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Abstract Silver-titania nanocomposites (Ag-TiO2 NCs) have unique functional attributes due to

their photocatalytic and antibacterial properties. In this study, titania nanoparticles (TiO2-NPs)

were successfully in-situ decorated with silver nanoparticles (Ag-NPs) using the aqueous extract

of goji berries (Lycium barbarum L.) as a bioreducing and stabilizing agent. Different Ag-TiO2

NCs were synthesized by treating different concentrations of silver nitrate with a specific concentra-

tion of TiO2-NPs in the presence of fruit extract. The green-synthesized NCs were characterized

using several techniques viz., ultraviolet–visible spectrophotometry, X-ray diffractometry (XRD),

scanning electron microscopy, field-emission transmission electron microscopy (FE-TEM), Fourier

transform infrared spectroscopy, and X-ray photoelectron spectroscopy. XRD analysis revealed the

formation of face-centered cubic (fcc) crystals, and FE-TEM analysis revealed the embedment of

Ag-NPs throughout the surface of TiO2-NPs. The average size of Ag-NPs on TiO2-NPs increased

from 11.2 ± 3.05 nm to 16.4 ± 4.5 nm with an increase in the concentration of silver ions, and the

morphology of Ag-NPs was predominantly quasi-spherical and hexagonal. These NCs exhibited an

excellent photocatalytic degradation of an azo dye, methylene blue (MB). The synthesized Ag-TiO2

NCs (3:1) showed higher photocatalytic degradation efficiency of � 93.4% for MB in 130 min

under visible light irradiation. Ag-TiO2 NCS also exhibited good antibacterial activities towards
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Staphylococcus aureus (Gram-positive) and Escherichia coli (Gram-negative). Therefore, the forma-

tion of Ag-NPs on the surface of TiO2-NPs to form Ag-TiO2 NCs exhibits eco-friendly photocat-

alytic degradation of azo dye contaminants as well as antibacterial activity.

� 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The fundamental research in the development of unique and
promising nanocomposite materials has gained much attention
in recent years and twined with interdisciplinary fields of chem-
istry, physics, biology, and material science. Nanocomposites

(NCs) are an amalgamation of different materials to develop
unique properties of the materials ensuring the size of one of
the materials below 100 nm. Thus, these NCs have markedly

different electrochemical, magnetic, catalytic, optical, and bio-
logical properties from the component materials (Camargo
et al., 2009). Solution-based, vapor-phase and gas-phase syn-

theses are the commonly used synthetic methods, which are
further divided based on top-down and bottom-up
approaches. Moreover, they are synthesized based on physical,
chemical, biological, and hybrid methods (Gudikandula and

Charya Maringanti, 2016; Mohammad et al., 2019). Although
physical and chemical methods are commonly used, the use of
expensive processes and toxic and harmful chemicals greatly

restricts their applications, particularly in environmental and
biomedical applications (Natsuki et al., 2015).

Titania (TiO2) is a wide-bandgap semiconducting metal

oxide in different crystalline structures namely rutile, anatase,
and brookite. TiO2 is widely used in different types of nanoma-
terials because of its photocatalytic abilities and its interaction

with biological molecules (Bakbolat et al., 2020). Different
bottom-up approaches viz., co-precipitation, sol–gel, and
hydrothermal methods are commonly used as cost-effective
methods for the synthesis of metal oxide NCs. The incorpora-

tion of different noble metals, such as silver (Ag), gold (Au),
platinum (Pt), and palladium (Pd) as dopants in the synthesis
of TiO2 NCs increases the photocatalytic reactivity (Cozzoli

et al., 2004), in particular, Ag and Au are the most commonly
used noble metals in combination with TiO2 NCs. The use of
Ag-TiO2 NC films showed 6.3-fold increased photocatalytic

degradation of methyl orange compared to bare TiO2 films
under ultraviolet (UV) illumination (Yu et al., 2005). Similarly,
Au-TiO2 NCs microspheres showed improved photocatalytic

degradation of antibiotic pollutant, ciprofloxacin under UV,
and visible illuminations (Martins et al., 2020). Along with
photocatalytic behavior, TiO2 nanoparticles (NPs) have docu-
mented bactericidal activity by the generation of reactive oxy-

gen species (ROS) that oxidize bacterial membrane lipids by
lipid peroxidation under UV illumination (Kikuchi et al.,
1997). Thus, Ag-TiO2 NCs exhibited enhanced photocatalytic

and bactericidal activities compared to the bare TiO2 nanopar-
ticles (NPs) (Zhang and Chen, 2009).

Embracing green and sustainable methodology in the syn-

thesis of metal oxide NCs is an emerging and pressing priority
research avenue relevant for green chemistry principles
(Dhingra et al., 2010). The main advantages of green methods
are their cost-effectiveness, non-toxic, and eco-friendly com-

pared to physical and chemical methods. The extracts of plant
entities are the prime source for the green synthesis of a myriad
of nanomaterials. The constituents of these extracts contain

several metabolites, viz., polyphenols, terpenoids, sugars, alka-
loids, phenolic acids, and proteins, which can directly involve
in the bioreduction and stabilization processes (Ahmed et al.,

2016a; Aswathy Aromal and Philip, 2012). Zahir et al.,
(2015) demonstrated the green synthesis of Ag- and
TiO2-NPs, using Euphorbia prostrata plant extract, as

antileishmanial agents. Recently, Ag-TiO2 NC was synthesized
using the leaf extract of Origanum majorana under ultrasound
irradiation (Bhardwaj and Singh, 2021). There are several
reports even for the synthesis of Ag-NPs using plant/fruit

extracts of Citrullus lanatus (watermelon) (Ndikau et al.,
2017), Avena sativa (oat) (Amini et al., 2017), Prangos feru-
laceae (Habibi et al., 2017), Gmelina arborea (Kashmir tree)

