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A B S T R A C T

Silver–silica (Ag–SiO2) Janus particles with varying functionalities i.e. amine, thiol and epoxy on the exposed
surface of SiO2 particles were synthesized and explored for their antimicrobial activity. Due to their easy dis-
persibility, Janus particles with silver nanoparticles (AgNPs) of diameter ∼3 nm showed much lower minimum
bactericidal concentration (MBC) as compared to conventional isotropic AgNPs powder having AgNPs of almost
similar diameter. The isotropic AgNPs and functionalized Ag–SiO2 Janus particles were attached on cotton fabric
using exhaustion method followed by curing. The treated fabrics were tested for their antimicrobial activity and
wash durability. Ag–SiO2 Janus particles, due to the presence of various functionalities on one–half of their
surface, could be attached to cellulosic substrates for imparting durable antimicrobial property.

1. Introduction

Silver, being a well known antimicrobial agent, has been used for
inhibiting the microbial growth from ancient times (Krutyakov,
Kudrinskiy, Olenin, & Lisichkin, 2008; Mohan et al., 2014; Morones
et al., 2005; Rai, Yadav, & Gade, 2009; Shankar & Rhim, 2015). Silver
nanoparticles (AgNPs), owing to their higher surface area, are preferred
over the bulk silver. AgNPs have a broad antimicrobial range and are
non–toxic to human cells at their low concentrations (Clement &
Jarrett, 1994; Jeon, Yi, & Oh, 2003; Jeong, Yeo, & Yi, 2005; Pal, Tak, &
Song, 2007). Due to these reasons, AgNPs have been used for imparting
antimicrobial activity to textile substrates (Dastjerdi & Montazer, 2010;
Dastjerdi, Montazer, & Shahsavan, 2009; Ibrahim & Hassan, 2016; Kang
et al., 2016; Osório, Igreja, Franco, & Cortez, 2012; Perera et al., 2013;
Yan, Abdelgawad, El-Naggar, & Rojas, 2016). However, their applica-
tion on textile faces various challenges such as, dispersion stability,
agglomeration and durability (Miller, Hutchison, & Sweeney, 2011).
They can not be isolated in powder form as they agglomerate irrever-
sibly. Therefore, they are mostly freshly prepared and applied on tex-
tiles as dispersions. Still, their high surface energy leads to their ag-
gregation with time both in dispersion at the application stage and on
the substrate, subsequent to the application, resulting in reduced ac-
tivity. AgNPs also tend to leach out of the textile after subsequent
washings, which ultimately reduce their activity on textiles. In one of
the recent study, in order to address durability of AgNPs on textile,
Mohamed et al. (Mohamed, El-Naggar, Shaheen, & Hassabo, 2017)
entrapped AgNPs inside silica networks and applied them on textiles

using functionalized silanes or butantetracarboxylic acid as cross-
linking agents.

In the present study, Ag–SiO2 Janus particles were employed to
overcome some of the issues pertaining to AgNPs as mentioned above.
Ag–SiO2 Janus particles have AgNPs deposited on one half of SiO2

particles and other half possesses functionalities for attachment with
textile substrate. Moreover, to the best of our knowledge, attachment of
Ag–SiO2 Janus particles on textile substrates has not been reported.

Ag–SiO2 Janus particles were synthesized and tested for their anti-
microbial activity and their minimum bactericidal concentration (MBC)
value. The differently functionalized (i.e. amine, thiol and epoxy
functionalized) Ag–SiO2 Janus particles were applied on cotton fabric
and the chemical interaction between them was studied. The Janus
particles treated cotton fabrics were tested for their durability for at-
tachment and eventually studied for antimicrobial activity against
Staphylococcus aureus (S. aureus).

2. Experimental methods

2.1. Materials

Silver nitrate (AgNO3), sodium borohydride (NaBH4), and sodium
carbonate (Na2CO3) were purchased from Merck (Mumbai, India).
Ethanol was purchased from Merck (Darmstadt, Germany). Poly(vi-
nylpyrrolidone) (PVP) (molecular weight 40,000) was purchased from
Central Drug House (P) Ltd. (New Delhi, India). Epichlorohydrin
(∼98.5%) was purchased from Loba Chemie Pvt. Ltd. (Mumbai, India).
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Luria broth was procured from Himedia Laboratories Pvt. Ltd.
(Mumbai, India) and luria agar was purchased from Titan Biotech Ltd.
(Bhiwadi, India). All the reagents were used without further purifica-
tion. Double de–ionized (DI) water was used in all the synthesis pro-
cesses. A plain weave ready for dyeing cotton fabric having areal
density of 114 g/m2 supplied by Surya Processors Pvt. Ltd. (Ghaziabad,
India) was used.

