Online ISSN 1875-0052
Print ISSN 1229-9197

Fibers and Polymers (2023) 24:3913-3926
https://doi.org/10.1007/s12221-023-00341-2

REGULAR ARTICLE q

Check for
updates

Excellency of Calendula arvensis in AgQNPs Synthesis for Cotton Fabrics
in Terms of Shape Diversity and Antibacterial Wash Fastness

Toufique Ahmed'® - R. Tugrul Ogulata®® - Osman Giilnaz?

Received: 20 February 2023 / Revised: 1 August 2023 / Accepted: 17 August 2023 / Published online: 8 September 2023
© The Author(s), under exclusive licence to the Korean Fiber Society 2023

Abstract

Green synthesis is a widely known silver nanoparticle (AgNPs) synthesis method. Hundreds of biological extracts have been
applied for synthesizing of AgNPs. This study used C. reticulata, C. sativus and C. arvensis as plant extracts for AgNPs
synthesis. It depicted the supremacy of C. arvensis in green synthesis. Here, we compared the nanoparticle’s morphology
and antibacterial activity of C. arvensis synthesized AgNPs with other previously accomplished works on different plant
extracts. The AgNPs were incorporated in cotton fabrics with multiple methods. We used FTIR, UV—-Vis, SEM, EDS, XRD,
antibacterial activity, and wash fastness for characterization. The SEM image shows C. arvensis plant can synthesize differ-
ent shapes, whereas C. reticulata synthesizes nearly spherical shapes. It also showed the C. arvensis plant extract exhibited
96% antibacterial activity after 20 washes with double padding methods, which is the best among the available works on
antibacterial wash fastness without any binder or cross-linkers. In contrast, Citrus reticulata showed 88% antibacterial activ-

ity after five washes.
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1 Introduction

Antimicrobial textiles are attaining prompt popularity. The
Covid-19 pandemic, in particular, has accelerated the anti-
microbial textile market demand. Various types of antimi-
crobial agents are available in the market such as quaternary
ammonium compounds (QAC), triclosan, chitosan, pol-
yhexamethylene biguanide (PHMB) etc. But these materials
cause detrimental effect on skin, toxic to the animals, and
hazardous. In comparison with other antibacterial agents,
silver nitrate is comparatively safer. It is harmless for human
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health but highly toxic to bacteria [1]. Silver can inhibit
more than 7 fungi species and 16 bacterial species [2]. For
this reason, silver-based compounds have a potentially wide
range of application domains such as food packaging, wound
dressing, medical equipment, paints, etc.

Silver nitrate (AgNOs;) is one of the most common anti-
microbial agents and it has been used for a prolonged period
of time for this purpose. The Ag* released from AgNO,
is mainly responsible for the antimicrobial properties of
AgNO;, which is comparatively nontoxic to humans and
animals but toxic to viruses, bacteria, and fungi. But AgNO;
needs a higher concentration to work against microbes. In
converse, synthesis of silver nanoparticle requires a low
concentrate AgNO; [3, 4]. Due to its large surface area-to-
volume ratio, silver nanoparticles (AgNPs) are an excellent
and safer alternative to other traditional antimicrobial agents
[5]. Unlike other antimicrobial agents, it is the least detri-
mental to human health and the environment [1]. Various sil-
ver compounds, such as silver nitrate (AgNOj), silver sulfate
(Ag,S0,), etc. can produce silver nanoparticles. However,
silver nitrate is more efficient in this context [6].

Nanoparticles can be synthesized in mainly two ways-
(1) bottom-up (chemical methods) and (2) top-down (phys-
ical methods) [7]. The physical method has high energy
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consumption, low production, imperfection, etc. On the
other hand, chemical methods are cost-effective. Still, it
requires two types of chemicals to reduce metal ions and sta-
bilization, which may not be eco-friendly, sometimes toxic,
and prone to produce hazardous by-products [8]. On the con-
trary, green synthesis is simple and cost-effective, and no
additional chemical is needed. The plant extract can simulta-
neously handle the reduction, aggregation, and stabilization
[9]. Moreover, it provides extraordinary assembly [10]. For
green synthesis, many biological substances, such as plants,
fungi, bacteria, yeast, etc., are used [11]. The biological sub-
stances contain various natural bioactive compounds such as
flavonoids, polysaccharides, terpenoids, alkaloids, saponins,
polyphenols, etc. [12]. These compounds cause the reduction
of silver ions (Ag") to Ag atoms [6].