(Saha et al., 2017), Parkia speciosa (bitter bean) (Fatimah,
2016), and Azadirachta indica (neem) (Ahmed et al., 2016b)
with antibacterial and antioxidant activity. Hence, we put

forth our efforts to explore the green synthesis of metal oxide
NCs. Greener synthesis of Ag-TiO2 nanocomposite was
reported using the extracts of Carpobrotus acinaciformis (leaf
and flower) (Rostami-Vartooni et al., 2016), Euphorbia hetero-

phylla (leaf) (Atarod et al., 2016), Uncaria gambir Roxb (leaf)
(Wahyuni et al., 2019), and by electrochemically active biofilm
(Khan et al., 2013). These NCs were also involved in the degra-

dation of various organic pollutants, such as 4-nitrophenol,
methylene blue, methyl orange, congo red, and rhodamine B.
The superfood ‘‘goji berries” are prevalent widely in arid to

semi-arid countries, and the extract of goji berries has potential
antioxidant and antimicrobial properties along with anticancer
and immunomodulatory effects (Ilic et al., 2020). Previously,

Dong et al., (2017) demonstrated the green synthesis of Ag-
NPs using the extract of wolfberry fruit extract. In this study,
we have used the aqueous fruit extract of red goji berries
(Lycium barbarum L.) as a natural bioreducing and stabilizing

agent for the first time, for the fabrication of noble metal-
decorated metal oxide NCs i.e., silver-titania NCs (Ag-TiO2

NCs) and evaluated their photocatalytic degradation of an

azo dye (methylene blue) as well as the antibacterial potential
against Staphylococcus aureus and Escherichia coli.

2. Experimental

2.1. Materials

Silver nitrate (AgNO3, 99%), bare titania nanoparticles (TiO2-
NPs, size � 21 nm), sodium hydroxide (NaOH), ampicillin,

and methylene blue (MB) were purchased from Sigma-
Aldrich (USA). Dried red goji berries (Lycium barbarum L.)
were obtained from Yeongcheon medicinal herb market
(Yeongcheon, South Korea). Mueller–Hinton (MH) broth

and agar were purchased from Becton, Dickinson, and Com-
pany (MD, USA). The bacterial strains of Escherichia coli

http://creativecommons.org/licenses/by-nc-nd/4.0/
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(KCTC 2571) and Staphylococcus aureus (KCTC 3881) from
the Korean Collection for Type Cultures (KCTC) (Jeollabuk,
South Korea) were used in this study. All the solutions were

prepared using the deionized (DI) water obtained from the
Milli-Q water purification system (Merck Millipore).

2.2. Preparation of goji berries (Lycium barbarum L.) extract

Initially, the glassware for the experiment was washed and
rinsed with deionized water and then dried to avoid any kind

of contamination. The dried red goji berries (GB) were cut into
small parts and excellently ground with mortar and pestle. The
5.0 g of powdered GB were put into an Erlenmeyer flask

(250 mL) containing 100 mL of deionized water and boiled
with stirring for 15 min. Later, the resultant solution was cen-
trifuged at a speed of 4,000 rpm for 10 min, and the super-
natant of the fruit extract was filtered three times using

gravity through Whatman qualitative filter paper (Grade 1)
to obtain a clarified GB solution. Thus, the obtained aqueous
fruit extract was kept at 4℃ for the fabrication of silver-titania

nanocomposites (Ag-TiO2 NCs).

2.3. Sustainable fabrication of silver-titania nanocomposites
(Ag-TiO2 NCs)

Three millimolar of bare TiO2-NPs were dispersed in 90 mL of
deionized water and sonicated for 30 min. To this, different
concentrations of AgNO3 (0.5, 1.0, and 1.5 mM) were added

as a metal precursor and sonicated again for 10 min. Then,
10 mL of freshly prepared GB extract was added, and the
pH of the solution was adjusted to 7.0 with 0.1 N NaOH solu-

tion. The resultant mixture was subjected to vigorously stirring
for 24 h at room temperature. After 24 h of reaction, the solu-
tion was centrifuged at 10,000 rpm for 20 min (Model: 1580R,

LaboGene, Daejeon, South Korea), and the pellet was washed
with absolute ethanol. Finally, the synthesized Ag-TiO2 NCs
(3:0.5, 3:1, and 3:1.5) were dried in a vacuum oven (JS

Research Inc., Chungchungnam-do, South Korea) at 60 ℃
for 20 h and stored in a sterile airtight vial.

2.4. Characterization of Ag-TiO2 NCs

The absorption spectra of TiO2-NPs and different Ag-TiO2

NCs were obtained using a double beam ultraviolet–visible-
near infrared (UV–vis-NIR) spectrophotometer (VARIAN,

Cary 5000, USA) over the range of 200–800 nm. The powder
X-ray diffraction (XRD) was measured to check the crys-
tallinity of Ag-TiO2 NCs using a PANalytical X’Pert PRO

MPD using CuKa1 radiation with a wavelength of 1.5406 Å
at the tube voltage of 40 kV and the tube current of 30 mA
in the scan range of 20.0�–80.0� at the scan rate of 1.2� per

min. All the diffraction peaks of the crystalline phases were
compared with those of standard compounds reported in the
JCPDS data file. The average crystallite size was calculated
using the Debye–Scherrer’s formula: D = 0.9 k /b cos h, k,
X-ray wavelength; b, the line broadening at half the maximum
intensity (FWHM) and h is the Bragg’s angle. For Fourier
transform infrared (FT-IR) spectra, the transmittance mea-

surements of dried samples of Ag-TiO2 NCs between the
wavenumber of 400–4000 cm�1 were recorded using a
Perkin-Elmer spectrometer. X-ray photoelectron spectroscopy
(XPS) was performed to determine the elemental composition,
empirical formula, chemical and electronic state of elements in

NCs via a Thermo Scientific K-Alpha system with an Al K-
alpha X-ray source and the ion source energy between 100 V
and 3 keV for the survey (Narayanan et al. 2020).

