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Cotton fabrics are functionalized with a binary solution of fluorine-free organosilanes and
“encapsulated” with silver nanoparticles to achieve both superhydrophobic and antimicrobial
properties. Derived from cellulose, cotton is one of the most abundant biologically generated materials
and has been used in a wide variety of consumer goods. Nonetheless, cotton fabrics are not waterproof
and prone to microbial contamination. Herein we report the rapid functionalization of cotton fabrics
with a binary hexane solution of methyltrichlorosilane (MTS) and octadecyltrichlorosilane (OTS) at low
concentration (0.17% v/v) followed by coating with colloidal silver nanoparticles (AgNP). The combined
effects of binary silanization and AgNP encapsulation produced a surface that has remarkable water
contact angle of 153 4 2° and antimicrobial properties (against gram-negative Escherichia coli). The
superior performance of the modified cotton fabrics produced with fluorine-free organosilanes and
silver nanoparticles augments the potential of improving the functionality of abundant biopolymers to
be waterproof and contamination-resistant.

Superhydrophobic surfaces have long been known on a variety of surfaces in nature including both plants and
animals'. For example, Barthlott et al. reported that some plants such as Nelumbo nucifero form epicuticular wax
crystalloids that dramatically increase self-cleaning and water-repellent capabilities®. Likewise, the waterproof
properties of water strider legs follow the same concept where cuticle wax is secreted with nanoscale roughness
which allows them to stand on water®. Inspired by many of these natural phenomena, a wide variety of treatment
techniques have been developed to turn hydrophilic surfaces such as glass, paper, polycarbonate, silicon dioxide,
titanium, and zinc oxide into ones that are hydrophobic and even superhydrophobic, which has been reviewed
by other groups™*.

Another natural material, cotton has been popular to develop treatments for as it is one of the most abun-
dant biopolymers found on Earth. Conversely, it is inexpensive and used in a wide array of consumer products.
Unfortunately, cotton, due to its porous nature is easily wetted and contaminated. Moreover, cotton’s large pore
volume causes it to swell from water retention®. The water retention capacity is further increased when cotton is
scoured to remove naturally occurring wax and other non-cellulosic materials®. The reality is that water retention
is not always desirable, therefore, the ability to convert cotton to possess a hydrophobic surface enables profound
properties to be imparted namely water repellency and self-cleaning abilities.

In the past several years, a variety of techniques to generate these hydrophobic/superhydrophobic surfaces
have been developed including hydrothermal, solution-immersion, chemical vapour deposition, electrospin-
ning, layer-by-layer assembly, and pad-dry’. Of all these techniques, the solution-immersion method has many
advantages such as efficiency, scalability, minimal equipment requirements, and cost-effectiveness. In addition
to superhydrophobic properties, materials that are also antibacterial may find relevant applications in packaging,
biomedical, and other textiles industries. Silver, a popular antibacterial agent used in textile-related applications
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has been demonstrated to show broad activity towards various bacteria, yet low activity towards mammalian
cells®. The phenomenon has been a main reason why silver has been highly popular for use in items such as pros-
thetics, catheters, and wound dressingsg.

Herein, we describe a rapid, one-step immersion process with a binary, fluorine-free silane solution for mod-
ifying cotton textiles to attain superhydrophobic, and to achieve antimicrobial capability by subsequent encap-
sulation with silver nanoparticles. In particular, by implementing a binary methyltrichlorosilane (MTS) and
octadecyltrichlorosilane (OTS) mixture, we are able to significantly decrease the amount of silanes and the reac-
tion time required for achieving superhydrophobicity compared with traditional silanization processes.

Results and Discussion

Binary silanization to create superhydrophobic cotton fabrics. Modification of cotton fabrics with a
binary mixture of MTS and OTS has been confirmed to increase the hydrophobicity noticeably in comparison to
either MTS or OTS alone. Variations in the ratio of MTS to OTS used in the coating solution, reaction time, and
total silane concentration are all crucial to obtaining a superhydrophobic surface. For all samples treated with a
mixture of MTS and OTS, the relative humidity was maintained at approximately 50% during sample preparation;
it has been confirmed that relative humidities in this range are beneficial for silane diffusion and in promoting
faster hydrolysis and polycondensation of the precursors!?.

