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Rajendran V. *a and Suresh Valiyaveettil b

The present study is aimed at developing a biocompatible nanomaterial with excellent medicinal properties

using herbs. The herbal nanoparticles were prepared from shade dried leaves of Acalypha indica using the

ball-milling technique. The prepared nanoparticles were characterized using X-ray diffraction, Fourier

transform infrared spectroscopy, ultraviolet-visible spectroscopy, particle size analysis, scanning electron

microscopy, X-ray fluorescence spectroscopy and transmission electron microscopy. The amorphous

herbal AINPs posses an average particle size distribution of 54 � 3 nm and a UV-absorption maximum at

434 nm, and are superhydrophobic (151�) in nature. The prepared herbal AINPs were tested for their

antimicrobial properties against Staphylococcus aureus and Escherichia coli. Mosquito repellent

properties were investigated against three disease vectors, namely, Aedes aegypti, Anopheles stephensi

and Culex quinquefasciatus, and showed significant larvicidal activity due to the existence of

phytochemical compounds in the herbal nanoparticles. The acute toxicity of the herbal nanoparticles

was tested with an in vivo animal model, zebrafish (Danio rerio), to ensure biocompatibility. The

observed results confirmed that herbal AINPs play a dominant role in enhancing the medicinal properties

for different biomedical applications.
Introduction

Everyday human life is affected by skin infections and mosquito
related diseases such as boils, impetigo, cellulitis, malaria,
dengue, lymphatic lariasis and yellow fever.1 Recent develop-
ments in nanotechnology demonstrate the practical applications
of nanoparticles from plant extracts, due to their enhanced anti-
bacterial, antifungal, hydrophobic, mosquito repellent and UV
protection properties.2 Many natural products are widely used to
develop newer medicines with potent biological and pharmaco-
logical activities. Medicinal plant based drugs have been exten-
sively used in skin allogra, cornea allogra, intestinal allogra,
cardiac allogra, and in the treatment of various diseases such as
malaria, symptomatic endometriosis, uterine adenomyosis, leio-
myoma, etc.3–5 The herbal nanoparticle treated materials are
known in the eld of biomedical applications for their exotic
properties, e.g., non-toxic, mosquito repellent, hydrophobic,
ultraviolet protection (UV) and antimicrobial action.6–9
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Acalypha indica (A. indica) is a common weed that belongs to
the Euphorbiaceae family. It grows in common farmlands,
gardens and uncultivated lands. All parts of A. indica (leaves,
root, stalk and ower), which include constituents like acaly-
phine, triacetoneamine, cyanogenic glucosides, and alkaloids,
are highly valuable for medicinal applications, due to their anti-
inammatory and antimicrobial properties.10 The earlier
studies on the extracts of Acalypha indica conrm its antimi-
crobial properties against pathogenic bacteria such as Escher-
ichia coli (E. coli), Salmonella typhi (S. typhi), Pseudomonas
aeruginosa (P. aeruginosa), Staphylococcus aureus (S. aureus) and
Bacillus subtilis (B. subtilis).11,12

As reported by Suresh et al.,13 a GCMS study revealed that the
A. indica leaf consists of 2,5-pyrrolidinedione, 1-methyl-3-o-
methyl-D-glucose, tetradecanoic acid, 3,7,11,15-tetramethyl-2-
hexadecen-1-ol, n-hexadecanoic acid, phytol, 9,12,15-octadeca-
trienoic acid, (Z,Z,Z), oleic acid, 1,2-benzenedicarboxylic acid
diisooctyl ester, and squalene. Along with the aforementioned
compounds, Chandra Mohan et al.14 reported that 1H-pyrrole-
2,5-dione,1-ethenyl-, 3,8-nonadien-2-one, (E)-, 3,4-didehydro-
proline, 4-amino-3-methoxypyrazolo[3,4-d]pyrimidine, pro-
panenitrile, and 3-(5-diethylamino-1-methoxy-3-pentynyloxy)-
compounds are also present in A. indica leaves.

