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timicrobial activity of silver
nanoparticles against ESKAPE bacteria and
emerging fungal pathogens by using tea extracts†

Sada Raza, a Mateusz Wdowiak, a Mateusz Grotek,ab Witold Adamkiewicz, a

Kostiantyn Nikiforow, a Pumza Mentea and Jan Paczesny *a

The sale of antibiotics and antifungals has skyrocketed since 2020. The increasing threat of pathogens like

ESKAPE bacteria (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter

baumannii, Pseudomonas aeruginosa, and Enterobacter spp.), which are effective in evading existing

antibiotics, and yeasts like Candida auris or Cryptococcus neoformans is pressing to develop efficient

antimicrobial alternatives. Nanoparticles, especially silver nanoparticles (AgNPs), are believed to be

promising candidates to supplement or even replace antibiotics in some applications. Here, we propose

a way to increase the antimicrobial efficiency of silver nanoparticles by using tea extracts (black, green,

or red) for their synthesis. This allows for using lower concentrations of nanoparticles and obtaining the

antimicrobial effect in a short time. We found that AgNPs synthesized using green tea extract (G-

TeaNPs) are the most effective, causing approximately 80% bacterial cell death in Gram-negative

bacteria within only 3 hours at a concentration of 0.1 mg mL−1, which is better than antibiotics.

Ampicillin at the same concentration (0.1 mg mL−1) and within the same duration (3 h) causes only up to

40% decrease in the number of S. aureus and E. cloacae cells (non-resistant strains). The tested silver

nanoparticles also have antifungal properties and are effective against C. auris and C. neoformans, which

are difficult to eradicate using other means. We established that silver nanoparticles synthesized with tea

extracts have higher antibacterial properties than silver nanoparticles alone. Such formulations using

inexpensive tea extracts and lower concentrations of silver nanoparticles show a promising solution to

fight various pathogens.
Introduction

The ght against drug-resistant microorganisms costs the US
alone $55 billion every year. $20 billion is spent on health care,
and $35 billion is due to the loss of productivity.1 The overuse of
antibiotics in medicine2 and agriculture (to stimulate the
growth of livestock3) resulted in the antimicrobial resistance
(AMR) epidemic. Since 2015, it has been estimated that about
154 million prescriptions of antibiotics are reported yearly;
about 30% of these prescriptions are considered unnecessary.4

Since 2016, AMR has been considered by the United Nations as
a threat to health and human development.5 Bacteria can
develop drug-resistance mechanisms within 10 hours of anti-
biotic exposure.6 Drug resistance can also be transmitted
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between bacterial species via different means, including hori-
zontal gene transfer of antibiotic resistance genes (ARGs).7

The spread of antibiotic resistance resulted in the appear-
ance of multi-drug-resistant (resistant to more than three
classes of antibiotics) bacterial strains. In the case of Gram-
negative bacteria, the spread of extended-spectrum beta-
lactamase (ESBL)-positive strains made the usage of beta-
lactam antibiotics (e.g., penicillin, cephalosporins and mono-
bactams) less effective.8 Among Gram-positive bacteria, beta-
lactam antibiotics resistance is usually due to the develop-
ment of bacterial penicillin-binding proteins (PBPs).9–11 PBPs
bind to all beta-lactam antibiotics.12 MDR infections can still be
treated with drugs such as carbapenems (against Gram-negative
bacteria) and vancomycin (against Gram-positive bacteria).
However, some bacterial groups already resist these ‘last-chance
antibiotics’.13–16 Enterococci species (Enterococcus faecium, and
Enterococcus faecalis) are generally known for their natural-
borne resistance to vancomycin.17 The main reservoir of car-
bapenem resistance (CR), acquired due to the production of
carbapenemases, is Klebsiella pneumoniae18–20 and Acinetobacter
baumannii21,22 strains. These most widespread and problematic
bacterial pathogens were grouped and described under the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ESKAPE acronym. ESKAPE bacteria are E. faecium, Staphylo-
coccus aureus, K. pneumoniae, A. baumannii, Pseudomonas aeru-
ginosa, and Enterobacter spp. These are opportunistic pathogens
that are responsible for numerous nosocomial infections and
the spread of AMR worldwide.23,24

Although bacterial pathogens are a severe threat, as their
infections may lead to sepsis,25 various cancers,26 and metabolic
disorders,27 the problem of emerging pathogens is far beyond
just bacteria. Drug-resistant fungi (mainly yeasts) became a new
threat pertaining to nosocomial infection. Cryptococcosis, an
infection caused by the yeast Cryptococcus neoformans, has been
a signicant problem for immunodecient patients for years.28

The therapy is challenging because cerebral infection is the
most frequent form of cryptococcosis.29 Moreover, azole drugs
such as voriconazole are frequently used for severe cryptococ-
cosis because a signicantly lower dose (approximately seven
times lower) can be used compared to that of amphotericin B.30

However, 11–19% of patients exposed to voriconazole were
found to have elevated aminotransferase levels.31

Another emerging fungal pathogen is Candida auris. First
discovered in 2009, C. auris has been detected within a few years
in different geological regions, including wealthy counties, e.g.,
South Korea, Canada, and the USA.32 It has been reported to
cause fungemia (the presence of fungal cells in the blood-
stream),33 which is particularly dangerous for immunosup-
pressed patients, children, and elders.34 In a murine model, the
fatality of C. auris infection is comparable to that of Candida
albicans, Candida haemulonii, and Candida glabrata (survival
rate of about 30% within 15 days post-infection).35 The average
mortality rate for infected humans is about 35%,36 comparable
to the fatality of Candida spp. infection in immunodecient
patients.37 Moreover, C. auris is also resistant to commonly used
antifungal drugs, such as amphotericin B, uconazole, vor-
iconazole, or echinocandin.38–40 The isolation of pan-resistant C.
auris strains (resistant to four groups of antifungal drugs) has
been already reported.8,11,15 Combined with the unknown
mechanism of rapid gain of fungistatic resistance,36,41 its
potential spread to Cryptococcus spp. and Candida spp. may
become a signicant medical problem in the near future.

New biomedical applications have emerged with the growing
advancements in nanotechnology linked with microbiology,
especially with silver nanoparticles (AgNPs). Due to the broad
spectrum of antibacterial, antifungal, and antiviral properties,
AgNPs are popularly adopted as disinfectants and antimicrobial
agents.42 More than 500 tons of nanoparticles per year are now
supplied to meet different industrial demands (with the
perspective to reach the amount of 1230 tons per year),43 drawing
attention to their biological activity and safety along with their
mechanism of action.44 Silver nanoparticles cause microbial cell
death by penetrating bacterial cell walls, altering the cell
membrane structure, increasing cell membrane permeability,
producing reactive oxygen species (ROS), and interrupting the
replication of DNA.42 More than a 3 log reduction in the CFU
per mL (colony forming units per milliliter) of Gram-negative
bacteria was witnessed in the presence of silver nanoparticles
by impairing their adhesion ability and preventing biolm
formation.45,46 AgNPs are generally considered safe for humans.47
© 2023 The Author(s). Published by the Royal Society of Chemistry
However, due to their potential toxicity to aquatic environments48

and the possibility of bacterial resistance to nanoparticles,49 they
may generate problems soon.