To observe the surface morphology of the NCs by field-
emission scanning electron microscopy (FE-SEM; Model:
Hitachi S-4200), the samples were mounted on aluminum stubs

and ion beam sputter-coated with platinum for analysis with
secondary electron detectors at an operating voltage of
10 kV. The elemental composition was analyzed using
energy-dispersive X-ray spectroscopy (EDS) attached to FE-

SEM. In the field-emission transmission electron microscopy
(FE-TEM), a carbon-coated copper grid was dipped into the
synthesized Ag-TiO2 NC solution and dried at room tempera-

ture before analysis. The morphology of NCs was observed
using FE-TEM (FEI Tecnai G2 F20, Hillsboro, Oregon,
USA) at an accelerating voltage of 200 kV, and the selected

area electron diffraction (SAED) pattern was also recorded.
The elemental analysis was performed using high-angle annu-
lar dark-field scanning TEM (HAADF-STEM) and STEM-

EDS with a point resolution of 0.24 nm, and a Cs of 1.2 mm
using the EDS detector with an ultrathin window cooled with
liquid nitrogen.

2.5. Photocatalytic degradation of an azo dye

To assess the photocatalytic degradation, Ag-TiO2 (3:0.5, 3:1,
and 3:1.5) NCs were used as photocatalysts towards the degra-

dation of methylene blue (MB) as a model azo dye pollutants
using a tungsten halogen lamp (400 W; 3 M, USA) as a light
source (k > 500 nm) and an irradiation intensity of 31 mW/

cm2 (Bagheri et al., 2014; Balu et al., 2018). Briefly, the exper-
imental system containing 0.01% (w/v) of Ag-TiO2 NCs with
MB (10 mg/L) was put under dark for adsorption–desorption

equilibrium for 30 min. Later, it was subjected to visible light
irradiation at room temperature, and the degradation was
monitored at different intervals using a UV–vis spectropho-
tometer (Shimadzu, model: UV-2600). The concentration of

MB dye was quantified spectrophotometrically by measuring
the absorbance at 663 nm.

2.6. Antibacterial activity of Ag-TiO2 NCs

The antibacterial activity of Ag-TiO2 NCs was evaluated using
the agar well diffusion assay (Narayanan et al., 2021). For agar

well diffusion assay, pure cultures of S. aureus and E. coli bac-
teria were cultured in MH agar plates, and a single bacterial
colony was picked and grown in MH broth in a shaking incu-

bator at 37 �C and 200 rpm until the optical density (O.D.) at
600 nm reached 0.8. These bacterial suspensions were used to
spread plate onto MH agar plates. Later, a sterile cork-borer
(8 mm) was used to make agar wells, and different Ag-TiO2

NCs (5 mg; 40 mg/mL) were loaded into the wells and incu-
bated at 37 ℃ for overnight. Ampicillin (200 mg; 200 mg/mL)
was used as a positive control. The diameter of the zone of

inhibitions (ZOIs) was measured to find the antibacterial prop-
erties of NCs. The experiment was done in triplicates and the
mean diameter was calculated.
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3. Results

3.1. Green synthesis of Ag-TiO2 nanocomposites

The formation of Ag-NPs on the surface of TiO2-NPs to pro-
duce Ag-TiO2 NCs was synthesized using an environmentally

friendly green method without any toxic chemicals. The pres-
ence of phenylpropanoids and isoflavonoids (caffeic acid,
chlorogenic acid, quercetin-3-O-rutinoside, and kaempferol-

3-O-rutinoside), coumarins, lignans, and other metabolites in
GB fruit extract gives antioxidant capacity for the reduction
process and in the stabilization of NCs. In particular, the pres-
ence of polyphenols (enol form) such as quercetin, caffeic acid,

and coumarins gives electrons to silver ions forming Ag0 NPs
with the consequent oxidation of polyphenols forming quinone
groups (keto form) (Fig. 1).

3.2. Optical, structural, and morphological characterizations of

Ag-TiO2 NCs

To investigate the absorbance bands of bare TiO2-NPs and
Ag-TiO2 NCs, UV–vis absorption spectra were measured over
the wavelength range of 200–800 nm at room temperature. The

absorption spectra of different Ag-TiO2 NCs (3:0.5; 3:1 and
3:1.5) have broad absorption spectra in the range of 250–
600 nm, and their absorbance intensity was stronger than bare
TiO2-NPs. The whitish color of the bare TiO2 suspension was

changed to a brownish color solution indicating the formation
of Ag-NPs on TiO2-NPs by active molecules present in the
extract. Moreover, these NCs displayed a broad surface plas-

mon resonance (SPR) band in the range of 350–600 nm, which
is the characteristic of Ag-NPs with kmax at 436.5, 428.5, and
422.8 nm for 3:0.5, 3:1, and 3:1.5 Ag-TiO2 NCs, respectively

(Fig. 2a). The bandgap energy of synthesized NCs was calcu-
lated using the following equation: ahѵ = A(hѵ–Eg)

n; where
Eg is the bandgap energy, a is the absorption coefficient, n cor-
responds to the nature of the transition, and A is a constant,

which depends on the transition probability i.e., direct, or indi-
rect (Yu et al., 2005). The bandgap energy of bare TiO2-NPs
and Ag-TiO2 NCs has been calculated by extrapolating the lin-
Fig. 1 Schematic diagram showing the mechanistic asp
ear portion of the plot of hѵ verses (ahѵ)2 to the energy axis at
a = 0 (Fig. 2b). Compared to the bandgap of bare TiO2-NPs
(3.23 eV), bandgaps of 3:0.5 (2.63 eV), 3:1 (2.49 eV), and 3:1.5