Mosquito vectors are mainly responsible for endemic and
pandemic diseases. The Ae. aegypti vector causes dengue fever
in tropical and sub-tropical regions.1 An. strephensi is the
RSC Adv., 2017, 7, 41763–41770 | 41763
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Fig. 1 Synthesis protocol for herbal nanoparticles.
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primary vector that causes malarial infection.15 Filariasis
diseases are caused by the Cx. quinquefasciatus vector in tropical
and sub-tropical areas.16 Attempts are being made to eradicate
mosquito vector borne diseases.17,18 Bio prospecting of the
larvicidal properties is one of the approaches to solving the
above issues. Even though different nanocomposites and
chemicals provide excellent medicinal values, the properties
such as non-biodegradability, bioaccumulation, bio control
action, and toxicity keep them from being used for medical
applications.2,19 Among the different herbal plants, A. indica
shows good antibacterial, antimalarial, parasiticide, protisti-
cide, plasmodicide, pesticide, antimutagenic, cancer preventive
properties, and hence nds wide applications as a diuretic,
antifungal, purgative, antihelmintic, anti-inammatory and in
the treatment of insect bites.20–22

The medicinal applications of herbal nanoparticles with
exotic textural characteristics are validated by coating these
nanoparticles onto cotton fabrics. The different antimicrobial,
hydrophobic and wound healing properties are explored in
nanoparticles coated fabrics.23,24 The recent studies on the self-
cleaning, water repellent, high durability, antibacterial and UV
protection properties, etc., of the herbal nanoparticles coated
textiles strongly suggest their application in medicine.25,26

In the present study, we focus on the development of bio
medically important herbal nanoparticles using the green
synthesis method. The herbal nanoparticles are prepared from
A. indica leaves using a ball mill without the addition of
chemicals for aggregation and template shaping. In addition to
the toxicity, antimicrobial and hydrophobic properties, the
larvicidal properties of herbal nanoparticles are explored
against three mosquito vectors, Aedes aegypti, Anopheles ste-
phensi and Culex quinquefasciatus.

Materials and methods
Collection of samples and preparation of herbal nanoparticles

The middle leaves of A. indica were collected and thoroughly
washed several times using deionized (D.D.) water to remove
dust on the leaf surface. The leaves were then shade dried for 2
weeks. The dried leaves were ground using ball milling for 15 h
at 300 rpm. Zirconium balls of 10 mm diameter were used for
milling. The milling with a ball ratio of 20 : 1 was carried out for
10 g of leaves in a grinding jar with a zirconium protective jacket.
Aermilling, the nanoparticles were taken for biological studies,
followed by different characterization studies as reported in our
previous investigations.27–29 The protocol for the preparation of
herbal nanoparticles from A. indica leaves is shown in Fig. 1.

The X-ray diffraction patterns of the prepared A. indica
nanoparticles (AINPs) were obtained using a powder X-ray
diffractometer (XRD; X'Pert PRO, PANalytical, Almelo, the
Netherlands) operated with long ne focus of the Cu anode at
40 kV and 30 mA in Bragg–Brentano geometry. The XRD pattern
was obtained in the 2q range from 10� to 80� in a step-scan
mode with a step size of 0.02�. Fourier transform infrared
(FTIR) spectra of the nanoparticles were recorded using an FTIR
spectrophotometer (Spectrum 100; PerkinElmer, USA) in the
range of 400–4000 cm�1 using KBr (90 wt% IR Grade KBr)
41764 | RSC Adv., 2017, 7, 41763–41770
matrix for making transparent disks. The green synthesized leaf
nanoparticles were monitored periodically using a UV-visible
(UV-vis) spectrophotometer (Agilent Cary 8454, Singapore)
operated in a wide range from 180–800 nm using a step size of
5 Å at different time intervals. A particle size analyzer
(Nanophox, Sympatec, Germany) was used to determine the
particle size distribution based on the dynamic light scattering
(DLS) technique with a sub micrometer at a scattering angle of
90�. SEM, coupled with energy-dispersive X-ray (SEM-EDX, JSM
6360 JEOL, Japan) analysis, was used to identify the
morphology, microstructure, and elemental composition of the
prepared nanoparticles, fabrics coated with herbal nano-
particles and un-coated fabrics. Grain size and surface
morphology of AINPs were examined through transmission
electron microscopy (TEM, CM200; Philips, Eindhoven, The
Netherlands) operated at a potential of 120 kV.
Larvicidal activity/repellent property