Applying natural extracts with antibacterial properties
appears to be a promising approach to support nanotechnology-
based solutions. Among the products from different plants, the
extracts of Camellia sinensis (tea) are obvious choices. Tea and tea
extracts have antioxidant and antibacterial properties due to the
containment of numerous avanols and polyphenols.50,51 Poly-
phenols in tea extracts (especially catechins) act as capping and
reducing agents.52,53 In the presence of metal ions, the hydroxyl
groups of catechin molecules act as electron donors, reducing
silver ions (Ag+) to metallic silver (Ag0).54 Surface interactions
between polyphenols and newly reduced metallic silver particles
function as the capping factor preventing the agglomeration of
AgNPs.53 Combining silver nanoparticles and tea extracts against
microbes has drawn attention within the past few years.50,55,56 The
antimicrobial activity of green-synthesized AgNPs (including
natural extracts) is described in the recent review by Xin et al.57

In this paper, we propose a method to reduce the working
concentration of AgNPs, owing to their synthesis with natural
extracts. We synthesized AgNPs with natural extracts from three
different types of tea – black, green, and red (B-TeaNPs, G-
TeaNPs, and R-TeaNPs) and tested them against multidrug-
resistant pathogenic bacteria and yeasts. Their antimicrobial
properties were compared in selected concentrations (between
0.1 mgmL−1 to 1 mgmL−1). The strains chosen for antibacterial
tests were the representative strains of ESKAPE bacteria – E.
faecium, S. aureus, K. pneumoniae, A. baumannii, P. aeruginosa,
and Enterobacter cloacae. Antifungal properties of TeaNPs were
examined on C. auris and C. neoformans. This study is the rst to
investigate and compare the antimicrobial properties of
different sets of TeaNPs on such a wide range of pathogenic
microbes (including ESKAPE bacteria and fungi).
Experimental
Synthesis of AgNPs

All commercially available reagents were used as received
without further purication. According to the product speci-
cations provided by the producer (Sigma Aldrich), the purity of
reagents was >98%, estimated using GC analysis or titration
with appropriate reagents.

A control batch of silver nanoparticles was prepared
following the method described by Agnihotri et al. with slight
modications.58 An aqueous solution (48 mL) containing 2 mM
NaBH4 and 2 mM trisodium citrate (TSC) was heated to 60 °C
and stirred for 30 minutes. Next, the AgNO3 solution (2 mL, 11.7
mM) was added dropwise. The mixture was heated to 90 °C, and
the pH was adjusted to 10.5 using 0.1 M NaOH. Finally, the
reaction was stirred further at 90 °C for 20 minutes until an
evident color change was observed.
Synthesis of silver nanoparticles with tea extracts

Silver nanoparticles with tea extracts (TeaNPs) were synthesized
using AgNO3 and tea extracts by a slightly modied method by
Nanoscale Adv., 2023, 5, 5786–5798 | 5787
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Nakhjavani et al.59 Three kinds of tea: black (Loyd, Mokate, and
Poland), green (Loyd, Mokate, and Poland), and Pu-erh (Lord
Nelson, Lidl, and Poland), were frozen in liquid nitrogen and
ground using a mortar and pestle. 10 g of the ground leaves were
immersed in hot water (60 °C, 100 mL) and le to brew. Aer 15
minutes of steeping, the raw extracts were cooled to room
temperature, transferred to falcon tubes, and centrifuged
(9000 rpm, 10 min) to remove leaf residuals. Decanted liquids
were centrifuged again (15 000 rpm, 10 min) to remove ne
debris. Finally, extracts were ltered with a syringe lter (pore
size 0.22 nm). Aer this, a portion (25 mL) of the selected extract
was transferred into an Erlenmeyer ask, and AgNO3 (750mL, 10
mM) was added dropwise while stirring, maintaining a constant
temperature below 50 °C. The solution was allowed to mix for 2
hours, during which the color of the reactionmixture changed to
yellow-brown with a silver shine. The resulting nanoparticle
suspensions were centrifuged (10 000 rpm, 10 min). The super-
natant was discarded, and the deposit was redispersed in water
by sonication. The purication process was repeated 6 times, and
nally, the nanoparticles were suspended in water (resulting
concentration of 1 mg mL−1, estimated by drying the nano-
particles and further dilution), creating a stock suspension,
which was stored in a fridge (4 °C) for later use.
Characterization – protocols and equipment

UV-vis absorption spectra were recorded using a Thermo
Scientic Evolution 220 spectrometer with a temperature
controller. The measurements were carried out using 1 cm
quartz cuvettes (Hellma, Germany).

Fourier-transform infrared spectroscopy (FTIR) studies were
performed with a Vertex 80 V FTIR spectrometer (Bruker, USA)
equipped with a Platinum ATR (Bruker, USA) module. The tea
extracts were dried by rotary evaporation at 65 °C to remove
water. The TeaNPs were centrifuged to remove water and then
dried in an oven at 65 °C. Dried powder samples were placed on
a diamond prism (1 mm × 1 mm) to cover it. The spectral
resolution of the measurement was 2 cm−1, and the number of
scans was 64.

The hydrodynamic sizes of the NPs were determined using
the dynamic light scattering (DLS) technique. The DLS
measurements were conducted with a Malvern ZetaSizer Nano-
ZS instrument using 1 cm quartz cuvettes (Hellma, Germany).

Scanning electron microscopy (SEM) images were collected
with a Nova NanoSEM 450 under high vacuum (10−7 mbar). The
puried samples were deposited on a silicon substrate, allowed
to dry, and mounted onto a standard SEM stub with carbon
tape. The images were collected using a through lens detector
(TLD) of secondary electrons at a primary beam energy of 10 kV
and a 4.8 mm working distance. The average diameters of the
NPs were calculated from the SEM images using the ImageJ
soware by measuring at least 100 particles per sample.

High-resolution transmission electron microscopy (HRTEM)
was performed using an FEI TECNAI G2 F20S-TWIN micro-
scope. 10 mL of liquid samples of TeaNP stock solutions were
placed on Quantifoil Cu 300 holey carbon meshes and le to
dry.
5788 | Nanoscale Adv., 2023, 5, 5786–5798
X-ray diffraction analysis was performed with a Malvern
PANalytical Empyrean range diffractometer at room tempera-
ture with the wavelength l = 0.154 nm.

X-ray photoelectron spectroscopy (XPS) was performed with
a CLAM2 XPS spectrometer (VG Microtech Ltd, London, United
Kingdom). Dried powder samples were placed on the
measurement table to cover the appropriate surface. Measure-
ment was performed in a vacuum, within the binding energy
ranging from 0–1300 eV.

The surface areas of tested materials were measured with an
ASAP 2020 automatic analyzer (Micromeritics Instrument
Corp., USA), using krypton as an adsorbate. Before adsorption
measurements at liquid nitrogen temperature (77 K), the
samples were outgassed at 373 K for 15 hours in a vacuum
chamber to clean their surface. The specic surface areas of
AgNPs were calculated using the BET (Brunauer–Emmett–
Teller) method.
Bacteria

For the evaluation of the antibacterial properties of TeaNPs, E.
faecium DSM 13590 (obtained from the German Collection of
Microorganisms and Cell Cultures), S. aureus DSM 105272
(obtained from the German Collection of Microorganisms and
Cell Cultures), A. baumannii ATCC 19606 (obtained from the
collection of the Institute of Physical Chemistry PAS), K. pneu-
moniae ATCC 700603 (obtained from the collection of the
Institute of Physical Chemistry PAS), P. aeruginosa DSM24068
(obtained from the German Collection of Microorganisms and
Cell Cultures), E. cloacae PCM 2569 (obtained from the Polish
Collection of Microorganisms), and Escherichia coli BL21 (ob-
tained from the Institute of Biochemistry and Biophysics PAS,
Warsaw, Poland) were used. A colony of the required strain was
picked from the stock plates and transferred to 10 mL of LB
medium to prepare the overnight bacterial cultures (37 °C,
200 rpm, using an orbital shaker-incubator ES-20). The over-
night cultures were refreshed by adding fresh LB medium (1 : 4
v/v) and incubated at 37 °C for approximately 1 hour. We aimed
to reach the appropriate OD600 corresponding to the known
concentration of bacteria expressed as CFU per mL (for E. fae-
cium OD600 ∼ 0.5$ 1.0 × 107 CFU per mL; S. aureus OD600 ∼ 1.0
$ 1.5× 109 CFU per mL; K. pneumoniae OD600 = 1.0$ 1.0× 108

