant. Carnivorous plants were
used in the pre-antibiotic era and now can return in a modern
form to combat antibiotic resistant pathogens (Krychowiak
et al., 2014). According to the WHO report on antimicrobial
resistance, we may face a post-antibiotic era when even the
smallest bacterial infection may become lethal. This urges sci-
entists to search for new ways to cope with this problem.

While searching for new ways of fighting pathogens, sus-
tainability and scalability of the proposed solution must be

considered. The twelve principles of green chemistry
(Anastas and Warner, 1998) should be taken into account
when designing this type of process. This is not only due to
the ecological point of view but also economical one. Design-
ing processes for substrate and energy efficiency is a challeng-
ing problem in macroscale production. That is why strong
emphasis should be placed on those aspects from the beginning
of the reaction design. This is especially apparent when consid-
ering the heating of the reaction vessel. This is one of the most
energy-consuming technological processes that strongly con-
tributes to the profitability of the reaction. Lowering the
energy consumption can be beneficial concerning both in the
ecological and economical aspects. Bearing in mind silver ion
toxicity and biological variability of plant extracts, it is pru-
dent to use an additional capping agent to facilitate the reac-
tion process without the need for full extract standardisation.

To the best of our knowledge, this is the first report describ-
ing an easy and eco-friendly biosynthesis method of AgNPs
using carnivorous plant extracts. In addition, an antimicrobial
potential of obtained AgNPs on both human and plant patho-
gens had been compared.

2. Materials and methods

2.1. Materials

Silver nitrate was purchased from Merck Millipore.
Polyvinylpyrrolidone 4000 (PVP), standards of plumbagin,
myricetin, quercetin, hyperoside, ellagic acid, isorhamnetin,
were purchased from Sigma Aldrich. Ramentaceone was
obtained from the University of Pretoria, Republic of South
Africa. Droserone was synthesized by dr E. Paluszkiewicz
from the Technical University of Gdansk, according to the
method described by Razzakova et al. (1973) and Behrman
et al. (1995) with several modifications. Plants: Drosera indica,
Drosera binata, Drosera spatulata, and Dionaea muscipula were
grown on solid (0.75% agar), half strength Murashige and
Skoog (g MS) medium (Murashige and Skoog, 1962) with
2% of sucrose and 0.15% activated charcoal at 20 °C, light
30-35 pmol/m? x s, photoperiod 16/8h, pH 5.5 (Fig. 1). Dur-
ing the whole experiment deionized water was used.

2.2. Preparation of plant extract

Five grams of fresh plant tissue were placed in a 250 mL
borosilicate flask. Then 100 mL of water was added. The flask
was microwaved for 2 min (Sharp microwave model R-242
(IN)E, 800 W) with a 30-s break after the first minute. After
the extract had cooled to room temperature, it was filtered
through Whatman No. 1 filter paper. Prior to use, the extract
was filtered through 0.22 um mixed cellulose ester syringe filter
to remove residual impurities.

2.3. Preparation of AgNPs — Water bath

Firstly, 400 mg of PVP was added to a 250 mL borosilicate
flask. Then 10 mL of plant extract and 90 ml of water was
added and everything was thoroughly mixed until complete
dissolution of PVP. Subsequently, 100 mL of 8 mM AgNO;
was added to obtain the final 4mM silver nitrate
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Fig. 1 Growth of carnivorous plants on ¢ MS medium + 2%
sucrose + 0.15% activated charcoal: A. Drosera binata, B.
Drosera indica, C. Drosera spatulata, D. Dionaea muscipula.

concentration. Flasks were incubated in a water bath for 2 h at
70 °C. After the nanoparticle solution had cooled down to
room temperature, it was centrifuged for 15 min at 15,000
RCF. The obtained nanoparticle pellet was resuspended in 4
mL of water. The sample was stored at room temperature in
darkness for the duration of the tests.

2.4. Preparation of AgNPs — Microwave

Firstly, 200 mg of PVP was added to a 250 mL borosilicate
flask. Then, 5 mL of plant extract and 45 mL of water was
added and everything was thoroughly mixed until complete
dissolution of PVP. Subsequently, 50 mL of 8§ mM AgNO;
was added to obtain the final 4 mM silver nitrate concentra-
tion. Flasks were microwaved for 2 min with a 30-s break after
the first minute. After the nanoparticle solution had cooled
down to room temperature it was centrifuged for 15 min at
15,000 RCF. The obtained nanoparticle pellet was resus-
pended in 4 mL of water. The sample was stored at room tem-
perature in darkness for the duration of the tests.

