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Abstract
Nanomaterials have great impact on textile industry for multifunctional and smart clothing as per the need of present, and 
further, green nanotechnology is the current hotspot of research and industrial developments. Silver nanoparticles (AgNPs) 
are synthesized (in situ) by using natural compounds of plant extracts (naphthoquinones, phenolics/flavonoids, polyphenols) 
as reducing or stabilizing agents, and simultaneously deposited on wool fabric for coloration, UV protection and antioxidant 
properties. UV–visible spectroscopy is used to monitor the route of biosynthesis of nanoparticles and transmission electron 
microscopy for morphological characteristics of synthesized AgNPs. Spherical and almost oval-shaped AgNPs were syn-
thesized by naphthoquinones, polyphenols and flavonoids, respectively. Scanning electron microscopy (SEM) coupled with 
energy dispersive X-ray (EDX) spectroscopy, X-ray diffraction pattern (XRD) and Fourier transform infrared spectroscopy 
were used for the AgNPs@Wool fabrics characterization. SEM–EDX analysis and XRD patterns confirmed the successful 
deposition of silver nanoparticles on wool. Coloration characteristics in terms of color strength (K/S) and CIEL*a*b*c*h° 
values, UV protection abilities in terms of UV transmittance and UV protection factor, and  % antioxidant activity of AgNPs@
Wool are suggestive of good-to-excellent results.

Keywords Ag nanoparticles · Reducing/stabilizing compounds · Biosynthesis · Coloration · UV protection · Antioxidant 
activity

Introduction

Nanomaterials are defined as materials which are in the 
size range of 1–100 nm. Their surface area and size ratio 
make them important for various applications in chemistry, 
physics and biology. Nanotechnology is an emerging tech-
nology, attracting the attention of scientists from various 
fields, for industrial developments in recent times for the 
development of materials with improved characteristics. 
Textile industry is one of the industries highly influenced 
by nanomaterials applications. Today modern textiles are 
equipped with nanoparticles for various functionalities such 
as UV protection, antioxidant activity, self-cleaning property 
and antimicrobial activity (Hebeish et al. 2011; Perelshtein 
et al. 2012; Wagener et al. 2016; Islam et al. 2017). Nowa-
days green and sustainable chemistry strongly interfered 

into the space of technological developments for the sake of 
increased awareness of human beings towards environmental 
issues. Utilization of ecofriendly, biodegradable and renew-
able resources for nano-technological developments are the 
important aspects of green chemistry. Preparative methods 
and stabilizing compounds provide specific characteristics to 
nanoparticles, other than the area–size ratio (El-Rafie et al. 
2011).

Plant extracts-mediated synthesis of nanoparticles has 
been a greener approach in terms of biocompatibility and 
environment friendly. Organic compounds in plant sources 
are very well known to reduce metal ions into nanoparti-
cles although the nature of reducing agents involved is not 
well understood. Characteristics of nanoparticles are highly 
influenced by the sources of plant extracts, various combina-
tions of compounds and their concentrations (Li et al. 2007; 
Kumar and Yadav 2009; Song et al. 2009; Song and Kim 
2009; Iravani 2011; Mittal et al. 2013). Silver nanoparti-
cles are highly studied in previous years for their inhibitory 
effect towards bacterial strains and microorganisms. They 
are widely used for biomedical applications and now also 
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in antimicrobial finished textiles for these characteristics 
(Shrivastava et al. 2007; Ravindra et al. 2010; Shahid et al. 
2017a, b).