CFU per mL; A. baumannii OD600 = 1.0 $ ∼4.0 × 108 CFU per
mL; P. aeruginosa OD600 = 1.0 $ ∼5.0 × 109 CFU per mL; E.
cloacae OD600 = 0.5$ 1.0 × 109 CFU per mL; E. coli OD600 = 1.0
$ 1.0 × 108 CFU per mL). Each bacterial culture was diluted in
0.9% NaCl to an initial concentration of about 104 cells per mL.
The mixtures containing bacterial cultures and TeaNPs at the
concentrations of 1.0 mg mL−1, 0.5 mg mL−1, or 0.1 mg mL−1

were plated on the LB agar plates (100 mL per plate), and then
incubated with shaking (room temperature, 220 rpm) for 3
hours. Control samples did not contain any AgNPs. Aer the
incubation, another 100 mL of each suspension was cultured
onto the fresh LB agar plates. The plates were incubated over-
night at 37 °C, and then the number of bacteria was calculated
based on the colony number, according to the equation CFU
per mL = N × D × 10 (N – number of colonies; D – dilution).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Student's t-test was performed to evaluate whether observed
differences, compared to the adequate control, were statistically
signicant (*p < 0.05; **p < 0.01; ***p < 0.001). The experiments
were conducted in triplicate.

Antibiotic and tea extract assay

To evaluate the antibacterial properties of ampicillin (Sigma
Aldrich), S. aureus DSM 105272 and E. cloacae PCM 2569 were
used. A colony of the required strain was picked from the stock
plates and transferred to 10 mL of LB medium to prepare the
overnight bacterial cultures (incubated at 37 °C in an orbital
shaker-incubator ES-20, 200 rpm). The overnight cultures were
refreshed by adding fresh LB medium (1 : 4 v/v) and incubated
at 37 °C for approximately 1 hour. We aimed to reach the
appropriate OD600 corresponding to the known concentration
of bacteria expressed as CFU per mL (for S. aureusOD600∼ 1.0$
1.5 × 109 CFU per mL; for E. cloacae OD600 = 0.5 $ 1.0 × 109

CFU per mL). Each bacterial culture was diluted in 0.9% NaCl to
an initial concentration of about 104 cells per mL. The mixtures
contain bacterial cultures and ampicillin at concentrations of
0.01 mg mL−1 (MIC value for ampicillin) and 100 mg mL−1

(0.1 mg mL−1). Tea extracts, obtained according to the protocol
described in the Synthesis of silver nanoparticles with tea extracts
section, were dried using a rotatory evaporator (Rotavapor R-
100, Buchi AG, Switzerland) and then suspended in 0.9%
NaCl. The nal concentration of tea extracts was 0.1 mg mL−1.
Bacteria were incubated with antibiotic or tea extract solutions
with shaking (room temperature, 220 rpm) for 3 hours. Control
samples contained neither antibiotic nor tea extracts. Aer 3
hours of incubation, another 100 mL of each suspension was
cultured onto the fresh LB agar plates. The plates were incu-
bated overnight at 37 °C, and then the number of bacteria was
calculated based on the colony number, according to the
equation CFU per mL= N× D× 10 (N – number of colonies; D –

dilution). Student's t-test was performed to evaluate whether
observed differences, compared to the adequate control, were
statistically signicant (*p < 0.05; **p < 0.01; ***p < 0.001). The
experiments were conducted in triplicate.

Yeasts

Colonies of Candida auris DSM 105986 (obtained from the
German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany; also CDC AR-Bank 0381) and Crypto-
coccus neoformans var. grubii ATCC 14116 (obtained from the
collection of Pomeranian Medical University in Szczecin) were
picked from the stock plates and transferred to 10 mL of YPD
medium and incubated at 37 °C in an orbital shaker-incubator
ES-20, at 200 rpm. The overnight culture was refreshed by
mixing 2.5 mL of overnight yeasts cutlure with 7.5 mL of fresh
YPD (1 : 4 v/v) medium and incubating at 37 °C for approxi-
mately 1 h to reach the OD600 ∼ 1.0 (corresponding to around
1.0 × 107 cells per mL) for both yeast species. Such refreshed
cultures were diluted in 0.9% NaCl to an initial concentration of
about 104 cells per mL. The mixtures containing yeast cultures
and TeaNPs (concentrations of 1.0 mg mL−1, 0.5 mg mL−1, or
0.1 mg mL−1) were plated on the YPD agar plates (100 mL per
© 2023 The Author(s). Published by the Royal Society of Chemistry
plate) and incubated with shaking (room temperature, 220 rpm)
for 3 hours. Control samples did not contain the TeaNPs. Aer
incubation, another 100 mL of each suspension was cultured
onto the fresh YPD agar plates. The plates were incubated at 37 °
C for 48 hours (C. auris) or 96 hours (C. neoformans). The
number of yeast cells was calculated based on the colony
number, according to the equation cells per mL = N × D × 10
(N – number of colonies; D – dilution). The yeasts were also
exposed to 0.5 mg mL−1 tea extracts, according to the protocol
described in the subsection Antibiotic and tea extracts assay.
Student's t-test was performed to evaluate whether observed
differences, compared to the adequate control, were statistically
signicant (*p < 0.05; **p < 0.01; ***p < 0.001). The experiments
were conducted in triplicate.

Results & discussion
Characterization of nanoparticles

We used three popular varieties of tea: black, green, and Pu-erh
tea (a type of red tea) to synthesize silver nanoparticles.
Components of tea extracts acted as both reducing and capping
agents. The characterization of tea extracts and TeaNPs (silver
nanoparticles stabilized with tea extracts) was performed
employing SEM (Fig. 1A–F), UV-vis spectroscopy (Fig. 1G andH),
DLS (Fig. 1I), FTIR (Fig. 2), XRD (Fig. 3), XPS, BET, and HRTEM
(Fig. S2 and S3†) techniques. We obtained TeaNPs with cores of
average diameters of 64 ± 17 nm (black tea, B-TeaNPs), 61 ±

19 nm (green tea, G-TeaNPs), and 34 ± 7 nm (red tea, R-
TeaNPs). B-TeaNPs and G-TeaNPs were polydisperse and irreg-
ular in shape (Fig. 1A–C), and in size distribution histograms
(Fig. 1D–F). R-TeaNPs were smaller and had a more uniform
shape and narrower size distribution. The data from SEM
(Fig. 1D–F) matched results obtained using DLS (Fig. 1I). The
data on the characterization of control AgNPs (capped with only
citrates, C-AgNPs) revealed particles around 30 nm in diameter
(SEM) (Fig. S1A†) with a hydrodynamic diameter, measured by
DLS, of 28 ± 7 nm (Fig. S1B†).

The UV-vis spectrum of the G-TeaNPs revealed a plasmonic
peak of relatively low intensity at 467 nm. B-TeaNPs showed
maximum absorption at 485 nm and R-TeaNPs, at 490 nm. This
indicated that the R-TeaNPs were bigger than the B-TeaNPs and
G-TeaNPs, which was in opposition to SEM measurements.
Mock et al. showed that the wavelength of the AgNP plasmon
resonance peak depends strongly on the particles’ shape.60 They
showed that for spherical particles of sizes ranging from 40 to
100 nm, a maximum plasmon resonance peak appears at
around 410 nm to around 500 nm, for pentagons of size from
60 nm to 100 nm from around 500 nm to 550 nm, and for
triangles (ranging from 60 nm to 120 nm) from around 530 nm
to 700 nm.