For the determination of power consumption, GreenBlue
GB202 Energy Meter was used each time a synthesis was per-
formed. For the microwave synthesis, the whole energy usage
was registered for the sample. For the water bath synthesis, the
energy usage was divided between the samples in the water
bath. The energy used was measured in Watt-hours.

2.5. Characterization of nanoparticles

AgNPs synthesized with the use of carnivorous plants extracts
were characterized by using transmission electron microscopy
(TEM), scanning electron microscopy (SEM), dynamic light
scattering (DLS), Fourier transform infrared spectroscopy
(FT-IR), and X-ray photoelectron spectroscopy (XPS). For
TEM analysis samples were placed on grids (Sigma-Aldrich,
St Louis, MO, USA) coated with a 2% collodion solution
(Sigma-Aldrich). Samples absorbed to the surface were exam-
ined using a Philips CM 100 electron microscope at 80 kV (FEI
Company, Eindhoven, the Netherlands).

The nanoparticles morphology was investigated using scan-
ning electron microscopy (Nova Nano SEM 200, FEI). The
observations have been performed taking into account the
chemical analysis of specimens in microareas with energy dis-
persive X-ray spectroscopy (EDS, EDAX). The observations
were carried out in low vacuum conditions in the secondary
electron mode, using Helix detector. Results are presented in
the form of spectra and tables demonstrating the qualitative
and quantitative chemical composition of elements occurring
in the specimens. The EDS analysis confirmed chemical com-
position of examined silver nanoparticles.

The particle size distribution in the samples was assessed by
dynamic light scattering (DLS) analysis using a Zetasizer
Nano ZS (Malvern Instruments Ltd., UK).

The UV-Vis spectra of all samples were recorded with the
use of Evolution 300 double beam spectrophotometer
equipped with the thermostatic cells. The 200-800 nm range
for the measurements was used. All spectra were registered
at room temperature. The optical path for all experiments
was 1 cm. Spectra were registered for both types of synthesis
at intervals ranging from 15 min to 24 h.

Infrared spectra (FT-IR) of AgNPs and carnivorous plant
extracts were recorded with the use of potassium bromide
(KBr) pellets and Briiker Infrared Spectrometer in the range
of 399-4599 cm'. AgNPs samples, as well as extracts, were
Iyophilised before the forming of KBr pellets.

X-ray Photoelectron Spectroscopy analysis (XPS) was car-
ried out with the use of X-ray photoelectron spectrometer
(Omicron NanoTechnology) with a 128-channel collector.
XPS measurement has been done at room temperature in
ultra-high vacuum conditions below 1.1 x 10~® mBar. The
photoelectrons were excited by a Mg-Ka X-ray source. The
X-ray anode was operated at 15keV and 300 W. Omicron
Argus hemispherical electron analyser with round aperture
of 4mm was used for analysis of emitted photoelectrons.
The binding energies were corrected using the background
Cls line (285.0 eV) as a reference. XPS spectra were analysed
with Casa-XPS software using a Shirley background subtrac-
tion and Gaussian—Lorentzian curve as a fitting algorithm.

2.6. HPLC analysis

The chromatographic separation was carried out using Beck-
mann Gold System equipped with a Thermo Separations Spec-
tra 100 variable wavelength detector and a Rheodyne 6-way
injection valve. For the stationary phase, an Agilent Zorbax
SB-Phenyl (4.6 x 150 mm, 3.5 um) was used. The flow rate
used was 1mLmin~'. The sample injection volume was

10 pL. The mobile phase for the analysis consisted of 0.1%
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(v/v) trifluoroacetic acid in acetonitrile as eluent A; 0.1% (v/v)
trifluoroacetic acid in water as eluent B. The separation gradi-
ent was 0 min (10% A)-> 5 min (10% A)-> 12 min (90% A)-
> 20 min (90% A) followed by a 10-min column regeneration.
Chromatographic separations were carried out at room tem-
perature. Typical compounds present in carnivorous plant tis-
sues (droserone, hyperoside, ellagic acid, myricetin,
ramentaceone, plumbagin, quercetin, isorhamnetin) were used
as standards to determine the extracts composition. Three level
standard curve was used for determining the concentration of
the compounds 4-point. Monitoring was performed at 254 nm.
All analyses were performed in triplicate.