Plant extracts are considered as advantageous for nano-
materials synthesis in terms of resource availability, reaction 
rate and feasibility of large scale synthesis (Rao and Tang 
2017). A number of plant resources have been used for nano-
materials synthesis previously (Chandran et al. 2006; Bar 
et al. 2009; Umadevi et al. 2012; Shah et al. 2015; Ahmed 
et al. 2016). Roots of Alkanna tinctoria plant, Boraginaceae 
family, are generally large in proportion of the size of plant. 
Naphthoquinones (Alkannin and Shikonin) are main class of 
active compounds in the roots (Rekaby et al. 2009). Delonix 
regia from Caesalpiniaceae family is widely distributed all 
over the world. Phenolic acid, flavonoids, and terpenoids are 
the chemical constituents of D. regia. Having various phar-
maceutical effects, it had been also utilized for nanoparticles 
synthesis via reducing potential of polyols such as quercetin 
and gallic acid, etc. (Adjé et al. 2012; Azab et al. 2013; 
Dauthal and Mukhopadhyay 2013). Terminalia chebula of 
Combretaceae family is well known for natural dyeing and 
also utilized previously for nanoparticles synthesis. T. che-
bula is grown in Asian continent and popular in traditional 
medicine. Major chemical compounds in the fruits are poly-
phenolic compounds such as gallic acid, ellagic acid, chebu-
lic acid, chebulic ellagitannins, and gallate esters (Pfundstein 
et al. 2010; Edison and Sethuraman 2012; Kumar et al. 2012; 
Shabbir et al. 2016a, b).

Ag nanoparticles are well known and highly studied for 
their antimicrobial properties (Vankar and Shukla 2012). 
In the present work, a simple and green protocol for Ag 
nanoparticles synthesis and simultaneous deposition on 
wool fabric via plant extracts is investigated for the exten-
sion of application range of silver nanoparticles other than 
antimicrobial properties, studied extensively in previous 
years. Effect of the various chemical compounds from plant 
extracts (Fig. 1) for reduction of  Ag+ to Ag nanoparticles 
and functionalization of wool was studied. Different tech-
niques were used for Ag nanoparticles characterization and 
their adsorption confirmation. Coloration, UV protection 
and antioxidant activities were evaluated with the effect 
of reducing and stabilizing compounds of different plant 
extracts.

Materials and methods

Materials used

Knitted 100% wool of thickness 0.54 mm, weight 316 g/m2, 
fabric count per inch 34 × 22, was used in this study. Silver 
nitrate  (AgNO3) of 99.8% purity was purchased from HPLC, 
Mumbai–400002, Maharashtra, India. Powdered T. chebula 

fruits were obtained from Sir Biotech India Ltd. Kanpur, 
India, and used without any further purification in experi-
ment. A. tinctoria roots in powder form were purchased from 
SAM Vegetables, Muradabad, UP, India. D. regia flowers 
were collected from Jamia Millia Islamia campus and dried 
in shade before extraction. 2,2′-Azino-bis (3-ethylbenzothi-
azoline-6-sulphonic acid) diammonium salt (ABTS) was 
bought from Shanghai D & B Chemicals Technology Co. 
Ltd., China. All other chemicals used were of laboratory 
grade.

Experimental

Extraction of reducing/stabilizing compounds

Aqueous extracts of A. tinctoria, D. regia and T. chebula 
were prepared of 1 mg/ml concentration each. 100 mg each 
of A. tinctoria roots, D. regia flowers and T. chebula fruits 
were transferred into extraction flasks with 100 ml distilled 
water, and extracted for 45 min at 70 °C temperature on heat-
ing mantle. Extracted solutions were filtered via Whatman 
filter paper and used in the experiments.

In situ synthesis of Ag nanoparticles

Simultaneous synthesis of silver nanoparticles and their dep-
osition on wool surface was carried out. Three experimental 
setups of  AgNO3 in combinations with reducing compounds 
from A. tinctoria, D. regia and T. chebula were taken. Wool 
samples of 1 g weight, after washing with non-ionic deter-
gent, were dipped into 49 ml of  AgNO3 solutions of 2 mM 
concentration with 1:50 of material to liquor (M:L) ratio at 
room temperature (25 °C). 1 ml of each aqueous extract of 
1 mg/ml concentration was added dropwise to the respective 
experimental setups. Temperature of the setups was raised 
with constant rate up to 70 °C and was maintained at this 
temperature for 60 min with constant stirring. Visual color 
change observed after a few minutes due to surface plas-
mon resonance property of silver nanoparticles generated 
in solutions.