BET surface analysis revealed the non-porous character of
TeaNPs (Fig. S2†). Recorded surface areas were 0.3272 ± 0.0230
m2 g−1 (C = 6.3) for B-TeaNPs, 2.2495 ± 0.1411 m2 g−1 (C = 7.2)
for G-TeaNPs, and 0.2911 ± 0.0006 m2 g−1 (C = 5.2) for R-
TeaNPs. Although G-TeaNPs were not the smallest (cf. SEM
and DLS), they had the largest surface area due to irregular
shapes.
Nanoscale Adv., 2023, 5, 5786–5798 | 5789
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Fig. 1 The characterization of the synthesized TeaNPs: SEM pictures of (A) B-TeaNPs, (B) G-TeaNPs, and (C) R-TeaNPs. Scale bars correspond to
500 nm. Size distributions of (D) B-TeaNPs, (E) G-TeaNPs, and (F) R-TeaNPs; (G) UV-vis spectra of tea extracts, (H) UV-vis spectra of TeaNPs, and
the spectra were normalized. (I) DLS size estimation of TeaNPs. The XRD diffractograms of (J) B-TeaNPs, (K) G-TeaNPs, and (L) R-TeaNPs.

Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

0/
10

/2
5 

08
:5

2:
29

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
HRTEM imaging revealed the presence of an organic layer
covering the AgNPs. Its thickness on the surface of different
TeaNPs was similar – around 2.5 nm (Fig. S3†). We used UV-vis,
FTIR, and XPS spectroscopy to get information about the
organic layer stabilizing TeaNPs.

The most interesting region of the UV-vis spectra corre-
sponding to the polyphenolic species absorption is located
5790 | Nanoscale Adv., 2023, 5, 5786–5798
between 240 and 310 nm. Among various polyphenolic
compounds, isoavonoids (especially catechins) seem the most
important because their concentration in black and green tea
extracts may be up to 5% or 10% of dry mass, respectively. Some
catechins, namely epigallocatechin (EGC) and epigallocatechin
gallate (EGCG), were proven to have antibacterial activity.64

According to the literature, the maxima of absorption for the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 FTIR spectra of (A) black tea extract and B-TeaNPs; (B) green tea extract and G-TeaNPs; (C) red tea extract and R-TeaNPs. The top line on
each graph marks 100% transmittance.
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most pronounced tea catechins are 273.6 nm for EGCG,
276.8 nm for ECG, 269.6 nm for EGC, and 278.4 for EC. Our tea
extracts showed maximum absorption at 270 nm for black,
271 nm for red, and 273 nm for green tea extract (Fig. 1G),
suggesting different content of catechins in all teas.61 Also, all
spectra showed a very weak peak at around 350 nm which
suggested slight oxidation of catechins.62 The situation changed
in the case of TeaNPs prepared with adequate extracts (Fig. 1H).
Both peaks located at around 270 nm (catechins) and 350 nm
(oxidized catechins) were clearly visible, and their intensity ratio
shied towards oxidized moieties in TeaNPs.

FTIR analysis was conducted to identify the tea extracts'
functional groups and conrm their presence in the TeaNPs
(Fig. 2). All tea extracts had similar FTIR spectra. This was
unsurprising because all the extracts contain polysaccharides,
polyphenols, and caffeine (theine) as the main constituents.63

The differences in the spectra corresponding to green tea extract
(Fig. 2B, additional peaks assigned to catechins, especially
EGCG) were observed. These differences were also reected in
the corresponding FTIR spectra of TeaNPs. This, in turn, sug-
gested a higher concentration of polyphenols on the surface of
G-TeaNPs, which might result in better antimicrobial efficacy. A
detailed discussion of FTIR results is presented in the ESI.†

The XPS analysis allowed us to estimate the chemical surface
composition of TeaNPs. At the surface of all TeaNPs, silver,
carbon, and oxygen were present, and their atomic percentages
differed between TeaNP samples. Regardless of the sample,
high atomic percentages of carbon and oxygen were detected
(Fig. S2A†), suggesting large amounts of the organic
compounds at the surface of TeaNPs. The 364.8 eV signal in
high-resolution spectra of TeaNPs conrmed the presence of
metallic silver in the samples (Fig. S2B†). Detailed information
on surface composition is shown in Table S5.†

The XRD of TeaNPs (Fig. 1J–L) revealed peaks at a 2q of 38.1°,
44.3°, 64.4°, and 77.4°, indicating the face-centered cubic
crystalline structure of metallic silver (JCPDS le no. 01-071-
4613). In cases of B-TeaNPs and R-TeaNPs, we observed an
additional peak at 28°, suggesting the presence of silver oxide in
the sample.

XRD showed the presence of silver oxide in B-TeaNPs and R-
TeaNPs and not in G-TeaNPs. XPS indicated that on the surface
© 2023 The Author(s). Published by the Royal Society of Chemistry
of G-TeaNPs the amount of organic matter was larger when
compared to B-TeaNPs and R-TeaNPs (Fig. S2A and B†).
However, the imaging of TeaNPs with HRTEM suggested that
the thickness of the organic layer was similar among the
nanoparticles (Fig. S3†). Therefore, the amounts of poly-
phenolic compounds present in different tea extracts seemed to
be more important than the thickness of the organic layer on
the surface of TeaNPs. Seemingly different amounts of organic
matter and no detection of Ag2O in XPS measurement can be
explained by the fact that the chemical shi of silver is very
similar for different states of this element. This means it was
difficult to distinguish if the silver in a non-metallic state,
detected by XPS, is Ag2O (detected by XRD) or the remains of
AgNO3 from the synthesis. Moreover, the higher amount of
catechins having antioxidant properties (EGC and EGCG) that
are more abundant in green tea (as evidenced in FTIR analysis)
might protect G-TeaNPs from oxidation.

A detailed description of XPS, XRD, BET, and HRTEM results
is available in the ESI (Fig. S2 and S3†).
Antibacterial properties

First, silver nanoparticles synthesized using tea extracts (B-
TeaNPs, G-TeaNPs, and R-TeaNPs) were tested against repre-
sentative strains of Gram-negative (E. coli) and Gram-positive
bacteria (E. faecium). Gram-negative and Gram-positive
bacteria have different nanoparticle susceptibilities due to
differences in the cell envelope morphology (Fig. 3A).65 The
control experiments were performed with citrate-capped AgNPs
without tea extracts as a control (C-AgNPs). 1 mg mL−1, 0.5 mg
mL−1, and 0.1 mgmL−1 were tested. Themicrobes were exposed
to the nanoparticles at room temperature for three hours upon
stirring, and the differences in the number of CFU per mL were
recorded using the plating method. The results are presented in
Fig. 3B. All TeaNPs were more effective than C-AgNPs. We chose
0.1 mg mL−1 for further testing, as at this concentration, the
antibacterial activity did not result in 100% reduction, therefore
allowing us to compare the action of different TeaNPs.