Based on our previous experimental observation on other substrates (e.g., glass slides!!, laboratory filter
paper'?), initial treatments on cotton to establish the modification protocols used 15-40 mM MTS or OTS for a
reaction period of 5-10 min to produce water contact angles (WCA) of 145+ 2°. While both MTS and OTS treat-
ments had similar high but below superhydrophobic contact angles (<150°), we were motivated to try MTS and
OTS together in a mixture (vide supra). The enhanced hydrophobicity of using a binary silane mixture has been
previously reported on paper substrates only'%. Having tried different ratios, it was observed that when a 4:1 ratio
of MTS and OTS (with a total concentration of 10 mM; 0.14% v/v of MTS and 0.09% v/v of OTS) were used, the
contact angle increased to 150 & 3° (Fig. 1a). The main benefit of using a mixture of MTS and OTS was to achieve
the superhydrophobicity, for which neither OTS nor MTS treatment would be able to. Another benefit is that
much less silanes were needed than the single-component silanization processes. Importantly, we have discovered
that treatments involving greater than 20 mM OTS can damage the cotton fabrics making them fragile with solid
particles visible to the naked eye (Supplementary Information).

To optimize the process, we examined the impact that different durations of the silanization reaction would
have on the resulted hydrophobicity. When the silanization time was increased to 10 min, the contact angle
increased slightly to 152 4= 3° (Fig. 1b). Khoo et al. observed that increased reaction time of MTS on glass pro-
duced thicker polymethylsiloxane films of nanofibers'’. The marginal increase in contact angle, thus, was likely
due to an increase in the coverage of the film formed from silanization given that more time was allotted for
the hydrolysis and condensation reactions to proceed. Longer reaction durations than 10 min did not show an
appreciable increase in water contact angle. Particularly, when we silanized cotton with OTS for 3 h there was no
significant difference in hydrophobicity compared to 10 min. The lack of notable improvements suggests that the
coating film had reached sufficient roughness and coverage to prevent water from directly contacting the bare
cotton fabrics. Not surprisingly, the opposite effect (i.e., decrease in the contact angle) occurred when the silani-
zation duration was shortened.

Subsequently, we examined the effect of increasing the total silane concentration while maintaining the opti-
mized ratio (4:1 for MTS:OTS) with a fixed reaction time (10 min). A three-fold increase in the concentrations of
MTS and OTS showed a marginal increase in the contact angle (153 & 2°) and no further increases were observed
thereafter. Halving the concentration of each silane component equally (a total concentration of 5mM) caused
a decreased water contact angle (142 & 3°), indicating that there were not enough silane species to form a full
coating on the cotton fabrics. The results of the optimized mixture of silanes were striking as cotton treated with
only OTS using similar optimization schemes also produced a large water contact angle, albeit at the expense of
a much higher concentration (>50 mM). Moreover, with high concentrations of OTS to treat the surface, we can
observe the accumulation of large silicate particles that are not mechanically stable on the surface (i.e., can be
easily removed by abrasion).

To visualize the impact of binary salinization of the cotton fabrics, we took both unmodified (Fig. 2a, left sec-
tion of the sample) and MTS/OTS modified cotton (Fig. 2a, right section of the sample) and sprayed the surface
with a blue dye. On the unmodified surface, the dye wicked into the cotton almost immediately while the liquid
on the MTS/OTS sample remained on the surface (Fig. 2b). After blowing both surfaces with a quick stream of
nitrogen gas, the droplets of dye on the treated cotton were removed immediately while the absorbed liquid in the
untreated cotton remained unaffected (Fig. 2¢). The lack of any dye remaining on the MTS/OTS surface reaffirms
the water repellent properties that the treatment creates.

The presence of variations in the measured contact angles across the sample surface (i.e., rather large standard
deviation) suggests that the coating on the surface is non-uniform. Uniformity would be difficult to achieve on
such a macroscopically rough and porous surface compared to relatively flat substrates such as silicon dioxide!*!*
and titanium®'®. Furthermore, modification schemes for these types of surfaces have generally entailed only a
single type of silane such as MTS or OTS rather than a mixture. Due to the length dependency of the alkyl chain
on polymerization (condensation of the silanols)!*!6, OTS with its rather long octadecyl chain would be expected
to react slower than MTS!*!3. As our treatment consists of a mixture of MTS and OTS, MTS would inhibit OTS
from undergoing horizontal “polymerization” due to its higher reactivity and ability to form three-dimensional
aggregates'>!’.