2.2. Synthesis of AgNPs

AgNPs were prepared by chemical reduction method, using AgNO3

as the silver precursor and NaBH4 as the reducing agent. In brief,
67.2 mL of 1× 10−2 M NaBH4 solution in DI–water was cooled down to
8 °C using ice–bath. 11.2mL of PVP solution (1 wt%) was added to it,
followed by addition of 22.4 mL of 0.5× 10−2 M AgNO3 solution. The
solution was left for stirring for 30min. AgNPs were extracted in the
form of powder by freeze–drying the AgNPs colloidal dispersion using
benchtop lyophilizer from Labconco (Kansas City, U.S.A.).

2.3. Synthesis of Ag–SiO2 Janus particles

Ag–SiO2 Janus particles were prepared by Pickering emulsion
method by low temperature chemical reduction method, as reported in
our previous studies (Panwar, Jassal, & Agrawal, 2015; Panwar, Jassal,
& Agrawal, 2017). In brief, SiO2 particles of ∼550 nm, prepared by
Stöber method, were functionalized with amine groups (named as
A–SiO2 particles) and with amine, thiol and epoxy groups (named as
ATE–SiO2 particles). These functionalized SiO2 particles were then used
to synthesize colloidosomes. Initially, 0.2 g functionalized SiO2 parti-
cles were dispersed in 2 g paraffin wax at a temperature of 75 °C, fol-
lowed by addition of 20mL water. On stirring at a speed of 1000 rpm
for 1 h, an emulsion containing paraffin wax droplets stabilized by
functionalized SiO2 particles (colloidosomes) was formed. The colloi-
dosomes were then cooled and filtered. AgNPs were deposited on the
exposed one–half surface of functionalized SiO2 particles by in–situ low
temperature chemical reduction method. In this method, 0.5mmol of
AgNO3 was added to 1 g colloidosomes, dispersed in 100mL water, at a
temperature of 40 °C. After 2 h, 1mmol hydrazine hydrate was added
and stirred for 30min. Janus particles were isolated by dissolving wax
in chloroform and washed with water. Two types of Ag–SiO2 Janus
particles were prepared, one with only amine functionality (A–Ag-
Janus) and other with amine, thiol and epoxy functionalities
(ATE–AgJanus) on the exposed surface of SiO2 particles, using A–SiO2

and ATE–SiO2 particles, respectively.

2.4. Treatment of cotton fabric with AgNPs

The cotton fabric was scoured by washing with a solution con-
taining 1 g/L Na2CO3 and 3 g/L non–ionic detergent (Lissapol–N) at
75 °C for 60min. The fabric was then washed several times with warm
water, followed by washing with cold water and dried. AgNPs isolated
in powder form were redispersed in 25mL water by ultrasonication for
30min to make 0.1 and 1wt% dispersions. The scoured fabric was
immersed in the AgNPs dispersion at 40 °C for 1 h. The fabric was re-
moved, dried at 80 °C for 5min and cured at 150 °C for 3min. The
AgNPs treated fabrics were rinsed with water in order to remove loosely
bound particles.

2.5. Treatment of cotton fabric with Ag–SiO2 Janus particles

Two different types of approaches were used for the attachment of
Ag–SiO2 Janus particles on the cotton fabric. In the first approach, the
scoured cotton fabric was functionalized with epoxy groups, followed
by attachment of A–AgJanus by exhaustion method. In the second ap-
proach, the functionalized Ag–SiO2 Janus particles (i.e. A–AgJanus and
ATE–AgJanus) were attached on unfunctionalized scoured cotton

fabrics by exhaustion method.