(2.39 eV) Ag-TiO2 NCs were reduced significantly by shifting
to the visible range, which confirms the formation of Ag-
NPs on the surface of TiO2-NPs thereby reducing bandgap

energy (Di Valentin and Pacchioni, 2013).
Fig. 3a displays the XRD patterns, which confirms the suc-

cessful formation of Ag-NPs throughout the surface of TiO2-

NPs as well as the overall formation of Ag-TiO2 NCs with
crystalline nature. The diffraction peaks of bare TiO2-NPs at
2h values of 25.1o, 37.6o, 47.9o, 53.7o, 54.5o and 62.7o, which
correspond to (101), (004), (200), (105), (211) and (204),

respectively indicating the formation of crystal planes of ana-
tase TiO2 (JCPDS file No. 21–1272) (Pookmanee and
Phanichphant, 2009). The peaks (111), (200), (220) and

(311) at 38.05�, 44.21�, 64.38� and 77.34� 2h, respectively pre-
sent in the Ag-TiO2 NCs are characteristics of face-centered
cubic (fcc) crystalline nature of Ag-NPs (JCPDS file No. 4–

783) (Khan et al., 2013), which confirms the deposition of
Ag-NPs throughout the TiO2-NPs surface. The average crys-
tallite sizes of Ag-NPs were 8.1 ± 3.8, 9.2 ± 2.9, and 11.9 ±

3.0 nm for 3:0.5, 3:1, and 3:1.5 Ag-TiO2 NCs, respectively.
The FT-IR measurements were performed to investigate

the functional groups present on Ag-TiO2 NCs that are
involved in the capping and stabilization of NCs (Fig. 3b).

FTIR spectra of bare TiO2-NPs and GB fruit extract-derived
Ag-TiO2 NCs displayed the broad peak at 3308 cm�1, which
is associated with O–H stretching vibration, and the sharp

peak around 1647 cm�1 was characteristic of the deformation
vibration of the physisorbed water molecules on the TiO2 layer
(Chuang and Chen, 2009). Moreover, C–H stretching vibra-

tions in the epoxy were detected at 1069 cm�1, and the peaks
at 2927 and 1058 cm�1 correspond to the C–H and C–O–H
groups of ethanol adsorbed on the surface of TiO2-NPs. FT-

IR spectrum of GB extract is shown in Fig. S1. The spectral
peak at 3270 cm�1 was associated with the stretching vibration
of hydroxyl (O–H) groups, 2923 cm�1 peak corresponded to
the C–H stretching of CH2 groups, and the peak at

1587 cm�1 corresponded to amide II. The peaks in the region
of 1400–1200 cm�1 were due to O–C–H, C–C–H, and C–O–H
ect of Ag-TiO2 NCs synthesis by goji berry extract.



Fig. 2 (a) UV–vis absorption spectra, and (b) optical bandgap energy plot of bare TiO2-NPs and Ag-TiO2 NCs (3:0.5, 3:1, and 3:1.5).

Fig. 3 (a) XRD analysis (inset shows the magnified portion of the (101) plane), and (b) FT-IR spectra of the bare TiO2-NPs and Ag-

TiO2 NCs (3:0.5, 3:1, and 3:1.5).
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bending vibrations of the carbohydrates, and the peaks in the
region of 1150–900 cm�1 were attributed to the stretching of

C–O, and C–C bonds (Santos et al., 2019).
Fig. 4a shows the survey spectra and high-resolution spec-

tra of Ag 3d, Ti 2p, and O 1 s orbitals. From Fig. 4, it is clear

that the bare TiO2-NPs showed Ti 2p, O 1 s, and C 1 s ele-
ments, whereas Ag-TiO2 (3:1) NC contains Ag 3d along with
Ti 2p, O 1 s, and C 1 s elements. The peak for C 1 s was

ascribed to the carbon from macromolecules/metabolites of
GB extract involved in the processes of reduction and stabi-
lization of NCs. The high-resolution spectrum of Ag 3d peak
in the Ag-TiO2 NC (3:1) shows the binding energy (BE) match-

ing to that of Ag 3d5/2 peak at 367.6 eV, indicating the forma-
tion of metallic silver. Besides, the BE of Ag 3d3/2 peak was
observed at 373.6 eV (Fig. 4b). The Ag 3d spectrum of silver

metal has well separated spin–orbit components, and the dif-
ference of BEs between Ag 3d5/2 and 3d3/2 peaks was 6.0 eV,
which was characteristic of silver metal (Xiang et al., 2010).

Fig. 4c shows the Ti 2p3/2 and Ti 2p1/2 peaks of bare
TiO2-NPs with BEs at 458.38 and 464.16 eV, respectively.
After the formation of Ag-NPs onto the TiO2-NPs surface,
the formed Ag-TiO2 NC (3:1) exhibited a shift in the BEs of

Ti 2p3/2, and Ti 2p1/2 peaks to 458.57 and 464.28 eV, respec-
tively. Similarly, Fig. 4d shows the O1s peak with shifted BE
from 529.98 to 529.78 eV in NCs. These changes in BE suggest

that Ag-TiO2 NCs were successfully synthesized. The SEM-
EDX images of bare TiO2-NPs and different Ag-TiO2 NCs
are shown in Fig. S2. The results show spherical nanoparticles
with slight aggregation, and there was a homogeneous and

dense capping agent on Ag-TiO2 NCs. However, the Ag-NPs
were not uniformly deposited on the surface of TiO2-NPs as
reported previously (Behnajady et al., 2008). The elemental

composition of TiO2-NPs and Ag-TiO2 NCs was determined
by energy-dispersive X-ray spectroscopy (EDS) analysis. From
EDS analysis, it is observed that the strong peaks appeared for