Encapsulation with Ag nanoparticles to achieve antimicrobial capability.  After obtaining the ideal
conditions required for superhydrophobic performance for the cotton fabrics, we impregnated the surfaces with
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Figure 1. Contact angle measurements of cotton fabrics treated with (a) different ratios of MTS and OTS, (b)
different silanization times using 8.4 mM MTS and 2.3 mM OTS, and (c) increasing the concentrations of both
silanes while maintaining a ratio of 4:1 MTS:OTS.

a suspension of 30 ppm AgNPs to examine if the surface was able to retain water repellency while incorporating
antimicrobial properties. We synthesized the AgNP using the Creighton method which involves the reduction
of AgNO; with NaBH,'#-%, The nanoparticles produced had a surface plasmon resonance (SPR) peak at 391 nm
with a narrow particle size distribution centered around a diameter of 15nm as characterized by UV-Vis spectros-
copy and dynamic light scattering (DLS) measurements, respectively (Supplementary Information). AgNP with
small diameters are correlated with increased antimicrobial activity as they have a higher surface area to volume
ratio available to interact with microbes?"* and can also diffuse quicker?.
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Figure 2. Cotton fabrics sprayed with blue dye solution where the samples on the left correspond to
unmodified and the right corresponds to treated with MTS/OTS. (a) bare cotton, (b) suface sprayed with blue
dye (c) the surface was blown briefly with nitrogen gas.

For the antimicrobial treatment of MTS/OTS cotton, we opted to treat the surfaces with AgNP using various
methods. The trials included reacting silane with the surface followed by AgNP immersion, AgNP immersion fol-
lowed by silanization, and silanization followed by spraying AgNP onto the surface (MTS/OTS/AgNP). To char-
acterize the antimicrobial activity of the materials, a modified version of the Kirby-Bauer disk susceptibility assay
was employed with gram-negative E. coli as the test organism?*. Out of all three treatment methods, only the two
methods involving silanization followed by treatment with AgNP demonstrated zones of inhibition (ZOI) which
indicated the presence of antimicrobial activity (Fig. 3a). Both untreated and MTS/OTS cotton did not show the
presence of ZOI so we attributed the growth inhibition in the AgNP samples to be solely due to the nanoparticle’s
presence. Treatment with AgNP only was observed to have a similar sized ZOI as MTS/OTS/AgNP suggesting
that the silane polymer does not impede on antimicrobial activity. Bare cotton treated with silver nitrate caused
a ZOI that was larger than those caused by AgNP which agrees with the literature as the toxicity is believed to be
caused primarily by silver ions which AgNP must first oxidize to?"*>?>%, The silver ions that are generated have
the ability to interact with thiols found in proteins resulting in their inactivation?”. In regards to the nanoparticles
themselves, there is much debate as to exactly how much they contribute towards toxicity.

We did not observe a ZOI when treating unmodified cotton first with AgNP followed by silanization (Fig. 3a).
The lack of a ZOI may be due to aggregation of the nanoparticles during the silanization procedure which would
lead to a decrease in antimicrobial activity??. In addition, the formation of the polymeric coating on top of
nanoparticles may trap them and prevent them from interacting with a bacterial cell membrane in an appreciable
level®®. We examined the effect of treating samples of cotton with our silane mixture for 5, 7, and 10 min fol-
lowed by spraying with AgNP (Fig. 3b). As the silanization period was decreased from 10 min, the ZOI was also
decreased to the point where at 5min, was hardly observable. As discussed previously, a shorter silanization time
could cause thinner and incomplete formation of the coating. When treating the silanized cotton with colloidal
silver, the reaction rate of any unreacted MTS and OTS would increase as the AgNPs were dispersed in water. The
more water is available, the quicker silanol cross-linking will occur that could potentially “encapsulate” AgNPs
within the three-dimensional polymethylsiloxane networks. It was confirmed that the superhydrophobic perfor-
mance of AgNP impregnated cotton by the spray method (MTS/OTS/AgNP) was not hindered as the measured
contact angle was as high as 151 & 1°. In other words, samples treated with MTS/OTS/AgNP had a marginal
decrease in hydrophobic performance over strictly MTS/OTS treated samples.