2.5.1. Epoxy–functionalization of cotton fabric
Cotton fabric was epoxy–functionalized by treating 10×10 cm2

scoured cotton fabric with a mixture of 3.6 mL epichlorohydrin and
56.4 mL of 5% solution of ammonia at 50 °C for 5 h (Xue, Jia, Zhang, &
Tian, 2009). The fabric was washed with water and ethanol alter-
natively until the pH of 7 was achieved and then dried at 60 °C.

2.5.2. Attachment of Ag–SiO2 Janus particles on cotton and epoxy
functionalized cotton fabrics

Ag–SiO2 Janus particles (2 wt%) were dispersed in 25mL ethanol by
ultrasonication for 30min in ultrasonication bath, model Elma
Transsonic TI-H-10 (Singen, Germany) at frequency 35 kHz and power
90%. The fabric (as–such or epoxy–functionalized) was immersed in the
dispersion of Janus particles at 40 °C for 1 h. The fabric was removed,
dried at 80 °C for 5min and cured at 150 °C for 3min. The loosely
bound Janus particles were removed by rinsing the treated cotton fabric
with ethanol.

Various samples produced were coded as shown in Table 1.

2.6. Durability test

The durability of attachment of AgNPs and Ag–SiO2 Janus particles
to the cotton fabrics was tested by AATCC 61–IA method, where one
wash is equivalent to five hand wash cycles. In this method, the treated
cotton fabrics were washed with 0.37% non–ionic detergent
(Lissapol–N) aqueous solution using 10 steel balls of 5 mm diameter at
40 °C for 45min in Mathis Labomat launderometer (Oberhasli,
Switzerland). The samples were then washed with water and dried.

2.7. Characterization

Surface morphologies of Ag–SiO2 Janus particles and treated cotton
fabrics were observed under field emission–scanning electron micro-
scope (FE–SEM) model Quanta 200 F, FEI (Eindhoven, The
Netherlands). The samples were prepared by coating them with gold
using sputter coater model Emitech K550X, Emitech Ltd. (Ashford, UK).
Scanning transmission electron microscopy (STEM) was carried out on
FE–SEM using STEM detector. Elemental analysis was carried out using
energy dispersive X–ray (EDX) instrument, model X–max 80mm2,
Oxford Instruments (Oxford, UK) with INCA energy software. High
resolution–transmission electron microscopy (HR–TEM) was performed
using HR–TEM 200 kV with field emission model, Tecnai G2 F20
S–Twin, FEI (Eindhoven, The Netherlands). The optical absorption of

Table 1
Sample codes for various samples.

Sample Identity Sample Code

Control cotton fabric CC
Epoxy functionalized cotton fabric EC
Cotton fabric treated with 0.1 wt% AgNPs– unwashed 0.1Ag–C–UW
Cotton fabric treated with 0.1 wt% AgNPs– washed 0.1Ag–C–W
Cotton fabric treated with 1wt% AgNPs– unwashed 1Ag–C–UW
Cotton fabric treated with 1wt% AgNPs– washed 1Ag–C–W
Cotton fabric treated with amine, thiol and epoxy

functionalized Ag–SiO2 Janus particles– unwashed
ATE–AgJanus–C–UW

Cotton fabric treated with amine, thiol and epoxy
functionalized Ag–SiO2 Janus particles– washed

ATE–AgJanus–C–W

Cotton fabric treated with amine functionalized Ag–SiO2

Janus particles– unwashed
A–AgJanus–C–UW

Cotton fabric treated with amine functionalized Ag–SiO2

Janus particles– washed
A–AgJanus–C–W

Epoxy functionalized cotton fabric treated with amine
functionalized Ag–SiO2 Janus particles– unwashed

A–AgJanus–EC–UW

Epoxy functionalized cotton fabric treated with amine
functionalized Ag–SiO2 Janus particles– washed