Vankar and Shukla [13] synthesized AgNPs from lemon
leaves and 0.002 M AgNO; and found multi-shaped AgNPs.
Awwad, Salem, and Abdeen [14] synthesized 5—40 nm sized
AgNPs from carob leaves and 0.001 M AgNO;. Maghimaa
and Alharbi [15] utilized Curcuma longa to synthesize and
load silver nanoparticles (AgNPs) into cotton fabric for anti-
bacterial and wound-healing properties. The synthesized
AgNPs can be incorporated into fabrics by ex-situ (coat-
ing, padding, spray, etc.) and in-situ methods [16]. But, the
incorporated AgNPs tend to leach out from the fabric in
most cases, to prevent leaching binder or cross-linkers are
needed [17]. For example, Hebeish et al. [18] used a binder
to increase wash fastness of AgNPs incorporated fabrics and
found high wash fastness up to 20 wash cycles. On the other
hand, some researchers claimed in-situ method increased
AgNPs wash fastness, such as Tang et al. [19] incorporated
AgNPs into mercerized and scoured cotton fabrics by in-situ
method and found 100% antibacterial properties after seven
washes. Again, Zhou et al. [20] incorporated Aloe vera syn-
thesized AgNPs into cotton fabrics by in-situ method and
reported substantial antibacterial activity up to 20 washes.
In this study, we focused on increasing the wash fastness of
AgNPs loaded cotton fabrics without using any binder or
cross-linkers. In this effort, we reviewed numerous available
studies and selected Calendula arvensis (field marigold),
Citrus reticulata (mandarin orange), and Cucumis sativus
(cucumber). No works were reported on these three plant
extracts for antibacterial applications in textiles. However,
ITtuen et al. [21] synthesized AgNPs from C. reticulata peel
extracts for anticorrosion and antibacterial performance and
Hussain et al. [22] used green synthesized AgNPs to profile
the biochemical of C. reticulata.

The reasons behind choosing these plant extracts are
their availability, deficiency of previous works, presence
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of a wide range of bioactive phytochemicals etc. For
example, C. sativus contains cucumerin A and B, orien-
tin, cucurbitacins, cucumegastigmanes I and II, Isosco-
parin, vitex, glucoside, apigenin [23]. C. reticulata has
flavanones, flavones, flavonoids, hesperidin and vitamin
C, naringenin, nobiletin, polymethoxyflavones (PMF),
phenolic compounds, hesperidin, naringin, tangeretin,
and rutin [24, 25]. However, C. arvensis was a little bit
special to us as it is a well-known medicinal plant.

Generally, C. arvensis grows in empty fields, roadsides,
rocky hillsides, cultivated fields, etc. Geographically
these are available around Mediterranean coastal regions,
including Turkey, southern Europe, Caucasia, Iran, and
Afghanistan. The Calendula genus includes approxi-
mately 25 annual or perennial herbs [26]. Among them,
three species are the most common. Calendula arvensis
Linn., Calendula officinalis Linn., and Calendula suffru-
ticosa Vahl. [27]. Among these 3 species, C. officinalis
was used for silver nanoparticles (AgNPs) synthesis by
various researchers. Rodriguez-Acosta et al. [28] utilized
C. officinalis extract from drug delivery. Baghizadeh
et al. [29] synthesized AgNPs from the seed extract of
Calendula officinalis and found 5-10 nm sized spherical
AgNPs with 4 months stability. Balciunaitiene et al. [30]
compared Calendula officinalis (Calendula) and Hysso-
pus officinalis (Hyssopus) and found AgNPs synthesized
by C. officinalis (35.7 +4.8 nm) are comparatively bigger
than Hyssopus synthesized AgNPs (16.8 +5.8 nm) but the
antibacterial activity of C. officinalis synthesized AgNPs
is slightly better.

On the contrary, not many studies have been reported
on green synthesis of AgNPs using Calendula arvensis.
Toufique et. al. [31] reported an exceptional behavior of
recovering antibacterial property loss- where the antibac-
terial efficiency of unused C. arvensis synthesized AgNPs
incorporated cotton fabrics temporarily decreased at a large
scale but was able to recover 100% antibacterial property
while washed with detergent. Calendula arvensis has vari-
ous properties such as antibacterial, anti-mutagenic, anti-
inflammatory, antioxidant, hemolytic, etc. [32]. Paolini
et al. [33] identified 85 essential oil components, including
monoterpene, Sesquiterpene, alcohol, aldehyde, ketones, and
esters from C. arvensis. Abutaha et al. [32] demonstrated
that it could destroy breast cancer cells. C. arvensis is tradi-
tionally used as a spicy, food color, tea, ointment, tincture,
and cosmetic cream [34]. Phytochemical studies showed
that C. arvensis contains phenolic acids and flavonoids like
different chemical compounds [35]. The presence of differ-
ent types of phytochemicals indicates a very good potential
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source for silver nanoparticles synthesis. For example, fla-
vonoids reduce the metal ion and phenolic acids stabilized
the synthesized AgNPs [11].

This study aims to synthesize AgNPs from C. reticu-
lata, C. sativus, and C. arvensis extracts, and compare their
morphological and antibacterial, and wash fastness. A com-
parative study was also made among different previously
reported green synthesized AgNPs.