Larvae of mosquito vectors, namely, Ae. Aegypti, An. stephensi,
and Cx. quinquefasciatus, were collected from Namakkal, Tamil
Nadu, India. Mosquitoes were cultured in the laboratory and
were maintained continuously in laboratory conditions as re-
ported by WHO.30 The second and fourth instar larvae were
exposed to the treatment of herbal nanoparticles with different
concentrations such as 100, 200, 300, 400 and 500 mg L�1. Each
treatment was carried out in triplicate, each comprising of 25
larvae. The hatching of mosquitoes under different doses of
herbal nanoparticle treatments was closely monitored from 24 to
48 h, and the LC50 value and mortality percentage were calcu-
lated using the relation, (T–C/100� C)� 100, where T is the total
number of treated larvae and C the total hatchability of larvae. A
standard larvicidal compound, prallethrin, was used to compare
the larvicidal properties of the prepared herbal nanoparticles.
This journal is © The Royal Society of Chemistry 2017
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In vivo toxicity

The invertebrate animal model, with zebrash (Danio rerio)
embryos, was used to assess the acute toxicity of the herbal
nanoparticles of biomedical importance. Experiments were
carried out with 15 zebrash for each dose (12.5, 25, 50, 75 and
100 mg L�1) along with a control as per OECD-203 guidelines.31

All the animal model experiments were approved by the
procedure of the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), as instructed
by Institutional Animal Ethics Committee (IAEC) guidelines,32

K. S. Rangasamy College of Technology (Reg. no. 1826/PO/
EReBi/S/15/CPCSEA), Tiruchengode, Tamil Nadu, India. The
hatching rate, mortality and developmental defects were
determined for each tested dose in sh embryos, as reported in
our earlier studies.33,34
Coating of herbal nanoparticles

Bleached cotton fabric (100%, mass 138.84 g m�2, 116 ends per
inch, 84 picks per inch) was used as a substrate for coating the
herbal nanoparticles through a padding mangle at a rate of
35 rpm for 5 min to collect the uniformly coated fabrics35,36 in
order to explore the hydrophobicity and UV-protection proper-
ties. Then, the coated fabrics were studied for their enhanced
physico–mechanical and antimicrobial properties such as
coating thickness, tensile and tear strength, crease recovery
angle, air permeability and bacterial growth reduction; these
data are given in detail in the ESI le (S1).†
Fig. 2 XRD spectra of AINPs.
Hydrophobicity and UV-protection properties

Hydrophobicity and UV-protection properties of herbal nano-
particles were examined for self-cleaning and UV radiation
protection applications, respectively. The hydrophobic nature
of the herbal nanoparticle treated and untreated fabrics was
ascertained based on the water contact angle (VCA Optima, ACT
Product Inc., Japan). Digital photographic analysis of water
droplets placed on the fabric surface was conducted before
washing and aer the 10th wash. Similarly, UV resistant prop-
erties of herbal nanoparticles were also studied on the nano-
particle coated fabrics using UV transmission spectra (Lambda
35; PerkinElmer, USA), in the wavelength range of 280–400 nm
as per the ASTM D6603 standard.
Fig. 3 FTIR spectrum of A. indica leaf nanoparticles.
Antimicrobial studies

Two bacterial cultures, namely, Gram-positive S. aureus (ATCC
6538P) and Gram-negative E. coli (ATCC 9677), were obtained
from the National Collection of Industrial Microorganisms
(NCIM) (National Chemical Laboratory, Pune, India). The ob-
tained bacterial cultures were further sub-cultured several times
at 37 �C for 24 h. Inoculation of a loopful of test organisms into
nutrient broth was carried out to prepare fresh bacterial inoc-
ulums, and then incubated at 37 �C for 5–8 h till a fair turbidity
was obtained. Fresh cultures were swabbed on a nutrient agar
plate and then herbal particles of different concentrations
(25, 50 and 100 mg mL�1) were loaded onto the well punctured
in the nutrient agar plate. Aer 24 h of incubation, zones of
This journal is © The Royal Society of Chemistry 2017
inhibition around the herbal nanoparticles loaded onto the
agar well were measured using a millimeter ruler.
Results and discussion
Characterization

Herbal nanoparticles of AINPs were synthesized and compre-
hensively characterized for evaluating the inuence of nano-
scale particles on the medicinal, antimicrobial and functional
properties. The XRD pattern of AINPs is shown in Fig. 2, which
conrms the absence of diffraction peaks i.e., amorphous
nature, except for the observed broad band at 2q values (20–30�).
Generally, the amorphous nature of the particles is non-toxic to
living organisms and hence, amorphous herbal nanoparticles
enhance the biocompatibility for clinical applications.