A–AgJanus–EC–W
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AgNPs colloidal dispersion was recorded on UV–vis spectrophotometer
model Lambda 35, Perkin Elmer (Waltham, MA, USA). The particle size
analysis for AgNPs and Janus particles was carried out on Malvern
Zetasizer model Nano ZS (Worcestershire, UK). Fourier transform in-
frared spectroscopy (FTIR) was done on a Spectrum BX spectrometer,
Perkin Elmer (Waltham, MA, USA). Inductively coupled plasma mass
spectrometry (ICP-MS) was carried out to determine Ag concentration
in Janus particles and on treated cotton fabrics using Agilent 7900 ICP-
MS (Santa Clara, USA). Whiteness indices of the fabrics were analyzed
by CIE, E313-15 standard method using Gretag Macbeth Color Eye
7000A spectrophotometer (Grand Rapids, USA). The measurement was
carried out at five different positions for each sample with three read-
ings taken at each position. The average of these readings has been
reported. The stiffness of the untreated and treated cotton fabrics was
measured using Stiffness Tester, Paramount Instruments Pvt. Ltd. (New
Delhi, India). The tensile strengths of the samples were evaluated by
testing the yarns taken out from the fabric samples using a tensile
testing machine model 5848, Instron (Singapore). An average of 15
readings was taken for each sample. All the samples were conditioned
at 65 ± 2% relative humidity and temperature of 25 ± 2 °C for 24 h
before tensile testing.

2.8. Assessment of antimicrobial activity

The antimicrobial testing was performed against gram–positive
bacteria S. aureus by modified colony counting method (AATCC 100)
for the calculation of MBC value for AgNPs powder and Ag–SiO2 Janus
particles. Various concentrations of AgNPs and Ag–SiO2 Janus particles,
both in the form of powders, were added to 10mL luria broth solutions
and autoclaved at 120 °C, 15 psi for 15min. 10 μL of fresh bacterial
cultures (105 CFU/mL) were added to the samples and left for incuba-
tion at 200 rpm at 37 °C for 24 h. 10 μL from each sample was spread on
respective agar plates and left for incubation at 37 °C for 24 h.

The antimicrobial activities of the samples were calculated from the
percent reduction in the number of colonies as compared to the control
sample, as per the below mentioned formula.

=
−

×Antimicrobial Activity (%) A B
A

100

where, A is the number of bacterial colonies in control sample and B is
the number of bacterial colonies in test sample.

The antimicrobial activity of cotton fabrics was evaluated qualita-
tively using parallel streak method (AATCC–147) against S. aureus. The
bacterial culture (105 CFU/mL) was transferred to the agar plate in the
form of two parallel streaks. The control and treated cotton fabrics of
dimensions 5× 2.5 cm2 were kept on the bacterial streaks and left for

incubation at 37 °C for 24 h. After incubation, bacterial growth in
treated samples was compared with the control sample. The images
were taken from the bottom side through the agar surface where the
bacterial culture, if any, could be easily observed in between agar and
fabric. The antimicrobial activity of treated cotton fabrics was also
evaluated quantitatively using modified colony counting method
(AATCC 100). The control and treated cotton fabrics of dimensions
5×2.5 cm2 were added to 10mL luria broth solutions and autoclaved
at 120 °C, 15 psi for 15min. 10 μL of fresh bacterial cultures (105 CFU/
mL) were added to the samples and left for incubation at 200 rpm at
37 °C for 24 h. 10 μL from each sample was spread on respective agar
plates and left for incubation at 37 °C for 24 h. The numbers of colonies
were counted and antimicrobial activity for respective samples was
calculated.

3. Results and discussion

3.1. Synthesis of AgNPs

AgNPs were prepared by chemical reduction method using AgNO3

as precursor and NaBH4 as reducing agent. PVP was used as a capping
agent in order to reduce the aggregation of AgNPs. AgNPs were tested
for their surface plasmon resonance by UV–vis analysis. The plot for the
same is shown in Fig. S1 (see Supporting information), where the
presence of λmax at 394 nm confirmed the formation of spherical
AgNPs.

It is difficult to store and transport AgNPs dispersion. Therefore, it is
important to understand their agglomeration behavior on their isola-
tion and storage in the powder form. The colloidal dispersion of AgNPs
was freeze–dried to isolate them in powder form. These were redis-
persed in water using sonication before their evaluation.

3.2. Synthesis of Ag–SiO2 Janus particles

Ag–SiO2 Janus particles prepared in this study are composed of
AgNPs deposited on one half and functionalities like amine, thiol or
epoxy on the other half of the Janus particles. STEM (Fig. S2) and
HR–TEM (Fig. S3) (see Supporting information) analyses of Ag–SiO2

Janus particles confirmed their Janus nature with ∼3 nm sized AgNPs
deposited on one half of SiO2 particles.