2 Materials and Methods
2.1 Materials

Silver nitrate (purity 99%), NaOH, Muller Hinton agar,
and nutrient broth were supplied by Merck, Germany. The
bacteria were collected from the microbiology laboratory
of the university. The cotton fabrics (plain, GSM 123)
were collected in a grey state without any pretreatments
from a local textile factory.

2.2 Plant Extract Preparations

The Calendula arvensis (field marigold) plants were col-
lected from the open field of Adana province in Turkey,
Citrus reticulata (mandarin orange) and Cucumis sativus
(cucumber) were collected from the University agricul-
tural products sell center. Then the leaves of C. arvensis
and peels of mandarin orange and cucumber were sepa-
rated and placed in three separate beakers. Next, each plant
sample was washed with 95% ethanol and dried at shade
for a few days. The dried plant samples were chopped sep-
arately into small pieces. Next, 2.5 g of each plant sample
was boiled in 150 ml water at 90 °C for 30 min individu-
ally. In this way, each plant sample produced a 90 ml solu-
tion. After returning back to room temperature, the solu-
tions were filtered with a Whatman no. 1 filter paper. The
three resultant solutions were collected in glass bottles
and labeled according to the plant extract names. Finally,
these were stored at a 3 °C for future use as a reducing and
capping agent.

2.3 AgNPs Synthesis
We found temperature is a crucial factor for C. arven-

sis plant extract. The AgNPs could not be synthesized
using C. arvensis plant extract at below 40 °C, and the

stability and reaction rate is different from 40 to 70 °C for
both AgNO; and Plant extract. Hence, we used Taguchi
Orthogonal array to determine the optimum temperature
for AgNO; and plant extract which is discussed in result
and discussion section.

First, 100 ml AgNO; solution with different molarity,
such as 0.002 M, 0.009 M, and 0.001 M was taken in a
500 ml Erlenmeyer flask and heated at 60 °C. In another
beaker, the plant extract was also heated up to 55 °C.
Then 4 drops (1/7 ml) of plant extract were added to the
AgNO; solution. It took 6—8 min to change the color. The
produced AgNPs suspension was used for padding and
immersion. Besides, the required amount of AgNOj;, plant
extract, and temperature was noted carefully and used in
the in-situ silver nanoparticle synthesis.

2.4 AgNPs Loading in Cotton Fabrics

First, we cut the cotton fabric by 8 cm X 8 cm. Then, the
samples were scoured with 4 gm/l NaOH at 90 °C for 1 h
and boiled with distilled water for 1 h at 80 °C to reduce the
alkalinity. Then, the silver nanoparticles were incorporated
into the fabrics by padding, immersion, and in-situ method.

In padding method, the fabric samples were fully
immersed in 100 ml previously synthesized silver nanopar-
ticles (AgNPs) suspension and then padded with a padding
machine (Rapid, Labortex) with 2 kg/cm? padding pressure
to ensure 80% wet pick-up. The padded samples are then
placed in an incubator at 60 °C for 30 min to dry. Next, the
dried padded samples were washed with distilled water and
dried at 70 °C for 10 min in an air drying cabinet.

In immersion method, the samples were immersed in
100 ml AgNPs suspension solution and waited for half an
hour to impregnate. Then the samples were dried in an incu-
bator at 60 °C and washed with distilled water. Finally, the
samples were dried in an air drying cabinet at 70 °C for
10 min.

On the other hand, in the in-situ method, the fabric sam-
ples were immersed in AgNO; solution. Subsequently, the
silver nitrate-soaked fabrics were introduced into a plant
extract-reducing bath having pH 5-6 with 3:1 liquor-to-
fabric ratio and kept overnight at room temperature. Then
the fabrics were dried at 60 °C in a laboratory oven incuba-
tor. Finally, the fabric samples were washed with distilled
water and dried in an air drying cabinet at 70 °C for 10 min.

2.5 Wash Fastness

The wash fastness of the AgNPs incorporated fabrics was
done according to AATCC 61-2010 standard. Here, 4 g

@ Springer



3916

Fibers and Polymers (2023) 24:3913-3926

AATCC standard reference detergent without any optical
brighter was added to 120 ml water. The prepared solution
(120 ml) was poured in the vessels, followed by the fabric
samples were kept inside the vessels. Finally, the vessels
were placed in the GyroWash machine (James Heal). The
machine was run for 45 min at 40 °C with 10 steel balls. In
this method, one wash cycle is equivalent to 5 home laundry.

2.6 Characterization of AgNPs
2.6.1 UV-Vis Spectroscopy

The Silver nanoparticles (AgNPs) synthesis was confirmed
by UV-Vis Spectrophotometer (Shimadzu, UV-1800) with
a wavelength range of 300650 nm. Distilled water was used
as a blank solution.