The synthesized TeaNPs were tested against representative
strains of ESKAPE bacteria – E. faecium, S. aureus, K. pneumo-
niae, A. baumannii, P. aeruginosa, and E. cloacae (Fig. 3B),
Nanoscale Adv., 2023, 5, 5786–5798 | 5791
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Fig. 4 The comparison of antibacterial activity of ampicillin (MIC and

Fig. 3 (A) Dose compensation of TeaNPs against Gram-positive (E.
faecium) and Gram-negative (E. coli) bacteria with three concentra-
tions: 0.1 mg mL−1, 0.5 mg mL−1, and 1 mg mL−1. (B) Antibacterial
effect of AgNPs (0.1 mgmL−1) against the ESKAPE bacterial strains. The
results are presented as a percentage of survival (i.e.,
CFU per mL upon exposure

CFU per mL in control
� 100%), *p < 0.05; **p < 0.01; ***p <

0.001, p values were calculated with respect to the control sample (not
exposed to any AgNPs).
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following the same protocol (three hours, room temperature,
mixing, and 0.1 mg mL−1 of TeaNPs). The most pronounced
decreases were observed for G-TeaNPs, ranging from around
a 25% decrease in the number of bacterial cells of E. faecium to
approximately a 90% decrease in the case of E. cloacae.
10× MIC), C-AgNPs, G-TeaNPs, and tea extracts at a concentration of
0.1 mg mL−1 against (A) S. aureus and (B) E. cloacae. The results are
presented as a percentage of survival (i.e.,
CFU per mL upon exposure

CFU per mL in control
� 100%), *p < 0.05; **p < 0.01; ***p <

0.001, p values were calculated with respect to the control sample (not
exposed to any AgNPs).
Antibiotic and tea extract assay

We aimed to verify how TeaNPs compare to standard antibi-
otics. To evaluate this, S. aureus and E. cloacae were incubated
for three hours with ampicillin at the minimum inhibitory
5792 | Nanoscale Adv., 2023, 5, 5786–5798
concentration (0.01 mg mL−1) and 10× MIC (0.1 mg mL−1,
which corresponded to the concentration of TeaNPs used in this
study). The criterium for choosing these bacterial strains was
their susceptibility to ampicillin. The studied E. faecium, K.
pneumoniae, A. baumannii, and P. aeruginosa were multidrug-
resistant strains. In a similar experiment, we aimed to
enumerate the antibacterial effect of only tea extracts. This was
done to show that the antibacterial effect of TeaNPs was due to
the synergistic effect of both the metallic core and natural
capping layer.

Tea extracts (black, green, and red) were dried using a rotary
evaporator and suspended in 0.9% NaCl solution to reach
a concentration of 0.1 mg mL−1. Then, S. aureus and E. cloacae
were incubated for three hours with the tea extract solutions.
The results are presented in Fig. 4. Tea extracts had a negligible
effect on bacteria (not statistically signicant). G-TeaNPs were
© 2023 The Author(s). Published by the Royal Society of Chemistry
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more active than antibiotics against both tested bacterial
strains at the same concentration (0.1 mg mL−1) and the same
time of exposure (3 hours).

We also mixed C-AgNPs with tea extracts. Such mixtures
showed lower antibacterial efficacy compared to the corre-
sponding TeaNPs (Fig. S5†).
Antifungal properties

To conrm the antifungal properties of TeaNPs, the multi-
resistant strains of C. auris and C. neoformans were used for the
experiments. The tests were also performed with citrate-capped
AgNPs without tea extracts as a control (C-AgNPs). To establish
the minimal working concentration of the NPs, the experiments
were performed at three different concentrations: 1 mg mL−1,
0.5 mg mL−1, and 0.1 mg mL−1. Yeast suspensions were
exposed to the nanoparticles at room temperature for three
hours, and the differences in the concentration of cells per mL
were recorded using the plating method. The results are pre-
sented in Fig. 6.

All AgNPs were active against yeast, but G-TeaNPs were the
most effective, causing around an 80% decrease in the number
of living cells of C. auris at 0.5 mg mL−1 and around 90%
decrease in the case of C. neoformans at 0.1 mg mL−1.
Discussion

Silver nanoparticles are known for their antibacterial proper-
ties; to follow the eco-friendly trends of modern science, there's
a need for synthesis protocols based on natural reducing agents
such as plant extracts. Due to their antibacterial activity, tea
extracts appear to be one of the most promising solutions for
the green synthesis of nanoparticles. Different reports con-
cerning silver nanoparticle synthesis using tea extracts are
summarized in Table 1.

Our study explores the possibility of improving antimicrobial
properties using AgNPs capped with tea extracts (TeaNPs). We
hypothesize that using tea extracts, known to have antimicro-
bial activity,66 allows for a synergistic effect when combined
with AgNPs. In our study, as a control to which TeaNPs were
Table 1 The summary of the reports on using tea extracts for green syn

Natural extract Shape of NPs

Green tea Spherical
Red tea Spherical
Green tea Spherical
Green tea Spherical
Green tea Spherical
Red tea Spherical
Black tea and green tea Spherical
Green tea Spherical
Green tea and garlic Spherical
Tea, unspecied —
Green tea —
Green tea Spherical
Black tea and green tea Spherical
Black tea, green tea, and red tea Spherical and triangular

© 2023 The Author(s). Published by the Royal Society of Chemistry
compared, we used citrate-capped AgNPs. Citrates themselves
have no signicant effect on bacteria or yeasts.67 Green tea
extract was selected due to its known antibacterial properties
and widespread usage in eco-friendly AgNP synthesis. Black tea
and red tea extracts were subjectively selected for comparison of
the antimicrobial efficacy of different TeaNPs.

This study is the rst attempt to verify the activity of tea-
based AgNPs against a broad spectrum of pathogenic bacteria
(complete ESKAPE panel) and yeasts. Multidrug-resistant
strains of E. faecium (70/90; resistant to vancomycin, beta-
lactams, and colistin, Table S1†), A. baumannii 2208, 81, K.
pneumoniae 7K6, MCV37, and P. aeruginosa PA7 (sensitive only
to carbapenems, Tables S2–S4†), were tested. S. aureus, E.
cloacae, and E. coli strains were not drug-resistant. The studied
strain of C. auris was resistant to amphotericin B.

At a concentration of 0.1 mg mL−1, all TeaNPs performed
much better than C-AgNPs. For example, G-TeaNPs eradicated
around 80% of E. coli (Fig. 3A), whereas C-AgNPs allowed only
around 20% reduction. G-TeaNPs appeared to be the most
effective against all examined bacteria, decreasing the bacterial
titer by 60% to 90% for S. aureus, K. pneumoniae, A. baumannii,
P. aeruginosa, E. cloacae, and E. cloacae. Only E. faecium (Fig. 3B)
was less susceptible, with 16%, 23%, 12%, and 18% decreases
upon exposure to G-TeaNPs, B-TeaNPs, R-TeaNPs, and C-AgNPs,
respectively.

Tea extracts alone (not TeaNPs) at a concentration of 0.1 mg
mL−1 didn't show signicant antibacterial activity against S.
aureus and E. cloacae (Fig. 4A and B). Such a result proved that
natural extracts have insignicant antibacterial activity, as re-
ported before.76

We also showed that the activity of TeaNPs, especially G-
TeaNPs, was more pronounced than that of standard antibi-
otics. S. aureus and E. cloacae (non-resistant strains) were
exposed to ampicillin at concentrations equal to the minimal
inhibitory concentration (MIC; 0.01 mg mL−1) and 10× MIC
(0.1 mg mL−1, i.e., the same as the concentration of TeaNPs).
For S. aureus, ampicillin at a concentration of 0.1 mg mL−1

presented antibacterial efficacy similar to that of C-AgNPs and
R-TeaNPs (about 30% decrease in CFU per mL), but lower than
thesis of silver nanoparticles

Size (nm) Application Ref.