3.3. Assessment of antimicrobial activity of AgNPs and Ag–SiO2 Janus
particles

The antimicrobial activity of AgNPs and Janus particles was eval-
uated by estimating MBC values. Redispersed AgNPs showed MBC at a

Fig. 1. Particle size analyses of (a) AgNPs colloidal dispersion and powder dispersion, (b) Ag–SiO2 Janus particles dispersion, before and after storage.
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concentration of 0.50 wt% on the weight of luria broth solution.
Whereas, Ag–SiO2 Janus particles, showed a much lower MBC value of
less than 1/10th the concentration of AgNPs i.e. at 0.04 wt%.

The higher value of MBC in case of AgNPs is likely due to their
tendency to agglomerate when extracted in powder form. Fig. 1(a)
shows the particle size distribution of as–prepared AgNPs and redis-
persed AgNPs. The as–prepared AgNPs dispersion has an average par-
ticle size of ∼2 nm. On isolation in the powder form and their redis-
persion using sonication resulted in slight agglomeration to give an
average particle size of ∼19 nm, which may be responsible for their
decreased antimicrobial activity. On the other hand, the lower value of
MBC in the case of Ag–SiO2 Janus particles is irrespective of its storage
in powder form and redispersion. This suggests that the AgNPs present
on Janus particles do not agglomerate due to their attachment on SiO2

surface.

The Ag–SiO2 Janus particles were obtained in the form of powder on
preparation, which on redispersion in water showed almost same par-
ticle size even after their storage for nearly 3 months. The particle size
analysis for Ag–SiO2 Janus particles dispersed in water, before and after
storage, is shown in Fig. 1(b). Unlike AgNPs, which tend to agglomerate
and lose activity on storage, the Ag–SiO2 Janus particles, which are
prepared in powder form, can be stored for longer durations without
deterioration in their properties.

3.4. Characterization of cotton fabrics with AgNPs and Ag–SiO2 Janus
particles

Ag–SiO2 Janus particles are expected to attach on the surface of
cotton fabric due to chemical interaction between hydroxyl groups of
the cotton and amine, thiol or epoxy functionalities present on Janus

Fig. 2. SEM micrographs of control cotton fabric and AgNPs and Ag–SiO2 Janus particles treated cotton fabrics, before and after washings. The images are at a magnification of 20 k×.
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particles. This can lead to the deposition of Ag–SiO2 Janus particles on
cotton fabric, with functionalities facing towards the cotton fabric
surface and their surface containing AgNPs away from the fabric.
However, the deposition of AgNPs on cotton fabric could mainly be due
to physical adsorption.

3.4.1. Surface morphology
The deposition of AgNPs and the two functionalized Ag–SiO2 Janus

particles on cotton fabrics was confirmed by FE–SEM analysis (Fig. 2).
AgNPs were uniformly distributed on the treated fabric and these were
observed to reduce significantly on washing. ATE–AgJanus–C–UW and
A–AgJanus–C–UW were also observed to be uniformly deposited on
cotton fabric. However, fabrics treated with A–AgJanus–EC–UW had
significantly larger amount of Janus particles. On washing there was
reduction in the amount of particles, however, still significant amounts
of particles were present in all the cases, indicating a reasonable degree
of wash durability.

Fig. S4 (see Supporting information) shows EDX mapping of cotton
fabrics treated with various AgNPs and Janus particles, which con-
firmed the presence of carbon, oxygen and silver atoms in all the
treated samples. However, Janus particles treated cotton fabrics also
showed the presence of silicon in their EDX mapping.

3.4.2. FTIR analysis
The attachment of Ag–SiO2 Janus particles on cotton fabric was

further analyzed by FTIR. The FTIR spectrum of CC exhibited the
characteristic peaks typical of cellulose (Xue et al., 2009) at 894 and
990 cm−1 for β–glycosidic linkage and ring stretching, respectively, as
shown in Fig. 3. The peaks at 1017 and 1053 cm−1 correspond to CeO
and CeOeC stretching vibrations, respectively. The peak at 1155 cm−1

was assigned to asymmetric stretching vibration of CeOeC bridge

indicating the cellulose II structure of cotton fabric. The peak at
2887 cm−1 was attributed to CeH asymmetric stretching. The broad
peak ranging from 3000 to 3600 cm−1 was due to OeH stretching vi-
bration.