2.7. DPPH radical scavenging assay

The antioxidative properties of water extracts from Drosera
and Dionaea species were evaluated with the use of the DPPH
(2,2-diphenyl-1-picrylhydrazyl free radical) assay, which mea-
sures the ability of chemicals to reduce DPPH radical. Free
radical scavenging activity of extracts used in silver nanoparti-
cles synthesis was determined according to the method
described by Abdelwahab et al. (2014) with minor modifica-
tions. The final concentration of DPPH radical in the assay
was 0.1 mM. Working solutions of extracts and DPPH radical
were prepared in pure methanol. Each extract was tested at the
concentration ranging from 1.25 to 25mg of fresh weight
(FW) mL~'. Conversion of 2,2-diphenyl-1-picrylhydrazyl free
radical into diphenyl-1-picrylhydrazyl (DPPH) was measured
spectrophotometrically at 517nm (EnVision Multilabel
Reader, Perkin Elmer) after 30 min incubation at room tem-
perature in the dark. The inhibition of DPPH radical absor-
bance was calculated according to the formula:

Inhibition (%) = AbS(C) + AbS(s)/AbS(C) x 100, (1)

where Absc is the absorbance of control (DPPH radical) and
Abss, is the absorbance of extract sample. All analyses were
performed in triplicate.

2.8. Study of antimicrobial and antifungal susceptibility

The antimicrobial and antifungal activity of AgNPs were
determined using the Broth Microdilutions Method according
to guidelines provided by the Clinical and Laboratory Stan-
dards Institute. To determine minimal inhibitory concentra-
tion (MIC), minimal bactericidal concentration (MBC) and
minimal fungicidal concentration (MFC) of AgNPs, tests on
96-well plates were performed. Two species of human bacterial
pathogens: G (+) Staphylococcus aureus Newman (Duthie and
Lorenz, 1952) and G (—) Pseudomonas aeruginosa PAK
(Ramphal et al., 2008), fungi Candida albicans ATCC 90028,
and three G (—) plant pathogens: Pectobacterium atrosepticum
SCRI 1043, Pectobacterium parmentieri Scc3193 (earlier Pecto-
bacterium wasabie) and Dickeya dadantii 3937, were used
throughout our study. All human pathogens were grown over-
night in Brain Heart Infusion (BHI) medium (BTL, Poland) at
37°C, plant pathogens on Lysogeny Broth (LB) medium
(Roth, Germany) at 28 °C (Pectobacterium) and at 37 °C
(Dickeya). All tested microorganisms are deposited at the
IFB, UG & MUG, Poland. Overnight bacterial cultures were
diluted to obtain the initial inocula, equivalent to 0.5 McFar-
land turbidity standard measured by densimeter (DensiMeter

II, EMO, Brno). AgNPs from carnivorous plants (in a range
of 1-100 pl mL~" which correspond to 1.7-170 pg nanoparti-
cles/mL) were applied into wells of the 96-well plate and sus-
pended in BHI or LB medium (final volume of the medium
was 100 pL). Water extracts (after evaporation) from four spe-
cies of carnivorous plants were also tested in a range of 1-1000
pl mL~". The suspension of 0.5 in McFarland scale of bacteria
or fungi was diluted (final 1.5 x 10° CFU/mL for bacteria and
1.5 x 10* CFU/mL for fungi) in LB or BHI medium, and 10
puL was added into wells. The plates were incubated at 28 °C
or 37 °C for 24 h and the MIC was established. Then, 100
uL of the suspension was plated onto Luria Agar (LA) or
BHI Agar medium. Plates were incubated at 28 °C or 37 °C
for 24 h and at room temperature for 24 h and the MBC was
established. All analyses were performed in triplicate. The
in vitro activity of antibiotics: vancomycin — glycopeptide
(Sigma-Aldrich), ciprofloxacin — second-generation fluoro-
quinolone (Sigma-Aldrich), oxacillin — penicillinase-resistant
B-lactam (Sigma-Aldrich), cefotaxime — cephalosporin III
generation (Ranbaxy, India), piperacilin — p-lactam
(Sigma-Aldrich), ceftazidime third-generation cephalosporin
(Sigma-Aldrich) and streptomycin — aminoglycoside (Sigma-
Aldrich) against bacteria, and fluconazole (Sigma-Aldrich)
and amphotericin (Sigma-Aldrich) against fungi was evaluated
for comparison purposes. We also tested commercially avail-
able silver nanoparticles AgNPs (NanoAmor company,
USA) with a purity of 99.9%, 80 nm particle size and density
of 10.49 g/em® (catalog number 7440-22-4), and AgNPs_
COOH (provided by ProChimia Surfaces Co. (Poland) as
water-soluble nanoparticles coated with the HS-(CH2)10-
COOH™" ligand, 5.5nm in diameter, characterized by a
dispersity level of 15%. The initial stock concentration of
AgNPs was 10.5 x 10" NPs mL~' which corresponds to
958 ng mL ™" (SPR maximum, Ay 420-424 nm).