Ti, Ag, and O elements confirming the formation of Ag-TiO2

NCs.
Fig. 5 shows the FE-TEM images and SAED patterns of

Ag-TiO2 NCs (3:0.5, 3:1, and 3:1.5). The dark spots in FE-

TEM images show the formation of Ag-NPs on the surface
of TiO2-NPs. The synthesized Ag-TiO2 NCs were predomi-
nantly spherical in morphology with quasi-spherical and

hexagonal Ag-NPs were decorated on the surface of
TiO2-NPs along with capping agents, which has been in
concurrence with the previous reports (Kalathil et al.,

2012) (Fig. 5a-f). The sizes of NCs calculated using the
FE-TEM images showed that there was an increase in the
particle size of Ag-NPs on TiO2-NPs with an increase in
the concentration of silver reactant. Ag-TiO2 NC (3:0.5)

had Ag-NPs in the range of 7.3–15.9 nm with an average
of 11.2 ± 3.05 nm on the TiO2-NPs surface, whereas
14.2–18.9 nm with an average of 15.8 ± 2.4 nm, and

13.1–23.0 nm with an average of 16.4 ± 4.5 nm were
observed for 3:1 and 3:1.5 Ag-TiO2 NCs, respectively.



Fig. 4 XPS spectra of the bare TiO2-NPs and Ag-TiO2 NC (3:1). (a) Survey spectra, (b) Ag 3d peak, (c) Ti 2p peak, and (d) O 1 s peak.
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SAED patterns of TiO2 of different NCs clearly show well-
resolved diffraction rings, which are indicative of their poly-

crystallinity nature (Fig. 5c, 5f, and 5i). Element mapping
analysis of the FE-TEM image shows the presence of Ag,
Ti, and O elements in Ag-TiO2 NCs (Fig. 6).

3.3. Applications of Ag-TiO2 NCs
3.3.1. Photocatalytic degradation of MB by Ag-TiO2 NCs

Interestingly, the higher photocatalytic activity was obtained

under the experimental conditions with all the Ag-TiO2

(3:0.5, 3:1, and 3:1.5) NCs (Fig. 7). Fig. 7a shows the photocat-
alytic degradation (Ct/C0) as a function of the time, where Ct is

the concentration of the dye (MB) at the time ‘‘t”, and C0 is the
initial concentration. In the absence of NCs, control experi-
ments were performed, and there was no sufficient photocat-
alytic degradation of MB.

In the present work, all Ag-TiO2 NCs as photocatalysts
showed > 90% of photocatalytic degradation of MB in
130 min of visible light irradiation (Fig. 7a). Each experimental

system containing MB dye solution (10 mg/L) and 0.01%
(w/v) photocatalyst was left under dark for 30 min for the
adsorption–desorption equilibrium, and the results showed

the adsorption of 15–18% of MB dye on the Ag-TiO2 NCs
(Fig. 7b). Firstly, 3:0.5 and 3:1 Ag-TiO2 NCs were assessed
for the photocatalytic degradation of MB, which reached

nearly � 23% and 24%, respectively, in 10 min after exposure
to light. Thereafter, at every 15 min, the sample was taken and
spectrophotometrically analyzed, which showed the time-
dependent catalytic degradation of MB by NCs. More

than � 50% of MB degradation occurred in 70 and 55 min
by 3:0.5 and 3:1 Ag-TiO2 NCs, respectively, and finally,
90.7% and 93.4% degradation occurred in 130 min of visible

light irradiation (Table 1). In contrast, the degradation effi-
ciency of MB by Ag-TiO2 NC (3:1.5) was marginally lower
(91.8%) than Ag-TiO2 NC (3:1), but slightly higher than Ag-
TiO2 NC (3:0.5) (Fig. 7b). In the absence of catalyst, the pho-

tolysis of MB was 9.4%, whereas bare TiO2-NPs degraded
73.4% of MB, respectively after 150 min of visible irradiation
(Fig. S3). Fig. 8 represents the photoinduced charge separa-

tion, charge transfer, and photocatalytic degradation of dyes
using Ag-TiO2 NCs as photocatalyst under visible light
irradiation.

3.3.2. Antibacterial assay

The antibacterial activity of green synthesized Ag-TiO2 NCs
(5 mg; 40 mg/mL) was evaluated using the agar well diffusion

method. Fig. 9 shows the antibacterial activity of all Ag-TiO2

NCs against S. aureus (Gram-positive) and E. coli (Gram-
negative). TiO2-NPs were inert for both Gram-positive as well

as -negative bacterial species. However, different Ag-TiO2 NCs
exhibited different levels of antimicrobial activity against bac-
teria. The zone of inhibitions (ZOIs) for S. aureus were
9.6 ± 0.57 and 12 ± 1.0 mm for 3:1 and 3:1.5 Ag-TiO2

NCs, respectively, whereas ZOI for E. coli was 9.3 ± 0.57 m
m for 3:1.5 Ag-TiO2 NC. The ZOIs of ampicillin (positive con-
trol) were 29.3 ± 1.53 and 14 ± 1.0 mm for S. aureus and

E. coli, respectively (Fig. 9). The goji berry plant extract
(100 ml; 2.8 mg/mL) did not produce any significant antibacte-
rial activity against both Gram-positive and -negative bacteria

(Fig. S4). Thus, Ag-TiO2 NC (3:1.5) exhibited broad-spectrum
antibacterial properties against both Gram-positive and -
negative microorganisms.