EC also showed all the characteristic peaks of CC as indicated above.
However, there was a slight increase in the intensities of peaks at 1017
and 1053 cm−1 owing to incorporation of epoxy groups in EC. The peak
at 2887 cm−1 due to CeH asymmetric stretching was also observed to
be more intense possibly due to the introduction of eCH2 groups on EC.
The normalized intensities of these peaks with respect to intensity of
β–glycosidic linkage at 894 cm−1 are shown in Table 2.

FTIR of AgNPs treated cotton fabric (1Ag–C) was almost similar to
that of control cotton fabric. However, there was an increase in the
intensities of the peaks at 1017 and 1053 cm−1 which could be at-
tributed to the presence of PVP as a stabilizing agent for AgNPs. In the
case of A–AgJanus–C, the peak at 1017 cm−1 was also observed to be
more intense than the substrate (CC) due to the presence of both CeO
and CeN stretching vibrations. Similarly, the peak at 1053 cm−1 was
enhanced. The peak appearing as a shoulder at 1080 cm−1 was also
observed to be significantly enhanced due to SieOeSi stretching vi-
brations, further indicating the presence of Janus particles. However, in
the case of ATE–AgJanus–C, the peaks at 1017 and 1053 cm−1 were
found to shift to 1024 and 1056 cm−1, respectively. This could be due
to the interaction of the epoxy groups of Janus particles with the hy-
droxyl groups of cotton. Similar trends were observed with EC treated
with A–AgJanus and are shown in Fig. 3 and Table 2.

The normalized FTIR spectrum of CC was subtracted from the nor-
malized FTIR spectra of 1Ag–C, ATE–AgJanus–C and A–AgJanus–C, and
normalized FTIR spectrum of EC from that of A–AgJanus–EC. The dif-
ference plots are shown in Fig. S5 (see Supporting information), which
further confirm the above analysis.

The mechanism of attachment of ATE–AgJanus on cotton fabric is
proposed in Scheme 1(a). The epoxy group of the epoxy–functionalized
Janus particles can react with the hydroxyl groups of the cotton fabric
leading to the formation of a CeOeC linkage between the two (Morgan
& Mones, 1987). In addition, the amine groups of Janus particles may
interact electrostatically with ionized hydroxyl groups of cotton.

In the case of A–AgJanus–C, the interaction could be electrostatic in
nature, as shown in Scheme 1(b). Since the isoelectric point of cellulose
is at pH ∼3, so at the neutral pH, cellulose is expected to have negative
surface charge due to the ionized hydroxyl groups (cell–O−) (Goyal,
Rastogi, Jassal, & Agrawal, 2013). A–AgJanus, on the other hand, might
carry a positive charge (Song & Rojas, 2013). Therefore, the two may
interact electrostatically as shown in the scheme.

The probable chemistry of attachment of A–AgJanus on EC is pro-
posed in Scheme 1(c). The amine group of A–AgJanus can react with

Fig. 3. FTIR analysis of control and treated cotton fabrics.

Table 2
Normalized intensities of FTIR peaks observed in control and treated cotton samples.

Sample Identity Peak (cm−1) Intensity Peak (cm−1) Intensity

CC 1017 (CeO) 0.64 1053 (CeOeC) 0.70
EC 1017 (CeO) 0.66 1053 (CeOeC) 0.72
1Ag–C 1017 (CeO/

CeN)
0.78 1053 (CeOeC/

CeN)
0.82

ATE–AgJanus–C 1024 (CeO/
CeN)

0.81 1056 (CeOeC/
CeN)

0.81

A–AgJanus–C 1017 (CeO/
CeN)

0.75 1053 (CeOeC/
CeN)

0.75

A–AgJanus–EC 1017 (CeO/
CeN)

0.74 1053 (CeOeC/
CeN)

0.68
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the epoxy group of EC by dissociation of the epoxy group and thus
leading to the formation of a eNHCH2CH(OH)– linkage. This me-
chanism is similar to that reported in the literature (Flores, 2006).