UV–visible spectral analysis

UV–visible spectra of silver nanoparticle solutions were 
measured in T80 + UV/Vis Spectrometer, PG Instruments 
Ltd.

Transmission electron microscopy (TEM)

Synthesized nanoparticles TEM images were taken on 
HT-700 transmission electron microscope operating at 
120 kV. A drop of Ag nanoparticle solution was dripped on 
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the carbon-coated copper grid and dried at room temperature 
for sample preparation for TEM images.

Scanning electron microscopy (SEM) and energy dispersive 
X‑ray (EDX) spectroscopy

AgNPs treated wool fabric samples were observed for sur-
face morphology using Hitachi TM3030 tabletop scanning 
electron microscope (Hitachi High Technologies America 
Inc., USA). Energy dispersion spectrum was also evaluated 
with the same instrument for Ag content or coating on wool 
surfaces.

X‑ray diffraction (XRD) analysis

The XRD analysis of the naked wool and bio-synthesized Ag 
nanoparticles treated wool was performed on the X’Pert-Pro 
MPD X-ray diffractometer (PANalytical B.V., NL). Scatter-
ing angle range was taken 10°–80°.

Fourier transform infrared (FT‑IR) spectral analysis

Deposition of silver nanoparticles and modification of wool 
fabric by deposition was studied in FT-IR spectral analy-
sis. Spectra of naked and silver nanoparticles treated wool 
fabrics were taken on Perkin Elmer Spectrum RXI FT-IR 

Fig. 1  Selected plants and their respective compounds: a Alkanna tinctoria, b Delonix regia and c Terminalia chebula 
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System and compared for functional modifications or inter-
actions via silver nanoparticles.

Color characteristics

Color characteristics of Ag nanoparticles treated wool in 
terms of color strength (K/S) and L* (lightness), a* (red-
ness and greenness) and b* (yellowness and blueness) were 
recorded on HunterLab UltraScan PRO reflectance spec-
trophotometer at 10° standard observer; illuminant D65. 
Chroma (c*) and hue angle (h°) values were calculated by 
using equations:

UV protection activity

UV transmittance and ultraviolet protection factor (UPF) for 
treated wool samples were determined in Labsphere UV-
1000F ultraviolet transmittance analyzer (Labsphere Inc., 
USA).

Antioxidant activity

ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic 
acid)) radical decolorization essay was applied to evaluate 
the antioxidant activity of treated wool fabric (Re et al. 1999; 
Shahid et al. 2017a, b). ABTS radical cations  (ABTS·+) were 
produced by reaction of 7 mM ABTS stock solution with 
2.45 mM potassium persulfate, and stored in dark at 25 °C 
for 14 h. Phosphate buffer was used to dilute the  ABTS·+ 
solution up to absorbance of 0.700 ± 0.025 at 734 nm before 
measurements and then the sample was added to  ABTS·+ 

(1)Chroma(c ∗) =
√

a2 + b2,

(2)Hue angle(ho) = tan−1
(

b

a

)

.

solution (10 mg in 10 mL). Scavenging ability of  ABTS·+ 
after 30 min at 734 nm was calculated by equation:

where Acontrol is initial absorbance of  ABTS·+ and Asample is 
absorbance of remaining  ABTS·+.

Results and discussion

Natural compounds from plant extracts are well known for 
nanomaterials synthesis. Various metal nanoparticles were 
synthesized in past for different applications via reducing/
stabilizing effect of biological compounds from plants (Rao 
and Tang 2017; Kumar et al. 2012; Khan et al. 2015; Shan-
mugam et al. 2016). Present study deals with in situ syn-
thesis and simultaneous deposition of Ag nanoparticles on 
wool for functional properties (UV protection, antioxidant 
activity and coloration). In experimental setups, on addi-
tion of plant extract dropwise into the  AgNO3 solution with 
wool fabric, color change observed after some time which 
gradually changed towards yellowish brown confirms the 
reduction of  Ag+ to  Ag0 nanoparticles. Surface plasmon 
resonance characteristic of Ag nanoparticles produces this 
color to the solution.