Fig. 5 FE-TEM images of (a,b) 3:0.5, (d,e) 3:1, and (g,h) 3:1.5 Ag-TiO2 NCs. SAED images of (e) 3:0.5, (f) 3:1, and (i) 3:1.5 Ag-TiO2

NCs.
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4. Discussion

Green syntheses of nanocomposites using the extracts of plant

materials such as stem, leaves, flowers, or fruits are usually
safe. The synthesis method uses an environment-friendly sol-
vent, non-hazardous and non-toxic reducing and stabilization

agents. Many researchers have greatly exploited the natural
resources for the green and sustainable synthesis of several
nanocomposites in an environment-friendly method. Among
several methods, a greener method using plant materials is

advantageous as it is predominant with secondary metabolites,
biomacromolecules, and other reducing agents with electron-
shuttling compounds (Narayanan and Sakthivel, 2011;

Patsilinakos et al., 2018). The red goji berries are rich in phy-
tochemicals, minerals, carotenoids, 2-O-b-glucopyranosyl-L-a
scorbic acid (AA-2bG), and fatty acid composition. The pres-

ence of many bioactive compounds with high antioxidant abil-
ity can act as reducing agents in the formation of nanoparticles
with unique shapes and morphologies (Ilic et al., 2020). The

optical properties of NCs are dependent on the particle size
and the surrounding environment. SPR is the resonant
oscillation of valence electrons by incident light due to which
nanoscale particles exhibit different colors. UV–vis spectra
also give information about the aggregation of nanoparticles.
The increase of the concentration of AgNO3 added to bare

TiO2-NPs from 0.5 to 1.5 mM, resulted in higher intensity of
SPR absorption peak suggesting the reduction of silver ions
to increased Ag-NPs and the formation of many NPs on the

surface of TiO2-NPs. Moreover, all NCs exhibited weak and
broad SPR bands suggesting the formation of Ag-NPs with
broader size distributions (Ider et al., 2017). As seen in

Fig. 2b, the incorporation of Ag-NPs into the surface of
TiO2 resulted in the reduction of bandgap energy. The decrease
in bandgap energy with an increase in the Ag-NPs on the sur-
face of TiO2 shows a redshift of the absorption peak and

decreases the recombination rate of photoinduced electrons
and holes and enhances photocatalytic activity (Gupta et al.,
2013). Barone et al., (2014) also demonstrated a decrease in

the optical bandgap from about 3 eV of TiO2 to about
1.4 eV with the addition of silver to the TiO2-NPs. The
decrease in optical band explains the quenching of photolumi-

nescence and the changes in UV–visible absorption due to the
metallization of samples by the formation of Ag-NPs on the
surface. The decoration of TiO2 with metal/nonmetals or

metal-nonmetal combinations reduces its bandgap and allows
for the activation by visible light (Malati and Wong, 1984).



Fig. 6 (a) FE-TEM and (b) HAADF-STEM images of Ag-TiO2 NC (3:1). (c-e) EDS mapping of Ag, Ti, and O elements and (f) EDS

spectrum of the plotted area of Ag-TiO2 NC (3:1).

Fig. 7 Photocatalytic degradation of MB by Ag-TiO2 NCs under visible light irradiation. (a) The plot of Ct/C0 against time in the

degradation of MB dye. (b) Degradation percentage (%) of MB against time.

8 A. Ahmed Sharwani et al.
The XRD analysis investigates the structures, phases, and
crystal orientations of nanoparticles. XRD analysis showed
that Ag-NPs have a face center cubic (fcc) structure

impregnated on the surface of TiO2-NPs. The unassigned
peaks in the spectra are due to the crystallization of biomacro-
molecules and metabolites from the GB extract on the surface
of nanocomposites. Similar results were reported previously

with biogenic Ag-NPs synthesis using the extracts of edible
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mushroom and geranium leaves (Philip, 2009; Vanaja and
Annadurai, 2013). The FT-IR measurement was performed
to investigate the functional groups of the biomolecules in

the GB fruit extract, which were involved in the reduction pro-
cess to form Ag-NPs and responsible for the capping and sta-
bilization processes to form Ag-TiO2 NCs. Generally, the

phenolic groups, aromatic amines, amide (I) groups, and sec-
ondary alcohols in the plant extracts interact with the surface
of metal NPs for reduction and stabilization (Kumar et al.,

2020; Kabir et al., 2020). The oxidation/reduction property
of flavonoids and isoflavonoids (caffeic acid, chlorogenic acid,
quercetin-3-O-rutinoside, and kaempferol-3-O-rutinoside) pre-
sent in the fruit extract plays an important role in the synthesis

of Ag-NPs on the TiO2-NPs surface (Rasineni et al., 2008).
XPS is a powerful quantitative technique to elucidate the

electronic structure and elemental composition of nanomateri-

als with their oxidation states. In our study, the surface com-
position, and chemical states of bare TiO2-NPs and Ag-TiO2

NCs were carried out by XPS analysis. FE-SEM images and

EDS spectra of synthesized Ag-TiO2 NCs have been used to
characterize the information on the surface morphology and
elemental composition. The occurrence of separate elemental

signals for silver, titanium, and oxygen suggests that silver ions
are successfully integrated into the TiO2 lattice. The increase of
silver intensity shows the increased formation of Ag-NPs on
the TiO2 surface, which is in concurrence with the previous

reports (Ali et al. 2018; Sobana et al., 2006). FE-TEM was
used to examine the dispersion, size, and shape of Ag-TiO2

NCs prepared using GB extract. The average size of Ag-NPs

formed on TiO2-NPs increased with the concentration of
AgNO3 from 0.5 to 1.5 mM. A possible reason for increasing
NPs size can be due to the lack of extract components with

higher AgNO3 concentration to cap the surface of NPs, which
leads to low thermodynamic stability and subsequent agglom-
erate over time leading to the formation of quasi-spherical and

hexagonal shapes of Ag-NPs on the surface of TiO2-NPs
(Ahmad et al., 2018). SAED patterns of concentric bright cir-
cular rings resulted from the orientation of crystal planes con-
firming the crystalline nature of TiO2. The presence of rings is

due to the random orientation of the nanocrystallites, and the
brightness of circular rings suggests the polycrystalline nature
of TiO2 (Mourdikoudis et al., 2018).