3. Results

3.1. Preparation and characterization of AgNPs in water bath or
with the use of microwaves and its characterization

After incubation in the water bath the solutions’ colours
turned from dark yellow to deep red that is consistent with
nanoparticle colloid solutions. In low lighting conditions, the
colloid seemed to be clouded. Straight after microwave-
assisted synthesis solutions showed a much lighter colour than
their counterparts synthesized in the water bath. After cooling
down to room temperature the difference in colouration was
insignificant.

Transmission and scanning electron microscopy images
showed the differences in the morphology of AgNPs (Fig. 2).
Depending on the type of extract different size of the nanopar-
ticles were observed. Nanoparticles synthesized using D. mus-
cipula (Fig. 2: A4, B4, A8, B8) and D. indica (Fig. 2: A2, B2,
A6, B6) extracts showed high concentration and shape unifor-
mity. We did not observe homogeneity in shape for AgNPs
from D. binata. The SEM images revealed the formation of
even 300 nm clusters. The sizes of the most antimicrobial
active D. indica and D. muscipula nanoparticles are presented
in Fig. 3. The water bath synthesized samples showed a consid-
erable fraction of small (~5-10 nm) nanoparticles (Fig. 2: Al,
Bl, A2, B2, Cl, C2, DI, D2).
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Fig. 2 TEM (A) and SEM (B) images of silver nanoparticles synthesized using: 1, 5 — extracts from D. binata, 2, 6 — extracts from D.

indica, 3, 7 — extract from D. spatulata, 4, 8§ — extract from D. muscipula. 1-4 AgNPs obtained in water bath, 5-8 AgNPs obtained in
microwave.

AgNPs from D. indica - AgNPs from D. muscipula -
microwave assisted synthesis microwave assisted synthesis
30% 30% B
25% —~ 25%
S 20% & 20%
B 1% 2 15%
g 10% = 10%
Z 5% “ 5o
0% —_— 0%
5 10 15 20 25 30 35 40 45 50 55 60 5 10 15 20 25 30 35 40 45 50 55 60

Size (nm) Size (am)

Fig. 3 The particle size distribution of the samples (A) AgNPs from D. indica using microwave assisted synthesis, (B) AgNPs from D.
muscipula using microwave assisted synthesis assessed by dynamic light scattering.

Fig. 4 shows an example of EDS analysis of AgNPs corresponds to carbon tape, which was used for nanoparticles
obtained from D. muscipula. The EDS spectrum mainly con- mounting. The oxygen concentration in amount of 11% is
sists of C, O and Ag peaks. The high content of carbon element related to the aqueous solution. The EDS analysis and electron
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Fig. 4 EDS spectrum for the AgNPs synthesized using microwave assisted synthesis of water extract from D. muscipula. The spectrum

consisted of different peaks for silver (Ag), carbon (C), and oxygen.

diffraction pattern suggest that the nanoparticles are only
composed of Ag element. Similar results were obtained for
the other AgNPs (data not shown).