UV–Vis spectral characteristics

UV–visible spectra of the nanoparticle residual solutions 
(A-AgNPs, D-AgNPs and T-AgNPs) were taken and charac-
teristic absorption peaks of Ag nanoparticles were observed 
at 435 nm, 448 nm, and 423 nm, respectively (Fig. 2). 
Brownish yellow colored wool fabric samples from experi-
mental setups were tested for functionalities achieved and 
color characteristics (A-AgNPs = A. tinctoria assisted Ag 

(3)Antioxidant activity% =
Acontrol − Asample

Acontrol

× 100,

Fig. 2  UV–visible spectra of AgNPs residual solutions
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nanoparticles, D-AgNPs = D. regia assisted Ag nanoparti-
cles and T-AgNPs = T. chebula assisted Ag nanoparticles).

TEM images

Figure 3 illustrates the morphology of Ag nanoparticles syn-
thesized via plant extracts. Naphthaquinone and polyphe-
nolic compounds from A. tinctoria and T. chebula extracts 
reduced  Ag+ ions into Ag nanoparticles of almost spherical 
shape of sizes mostly in the range of 15–30 nm and 3–5 nm, 
respectively, while D. regia produced nearly oval shaped of 
average size range of 10–25 nm as shown in particle size 
distribution plots (Fig. 3). It is also concluded from TEM 

images that the synthesized nanoparticles are highly stabi-
lized as seen isolated, not aggregated. Chemical nature of 
the reducing and stabilizing compounds of plant extracts 
altered the mechanism of synthesis and resulted in different 
morphological results.

SEM and EDX analysis

Surface morphology of the naked and Ag nanoparticles 
treated wool fabrics is illustrated in Fig. 4 with their corre-
sponding EDX spectrum. Surface of untreated wool fabrics 
was smooth while that of the treated ones was rough due to 
the deposition of Ag nanoparticles. When the roughness was 

Fig. 3  TEM images and respec-
tive particle size distribution 
plots of Ag nanoparticles: a A. 
tinctoria roots extract medi-
ated, b D. regia flower extract 
mediated and c T. chebula fruit 
extract mediated
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Fig. 4  SEM–EDX analysis of 
a untreated wool, b A-AgNPs 
treated wool, c D-AgNPs treated 
wool and d T-AgNPs treated 
wool fabric. The bars in the 
images represent 30 µm
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compared of all treated wool fabrics, more roughness was 
found on A-AgNPs and D-AgNPs deposited wool fabrics 
owing to the bigger size of Ag nanoparticles, while it was 
less rough on T-AgNPs deposited wool surface due to small 
sized nanoparticles as discussed earlier. But the color yield 
(discussed later) was observed highest in case of T-AgNPs 
treated wool fabric which suggests more adsorption of them 
on wool surface. EDX spectral analysis of AgNPs treated 
wool shows peaks at 3 keV confirming the presence of Ag 
deposition on wool. Elemental analysis also supports the 
color yield results of T-AgNPs treated wool, having highest 
adsorbed Ag nanoparticles, i.e., the silver content was 3.96% 
in comparison to A-AgNPs and D-AgNPs treated wool with 
3.10 and 2.63%, respectively. EDX elemental analysis also 
resulted in the conclusion that the spherical-shaped nano-
particles were deposited more as the higher silver content in 
case of A-AgNPs and T-AgNPs treated wool fabrics.

XRD analysis

XRD patterns of naked wool and AgNPs@Wool fabrics 
were comparatively analyzed (Fig. 5). Face centered cubic 
crystalline Ag nanoparticles deposition was confirmed by 
XRD analysis with the help of diffraction peaks at particu-
lar 2θ values with corresponding crystallographic planes 
(111), (200), (220) and (311). There were no Ag peaks 
observed in case of naked wool and prominent peaks were 
observed in case of T-AgNPs treated wool suggestive of 
higher deposition of Ag nanoparticles. From Fig. 5, it is 
concluded that the spherical-shaped nanoparticles were 
deposited more, so prominent peaks observed in XRD pat-
terns also. All of the treated wool fabric samples showed 
Ag peaks in XRD pattern ascertaining the deposition of 
nanoparticles on wool surface.