25 nm Antibacterial 59
4 nm — 68
5–30 nm Sensing 69
44 nm Antibacterial 53
20–90 nm Antibacterial 70
11–30 nm Antibacterial 52
20–25 nm Antibacterial 71
15–20 nm — 54
8 nm Anticancer 72
— Antibacterial 73
15–33 nm Antibacterial 52
30 nm Catalysis 74
21 nm Antibacterial 75
30–60 nm Antibacterial and antifungal Present work

Nanoscale Adv., 2023, 5, 5786–5798 | 5793
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that of G-TeaNPs and B-TeaNPs (around 60% decrease)
(Fig. 3A). For E. cloacae, 0.1 mg mL−1 of ampicillin resulted in
about 40% elimination of bacterial cells, slightly higher than
the effect of C-AgNPs and R-TeaNPs. Again, for B-TeaNPs and G-
TeaNPs, the observed elimination rates were higher, i.e., 60%
and about 90%, respectively (Fig. 3B). Adding black and green
tea extracts enhanced their antibacterial effect, making nano-
particles even more efficient than certain antibiotics. Moreover,
for S. aureus, we observed the antibacterial efficacy of C-AgNPs
was comparable to the effectiveness of ampicillin in equal
concentrations (0.1 mg mL−1) – bacterial survival was about
60%. For E. cloacae, this effect was less impressive, with about
70% survival, lower than that caused by 0.01 mg mL−1 ampi-
cillin, but higher when compared to the efficacy of 0.1 mg mL−1

ampicillin. These observations conrmed that silver nano-
particles can be successfully used as an antibiotic alternative
against Gram-negative and Gram-positive bacteria.

We expected to observe differences in the antimicrobial
properties of TeaNPs against Gram-positive and Gram-negative
bacteria due to the differences in the structure of their cell
envelopes. The cell wall of Gram-positive bacteria is composed
of a thicker layer of peptidoglycan compared to that of Gram-
negative bacteria (about 20–80 nm vs. 1.5–10 nm).65 The thick-
ness of the cell envelopemakes Gram-positive bacteria generally
less susceptible to nanoparticles.77 Alternatively, lipopolysac-
charides on Gram-negative bacteria scavenge ions, small
molecules, and toxins, thereby protecting cells.78

In our study, we observed a more signicant antimicrobial
effect of TeaNPs against the representatives of Gram-negative
bacteria – e.g., 80% elimination of E. coli compared to 20%
elimination of E. faecium by using G-TeaNPs (0.1 mg mL−1)
(Fig. 3A). This suggested that the main action of TeaNPs did not
rely on the release of silver ions, while the presence of tea
extracts contributed to their antimicrobial potential. The
release of silver ions is only one possible mechanism of the
antimicrobial properties of AgNPs. It is believed that AgNPs
might also directly penetrate bacterial cell envelopes interacting
with biomolecules such as proteins, nucleic acids, and lipids.79

The differences in the biocidal activity of TeaNPs against Gram-
positive and Gram-negative bacteria strongly suggested that
such a mechanism might occur in our case. The presence of
large amounts of organic matter (mostly polyphenols) on the
surface of TeaNPs most probably results in the additional
delivery of polyphenolic compounds into the microbial cells.
Therefore, the action of TeaNPs could be described as
a ‘poisoned arrow’ mechanism”.

We used 10× MIC to compare the same concentration of
both agents (antibiotics and TeaNPs) aer the same incubation
times (three hours). In some tests, e.g., to nd the minimum
duration for killing 99% of the population (MDK99),80 the
concentration of the applied antibiotic is usually at least 20×
MIC, reaching even 100× MIC.81 In the case of ampicillin, the
MDK99, aer around ∼3 hours, used a concentration of at least
0.2 mg mL−1 (MIC = 0.01 mg mL−1).

In most protocols employing silver nanoparticles, only
minimal inhibitory concentration (MIC) is estimated,53,82–85

similar to antibiotic antibacterial assays. However, MIC-based
5794 | Nanoscale Adv., 2023, 5, 5786–5798
metrics are limited to qualitative analysis of a particular
substance.86 Also, such protocols always provide information on
microbial survival aer de facto overnight (about 16 hours)
exposure to the active substance.

Next, we investigated the antifungal properties of TeaNPs.
The structure of yeast cells differs from that of bacterial cells.
The cell envelope of yeast is composed of beta-glucans, chitin,
and mannoproteins, which are believed to be unaffected by
silver.77 Therefore, antibacterial properties do not imply anti-
fungal activity. The number of reports on successfully using
silver nanoparticles against yeast is limited.87–89 We observed an
antifungal effect of TeaNPs against yeasts, represented by C.
neoformans, and the emerging opportunistic pathogen C. auris
(in this study, we used a strain resistant to amphotericin B and
azole drugs). Both species are clinically signicant due to the
severe infection trait (C. neoformans)90 or rapidly developing
drug resistance (C. auris).34 At 1 mg mL−1 concentration, all
examined AgNPs (including C-AgNPs) presented an elimination
rate close to 99%. However, at lower concentrations of 0.1 mg
mL−1 and 0.5 mg mL−1, C-AgNPs allowed only around a 25%
decrease. At a concentration of 0.5 mg mL−1, B-TeaNPs and G-
TeaNPs reduced the number of C. auris cells by about 60%
and 80%, respectively. 0.1 mg mL−1 of TeaNPs was sufficient to
cause a signicant decrease in the number of C. neoformans but
not C. auris cells. Aer 3 hours of exposition, G-TeaNPs resulted
in about 80% elimination of C. neoformans; for B-TeaNPs, the
elimination rate was about 60%. C-AgNPs and R-TeaNPs
allowed for about 20–30% of titer reduction. At the concentra-
tions of 0.5 mg mL−1 and 1.0 mg mL−1, the number of
remaining cells was below the detection limit (∼10 cells per mL)
for all studied AgNPs (including C-AgNPs) (Fig. 5A). We also
performed a control experiment, where we did not observe any
signicant antifungal activity of tea extracts against yeast cells
(Fig. 5B). In the case of C. auris, a value above 100% against RT
extract was most likely used by cells metabolizing the compo-
nents of the extracts. In fact, tea extracts alone were found to not
only be ineffective against Candida spp.,91 but also vital for
fungal biolm formation.92,93

These ndings suggest that utilizing tea extracts allows for
applying AgNPs against yeasts;77,94 at lower concentrations, i.e.,
0.5 mg mL−1 or even 0.1 mg mL−1 in some cases. C. auris
required higher concentrations than C. neoformans. It is
possible that the exposure to TeaNPs caused C. auris to enter an
arrested state, thereby promoting the development of a resis-
tance mechanism similar to that developed aer exposure to
fungicidal drugs. This is frequently the cause for higher MDK
values for fungicidal drugs compared to antibiotics.95 Never-
theless, TeaNPs can be successfully used for the prevention of
fungal infections. However, due to the differences in antimi-
crobial efficacy against different groups of fungi, a concentra-
tion of 0.5 mg mL−1 is suggested.

AgNPs are believed to act via different phenomena, including
the generation of ROS, disruption of the replication of DNA,
increasing cell membrane permeability, penetration of cell
envelopes, alteration of the cell membrane structure, and
agglomeration on the cell's surface, disrupting the integrity of
cell envelopes or cell division.79 Disrupting the integrity of cell
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Dose compensation of TeaNPs against C. auris and C.
neoformans with three concentrations: 0.1 mg mL−1, 0.5 mg mL−1,
and 1 mg mL−1. (B) Antimicrobial activity of tea extracts (0.5 mg mL−1)
against C. auris and C. neoformans. The results are presented as

a percentage of survival (i.e.,
CFU per mL upon exposure

CFU per mL in control
� 100%),

*p < 0.05; **p < 0.01; ***p < 0.001, p values were calculated with
respect to the control sample (not exposed to any AgNPs).