Structural and morphological characterization of functionalized cotton fabrics. To gain a bet-
ter understanding of the coating resulting from the binary silanization and AgNP encapsulation, we performed
ATR FT-IR and energy-dispersive X-ray spectroscopy (EDS) to probe the surface before and after treatment. All
FT-IR spectra displayed a C-H stretch at 2920 cm™! which indicated the presence of methyl groups (Fig. 4). When
comparing pure MTS/OTS sol-gel to the coated samples, the C-H stretch had the largest absorbance due to the
abundance of methyl and octadecyl chains. On the other hand, the spectrum did not show the presence of an
absorption band at 3300 cm ™! indicating that the sample did not contain a detectable amount of hydroxyl groups.

SCIENTIFICREPORTS| (2019) 9:9172 | https://doi.org/10.1038/s41598-019-45622-0 4


https://doi.org/10.1038/s41598-019-45622-0

www.nature.com/scientificreports/

Figure 3. Kirby-Bauer disk susceptibility test using E. coli where (a) compared treatment methods and (b)
compared silanization times for MTS/OTS/AgNP. Disks 1-4 for all plates were the same with untreated (1),
AgNO; (2), AgNP (3), and MTS/OTS (4). The remaining disks for (a) were as follows: MTS/OTS then immersion
in AgNP (5), immersion in AgNP then MTS/OTS (6), and MTS/OTS/AgNP (7). Plate (b): 5min MTS/OTS then
AgNP spray (5), 7min MTS/OTS then AgNP spray (6), and 10min MTS/OTS then AgNP spray (7).

As the untreated and treated samples had similar absorbances at 3300 cm™!, we examined the peak at 890 cm™!
(Si-OH). The untreated and treated samples had no difference in absorbances at this position suggesting that the
silanized cotton samples do not contain an appreciable amount of free silanol groups. The treated samples also
contained a small absorbance peak at 1270 cm™! indicating the presence of Si-CH; bonding. However, the corre-
sponding absorbance for Si-CH; was not detected at 760 cm ! and may be attributed to the low abundance of the
polymethylsiloxane coating in relation to the cellulose substrate. The treated samples showed a peak at 1100 cm ™!
which may correspond to Si-O-Si bonds. Further analysis with EDS revealed the presence of a Si K, peak at
1.74keV (Fig. 5a) that was absent in the untreated samples (Fig. 5b).

To examine the morphology of the modified cotton fabrics, scanning electron microscopy (SEM) studies were
performed. Treatment with MTS/OTS caused an increase in the roughness of the surface due to the formation of
both “nanospheres” and “nanofibers” (Fig. 6b,c), both features were not observed on untreated cotton (Fig. 6a).
Similar nanosized features were previously reported by Khoo et al. to be formed upon treatment of glass with only
MTS". Thus, it is possible that the MTS in our silane mixture, with its higher reactivity, undergoes fast hydrolysis
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Figure 4. ATR FT-IR of untreated cotton (black trace), MTS/OTS cotton (red trace), MTS/OTS/AgNP cotton
(green trace), and a pure sol-gel derived from a mixture of MTS and OTS (blue trace).
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Figure 5. EDS spectra of (a) MTS/OTS/AgNP and (b) untreated cotton. The Si K, peak is present at 1.74keV
indicating presence of Si species.

and condensation, which contributes primarily to the formation of these nanostructures. Treatment with MTS/
OTS/AgNP similarly also formed nanofibers, however, nanospheres were not observed (Fig. 6d). Rather, some
areas of cotton fibers were coated with “nano-islands” that are smooth in appearance. The islands likely formed
during the addition of AgNP immediately after silanization as the water content would increase the rate at which
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silane reacts with each other rather than the surface of the substrate. Treatment of cotton with a coating solu-
tion of only OTS/AgNP created intricate structures with large increases in both micro and nanoscale roughness.
The increase in roughness included contributions from both fibrillar and spherical particles, both of which can
increase the water contact angle®'. The OTS/AgNP treated samples were noticeably more rough than MTS/OTS/
AgNP, however, the water contact angles of both treatment methods were similar with angles of 148 +2° and
151 £ 1°, respectively. Moreover, treatment with OTS/AgNP required a much higher concentration of silane com-
pared to MTS/OTS/AgNP and large aggregates of silane were even visible with the naked eyes.