Fig. 5  XRD spectral analysis of blank wool and Ag nanoparticles treated wool
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FT‑IR spectral analysis

FT-IR spectra of naked wool and Ag nanoparticles treated 
wool fabric are displayed in Fig. 6. Spectra of simple wool 
(black in Fig. 6) give characteristic peaks of wool; broad 
peak at 3280 cm−1 for N–H stretching, peaks in the region 
3050–2900 cm−1 are assigned for C–H stretching along with 
peaks at 1440 and 1365 cm−1, peaks at 1740, 1635, 1520 
and 1220 cm−1 are assigned for C=O, C=C and C–O–C 
functional groups in amino acid chains in wool structure 
(Shabbir et al. 2016b; Ebrahimi and Parvinzadeh Gashti 
2015). A slight change or not at all, observed in the spectra 
of AgNPs@Wool fabrics suggests no change in the chemi-
cal structure of wool, although the color change of wool, 
SEM–EDX and XRD analysis confirmed the nanoparticles 
deposition on wool surface (Tang et al. 2012).

Colorimetric properties

Color characteristics of Ag nanoparticles treated wool 
fabrics were investigated in terms of color strength (K/S) 
and CIEL*a*b*c*h° values (Fig. 7 and Table 1). Color 
strength data plotted in Fig. 7a in the range of 350–700 nm, 
clearly show Ag nanoparticles deposition on wool surface 
in the order T-AgNPs > D-AgNPs > A-AgNPs, parallel to 
the color strength order. Spherical-shaped nanoparticles 
(A-AgNPs and T-AgNPs) produced color of yellow tone 
while D-AgNPs shifted color towards blue tone, as plotted 
in color space diagram (Fig. 7b). Small spherical sizes of 
T-AgNPs produced darkest shade on wool with shifted color 
coordinate towards red. Color fast shades which are durable 

against laundry and of varying tone depending on the mor-
phology of the nanoparticles were produced.

UV protection activity

Ultraviolet radiations from sun are distributed in 
three regions: UV-C below 280  nm, UV-B in range of 
280–315 nm, and UV-A in 315–400 nm range. UV-C radia-
tions among them are absorbed by oxygen and ozone layer 
in stratosphere, but UV-B and UV-A radiations reaches up to 
earth via the depleted ozone layer. These radiations may lead 
to hazards for human and animal life on earth, so protection 
is needed in forms of creams/lotion and UV-protective cloth-
ing. UV protection abilities of textiles are calculated in terms 
of UV transmittance and UV protection factor (UPF) (Feng 
et al. 2007). Ag nanoparticles treated wool fabrics are inves-
tigated in this study for UV protection activity. Transmit-
tance plot (Fig. 8) shows the transmittance values of treated 

Fig. 6  FT-IR spectral analysis of simple wool and Ag nanoparticles 
treated wool

Fig. 7  Color yield on wool in terms of a color strength (K/S), and b 
a*–b* plot of colored wool
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samples below 5% in comparison to untreated wool in both 
UV-B and UV-A regions. Transmittance below 5% suggests 
good UV protection abilities of fabrics (Teng and Yu 2003; 
Mongkholrattanasit et al. 2011).

UV protection activities in terms of UPF of untreated/
original and nanoparticles treated wool were comparatively 
studied and rated accordingly (Fig. 9, Table 2). UPF of 
D-AgNPs (> 39 UPF) treated wool fabric falls into excellent 
grade while A-AgNPs and T-AgNPs (25–39 UPF) treated in 

very good rating of UV protection in comparison to origi-
nal wool (UPF=6.85) which falls in bad rating. UPF values 
in the range of 15–24, 25–39, and > 40 are classified as 
good, very good, and excellent ratings for UV protection, 
respectively, according to AS/NZS 4399:1996 (Sun and 
Tang 2011). From the results, it can be concluded that the 
non-spherical (D-AgNPs) and large-sized (A-AgNPs) nano-
particles are more appropriate for UV protection abilities 
in comparison to spherical and smaller-sized nanoparticles 
(T-AgNPs).