Azo dyes are organic compounds that constitute two-third
of all synthetic dyes used in the textile dyeing and pharmaceu-
tical industries. Many azo dyes are carcinogenic/mutagenic

and provoke allergic reactions. The toxicity of these dyes is
mainly because of the presence of many benzene rings in their
structure. The products of many degraded dyes also impose
carcinogenicity, for instance, benzidine, which is a cleaved pro-

duct of many azo dyes, is a known carcinogen for the human
urinary bladder (Gicevic et al., 2020). The photocatalytic prop-
erty of a nanocomposite in the degradation of dyes by visible

light irradiation is the ability to produce photogenerated elec-
trons by the SPR effect. However, the photocatalytic degrada-
tion by bare TiO2-NPs was lower and occurred under harsh

conditions (Sobana et al., 2006). The improved absorption
behavior of Ag-TiO2 NCs compared to bare TiO2-NPs in the
visible light region was employed as a photocatalyst in the

degradation of azo dyes. This excellent degradation ability of
Ag-TiO2 NCs towards MB was mainly attributed to the char-
acteristic SPR phenomena of Ag-NPs, the tuning bandgap,
and the surface properties of photocatalysts (Sarina et al.,



Fig. 8 Schematic illustration of the possible mechanism for the photocatalytic degradation of MB dye by Ag-TiO2 NCs.

Fig. 9 Photographs of ZOIs for (a) bare TiO2-NPs, (b) 3:0.5, (c) 3:1, and (d) 3:1.5 Ag-TiO2 NCs (5 mg; 40 mg/mL) and (e) positive

control (ampicillin, 200 mg; 200 mg/mL) against S. aureus and E. coli.
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2013). In 2017, Rather and colleagues demonstrated that the
plasmonic metal (Cu, Au, and Ag)-TiO2 NCs was effectively

used as photocatalyst for photooxidative decomposition of
MB resulting in the complete photomineralization to carbon
dioxide (CO2) and water in comparison to TiO2 (Rather

et al., 2017). Even, the green synthesized Ag-NPs using the
stem extract of Nepeta leucophylla exhibited plasmon-
induced photocatalytic degradation of MB (82.8%) in

180 min under visible light (Singh and Dhaliwal, 2020).
Recently, the nano-sized Fe2Zr0.85W0.15O7 system showed
promising photocatalytic degradative activity of MB in real
textile wastewater with pseudo-first-order kinetics at the opti-

mum degradation conditions of 1.5 g/L catalyst at pH 11.0
(Abbas et al., 2020). These green synthesized Ag-TiO2

NCs-based photocatalysts have shown immense prospectives

for wastewater treatment applications, as it requires a low
amount of photocatalyst and efficient degradation of MB
under visible light irradiation. The UV-irradiation of Ag-

TiO2 prepared using Azadirachta indica leaf extract for the
degradation of MB and rhodamine B (RB) dyes showed that
>90% of dyes were degraded in 120 min. (Saeed et al.,

2019). The solar light irradiation of RB with Ag/TiO2 NC syn-
thesized using Uncaria gambier Roxb. leaf extract showed 99%
degradation at 120 min (Wahyuni et al., 2019). In another
instance, the immobilization of Ag-NPs on TiO2 surface using

the extract of Carpobrotus acinaciformis showed photocatalytic
degradation of methyl orange (MO) and CR than bare TiO2-
NPs as photocatalyst (Rostami-Vartooni et al., 2016). The
Ag/TiO2 NC prepared using the leaf extract of Cestrum

noctrnum showed visible light photocatalytic degradation of
MB as well as visible light photoinhibition of E. coli and
P. aeruginosa (Tahir et al., 2016).

On visible light irradiation, the electrons from the valence
band (VB) of silver are injected rapidly into the conduction
band (CB) of the TiO2 by the SPR effect, and Ag is converted

to Ag+ ions. These injected electrons on the TiO2 react with
the dissolved molecular oxygen molecules (O2) in water to pro-
duce reactive species, such as �O2

� (superoxide) and hydrogen
peroxide H2O2 in oxygen-equilibrated solution. These reactive

species can interact to produce �OH (hydroxyl) radicals, which
effectively degrades dye molecules and contaminants to vari-
ous products (Varma et al., 2016; Yang et al., 2013). However,

the size distribution of Ag-NPs on the NC plays a key role in
determining the photocatalytic degradative efficiency of the
nanocomposites (Kodom et al., 2015). Chen et al., (2014)

demonstrated that the improved photocatalysis of silver-
decorated TiO2 nanotube arrays is attributed to the enhanced
light-harvesting SPR effect of Ag-NPs. The changes in the

photocatalytic ability of NCs are mainly due to the variations
in the electron transport and separation of the plasmon-
generated electrons and holes in the Ag-NPs in the NC. The
formation of larger Ag-NPs on Ag-TiO2 NC (3:1.5) showed

lower photocatalytic activity due to the more scattering of vis-
ible light and excitation of fewer electrons, which are injected
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into the conduction band of TiO2 than that of smaller Ag-NPs
on other NCs. As a result, the photocatalytic activity of larger
Ag-NPs decorated TiO2 NC is muted in comparison to other

NCs.
Metals exhibit strong antibacterial activity against patho-

genic microorganisms, in-situ generated silver and copper

bimetallic (Ag/Cu) nanoparticles on cotton fabrics using the
extracts of red sanders powder or aloe vera showed antibacte-
rial activities against bacteria for applications, such as antibac-

terial bed and dressing materials (Gollapudi et al., 2020;
Mamatha et al., 2020; Venkateswara Rao et al., 2019). Simi-
larly, various metal nanocomposites (Ag-TiO2 NCs) also
exhibited broad-spectrum antibacterial properties against both