2.6.1.1 FTIR The chemical polymeric components of the
samples were evaluated by Fourier-transform infrared spec-
troscopy (FTIR-6700, Jasco) through the spectral range
4000-400 cm™".

2.6.2 X-Ray Diffraction Measurements

The AgNPs treated cotton fabrics samples were used to
measure X-ray diffraction (XRD). The samples were placed
in XRD with EMPYRREAN diffractometer system (PANa-
lytical EMPYREAN, Netherlands) with CuKa, wavelength
A=1.540,598 A. The scan range (26) was 10° to 90° and
scanning step of 0.013. The tube voltage was 40 kV, and the
tube current was 40 mA with Cu anode. Finally, HighScore
plus was used to identify the peaks.

2.6.3 SEM and EDS

The morphology of AgNPs on cotton fabrics were observed
by using SEM (FEI, Quanta 650, USA). First, the AgNPs
loaded cotton fabric samples were coated with gold (Au)
using a vacuum sputter coater. Then, the gold coated sam-
ples were used for SEM images. The accelerating voltage
was 5.00 kV for different kinds of magnification starting
from 20,000 to 100,000. After having the SEM image we
used Imagel software to determine the size of each nano-
particles in nanometer. Then the mean of all sizes were cal-
culated. Besides, the elemental analysis of the samples was
done using energy dispersive X-ray spectroscopy (EDS).

2.6.4 Antibacterial Activity
The antibacterial tests were done according to the

AATCC-100 test standards using S. aureus (Gram-
positive bacteria) and K. pneumoniae (Gram-negative
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bacteria) with a slight modification. A 4.8 cmx 4.8 cm
square fabric sample was used in this method. First, an
inoculum with 100 ml nutrient broth was incubated for
24 h at 37 °C. The concentration of bacteria should be
2 x 103 cells/ ml. Subsequently, about 1 ml of this inocu-
lum was absorbed by each fabric sample. Then, each sam-
ple was incubated at 37 °C for 24 h. After the incubation
period, 100 ml of water was added as a buffer solution,
and the samples were mixed well by shaking. Serial dilu-
tion was performed to get the number of living bacteria.
The process was repeated three times. Finally, the follow-
ing formula calculates the percentage of bacterial reduc-
tion after 24 h incubation period:

B—A

Reduction rate % = x 100

where B is the bacterial colony for the untreated sample, A
is the bacterial colony for AgNPs treated sample.

3 Results and Discussions

This study found a significant effect on AgNPs synthe-
sis and stability. C. arvensis plant extract failed to form
silver nanoparticles below 40 °C. Hence, we synthesized
AgNPs at different temperatures ranging from 40 to 70 °C
and evaluated the particle formation by UV-Vis spectros-
copy. Taguchi orthogonal array was used to find out the
optimum temperature. Here, the temperature of AgNO;
and the temperature of plant extract were regarded as two
factors; each factor has four levels (40 °C, 50 °C, 60 °C,
70 °C). Hence, L 4% orthogonal array was selected to
decide the optimum temperature. Table 1 depicts the L4
orthogonal array.

The contour plots in Fig. 1 show the result of the Tagu-
chi orthogonal array. The optimum temperature for AgNO;
and plant extract should be around 55 °C and 56-70 °C,
respectively.

Therefore, the temperature was set to 55 °C for plant
extract and 60 °C for AgNOj; solution.

3.1 Mechanism of In-Situ Synthesis

The detailed mechanism of ex-situ synthesis has been
described by T. Ahmed and Ogulata [9]. Here, we are focus-
ing only on the in-situ mechanism. The hypothesized mecha-
nism of entire in-situ green synthesis method is depicted in
Fig. 2. Here, three significant steps are reduction, nucleation,
and capping or stabilization. Most plant extracts can accom-
plish all three tasks simultaneously.
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Table 1 L, orthogonal design, Exp. no. Coded matrix Actual matrix Experimental results

levels of the factors, and -

experimental results A B AgNOj; temp Plant extract temp UV vis SPR Time (min)

) O (nm)

1 1 1 70 70 421 3
2 1 2 70 60 422 1
3 1 3 70 50 421 4
4 1 4 70 40 420 4
5 2 1 60 70 425 14
6 2 2 60 60 417 14
7 2 3 60 50 423 12
8 2 4 60 40 423 12
9 3 1 50 70 424 36
10 3 2 50 60 416 26
11 3 3 50 50 424 42
12 3 4 50 40 425 42
13 4 1 40 70 416 180
14 4 2 40 60 424 180
15 4 3 40 50 424 180
16 4 4 40 40 424 180

Contour Plot of UV vis SPR vs Plant Extract Temp, AGNO3 Temp
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Fig. 1 Contour plots a UV-Vis SPR, b reaction time

First, Ag* ions from AgNO; get reduced by the co-
enzymes (such as NADP* or NADY) present in the biologi-
cal extract. The co-enzymes carry hydrogen atoms (H) with
two electrons as NADPH/NADH. Later, the NADPH/NADH
donates the electrons to the silver ions [36, 37].