3.4.3. ICP-MS analysis
The concentration of Ag in A–AgJanus and ATE–AgJanus particles

was studied using ICP-MS. In case of A-AgJanus, the concentration of
Ag was observed to be ∼24298mg per 1000 g of the Janus particles.
However, ATE–AgJanus showed significantly lower concentration of Ag
i.e. ∼8069mg per 1000 g of Janus particles. This could mainly be at-
tributed to higher affinity of AgNPs towards amine groups as compared
to epoxy groups, leading to increased deposition of AgNPs during their
in situ synthesis on A–SiO2.

Similarly, the concentration of Ag was also studied for the treated
cotton fabrics. These are shown in Table 3. 0.1Ag–C was observed to
possess ∼200mg per 1000 g of treated fabric, while 1Ag–C had approx.
10× the above concentration. A–AgJanus–C had Ag concentration of
1720mg per 1000 g of treated fabric, which was slightly higher com-
pared to that in ATE–AgJanus–C (∼1550mg per 1000 g of treated
fabric). This could mainly be due to the higher content of Ag in
A–AgJanus particles as discussed above. Interestingly, A–AgJanus–EC
showed the highest concentration of Ag, i.e. 2760mg per 1000 g of
treated fabric. This indicates higher affinity of A–AgJanus towards
epoxy-functionalized cotton fabric as compared to all other samples.

3.4.4. Antimicrobial activity
The cotton fabrics treated with AgNPs and Ag–SiO2 Janus particles

were tested for their antimicrobial activity against gram positive bac-
teria S. aureus. Fig. 4 shows the qualitative measurement of the anti-
microbial activity of various fabric samples via parallel streak method.

As could be interpreted from Fig. 4, there was a significant growth
of bacteria on the surface of CC. In the cases of 0.1Ag–C–UW and
1Ag–C–UW, there was no bacterial growth on the fabric confirming the
antimicrobial nature of isotropic AgNPs. However, AgNPs treated fab-
rics showed significant bacterial growth after washing which indicated
low durability of isotropic AgNPs on cotton fabric. ATE–AgJa-
nus–C–UW showed no bacterial growth on the fabric, while negligible
bacterial growth was observed after washing. Interestingly, in cases of
A–AgJanus–C and A–AgJanus–EC, even after washings, there was no

Scheme 1. Schematic representation of mechanism of attachment of
Janus particles on cotton fabric.

Table 3
Antimicrobial activities of control and treated cotton fabrics.

Samples Ag concentration
(mg/kg)

Antimicrobial
activity (%)
(Unwashed, UW)

Antimicrobial
activity (%)
(Washed, W)

CC 0 9 –
0.1Ag–C 200 98 24
1Ag–C 2000 100 31
ATE–AgJanus–C 1550 53 37
A–AgJanus–C 1720 70 61
A–AgJanus–EC 2760 100 100
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bacterial growth on the fabric, indicating the significant degree of an-
timicrobial activity and good wash durability of these Janus particles
on the cotton fabrics. The zone of inhibition was not observed in these
samples, which indicated the non–leaching behavior of Janus particles.

The antimicrobial activities of AgNPs and Ag–SiO2 Janus particles
treated cotton fabrics was further quantified by colony counting
method and are shown in Table 3.

As could be interpreted from Table 3, both 0.1Ag–C–UW and
1Ag–C–UW showed very good antimicrobial activity. However, their
activity reduced drastically to 24 and 31%, respectively, after washing.
This further confirmed poor wash durability of the isotropic AgNPs on
cotton fabric. Although ATE–AgJanus–C–UW showed lower anti-
microbial activity of 53%, but it got reduced after washing to a lower
extent (i.e. 37%) compared to the above samples. This indicated better
interaction of ATE–AgJanus with cotton fabric. A–AgJanus–C–UW
showed antimicrobial activity of 70%, which reduced marginally to
61% on washing indicating their better wash durability. A–AgJanu-
s–EC–UW, on the other hand, showed 100% antimicrobial activity,
which was retained even after AATCC 61–IA washing (which is
equivalent to 5 hand wash cycles). This confirmed strong interaction of
amine groups of Janus particles with epoxy groups of functionalized

fabric leading to high durability of these Janus particles.