The UV-Vis spectra of the silver nanoparticles (AgPNs)
formation process with the use of water bath and microwave
are presented in Fig. 5 and Fig. 6, respectively. Colour of
nanoparticle solutions change from light-yellow to dark-
brown through the reaction. The UV-Vis spectra were
recorded at different time intervals (15 min, 1 h, 3h, 6 h, 9 h,
12 h and 24 h) to observe the gradual reduction of silver nitrate
in solution after treatment with microwaves of high tempera-
ture. The UV-Vis spectra of each AgNPs species recorded
after 24 h showed that the absorbance maximum did not
change significantly in respect to the 12 h spectrum. The results
confirmed that the reaction reached its equilibrium within 24 h.
The final spectra for each type of AgNPs showed a character-
istic peak at c.a. 420 nm. This peak corresponds to silver
nanoparticles appearance in solution and it was present in all
tested mixtures. Furthermore, the comparison of UV—Vis spec-
tra (Fig. 7) of carnivorous plant extracts and AgNPs spectra
proves that both methods can be used to obtain silver
nanoparticles. Additional information about UV—Vis spectral
characteristics of other substances used during both synthesis
pathways (aqueous solutions of silver nitrate, PVP, plant

extracts and PVP/extract solutions) can be found in Supple-
mentary Information, see Fig. SI.

FT-IR spectra of AgNPs together with spectra of plant
extracts used for the synthesis are shown in Fig. 8. It is worth
mentioning that the FT-IR spectra of AgNPs obtained by
using two independent methods are similar, although the spec-
tra for the microwave method are more explicit aiding in the
AgNPs derivatisation identification. FT-IR analysis showed
that after AgNPs formation, their binding with compounds
from the plant extract is possible and is due to the interactions
between the —OH and the C—O groups of appropriate
polyphenolic compounds in plant extracts. IR spectra carnivo-
rous plant/AgNPs systems illustrate the mentioned phe-
nomenon, with the regions of relevance shown in Fig. 8. The
high intensity peaks at 557 and 636 cm™! indicate the presence
of uncoated AgNPs in case of all studied samples. Addition-
ally, there are significant shifts in the —OH and C=0 peaks,
while all the other peaks (mainly aliphatic and aromatic
C—H stretching) remain unchanged. The shifts observed for
stretch —OH and C—=0 were following: 166 and 87 cm™' (D.
binata extract); 134 and 71cm™' (for D. indica extract);
158 and 71 cm™! (D. spatulata extract); 110 and 63 cm ™!
(D. muscipula extract), respectively. These spectral changes
may be related to AgNPs coating by compounds from
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Fig. 5 Time dependent UV-Vis spectra confirming the AgNPs formation by using water bath method in the presence of: (A) D. binata,
(B) D. indica; (C) D. spatulata; (D) D. muscipula; I-IX aqueous solutions of: I — AgNOs; II, IV, VI, VIII — pure, appropriate plant extracts
of Drosera; 111, V, VII, IX — adequate Drosera/AgPNs systems obtained.

carnivorous plant extracts in studied solutions. Additional
information about FT-IR spectral characteristics of other sub-
stances used during both synthesis methods (silver nitrate,
PVP, plant extracts and PVP/carnivorous plant combinations)
can be found in Supplementary Information, Fig. S2.

XPS experiment has been performed to provide insight on
valance state of silver nanoparticles in sample obtained from
D. muscipula extract using microwave-assisted synthesis
method. Exemplary spectra of such samples are presented in
Fig. 7. Ag3ds, and Ag3ds,, photoelectron peaks of silver have
been observed at 368.22 and 374.21 eV respectively. Spin orbit
components in all cases were separated by distance of 6 eV
which is characteristic for silver. Shape of obtained spectra is
comparable to the ones published before (Prieto et al., 2012).
However, it is difficult to distinguish between different silver
state components of 3ds;, peak. Therefore, definition of silver
oxidation state on the basis of XPS measurements is challeng-
ing and sometimes impossible. Consequently, modified Auger
parameter (o) had to be calculated. In order to acquire it,
kinetic energy of silver M4VV Auger line was determined (pre-
sented in Fig. 9) at position equaled 357.1 eV. Parameter has
been calculated according to the equation:

o = BE(Ag3ds)» + KE(AgMA4VV) 2)

where BE(Ag3ds),) is the binding energy of Ag3ds,, peak and
KE(Ag M4VV) is kinetic energy of M4VV Auger line peak.
Parameter o’ for metallic silver equals 726 eV (Ramstedt and
Franklyn, 2010). Calculated result for our sample is 725.3
eV, which means that most of Ag oxidation states existed in

Ag® form. Similar results were obtained for the other AgNPs
(data not shown).