NAD* + Ht — NADH — 2¢e”

Agt +e - Ag

Plant Extract Temp

Contour Plot of time vs Plant Extract Temp, AgQNO3 Temp
time

30 -
60 -
90 -
120 -
150 -

120
150
180
180

60

45 50 55 65 70

AgNO3 Temp

Then, the newly formed Ag atoms get nucleated to form
nanoparticles. This freshly formed nanoparticles devel-
ops new volume and consequently creates free energy.
This free energy initiates the nucleation process. In this
way, the smaller particles begin to grow swiftly due to
their high free energy [38]. Hence it must be stopped;
otherwise, the large particle will become larger, whereas
smaller particles will be diminishing through the Ostwald
ripening [39].
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C.arvensis plant extract
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Fig. 2 In-situ method of green synthesis
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Fig.3 FTIR of C. arvensis, orange and cucumber extract

Hence, aggregation after a certain limit must have to be
prevented, which is termed as capping. Here, the recently
shaped AgNPs continuously dropped the solution concen-
tration; the nucleation process stops when it passes the
critical level. Short nucleation can ensure uniform size
distribution [40]. In green synthesis, the polar end of the
functional groups (-OH) attach to the nanoparticles and
limits the aggregation [41] (shown in Fig. 2).
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Fig.4 UV-vis spectrum of different plant extract

3.2 FTIR of the Plant Extract

The FTIR spectrums of different plant extracts showed
that the C. arvensis plant extract has three more func-
tional groups than that of C. reticulata (mandarin orange)
and Cucumis sativus (cucumber). All samples showed two
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strong peaks at around 3300 cm™! and 1640 cm™' (Fig. 3).
The broad band ranged 3000—3700 cm™! represent —OH
group. The band range from 1675 to 1600 cm™" represents
Alkenes with (C—C=C) symmetrical stretch (for example,
1-propene) or Alkenyl C=C stretch [42].

On the other hand, in the “fingerprint” region (from
1500 to 800 cm™') only the C. arvensis plant extract
showed a weak peak at around 1340 cm™!. The band
corresponds to the —CH group [43]. The weak peak at
1340 cm™! indicates the trans-wagging band of —~CH,
[44], whereas the weak peak at 1470 cm™! shows the pres-
ence of —-CH; (methyl C-H) asymmetrical or symmetri-
cal stretching. Again, the —CH bending at 1390-1380
represents the —CHO group [45]. Hence, C. arven-
sis extract shows at least 4 functional groups whereas
the orange and cucumber extracts show only the —OH
and > C=C < stretching (figure -3).

3.3 UV-Vis

The UV-visible spectra of the C. arvensis, C. reticu-
lata, and Cucumis sativus (cucumber) extract synthe-
sized AgNPs are illustrated in Fig. 4. The C. arvensis

d — cotton
—— C.reticulata
—— C.arvensis

(132)

] <(111) (130)

(213) (214)

Intensity (a.u)

26 (degree)

Fig.5 XRD of C. arvensis and C. reticulata synthesized AgNPs

Table 2 XRD parameters for C. arvensis synthesized AgNPs

and orange peel extract showed clear peaks at 421 nm
and 410 nm, respectively. On the other hand, cucumber
peel extract synthesized AgNPs solution failed to form
any peak in the UV-Vis spectrum. AgNPs produce a
surface plasmon resonance (SPR) band in the range of
350-500 nm [46]. Hence, the UV-Vis spectrum of C.
arvensis and C. reticulata confirmed the AgNPs forma-
tion. On the contrary, Cucumis sativus (cucumber) failed
to form AgNPs.

3.4 XRD

The XRD pattern of AgNPs shows four and three intense
peaks for C. arvensis and C. reticulata, respectively, at
different 26 values ranging from 20 to 80 (Fig. 5). Accord-
ing to our calculation, the crystallinity of C. arvensis and
C. reticulata synthesized AgNPs are about 70% and 31%,
respectively.

The figure depicts various lattice parameters (miller
index) such as (021), (111), (002), and (130) for C. arven-
sis synthesized AgNPs and (022), (213), (114) are for
C. reticulata synthesized AgNPs. They are indexed as
orthorhombic and Tetragonal crystal systems, respec-
tively. The average crystal size is 5.10 nm for C. arvensis
synthesized AgNPs, and 3.1 nm for C. reticulata syn-
thesized AgNPs. The crystal sizes were calculated by
the Scherrer equation where K=0.90 and 4 = 1.540598
(CuKa)

K\
h pcosd

The d-spacing is calculated using the Braggs law:
A = 2dsin@

The lattice constants (a, b, c) are different in most crys-
tals. Therefore, the lattice constants were calculated by
using the following formula.