The FTIR spectrum obtained from AINPs is shown in Fig. 3.
The peaks observed between 3200 cm�1 and 3500 cm�1 are
assigned to the presence of supercially absorbed water and the
stretching mode of the OH/NH group, respectively. The bands
observed at 2920 cm�1 and 2858 cm�1 correspond to the
stretching vibrations of aliphatic and aromatic C–H bonds in
the nanoparticles.37 The peak at 1626 cm�1 is identied as the
RSC Adv., 2017, 7, 41763–41770 | 41765
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carbonyl (C]O) stretching vibration in the amide linkage of the
plant protein.38 The band at 1384 cm�1 is assigned to the
primary amine (N–H) bending mode, which is the appropriate
characteristic peak of avanones and terpenoids present in A.
indica plant leaves.39 The peaks at 1317 cm�1 and 1243 cm�1

signify the carboxylic acid (C–O) group40 and the obtained peak
at 1060 cm�1 discloses the C–N stretching vibrations of
aliphatic amines. The band observed at 660 cm�1 is due to the
Fig. 6 Particle size distribution of A. indica leaf nanoparticles (a) SEM im

Fig. 5 Particle size distribution of A. indica leaf nanoparticles.

Fig. 4 UV-visible spectrum of A. indica leaf nanoparticles in water.

41766 | RSC Adv., 2017, 7, 41763–41770
deformation of a-glucopyranose rings of carbohydrates.40,41 The
FTIR spectrum conrms the presence of major plant
compounds that are responsible for the antimicrobial, larvi-
cidal and UV-protection properties.

Fig. 4 shows the UV-vis spectrum of the synthesized herbal
AINPs dispersed in water. In the present study, A. indica has an
absorbance in the UV region at around 434 nm, which favours the
anti-reective and UV-adsorption properties for textile applica-
tions. Similar to silver nanoparticles, the plant based nano-
materials also show antimicrobial activity, but with lower toxicity.
To determine the stability of the nanoparticles, we obtained the
UV-vis spectra of the leaf nanoparticles at different time intervals
for 8 days. It is interesting to see from Fig. 4 that there is no
difference in absorption spectra, which conrms the higher
stability of A. indica nanoparticles. The antireective properties of
the nanoparticles are favorable for developing UV-resistant
biomaterials in an eco-friendly way. Fig. 5 shows the particle
size distribution curve of the prepared AINPs. The average
particle size of the prepared nanoparticles is around 54 � 3 nm.

SEM and TEM images of the AINPs are shown respectively in
Fig. 6 and 7. The topographical characterization of the nano-
particles observed in the SEM image shows that the herbal AINPs
are uniform in structure. The SEM image shows the discrete
distribution of herbal nanoparticles at higher magnication.
The elemental composition of AINPs analyzed using EDX shows
C and O peaks corresponding to elements such as Na, Mg, Si, Cl,
K, and Ca metal ions, which conrm the inorganic compounds.
A similar observation was reported in our previous study on
obtaining the herbal nanoparticles from Tridax procumbens
under different milling periods.26 The TEM (Fig. 7) image of the
prepared AINPs conrms the spherical nature with high
dispersion. The average particle size of the herbal AINPs ob-
tained from the TEM image is about 50 nm. This is in close
agreement with the measured particle size (54 nm) of the AINPs
from the particle size distribution measurements.

Larvicidal activity

The larvicidal activities of the ve different concentrations of
AINPs to Aedes aegypti, Anopheles stephensi and Cx. quinque-
fasciatus are shown in Table 1. Aer 48 h of exposure, the AINPs
were tested for their larvicidal activities according to the
age and (b) EDX analysis.

This journal is © The Royal Society of Chemistry 2017
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Table 2 In vivo toxicity of herbal nanoparticles used to treat zebrafish

Nanoparticles
Concentrations
(mg mL�1)

Mortality (%)

24 h 48 h 72 h

A. indica Control 0 0 0
25 0 0 3.3
50 0 3.3 6.6
75 0 6.6 13.3
100 0 6.6 13.3
200 0 6.6 6.6

Prallethrin 25 100 0 0

Fig. 7 TEM image of A. indica nanopowders.
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treatment concentrations. The larvicidal activities of the herbal
nanoparticles were found to be high in terms of mortality rate at
a higher concentration of AINPs against Aedes aegypti, Anopheles
stephensi and Cx. Quinquefasciatus (LC50 ¼ 500 mg L�1), as
shown in Table 1. However, lower mortality was observed while
exploiting both the Ist and IVth instars, due to the low amount of
AINPs against these three mosquito vectors.