3.2. HPLC analysis

HPLC analysis revealed that main compounds in the water
extracts belong to the flavonoids and naphthoquinones groups
(Table 1, Fig. 10). The concentration of those compounds dif-
fered between carnivorous plant species. From all tested plants
D. muscipula tissue was most abundant in secondary metabo-
lites. From the three species of Drosera, the most abundant
with secondary metabolites were D. indica extracts. Each of
the samples had relatively high concentration of hyperoside
and ellagic acid (Fig. 10). The highest concentration of ellagic
acid and hyperoside was found in D. musciplula and D. indica
respectively. Depending on the tissue, plumbagin (in D. mus-
cipula and D. binata), ramentaceone (in D. spatulata) or plum-
bagin and ramentaceone (in D. indica) was found. The total
concentration of naphthoquinones was similar among tested
samples except D. spatulata extract in which the concentration
of ramentaceone was 16.397 pg mL~". Myricetin and isorham-
netin in larger concentrations were only found in D. muscipula
tissues (Table 1, Fig. 10).

3.3. DPPH radical scavenging assay and study of antimicrobial
susceptibility

Plant extracts obtained after the microwave-assisted extraction
showed light to dark yellow colour shift. This was due to the
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Fig. 9  XPS spectra for Ag 3d region (A) and Auger lines (B) of AgNPs synthesized using microwave assisted synthesis of water extract

from D. muscipula sample.

solubilization of flavonoids and other water-soluble
compounds present in the plant tissue. In order to evaluate
the antioxidative activity of water extracts of D. muscipula,
D. binata, D. indica and D. spatulata, their ability to scavenge
DPPH free radicals was analysed. Both D. muscipula and D.
indica possessed similar and the highest radical scavenging
properties (ICso = 0.857 + 0.023 mg FW mL™!) despite their
various secondary metabolite composition (Table 1). DPPH
test revealed that D. binata extract possessed the lowest radical
scavenging potential out of the four tested extracts, because
the ICso was 5.5 = 0.049 mg FW mL~'. The ICs, of the water

extract for D. spatulata was 1.428 mg + 0.029 FW mL™". It is
worth mentioning that radical scavenging properties of plants
extracts were strongly correlated with the antimicrobial
activity of AgNPs obtained using the aforementioned plant
extracts.

Synthesized nanoparticles showed higher antimicrobial
activity against plant pathogens in comparison to human
pathogens (Table 2). The Minimal Inhibitory Concentration
varied depending on the microorganism and was between
53 ugmL™! (for D. dadantii and P. aeruginosa) and 170 pg
mL~" or more (for S. aureus and C. albicans). The highest
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Table 1 Chromatographic data of compounds identified by HPLC in the water extract from four extracts from carnivorous plants.

Concentration [pug mL™!]

Compound Drosera binata Drosera indica Drosera spatulata Dionaea muscipula
Hyperoside 15.290 + 0.362 44.813 + 0.237 15.136 £+ 0.205 12.207 + 0.286
Elagic acid 14.968 + 0.273 36.751 £+ 0.496 36.198 £ 0.307 104.303 + 0.510
Myricetin 0.107 £ 0.002 6.062 + 0.175 3.320 £ 0.080 59.241 £ 2.312
Quercetin 0.511 £+ 0.009 2.236 + 0.076 0.893 £+ 0.012 3.945 £+ 0.112
Isorhamnetin 0.403 £ 0.027 0.683 £ 0.059 0.375 £+ 0.044 1.592 + 0.024
Droserone 1.012 £+ 0.022 1.631 £ 0.055 2.162 + 0.013 3.314 £ 0.051

Plumbagin and ramentaceone

45.681 £ 0.145

52.647 + 0.356

16.397 + 0.789

53.147 £ 0.583

700
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Fig. 10 HPLC analysis of water extracts from D. binata, D. muscipula, D. indica and D. spatulata.

antimicrobial activity for both pathogens was shown by
AgNPs synthesized using the microwave method and extracts
from D. muscipula and D. indica because the range of MBC
was between 5.3 pgmL~' and 42.5 ugmL~" (Table 2). The
most resistant to AgNPs was fungi (C. albicans) where MBC
was above 170 pgmL~!. Water extracts from carnivorous
plants tested in the range from 1 to 1000 pl mL~" did not show
antimicrobial activity against tested microorganisms (data not
shown).