Fig. 6 Schematic illustration of antibacterial activity of TeaNPs. AgNPs
capped with tea extract components compromise the integrity of
bacterial envelopes and enter the cell, causing further damage to the
cell's functioning (‘poisoned arrow’ mechanism).
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envelopes may adequately explain the antifungal activity of
TeaNPs against the representatives of yeast and why the effi-
cient elimination of fungi requires a higher concentration of
AgNPs.

The differences between particular AgNPs most probably
depend on the concentration of polyphenols and isoavonoids,
just as in the case of bacteria. The antibacterial action of TeaNPs
is presented schematically in Fig. 6.

Other researchers showed that the shape of nanoparticles has
an impact on cytotoxicity.46,96,97 In our study, we observed spon-
taneously formed triangle-shaped B-TeaNPs and irregular (also
triangular) G-TeaNPs. The greater variety of shapes than in C-
AgNPs and R-TeaNPs (primarily spherical) might also result in
more signicant antimicrobial activity. Undoubtedly, different
compositions of various tea extracts affected this parameter.
© 2023 The Author(s). Published by the Royal Society of Chemistry
The size of nanoparticles is usually related to the cytotoxic
effect of nanomaterials,98 with smaller particles being more
cytotoxic. This should favor C-AgNPs and R-TeaNPs over G-
TeaNPs and B-TeaNPs in our experiments. This was not the
case. In most experiments, C-AgNPs and R-TeaNPs showed the
lowest antimicrobial efficacy. This is in line with other studies,
which demonstrated that size is not a primary factor affecting
the antimicrobial activity of AgNPs.97,99–102

XRD allowed us to conrm not only the presence of face-
centered cubic crystalline planes of metallic silver in all
TeaNP samples but also the presence of silver oxide (Ag2O) in B-
TeaNPs and R-TeaNPs (Fig. 1J–L). The presence of silver oxide
on the surface of B-TeaNPs and R-TeaNPs may explain their
weaker antimicrobial activity when compared to G-TeaNPs. For
G-TeaNPs, no or insignicant traces of silver oxide were found.
The XPS analysis of the chemical surface composition of
TeaNPs indicated a large amount of organic compounds on the
surface of TeaNPs, along with the presence of metallic silver
(Fig. S2A and B†). Moreover, the increased surface area of G-
TeaNPs, estimated with BET theory, may be another factor
responsible for their increased antimicrobial properties
compared to those of B-TeaNPs and R-TeaNPs. All these nd-
ings suggest the successful synthesis of silver nanoparticles
using tea extracts and a large amount of organic matter on the
surface of TeaNPs, which was conrmed with HRTEM imaging
(Fig. S3†). Hence the thickness of the organic layer on the
surface of different TeaNPs is similar, and the composition of
organic compounds in the tea extracts seems to be the deter-
mining factor for the improvement of antimicrobial activity.
Among various polyphenolic compounds, isoavonoids (espe-
cially catechins) seem the most important. Higher concentra-
tions of polyphenols, along with EGC and EGCG, may be
a reason for the good performance of B-TeaNPs and G-TeaNPs
in eliminating bacteria.

Finally, we found that the antimicrobial potential of synthe-
sized TeaNPs depends strongly on the selected method for
synthesis. We repeated some antibacterial tests for two other sets
of nanoparticles synthesized using other previously reported
synthesis protocols.68,103 The data are available in the ESI.†
Among the three selected synthesis methods, only one allowed
for synthesizing efficient antimicrobial TeaNPs (Fig. S4†). More-
over, the enhanced antimicrobial activity of TeaNPs was more
than the additive effect of tea extracts and AgNPs. Hence TeaNPs
Nanoscale Adv., 2023, 5, 5786–5798 | 5795
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presented higher antibacterial efficacy when compared to the
mixtures of C-AgNPs and tea extracts (Fig. S5†).

The cytotoxicity of AgNPs is a signicant drawback when it
comes to their application for therapeutic purposes. In the
study by Arumai Selvan et al., the authors compared the cyto-
toxicity of AgNPs synthesized using garlic and tea extracts
against ve cell lines: NHDF, MCF-7, HeLa, Hep-2, and A549.
Depending on the set of nanoparticles, green tea-AgNPs caused
about 20% growth inhibition of NHDF cells (normal human
dermal broblasts) and 70–80% growth inhibition of cancer cell
lines (MCF-7, HeLa, Hep-2, and A549). The cytotoxicity of green
tea AgNPs was also estimated as IC50 values (concentration
required for 50% growth inhibition) for each cell line. For the
cancer cell lines, the IC50 values were about 20 mg mL−1, and for
NHDF cells, this value was >100 mg mL−1. For chemically
synthesized AgNPs, IC50 values were 22–32 mg mL−1, but the cell
growth inhibition among all tested cell lines was comparable to
the effect of tea-AgNPs.72 Therefore the cytotoxicity of AgNPs
synthesized using tea extracts is relatively high yet comparable
to that of common chemically synthesized AgNPs. Moreover,
the study by Rolim et al. reported the differences in the viability
of HaCat cells by about 20% aer exposure to green tea AgNPs at
concentrations up to 30 mg mL−1.53

Conclusions

We established that silver nanoparticles synthesized with tea
extracts have higher antibacterial properties than silver nano-
particles alone. Therefore, lower dosages of TeaNPs could be
used (0.1 mg mL−1). We conrmed that the synergistic effect of
tea extracts and silver nanoparticles allowed for efficacy higher
than that of antibiotics (ampicillin) when tested at the same
concentrations (0.1 mg mL−1) and aer a relatively short
exposure time of three hours. The efficacy of TeaNPs was proved
against emerging bacterial (ESKAPE group) and fungal patho-
gens (C. neoformans and C. auris). No previously published
reports examined the antimicrobial properties of AgNPs on
such a wide range of microorganisms. Moreover, we showed
how important a proper protocol is for NP synthesis, for the
antimicrobial activity of TeaNPs depends on it. However, the
matter of cytotoxicity of AgNPs remains a drawback to be
overcome in future studies.
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M. Kempf, L. Bret, R. Quentin, C. Coffre, G. De Pinieux,
L. Bernard and C. Burucoa, J. Clin. Microbiol., 2014, 52,
3583–3589.

56 E. A. Mustafa, A. E. G. Hashem, H. N. Elhifnawi, H. G. Nada
and R. A. Khattab, Eur. J. Clin. Microbiol. Infect. Dis., 2021,
40, 49–58.

57 X. Xin, C. Qi, L. Xu, Q. Gao and X. Liu, Front. Chem. Eng.,
2022, 4, 1–18.

58 S. Agnihotri, S. Mukherji and S. Mukherji, RSC Adv., 2014, 4,
3974–3983.

59 M. Nakhjavani, V. Nikkhah, M. M. Sarafraz, S. Shoja and
M. Sarafraz, Heat Mass Transfer, 2017, 53, 3201–3209.

60 J. J. Mock, M. Barbic, D. R. Smith, D. A. Schultz and
S. Schultz, J. Chem. Phys., 2002, 116, 6755–6759.

61 S. Anees Ahmad, S. Sachi Das, A. Khatoon, M. Tahir Ansari,
M. Afzal, M. Saquib Hasnain and A. Kumar Nayak, Mater.
Sci. Energy Technol., 2020, 3, 756–769.

62 K. Bark, J. Yeom, J. Yang, I. Yang, C. Park and H. Park, Bull.
Korean Chem. Soc., 2011, 32, 3443–3447.

63 M. A. Brza, S. B. Aziz, H. Anuar, F. Ali, E. M. A. Dannoun,
S. J. Mohammed, R. T. Abdulwahid and S. Al-Zangana,
Sci. Rep., 2020, 10, 1–17.