Several Euphorbiaceae plant extracts are known to exhibit
larvicidal activity against these three mosquito vectors.42 Previ-
ously, extracts of A. indica using methanol, ethyl acetate,
benzene and chloroform were studied for their larvicidal and
ovicidal activities against Anopheles stephensi. In fact, crude
nanoparticles of A. indica revealed comparatively higher larvi-
cidal action than the extracted compounds of A. indica (by 15
percent), against the three mosquito vectors.43 The observed
enhanced larvicidal activities are due to the exposure of the
highly reactive surface area of the herbal AINPs. It is inferred
from the present study that the obtained crude herbal nano-
particles with high surface areas act as an effective mosquito
repellent and larvicide. The effectiveness of the prepared herbal
A. indica nanoparticles was compared with a commercially used
larvicide, prallethrin, with the least effective concentrations of
A. indica nanopowder against mosquito larvae (120 mg L�1).
Table 1 shows similar larvicidal properties for Prallethrin and
prepared herbal nanoparticles. There are reports that show that
Prallethrin is a poisonous material at lower concentration
(25 mg mL�1).44 Our study shows that the use of herbal
Table 1 Larvicidal activity of herbal nanoparticles against Ae. Aegypti, An

Mosquito species Instar

A. indica nanoparticles at different

Prallithrin

(120 mg L�1) 100 mg L�1

Ae. aegypti I 100.0 � 0.00 16.07 � 2.71
IV 100.0 � 0.00 8.11 � 3.11

An. stephensi I 100.0 � 0.00 19.07 � 3.12
IV 100.0 � 0.00 9.32 � 2.05

Cx. Quinquefasciatus I 100.0 � 0.00 19.07 � 3.12
IV 100.0 � 0.00 9.32 � 2.05

This journal is © The Royal Society of Chemistry 2017
nanoparticles with good larvicidal action is amenable for
mosquito control as an alternative larvicide to synthetic
chemicals.
In vivo toxicity

The toxicity of AINPs was explored to determine the safe use for
humans and other animals. Most herbs are non-toxic and good
for health, due to the presence of numerous organic
compounds. In order to explore the toxicity level of the nano-
particles, zebrash embryos were treated with the AINPs and
their developmental stages were monitored for 72 h as shown in
Table 2. Among the ve different concentrations of nano-
particles, particles of 200 mg L�1 concentration were highly
effective with no mortality of the zebrash embryos. In addi-
tion, a high concentration of nanoparticles does not affect the
embryogenesis or hatching rate. Interaction of herbal particles
associated with the biocompatibility of the plant compounds
does not affect the sh developmental stages.

A study investigating several metal oxide nanoparticles for
their acute toxicity studies revealed signicant toxicity at higher
concentration when the embryos were tested for 72 h.45 Our
observation reveals the non-toxic nature of the prepared AINPs
against embryos, due to the samples being devoid of any pro-
cessing chemicals like polar and non-polar solvents. On
comparison of AINPs with other nano metal oxides, the herbal
nanoparticles were found to be highly biocompatible with
invertebrate animal model zebrash by means a manifold
reduction in mortality. Unfortunately, exposure concentrations
of herbal nanoparticles are different from other metal oxide
nanoparticles,41 since herbal nanoparticles are of biological
. Stephensi and Cx. Quinquefasciatus

concentrations (ppm)

200 mg L�1 300 mg L�1 400 mg L�1 500 mg L�1

33.12 � 1.41 64.43 � 3.17 97.15 � 2.32 100.0 � 0.00
25.14 � 2.04 47.03 � 2.10 93.03 � 1.15 100.0 � 0.00
35.07 � 2.51 63.14 � 2.71 99.42 � 2.11 100.0 � 0.00
27.16 � 1.74 52.11 � 1.76 94.01 � 3.02 100.0 � 0.00
38.05 � 2.72 69.32 � 2.43 100.0 � 0.11 100.0 � 0.00
26.42 � 1.65 54.27 � 1.54 96.01 � 0.31 100.0 � 0.00