1 h kP
==+ —+

d,2 @ P

The calculated lattice parameters are very close to that of
the reference (Table 2).

260 hkl Micro-strain Lattice a Ref of lattice a Lattice b Ref of lattice a Lattice ¢ Ref of lattice a
22.45 012) 0.025796 10.75231 10.722

28.786 (111) 0.004932

30.786 012) 0.03264 5.80399 5.851

34.020 (130) 0.03264 3.8812 3.864
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Fig.6 SEM images for different
methods

26/2021

11:16:41 AM | S00KV | 414 um 7.69e-4 P 6 mm €10 T . N : (2 =000 —
(a) C.arvensis synthesized AgNPs on plain fabric by (b) C.arvensis synthesized AgNPs on plain
immersion fabric by In-situ method

500 kv | 414 um

N o — 500
V | 4.14 ym 1 1mm | ETD G Cukurova

(c) C.arvensis synthesized AgNPs (from 0.009 M) on (d) C.arvensis synthesized AgNPs on twill
plain fabric by In-situ plain fabrics by in-situ method

ot 414ym |5 x = ©
(f) C.reticulata peel synthesized on twill fabric
by in-situ method

rova Uni

ric by

(]

(g) C.reticulata peel synthesized on plain fabric by (h) C.reticulata peel synthesized on twill fabric
immersion method in in-situ
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Table 3 Shapes of different plant extracts

Plant extract shape AgNO; Nanoparticle size References
C. arvensis Square 0.002M 49 nm This study
C. arvensis Cubic 0.002M 54 nm This study
C. arvensis Irregular 0.001 M 58 nm This study
C. arvensis Square, triangular, spherical 0.009 33 nm This study
C. reticulata Spherical 0.002 M 54 nm This study
C. reticulata Spherical 0.002 M 74 nm This study
C. reticulata Spherical 0.002 M 66 nm This study
C. camphora leaves (0.5 g) Quasi-spherical 50 ml AgNO; (1 mM) 64 nm [53]
C. coriaria leaves centrifuged Various shapes AgNO; 78-98 nm [54]
Ocimum sanctum Triangular AgNO;(0.002 M) 5 mL 42 nm [55]
Aloe vera leaf Spherical AgNO; 20-25 nm [20]
E. prostrata Various shapes AgNO; (1 mM) 88 mL 45 nm [56]
Memecylon edule Various shapes AgNO; (10-3 M) 15 mL 50-90 nm [57]
Curcuma longa (powder and extract) Quasi-spherical triangular, ~ AgNO; (50 mL of 1 mM) 71-80 nm [58]
small rod-shaped
Annona reticulata Spherical AgNO; 0.1 M 9 mL 7.67-8.34 [59]
A. squamosa Spherical 90 mL, 1 mM AgNO; 20-100 nm [60]
Neem/Salep Star-like 45 mL, 1 mM AgNO; - [61]
Neem leaves boil Spherical 1:4 ratio to neem solution 0.01 M AgNO3 10-20 nm [62]
Neem Spherical and polydisperse 45 mL of 1073 M aqueous AgNO; 5-35 nm [63]
C. zeylanicum (cinnamon) 2.5 g Decahedral 50 mL of 1 mM aqueous AgNO; 31-40 nm [64]
Honey Spherical Less than 4 mL (0.1 N) AgNO; 10 nm [65]
A. alternata Spherical AgNO; (1-5 mM) 25-30 nm [66]
Olive leaf Spherical AgNO;, 40 nm [67]
Thymus kotschyanus Spherical AgNO; 50-60 nm [68]

3.5 SEM and EDS

To observe the shape and size of C. arvensis leaf and
C. reticulata peel extracts synthesized silver nanoparti-
cles (AgNPs), SEM and EDS were recorded. Most of the
SEM images were taken at 100,000 magnification. The C.
arvensis synthesized AgNPs were of different shapes such
as cubic (Fig. 6a), square (Fig. 6b), triangular (shown in
red arrow, Fig. 6¢), square (shown in red square, Fig. 6¢),
irregular (Fig. 6d), nearly spherical (Fig. 6e), depending
on various parameters including fabric types, incorpora-
tion methods, plant extract, and AgNO; concentration etc.
On the contrary, the C. reticulata peel extract only pro-
duced nearly spherical shapes irrespective of all param-
eters (Fig. 6f-h). The acidic nature of C. reticulata extract
minimizes the alkalinity of NaOH pretreatment and then
it plays a crucial role in determining AgNPs shape. In this
way, the AgNPs will be spherical. On the other hand, C.
arvensis plant extract does not minimize the alkalinity of

NaOH pretreatment at that extent, hence, various shapes
will be produced here.