4. Discussion

Green synthesis is energy efficient, easy and fast. It allows
avoiding the use of toxic and dangerous compounds, so it does
not harm the environment (Mohapatra et al., 2015; Zhang
et al., 2016). In this method, different biological systems,
including bacteria, fungi and plants, are used for the produc-
tion of nanoparticles (Liu et al., 2012; Zhang et al., 2016). Bio-
logical synthesis methods allow controlling the size and shape
of nanoparticles. These are important factors considering their
biomedical use (Gurunathan et al., 2009). AgNPs have already
been synthesized using plant extracts from: Magnolia grandi-

flora and Eucalyptus angophoroides (Okafor et al. 2013), Citrus

limon (Prathna et al., 2011), Capsicum annuum L. (Li et al.,
2007), Camellia sinensis (Loo et al., 2012), Cinnamomum

altissimum Kosterm. (Abdelwahab et al., 2017), coffee and
green tea (Ronavari et al., 2017), olive leaves (Khalil et al.,
2014), and many others. In our research, we used biomolecules
from carnivorous plants’ extracts as a reducing and capping
agent for the green synthesis of nanoparticles characterized
by high antimicrobial activity.

Drosera and Dionaea tissues are a natural source of phar-
macologically important compounds (e.g. glucosides, flavo-
noids, phenolic acids) that are used as substrates in the
production of pharmaceuticals (Kreher et al., 1990, Finnie
and van Staden, 1993). Our previous studies have shown that
chloroform and methanol extracts from Drosera sp. and Dion-
aea tissues have a great antimicrobial potential (Krolicka et al.,
2008, 2009, 2010; Szpitter et al., 2014; Taraszkiewicz et al.,
2012). This study answers the question whether secondary
metabolites from carnivorous plants are a good basis for
AgNPs synthesis and whether the resulting AgNPs would pos-
sess higher antimicrobial activity than the extracts that were
used for their preparation.

4.1. Preparation of AgNPs — Water bath and microwaves-
assisted

Already published studies showed that the synthesis of most
AgNPs with the use of plant extracts do not require an addi-
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2007) but this fact is inconsistent with our observed results. We
found that larger but similar in size nanoparticles show higher
antimicrobial activity rather than those with heterogeneous
size distribution.

The samples after the reaction change from light to dark
brown in colour (Figs. 5 and 6, insert). For all samples the
absorbance maximum was registered at about 420 nm. This
indicates the presence of silver nanoparticles. The detailed
FT-IR analyses confirmed the presence of AgNPs partially
coated with PVP and showed the binding mode between
AgNPs and plant extracts components.

4.3. Preparation of plant extract and DPPH radical scavenging
assay

The results obtained with DPPH radical scavenging assay for
water extracts from carnivorous plants clearly correlated with
antimicrobial activity. The most potent AgNPs were synthe-
sized in plant extracts with the highest antioxidant potential
(Table 2). The flavonoids from Drosera sp. and Dionaea tissues
were crucial in the synthesis of AgNPs. They were responsible
for the reduction of silver ions and partially for the stabiliza-
tion of the obtained nanoparticles. Qin et al. (2010) showed
that it is possible to obtain silver nanoparticles by using ascor-
bic acid (very potent antioxidant) as a reductant. It was shown
so far by Krolicka et al. (2009) that the methanol extract (con-
taining flavonoids like quercetin and myricetin) from Drosera
aliciae proved to be a very potent antioxidant. The highest
concentrations of flavonoids in D. muscipula and D. indica
and AgNPs obtained from these tissues were most active
against bacteria and fungi. Our research showed that flavo-
noids from carnivorous plants possess high antioxidant prop-
erties and thus are also excellent silver ions bioreductans.