RSC Adv., 2017, 7, 41763–41770 | 41767
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Fig. 8 Photographic images of water droplets placed on un-coated
and coated fabrics before and after washing. (a) Un-coated, (b and c)
un-coated 5th & 10th wash, (d) C-CF, (e and f) C-CF 5th & 10th wash, (g)
AI-C-CF, (h and i) AI-C-CF 5th & 10th wash.
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origin and need to be tested at higher concentrations. Even at
higher concentrations, the particles do not cause signicant
toxicity, which deserves wider use of the AINPs in the biomed-
ical eld for multidisciplinary applications as antimicrobial,
mosquito repellent and biocompatible materials. On
comparing the larvicidal activity of A. indica nanoparticles with
the commercially used larvicide, prallethrin, it was observed
that the synthetic oil prallethrin was highly toxic, since it
showed 100% mortality at 24 h. From the aforementioned
study, it can be said that A. indica nanoparticles can be used as
a natural larvicide in place of prallethrin, due to its lower
toxicity and better larvicidal properties.

The surface characteristics of the AINPs like hydrophobicity
and adherence properties were explored for biomedical appli-
cations, using cotton fabric. The ultraviolet protection factor
(UPF) in the wavelength ranges from 280 to 400 nm was studied
aer coating the herbal particles onto the fabric, and the results
are shown in Table 3. The percentage of transmittance for UV-A
and UV-B is almost similar to that of the untreated fabrics.46 A
signicant reduction in transmittance was observed for herbal
nanoparticle coated fabrics, which is ascribed to the blocking of
UV-B and UV-A radiation due to the coating. In addition, the
percentage blocking of UV-B radiation by the herbal nano-
composite is high (57%) as compared to that of chitosan-
coating.47 Furthermore, the resistance rate of UV radiation for
the herbal nanocomposite aer the 5th and 10th washes is
moderately reduced (4%) in herbal AINPs treated fabrics
compared to that of the untreated cotton fabrics. On the basis of
the ASTM D6603 standard data, the UPF value for the fabrics is
more than 50%, demonstrating better protection of fabric from
UV rays. The calculated UPF value for the AINPs coated fabrics
was observed to be 57.7 � 0.06, i.e., higher than the limitation
(i.e., 50) ascribed to the higher resistance to UV irradiation.
However, the values for un-coated and chitosan-coated fabrics
exhibit lesser UV protection (<50) compared to those of the
herbal nanocomposite coated fabrics. Thus, the herbal nano-
particles have an increment of nearly 50% in UV protection,
compared to the un-coated fabric. This is attributed to the
Table 3 UV protection and water repellent properties of un-coated,
chitosan and herbal nanocomposite coated fabric samples

Sample names UPF value
Contact angle
(�)

Before wash
Un-coated fabrics 13.9 � 0.63 0
Chitosan 42.8 � 0.46 119 � 1
Nanocomposite 57.7 � 0.06 151 � 3

Aer 5th wash
Un-coated fabrics 11.2 � 0.93 0
Chitosan 40.1 � 0.77 101 � 3
Nanocomposite 55.6 � 0.70 135 � 3

Aer 10th wash
Un-coated fabrics 10.8 � 0.61 0
Chitosan 39.5 � 0.55 93 � 6
Nanocomposite 53.1 � 0.47 124 � 3

41768 | RSC Adv., 2017, 7, 41763–41770
ability of herbal nanoparticles to provide protection from UV-
rays, which would be an additional advantage for developing
radiation protective clothing.48
Hydrophobic activity

The water repellent property of the particles is one of the most
interesting and desired properties of medical textiles, especially
in pharmaceuticals and biomedicine.47,48 Researchers have re-
ported that the hydrophobic or water repellent property is
a function of the textile surface morphology and reduced
surface energy.4,49–51 In our studies, we have investigated the
water repellent efficiency of herbal nanoparticles, in terms of
contact angle, by coating the herbal AINPs onto cotton fabrics.
Generally, the fabrics with angle greater than 90� are considered
to be hydrophobic, while those with angle greater than 150� are
Fig. 9 Antimicrobial activity of A. indica nanoparticles for different
concentrations: (A) 25 mg mL�1, (B) 50 mg mL�1 and (C) 100 mg mL�1

against E. coli and S. aureus.