The average nanoparticle sizes of C. arvensis synthesized
AgNPs range from 33 to 58 nm whereas the C. reticulata
synthesized AgNPs’s shapes are around 54 nm.

3.6 AgNPs Morphology Comparison

Various plant extracts, including C. arvensis and C.
reticulata synthesized nanoparticle shape and size, are
depicted in Table 3. It shows the shape of C. arvensis syn-
thesized AgNPs are significantly affected by the AgNO;
molarity, incorporation method, fabric type, etc. On the
contrary, irrespective of parameters, the C. reticulata peel
extract constantly produced spherical or nearly spherical
shapes. Additionally, other plant extracts produce spheri-
cal shapes in most cases, except for a few exceptions,
such as neem/salep or Ocimum sanctum, which produced
star-shaped and triangular-shaped nanoparticles. Cheon
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(a) EDS of C.arvensis synthesized AgNPs

Fig.7 EDS of AgNPs incorporated fabrics

et al. [47] reported antibacterial activity of AgNPs largely
depends on the shape due to its relation to the Ag ions
release. [48] showed cubic shape has highest antibacterial
activity among nanocubic, nanospherical and nanowires.
Truncated triangular AgNPs outperformed spherical or
rod shaped AgNPs [49]. Different shapes have different
surface areas and active facets of AgNPs [50]. The non-
spherical shapes are highly desirable for good antibacte-
rial efficiency [51].

Furthermore, the C. arvensis synthesized AgNPs have
a size range between 33 to 54 nm, whereas the C. reticu-
lata peel extract produced 54—74 nm. Neither C. arvensis
nor C. reticulata synthesized nanoparticle size was not
as small as hone synthesized, or neem leaves synthesized
nanoparticles (Table 3). Smaller nanoparticles are signifi-
cant for excellent antimicrobial action [52]. However, the
size range of C. arvensis and C. reticulata plant extract
synthesized AgNPs are good enough for antibacterial
properties.

3.7 EDS

Both C. arvensis and C. reticulata extract synthesized
AgNPs. The EDS spectrum (Fig. 7) has different peaks
for Ag, C, O the EDS profile shows Ag peaks which con-
firm that the AgNPs were formed in the reaction medium
in both images. Further, at around 3 keV, some peaks are
typically caused by the absorption of silver nanocrystals
due to the surface plasmon resonance of AgNPs [69].

@ Springer

(b) EDS of C.reticulata synthesized AgNPs

The C and O elements indicate the presence of carbon
and oxygen in C. arvensis plant extract and cotton fiber.
Other strong peaks are from Au due to the gold plating of
the sample before SEM sample preparation. The K and L
beside the metal elements represent the shell of the metal.

3.8 Antibacterial activity

Although the exact mechanism of AgNPs’s antibacterial
activity is not clear, but it can be hypothesized that the con-
tinuous releases of Ag* from AgNPs is mainly responsible
for antibacterial activity. The Ag* adhere to the cell wall and
cytoplasmic membrane is due to the electrostatic attraction
and affinity to sulfur proteins [70].

You et al. [71] described in details of antibacterial mecha-
nisms. Some researchers believe smaller silver nanoparticles
(AgNPs) penetrate the microbes and release Ag* in cyto-
plasm which destroy the intracellular structure.

Gordon et al. [72] synthesized nano structured coating
by silver polymer coordination polymer and demonstrated
Ag™ binds thiol groups in amino acid and expedite the Ag"
release and —OH radical formation mediated by reactive
oxygen species (ROS). They recommended that the enzyme
inactivation by Ag* to thiol group binding is the key to anti-
bacterial activity. Su et al. [73] observed silver-clay nano-
hybrids adherence on bacterial cell from scanning electron
microscope (SEM) images. But, the nanohybrids are unable
to penetrate, latter the nanoparticles initiate cell death by
generating ROS.
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C.arvensis plant extract synthesized AgNPs on cotton fabrics (padding)

Control

Without wash

Without wash

After 20 washes

C.arvensis plant extract synthesized AgNPs on cotton fabrics (in-situ)

After 10 washes

c.reticulata synthesized AgNPs on cotton fabrics

Without wash

3.9 C.arvensis on Wash Fastness

Wash fastness is a crucial factor of antibacterial textiles.
The leaching of Ag™ or AgNPs may cause pollution. Simul-
taneously, it reduces the antibacterial activity of the AgNPs
incorporated textiles. Unfortunately, AgNPs cannot cre-
ate any chemical bond with the cellulosic fibers. Hence
mechanical bonding or entrapping is the principal way of
wash fastness.