Gram-positive and -negative microorganisms (Noreen et al.,
2019). The differences in the antibacterial activity of NCs
between Gram-positive and gram-negative bacteria are pri-

marily due to the differences in their membrane structure
and the thickness of the peptidoglycan layer (Kim et al.,
2007; Sapkota et al., 2018). Ag-NPs have been previously

reported to kill microbes for many decades (Allafchian et al.,
2016). Thus, the immobilization of Ag-NPs on TiO2-NPs
(Ag-TiO2 NCs) acts as an efficient antibacterial photocatalytic

nanomaterial. Generally, the antibacterial effect of Ag-NPs is
due to the release of silver ions, which react with the thiol
group (-SH) of proteins leading to bacterial inactivation and
death. These silver ions have also been reported to uncouple

the respiratory electron transport chain (ETC) from oxidative
phosphorylation by inhibiting the enzymes in the respiratory
chain or by interfering with membrane permeability (Qing

et al., 2018). In addition, the formation of strong oxidizing
agents by TiO2-NPs disrupts the outer and cytoplasmic
bacterial membranes by lipid peroxidation leading to the death

of microbes (Maness et al., 1999). Rao et al., (2019) demon-
strated the antimicrobial activity of spherical Ag-TiO2 NPs
synthesized using the aerial extract of Acacia nilotica plant

against pathogenic microorganisms in the order of E. coli >
Candida albicans > methicillin-resistant S. aureus
(MRSA) > Pseudomonas aeruginosa. Similarly, Ag-TiO2

NCs synthesized using the leaf extract of Origanum majorana

also showed significant antimicrobial activity against E. coli,
Bacillus subtilis, and Aspergillus niger (Bhardwaj and Singh,
2021). In this study, Ag-TiO2 NC (3:1.5) shows significant

activity against S. aureus than E. coli, whereas Ag-TiO2 NC
(3:1) shows marginal inhibition. It is noteworthy to mention
that Ag-TiO2 NC (3:1.5) significantly affects the permeability

of both Gram-positive (S. aureus) and -negative (E. coli) bac-
teria. However, E. coli is less permeable to released silver ions
from NC when compared with S. aureus (Feng et al., 2000).

5. Conclusions

In summary, we demonstrated an environmentally friendly
method to prepare Ag-TiO2 NCs using the aqueous extract

of goji berries without any added chemicals at room tempera-
ture. The synthesized Ag-TiO2 NCs were characterized by
UV–vis, XRD, FTIR, XPS, SEM, and FE-TEM analyses.

The photocatalytic property of Ag-TiO2 NCs was highly pro-
nounced than bare TiO2-NPs due to the efficient interfacial
interaction between silver and titania nanoparticles leading

to the charge separation as well as the transfer of photogener-
ated charge carrier under visible light irradiation. The
enhanced photocatalytic activities of Ag-TiO2 NC (3:1) could
be attributed to the enhanced SPR effect of Ag-NPs that have
the better light-harvesting property with improved plasmon-

generated electrons. The present approach not only provides
an efficient green method of synthesizing the metal-decorated
TiO2 nanocomposites but also provides an eco-friendly photo-

catalyst for wastewater remediation and antibacterial applica-
tions. Overall, the green synthesized Ag-TiO2 NCs using the
fruit extract could be used as cost-effective, benign, sustain-

able, and effective photocatalysts in organic syntheses and
wastewater treatments as well as antibacterial agents for vari-
ous nanotechnological and biomedical applications.
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S.K., Kuča, K., 2020. Fruit extract mediated green synthesis of

metallic nanoparticles: a new avenue in pomology applications. Int.

J. Mol. Sci. 21 (22), 8458. https://doi.org/10.3390/ijms21228458.

http://refhub.elsevier.com/S1878-5352(21)00471-8/h0025
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0025
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0025
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0025
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0025
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0035
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0035
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0035
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0040
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0040
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0040
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0040
https://doi.org/10.1039/c4ra01753f
https://doi.org/10.1039/c4ra01753f
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0055
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0055
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0055
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0055
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0055
https://doi.org/10.3390/ma11061030
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0065
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0065
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0065
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0070
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0070
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0070
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0070
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0070
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0075
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0075
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0075
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0080
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0080
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0080
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0085
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0085
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0085
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0085
https://doi.org/10.1088/0957-4484/20/10/105704
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0095
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0095
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0095
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0095
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0095
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0100
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0100
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0100
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0105
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0105
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0105
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0110
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0110
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0110
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0110
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0115
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0115
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0115
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0120
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0120
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0120
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0120
https://doi.org/10.1007/978-3-030-17971-7_88
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0130
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0130
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0130
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0130
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0135
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0135
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0135
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0140
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0145
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0145
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0145
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0150
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0150
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0150
https://doi.org/10.3390/foods9111614
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0160
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0165
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0165
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0165
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0165
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0165
https://doi.org/10.1039/c3nr00613a
https://doi.org/10.1039/c3nr00613a
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0175
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0175
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0175
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0175
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0175
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0180
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0180
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0180
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0180
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0185
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0185
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0185
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0185
http://refhub.elsevier.com/S1878-5352(21)00471-8/h0185
https://doi.org/10.3390/ijms21228458


Sustainable fabrication of silver-titania nanocomposites using goji berry (Lycium barbarum L.) fruit extract 13
Malati, M.A., Wong, W.K., 1984. Doping TiO2 for solar-energy

applications. Surf. Technol. 22 (4), 305–322.

Mamatha, G., Varada Rajulu, A., Madhukar, K., 2020. In situ

generation of bimetallic nanoparticles in cotton fabric using aloe

vera leaf extract, as a reducing agent. J. Nat. Fibers 17 (8), 1121–

1129. https://doi.org/10.1080/15440478.2018.1558146.

Maness, P.-C., Smolinski, S., Blake, D.M., Huang, Z., Wolfrum, E.J.,

Jacoby, W.A., 1999. Bactericidal activity of photocatalytic TiO2

reaction: toward an understanding of its killing mechanism. Appl.

Environ. Microbiol. 65 (9), 4094–4098.

Martins, P., Kappert, S., Nga Le, H., Sebastian, V., Kühn, K., Alves,
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