3.4.5. Physical testing
The whiteness index of AgNPs and Ag–SiO2 Janus particles treated

cotton fabrics were studied and compared with that of control cotton
fabric. The results are summarized in Table S1 (see Supporting in-
formation). CC showed high whiteness index of ∼66. 0.1Ag–C origin-
ally showed whiteness index of ∼48 due to lower concentration of
AgNPs, which on washing, recovered significantly to ∼61. Sample
1Ag–C, on the other hand, showed very low whiteness index of −4 due
to inherent colour of AgNPs, which on washing increased to ∼22.
However, all the three Janus particles treated cotton fabrics showed
better whiteness indices of∼20. ATE–AgJanus–C and A–AgJanus–C, on
washing, showed an increase in whiteness indices up to 44 and 34,
respectively. As expected, A–AgJanus–EC showed only marginal in-
crease in whiteness index from originally ∼19 to ∼28 on washing.
Though the whiteness indices were affected for all the treated samples,
those treated with Janus particles had better appearance and can be
suitable for lightly coloured textile fabrics.

The stiffness of the control and treated cotton fabrics was studied by
measuring their bending length. As observed from Table S2 (see
Supporting information), there were negligible changes in the stiffness
of treated fabrics compared to control cotton fabric. All the fabrics
showed bending length of ∼4 cm in warp direction and ∼3 cm in weft
direction.

The tensile strengths of control and treated cotton fabrics were
evaluated in terms of the strengths of treated yarns. The tenacity and
breaking strain of untreated and AgNPs and Ag–SiO2 Janus particles
treated cotton yarns are summarized in Table 4.

Treated cotton yarns showed a slight increase in tensile strength
compared to that of CC. This could probably be due to improved load
bearing capacity of the textile material as a result of incorporation of
NPs. Similar observations have also been reported in the literature

Fig. 4. Parallel streak images for (a) CC; (b1 and b2) 0.1Ag–C (UW
and W, respectively), (c1 and c2) 1Ag–C (UW and W, respectively),
(d1 and d2) ATE–AgJanus–C (UW and W, respectively); (e1 and e2)
A–AgJanus–C (UW and W, respectively); (f1 and f2) A–AgJanus–EC
(UW and W, respectively).

Table 4
Tenacity and breaking strain of control and treated cotton yarns.

Yarn samples Tenacity (cN/tex) Breaking Strain (%)

CC 18.25 ± 2.33 9.73 ± 1.08
0.1Ag–C–UW 19.73 ± 2.07 9.14 ± 1.30
1Ag–C–UW 21.88 ± 2.10 10.54± 0.88
ATE–AgJanus–C–UW 20.40 ± 1.83 10.69 ± 1.24
A–AgJanus–C–UW 21.37 ± 2.43 10.17 ± 1.16
A–AgJanus–EC–UW 21.75 ± 2.06 10.20 ± 1.04

Average values ± standard deviation are reported.
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(Healy Jr John, 1959; Patel, Chaudhari, & Patel, 2014).
The present study infers that the approach of imparting anti-

microbial activity to substrates using Ag–SiO2 Janus particles has sev-
eral advantages. First, the Janus particles can be isolated in powder
form and can be readily dispersed to show high antimicrobial activity.
Second, these may be attached durably to various types of substrates by
creating suitable functionality on the non–Ag half of the SiO2 particle.

4. Conclusions

The antimicrobial activities of isotropic AgNPs and Ag–SiO2 Janus
particles were compared. The Janus particles, which provide surface for
attachment of AgNPs and resist agglomeration, showed better anti-
microbial activity as compared to AgNPs isolated in powder form and
subsequently redispersed. The redispersed AgNPs showed a MBC value
of 0.5 wt%, while redispersed Ag–SiO2 Janus particles showed a sig-
nificantly lower value of 0.04 wt%. Thus, the Ag–SiO2 Janus particles
could be isolated and stored in powder form, which is convenient for
transportation, and could be easily redispersed to provide high anti-
microbial activity. Further, the Ag–SiO2 Janus particles, with various
functionalities on their non–Ag half, could interact with cotton fabric to
provide durable functionality to treated fabrics. Epoxy-functionalized
cotton fabrics treated with A–AgJanus were found to have uniform
distribution of Janus particles with high antimicrobial activity and high
durability to washing.
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