64 J. M. T. Hamilton-Miller, Antimicrob. Agents Chemother.,
1995, 39, 2375–2377.

65 A. Mai-Prochnow, M. Clauson, J. Hong and A. B. Murphy,
Sci. Rep., 2016, 6, 1–11.
Nanoscale Adv., 2023, 5, 5786–5798 | 5797

https://doi.org/10.1128/CMR.00181-19
https://livertox.nih.gov/voriconazole
https://www.ncbi.nlm.nih.gov/books/NBK547852/
https://www.ncbi.nlm.nih.gov/books/NBK547852/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00220a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
 2

02
3.

 D
ow

nl
oa

de
d 

on
 3

0/
10

/2
5 

08
:5

2:
29

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
66 S. Bansal, S. Choudhary, M. Sharma, S. Sharad, S. Lohan,
V. Bhardwaj, N. Syan and S. Jyoti, Food Res. Int., 2013,
53(2), 568–584.

67 Y. L. Lee, T. Cesario, J. Owens, E. Shanbrom and
L. D. Thrupp, Nutrition, 2002, 18, 665–666.

68 Y. Y. Loo, B. W. Chieng, M. Nishibuchi and S. Radu, Int. J.
Nanomed., 2012, 7, 4263–4267.

69 S. Babu, M. O. Claville and K. Ghebreyessus, J. Exp.
Nanosci., 2015, 10, 1242–1255.

70 Q. Sun, X. Cai, J. Li, M. Zheng, Z. Chen and C. Yu, Colloids
Surf., A, 2014, 444, 226–231.

71 S. Onitsuka, T. Hamada and H. Okamura, Colloids Surf., B,
2019, 173, 242–248.

72 D. A. Selvan, D. Mahendiran, R. S. Kumar and
A. K. Rahiman, J. Photochem. Photobiol., B, 2018, 180, 243–
252.

73 B. Vaseeharan, P. Ramasamy and J. C. Chen, Lett. Appl.
Microbiol., 2010, 50, 352–356.

74 W. Qing, K. Chen, Y. Wang, X. Liu and M. Lu, Appl. Surf.
Sci., 2017, 423, 1019–1024.

75 F. Cataldo, Eur. Chem. Bull., 2014, 280–289.
76 J. Gopal, M. Muthu, D. Paul, D. Kim and S. Chun, Sci. Rep.,

2016, 6, 1–14.
77 L. S. Dorobantu, C. Fallone, A. J. Noble, J. Veinot, G. Ma,

G. G. Goss and R. E. Burrell, J. Nanopart. Res., 2015,
17(172), 1–13.

78 Z. Li, D. Lee, X. Sheng, R. E. Cohen and M. F. Rubner,
Langmuir, 2006, 22, 9820–9823.

79 Y. Singh, S. Kaushal and R. Sodhi Singh, Nanoscale Adv.,
2020, 2, 3972–3982.

80 J. Li, S. Xie, S. Ahmed, F. Wang, Y. Gu, C. Zhang, X. Chai,
Y. Wu, J. Cai and G. Cheng, Front. Pharmacol, 2017, 8, 1–11.

81 A. Brauner, N. Shoresh, O. Fridman and N. Q. Balaban,
Biophys. J., 2017, 112, 2664–2671.

82 R. Naaz, V. U. Siddiqui, S. U. Qadir andW. A. Siddiqi,Mater.
Today: Proc., 2021, 46, 2352–2358.

83 V. K. Sharma, R. A. Yngard and Y. Lin, Adv. Colloid Interface
Sci., 2009, 145, 83–96.

84 M. M. H. Khalil, E. H. Ismail, K. Z. El-Baghdady and
D. Mohamed, Arabian J. Chem., 2014, 7, 1131–1139.

85 A. Roy, O. Bulut, S. Some, A. K. Mandal and M. D. Yilmaz,
RSC Adv., 2019, 9, 2673–2702.

86 C. B. Landersdorfer and R. L. Nation, Front. Pharmacol,
2021, 12, 1–9.

87 S. G. Ali, M. Jalal, H. Ahmad, D. Sharma, A. Ahmad, K. Umar
and H. M. Khan, Materials, 2022, 15(19), 1–12.
5798 | Nanoscale Adv., 2023, 5, 5786–5798
88 L. Fernandes, R. Ribeiro, M. Henriques and
M. E. Rodrigues, Eur. J. Clin. Microbiol. Infect. Dis., 2022,
41, 1371–1385.

89 R. Arif and R. Uddin, Med. Devices Sens., 2021, 4, 1–20.
90 A. C. Gushiken, K. K. Saharia and J. W. Baddley, Infect. Dis.

Clin. North Am., 2021, 35, 493–514.
91 J. J. Huang, H. Yu, G. Hong, H. Cheng and M. Zheng, Dent.

Mater. J., 2020, 39, 664–669.
92 Y. Wang, H. M. H. N. Bandara, D. Mikkelsen and

L. P. Samaranayake, J. Med. Microbiol., 2017, 66, 1244–1252.
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and J. C. Villagómez-Castro, Eur. J. Clin. Microbiol. Infect.
Dis., 2012, 31, 2513–2527.

94 J. S. Kim, E. Kuk, K. N. Yu, J. H. Kim, S. J. Park, H. J. Lee,
S. H. Kim, Y. K. Park, Y. H. Park, C. Y. Hwang, Y. K. Kim,
Y. S. Lee, D. H. Jeong and M. H. Cho, Nanomed.:
Nanotechnol. Biol. Med., 2007, 3, 95–101.

95 G. F. Ferreira and D. A. Santos, Mycoses, 2017, 60, 562–568.
96 J. Y. Cheon, S. J. Kim, Y. H. Rhee, O. H. Kwon and

W. H. Park, Int. J. Nanomed., 2019, 14, 2773–2780.
97 J. Helmlinger, C. Sengstock, C. Groß-Heitfeld, C. Mayer,

T. A. Schildhauer, M. Köller and M. Epple, RSC Adv., 2016,
6, 18490–18501.

98 L. Wang, C. Hu and L. Shao, Int. J. Nanomed., 2017, 12,
1227–1249.

99 Y. Jeong, D. W. Lim and J. Choi, Adv. Mater. Sci. Eng., 2014,
2014, 763807.

100 X. Guo, Y. Li, J. Yan, T. Ingle, M. Y. Jones, N. Mei,
M. D. Boudreau, C. K. Cunningham, M. Abbas,
A. M. Paredes, T. Zhou, M. M. Moore, P. C. Howard and
T. Chen, Size- and Coating-dependent Cytotoxicity and
Genotoxicity of Silver Nanoparticles Evaluated Using in Vitro
Standard Assays, 2016, vol. 10.

101 E. A. Skomorokhova, T. P. Sankova, I. A. Orlov, A. N. Savelev,
D. N. Magazenkova, M. G. Pliss, A. N. Skvortsov,
I. M. Sosnin, D. A. Kirilenko, I. V. Grishchuk,
E. I. Sakhenberg, E. V. Polishchuk, P. N. Brunkov,
A. E. Romanov, L. V. Puchkova and E. Y. Ilyechova,
Nanotechnol., Sci. Appl., 2020, 13, 137–157.

102 Z. Lu, K. Rong, J. Li, H. Yang and R. Chen, J. Mater. Sci.:
Mater. Med., 2013, 24, 1465–1471.

103 S. Babu, M. O. Claville and K. Ghebreyessus, J. Exp.
Nanosci., 2015, 10, 1242–1255.
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3na00220a

	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a

	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a

	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a
	Enhancing the antimicrobial activity of silver nanoparticles against ESKAPE bacteria and emerging fungal pathogens by using tea extractsElectronic supplementary information (ESI) available. See DOI: https://doi.org/10.1039/d3na00220a