After 5 washes

Various researchers worked on increasing antibacterial
wash fastness in various ways; some used binding agents,
some used cross-linking agents, etc. The results of this
study and previous related studies are depicted in Table 4. It
shows the best performance came from A. alternata fungus,
which shows almost full antibacterial properties even after
20 washes. However, butyl acrylic binder was used here.
Among the samples without any binder, Honey synthesized
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Table 4 Wash fastness of different green synthesized AgNPs

SL. Plant Loading method  Binder Washes Before wash After wash Loss References

1 C. arvensis Padding (2 times) No 20 100% 96% 4%  This work

2 C. arvensis Padding No 10 100% 99% 1%  This work

3 C. arvensis In-situ No 10 100% 99% 1%  This work

4  C. reticulata In-situ No 5 100% 88% 12% This study

5  Honey Padding No 10 100% 87% 13% [65]

6  Honey Padding Printofix binder, 10 100% 98% 2%  [65]

(acrylate-based)
7  A. alternata fungus Immersion Butyl acrylic binder 20 100% 99% 1%  [66]
8  Hydroxypropyl starch (HPS) Padding No 20 96% 62% 30% [18]
Hydroxypropyl starch (HPS) Padding Binder: Printofix 20 96% 95% 1% [18]

10 Streptomyces laurentii (from Achillea Padding No 5 1.62+0.15 0.97+0.12 40% [74]
fragrantissima plants)

11 Streptomyces laurentii (from Achillea Padding No 10 1.62+0.15 0.69+0.1 57% [74]
fragrantissima plants)

12 Marine- macro-Algae (Red and green Padding 2% citric acid (CA) 10 100% 87% 13% [75]
algae) for polysaccharide

13 Marine-macro-Algae (Red and green In-situ 1% acrylic binder 10 100% 95% 5% [75]

algae) for polysaccharide

AgNPs loading with padding showed 13% antibacterial
property loss after 10 washes. On the contrary, we found C.
arvensis synthesized AgNPs with 2 times padding exhibited
96% antibacterial activity even after 20 washes without any
binder or cross-linker. The antibacterial activity loss here is
only 4%. In contrast, the in-situ method for the same plant
extract showed about 99% antibacterial activity after 10
washes, whereas the C. reticulata peel extract showed 12%
antibacterial loss after 10 washes with the same method.
Hence, the C. arvensis plant extract performed more than
12 times that of the C. reticulata peel extract for the same
method.

Compared with other samples, it is obvious that the C.
arvensis plant extracts have an extraordinary antibacterial
property, especially when padded with 2 times. On the other
hand, regarding shape, the AgNPs were capable of produc-
ing square, cubic, spherical and triangular shapes. Whereas
the C. reticulata peel extract only produced spherical shapes.

4 Conclusion

The silver nanoparticle is a dominant antibacterial agent
due to its large surface area, low concentrate AgNO; can
be used as a precursor, a wide range of effectivity, etc.
Among various synthesis methods, green synthesis is the
most convenient as it is super simple, cheap, and eco-
friendly. But, green synthesis of AgNPs depends on some
parameters including temperature, plant extract types, etc.
It was seen that the C. sativus (cucumber) peel failed to
synthesize AgNPs, again, C. arvensis leaf extracts failed

@ Springer

to synthesize AgNPs below 40 °C. By using Taguchi
orthogonal array (L) optimum temperature was found
55 °C and 55-70 °C temperatures for plant extract and
AgNO;, respectively. The synthesized AgNPs were incor-
porated into the fabrics by padding, immersion, and in-
situ method, but for antibacterial wash fastness evaluation,
only in-situ and padding methods were considered. It was
found both padding and in-situ methods performed well
for C. arvensis leaf extract showing about 99% antibac-
terial efficiency after 10 washes. On the other hand, C.
reticulata peel extract performed comparatively poorer
showing 88% antibacterial efficiency after only 5 washes.
Surprisingly, among the available previous investigations
on antibacterial wash fastness of AgNPs incorporated cot-
ton fabrics, C. arvensis leaf extract synthesized AgNPs
performed best without any cross-linking agent or binder.
The C. arvensis synthesized AgNPs showed 70% crystal-
linity, 5.10 nm crystal size, 31 nm-58 nm nanoparticle
size, and various shapes (square, triangular, spherical,
irregular, etc.). On the other hand, C. reticulata peel syn-
thesized AgNPs showed 31% crystallinity, 3.1 nm crystal
size, 54 nm nanoparticle size, and only spherical shapes.

From the FTIR analysis, it was seen C. arvensis has at
least 4 functional groups whereas C. reticulata and C. sati-
vus have only 2 functional groups. Due to these functional
groups, the C. arvensis synthesized nanoparticles showed
better antibacterial wash fastness. However, a detailed
study is needed to investigate the exact reason. Again,
further study is needed to investigate the reason behind
the failure of AgNPs synthesis from C. sativus (cucumber)
peel extract.
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