4.4. Study of antimicrobial susceptibility

Bacteria employ various mechanisms to survive in unfavour-
able environmental conditions. Widespread application of
antibiotics caused the emergence of antibiotic-resistant bacte-
rial phenotypes. Therefore, a lot of effort is put into discover-
ing novel classes of antimicrobial compounds, with a mode of
action distinct from antibiotics (Singh and Barrett, 2006). Bac-
terial cell structure is an important factor for the antimicrobial
effectivity of compounds. In our research, we have shown that
G (—) bacteria, especially plant pathogens, are more suscepti-
ble to AgNPs compared to Gram positive bacteria. This is due
to the differences in the structure of cell membrane and cell
wall between Gram (+) and Gram (—) bacteria (Dakal
et al., 2016). Negatively charged bacterial cell membranes
and cell wall are the main sites of attachment for positively
charged AgNPs. Silver nanostructures aggregate on the bacte-
rial cell surface and therefore disrupt its functions. However,
AgNPs are also able to penetrate the bacterial cell membrane
and subsequently enter the cytoplasm where highly reactive sil-
ver ions are released from their surface. As Ag " ions released
intracellularly play a crucial role in bactericidal activity, the
rate of membrane penetration renders gram negative bacteria
more susceptible to silver nanoparticles.

Ansari et al. (2011) have determined the MBC value for
commercial nanoparticles (Nanoparticle Biochem, Inc) for S.
aureus rteference strain at 25 pgmL™'. This value was very

close to the MBC values for AgNPs obtained from the extract
of D. indica tissues after microwave synthesis (21.2 pg mL™1).
The MBC values of nanoparticles synthesized from D. indica
extract and water bath (170 ug mL™") were 8 times higher than
the microwave synthesized AgNPs (21.2 pg mL ™). Khan et al.
(2016) found that MBC of AgNPs obtained from the Zizipus
nummularia leaf extract was 130 pg mL ™', which is more than
the MBC value of any AgNPs obtained in our experiment.
Sheikholeslami et al. (2016) determined the MBC value of syn-
thetic silver nanoparticles (NanoLotus Pasargad, Inc) against
P. aeruginosa to be 31.25 pg mL~!. Brown et al. (2012), synthe-
sized silver nanoparticles with the use of sodium borohydrate
and determined their MBC value at 4 pgmL™".

We observed that G (—) plant pathogenic bacteria (P.
atrosepticum, P. parmentieri and D. dadantii) were more sensi-
tive to AgNPs in comparison to Gram negative P. aeruginosa.
This may be related to the fact that plant pathogens have not
been subjected to antibiotic pressure for millennia as compared
to human pathogens. Certain multiresistant opportunistic spe-
cies, such as P. aeruginosa and Acinetobacter baumannii, can
colonize niches where many other species cannot survive e.g.
environments with high concentration of antimicrobial agents
(Beceiro et al., 2013). In addition, many of clinical isolates of
P. aeruginosa appear to carry the impermeability type of resis-
tance to various antibiotics (Wang et al., 2003). During our
study we compared the activity of our nanoparticles to stan-
dard antibiotics. We found that in most cases AgNPs were
more effective than streptomycin, but less effective than cefo-
taxime (Table 2). Streptomycin and copper-containing chemi-
cals are the most frequently used for control of plant
pathogenic bacteria (Kamysz et al., 2005).

What is more, the addition of carnivorous plant extracts to
AgNPs can lower the needed MBC/MFC concentration. Using
a checkerboard titration method in our previous study
(Krychowiak et al., 2014) we found that the synergistic effect
between nanoparticles and plant extracts can drastically (over
50%) lower the effective dose of this antimicrobial agents.

We have compared the activity of our nanoparticles with
commercially available nanoparticles (Table 2). AgNPs from
NanoAmor synthesized using chemical reduction method did
not show activity towards either human or plant pathogens.
Nanoparticles with surface modification (HS-(CH2)10-
COOH ligand) from Prochimia Surfaces Sp. z 0.0. showed
activity that was comparable to AgNPs synthesized in D. mus-
cipula extract with the assistance of microwave. Because our
approach is a one-pot method with in situ derivatization, it
delivers more cost effective way of AgNPs synthesis and
modification.

5. Conclusions

We present a AgNPs synthesis method that uses aqueous
extracts from four carnivorous plant species: D. muscipula,
D. binata, D. spatulata and D. indica. Our research demon-
strates that AgNPs synthesis with the use of biological reduc-
tion methods may be a good alternative to AgNPs synthesized
with the use of synthetic reducing agents (expensive, harmful
to the environment). The obtained nanoparticles were proven
to be effective against human (S. aureus, P. aeruginosa, C. albi-
cans) and plant pathogens (P. atrosepticum, P. parmentieri and
D. dadantii).
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