Antioxidant activity

Antioxidant activity is the important characteristic of bio-
medical textiles. Ag nanoparticles treated wool fabrics were 
tested for antioxidant activity by standard method (ABTS). 
Various functional agents were applied for antioxidant activ-
ity on textiles previously such as natural dyes and some poly-
meric compounds (Zemljič et al. 2014; Shahid et al. 2017a, 
b). Silver nanoparticles of various sizes were synthesized 
and deposited on the surface of wool fabrics for antioxidant 
functionalization. Quite satisfactory results were observed 
with D-AgNPs and T-AgNPs on wool, whereas A-AgNPs 
affected negatively the antioxidant results (Fig. 10). These 
results might be explained on the basis of anti-oxidative 
role of AgNPs and stabilizing extract compounds capped on 
AgNPs (Chandrasekhar and Vinay 2017). Deposition of Ag 
nanoparticles enhanced the antioxidant activity up to more 
than 50% in comparison to naked wool with ~ 27% in case 
of D-AgNPs and T-AgNPs. Phenolic compounds (D. regia 
and T. chebula) associated with Ag nanoparticles for their 
stabilization are expected to have ability of free radicals sta-
bilization via delocalization in the chemical structure and Ag 
nanoparticles are expected to have ability of electron dona-
tion to the free radicals (or free radicals can accept electrons 
from Ag). Thus both elemental Ag and extract compounds 

Table 1  Colorimetric properties 
of Ag nanoparticles coated wool 
fabric

S. no. Wool treated with L* a* b* c* h°

1 A-AgNPs 61.94 5.7 22.16 22.88 75.57
2 D-AgNPs 66.59 1.54 6.84 7.02 77.28
3 T-AgNPs 38.61 9.57 19.98 22.16 64.41

Fig. 8  UV transmittance of treated wool fabrics in range of 250–
450 nm of UV radiations

Fig. 9  Comparative UV-protection factor (UPF) of untreated wool 
and Ag nanoparticles treated wool fabrics

Table 2  UV protection characteristics of Ag nanoparticles treated 
wool fabric samples

Wool treated with T(UV-A) % T(UV-B) % UPF Rating

Untreated 22.39 13.58 6.85 Bad
A-AgNPs 4.65 2.88 36.68 Very good
D-AgNPs 3.09 2.52 40.22 Excellent
T-AgNPs 3.48 3.22 34.08 Very good
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capped on Ag nanoparticles might mutually contribute in 
this way towards antioxidant functionalization. In this study, 
it can be concluded from the results that the dominating 
effect of stabilizing compounds contribute primarily towards 
antioxidant functionalization of treated wool fabric.

Conclusion

One-pot biosynthesis of Ag nanoparticles and functionaliza-
tion of wool fabrics via plant extracts have been studied for 
the effect of reducing and stabilizing compounds on nan-
oparticles synthesis, observed by shape and size in TEM 
images, and functionalities imparted on wool. SEM–EDX, 
XRD and FT-IR confirmed the nanoparticles deposition 
on wool surface, and relationship between Ag nanoparti-
cles morphology and deposition factor on wool was estab-
lished with the effect of reducing/stabilizing agents on Ag 
nanoparticles. UV protection abilities of wool were highly 
improved with the application of Ag nanoparticles. UV 
transmittance consistently below 5% and higher UPF values 
of treated wool fabrics justifies good UV-protective potential 
of Ag nanoparticles on wool. Large-sized Ag nanoparticles 
(A-AgNPs and D-AgNPs) were found having great influ-
ence on transmitted UV radiations. Antioxidant activity was 
mainly found to depend on reducing/stabilizing compounds 
on nanoparticles. High dependency of reducing/stabilizing 
compounds from plant extracts was observed on synthesized 
nanoparticles characteristics as well as on the functionalities 
on wool textiles.
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