This journal is © The Royal Society of Chemistry 2017
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Table 4 Antimicrobial activity of herbal nanoparticles

Herbal nanoparticles Test organisms

Concentrations of AINPs, (zone of inhibition (mm))

25 mg mL�1 50 mg mL�1 100 mg mL�1

A. indica E. coli 17.51 � 0.23 19.14 � 0.12 23.46 � 0.01
S. aureus 16.72 � 0.21 19.71 � 0.12 22.68 � 0.03
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superhydrophobic. From Table 3, it is seen that herbal AINPs
coated cotton fabrics show higher contact angle (151�) than the
standard value of superhydrophobic materials. This in turn
conrms the superhydrophobic behaviour of A. indica coated on
the fabrics. The contact angle of un-coated, chitosan and
nanocomposite coated cotton fabrics remains the same even
aer the 5th and 10th washes. This is due to the strong adher-
ence of the particles and thereby the retention of the water
repellent property even aer 10 washes. It is interesting to note
that the coating of herbal nanoparticles renders a super-
hydrophobic nature (151�) to the fabrics, thereby favoring self-
cleaning applications.

From the micrograph (Fig. 8), it is further evident that the
chitosan and nanoparticle coated cotton fabrics have higher
contact angles than the un-coated and the chitosan coated
fabrics, owing to higher water repellent properties of the chi-
tosan nanocomposite coated fabrics. In contrast, the liquid
droplet on the un-coated fabric immediately seeps into the
fabric, due to the very low contact angle and microspores in the
materials, which make the materials more hydrophilic.47,49 This
might also be attributed to the fact that the improved hydro-
phobicity of the fabrics is the result of the change in the surface
morphology and surface energy, due the coating of nano-
materials,52 which is correlated with our observation for the
superhydrophobic nature of the herbal nanoparticles.
Antimicrobial activity

The screening of the antibacterial activities of the prepared
AINPs was carried out based on the zone of inhibition observed
at different concentrations, namely 25, 50 and 100 mg mL�1 of
AINPs (Fig. 9) and is summarized in Table 4. The agar well
loaded with AINPs shows the maximum zone of inhibition
against E. coli (23.5 mm) and S. aureus (22.7 mm) at a concen-
tration of 100mgmL�1. Themagnitude of the inhibition zone is
slightly higher in E. coli than S. aureus. In the case of treatment
with the low concentration (25 mg mL�1) of AINPs, the inhibi-
tion zone was found to be 17.51 � 0.23 and 16.72 � 0.21 mm,
respectively, against E. coli and S. aureus.

A previous report on the aqueous extract of A. indica
demonstrates the inhibition zone of 9 mm against E. coli and no
inhibition zone against S. aureus.53 Similarly, acetone aqueous
extract from AINPs shows the minimum antimicrobial proper-
ties against S. aureus (22 mm) and E. coli (15 mm).54 Quantita-
tive evaluation of the antimicrobial activity of herbal
nanoparticle coated fabrics for medical textile applications was
also conducted, which is included with these results as a ESI le
(S1).† The observed antimicrobial results of the tested herbal
This journal is © The Royal Society of Chemistry 2017
nanoparticles are comparatively higher than the organic
extracts of the particles. This is due to the existence of intact
reactive organic compounds such as acalyphine, triacetone-
amine, cyanogenic glucosides, and alkaloids10 that are respon-
sible for biochemical and cell wall reactions to inhibit bacterial
growth. This is one of the superior properties of dry herbal
nanoparticles possessing multifunctional characteristics like
mosquito repellency, antimicrobial properties, and
superhydrophobicity.

Conclusion

Herbal nanoparticles synthesized from A. indica leaves were
screened and evaluated for their improved physico–mechanical
and biological properties to explore their possible applications
in biomedicine. The superhydrophobic nature and excellent UV-
protection properties of the herbal particles are additionally
proven to be favourable at higher concentrations (up to
200 mg mL�1) for medical textiles and self-cleaning applications.
Larvicidal activity against major disease mosquito vectors is well
demonstrated in the present investigation, which aids in the
development of eco-friendly nanoparticles of biomedical
importance. The prepared herbal nanoparticles exhibit exotic in
vitro and in vivo biocompatibility, and antimicrobial activity
that enhance the application of cost effective herbal nano-
particles as potent biomaterials to remediate life threatening
problems in healthcare.
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