Comparison with state-of-the-art functionalization protocols. In retrospect, a handful of protocols
have been developed to functionalize cotton fabrics to possess both superhydrophobic and antimicrobial char-
acteristics (Table 1)***4. Different precursors such as organosilanes**~, silica sols/particles®”**, organoacids®**’,
polymers*"#2, and metal particles**** have been utilized for creating the superhydrophobic surfaces. Among them,
fluorine-free organosilanes shall be highlighted because they are inexpensive and can form stable “coatings” via
chemical bonding on the surface'*'2 For the formation of antimicrobial characteristic, metal particles contain-
ing silver®?-36:384042-44  copper’”39, and zinc** were the choices. Silver nanoparticles are of particular interest for
practical applications, because of their nontoxic characteristics and ease of preparation. However, most of these
established protocols (including conventional silanization reactions*-*°) require the treatment time up to hours
and high concentration of the reagents; for the others, multistep precursor preparation and disposition were
necessary.

As has been characterized in detail and compared with previous established procedures (Table 1), our one-step
immersion process with a binary, fluorine-free silane solution for modifying cotton textiles to attain superhydro-
phobicity (and achieving antimicrobial properties with subsequent encapsulation with silver nanoparticles) has
the potential to fulfill the requirements for practical applications. In particular, the implementation of a binary
MTS and OTS solution, we were able to significantly decrease the amount of silanes required (total silane concen-
tration is 0.17% v/v) while attaining comparable superhydrophobicity as traditional silanization processes®*-.
Compare to other non-silanization based methods*~*4, this method required no pre-treatment of coating pre-
cursor and can accomplish in less than 10 min. Both fluorine-free sliane precursors have been in mass production
for decades; the use of low concentration of silanes allows for not only an associated reduction in costs but also
enables the modification procedure to be performed rapidly and potentially at large scales without impacting the
environments and ecosystem. Contact angle measurements showed negligible differences in superhydrophobic
performance between cotton surfaces upon binary silanization and after AgNP encapsulation confirms the suc-
cess of the implementation of both superhydrophobicity and antimicrobial capability at the same time.
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Ref. Author(s)* Superhydrophobic modification Antimicrobial formulation WCA
. Immersion in a binary CH;(CH,),,SiCl, Subsequent formation of AgNP by reducing o
This work | H.-Z. Yu (0.14% v/v)/CH,SICl, (0.09% v/v) for 10min | AgNO, with NaBH, 153+2
32 . A Immersion in CH;(CH,),Si(OC,Hs); (3% Prior formation of AgNP by reducing o
M. Shateri Khalil-Abad v/v) in ethanol/water for 18 h AgNO; with ascorbic acid 151
33 . Immersion in CH; (CH,),5Si(OCHj); (3% Prior formation of AgNP by reducing o
C.-H. Xue v/v) in ethanol for 1h [Ag(NH,),] " with glucose 157.34+1.6
34 R.Guo Immersion in H,N(CH,);Si(OCHa);; 1% Subsequent formation of AgNP by reducing 153°
. (vol.) in acetone for 24h AgNO; with sodium citrate
. . Prior formation of AgNP by reducing
3 M. Shateri-Khalilabad | [Tmersion CH,(CH,);S1(OC,H), 1% (vol) AgNO3 with ascorbic acid on NaOH treated | 156 +3.8°
in ethanol/water (9:1) for 24h
surface
Immersion in H,N(CH,);Si(OC,Hj;)3; 0.25%
36 . (w) in EtOH:NH,OH:H,0 (1:0.66:1) for 8 h Subsequent formation of AgNP by reducing o
M. A. Kulandainathan followed by encapsulation with poly(styrene- | AgNO; with triethylamine >150
co-maleic anhydride) (PSMA)
37 - Immersion in silica sols with subsequent Doping the preformed silica sols with Cu o
R. Khajavi treatment with CH,(CH),Si(OCH)s NPs 1511403
Silica nanoparticle (NP)/ A cellulose acetate/acetone/IL solution
8 C.E Guo polydimethylsiloxane (PDMS) coating on coated on the other side, a silver film is then | 16142°
one side thermally deposited
39 Immersion of Cu-coated surface in 0.1% Immersion in a solution of copper acetate o
M. G. Sethuraman stearic acid for about 12h and ascorbic acid for 1h 159
n H.Li Post-modification with HS(CH,),,COOH/ Coating with polydopamine, followed by in 153°
. HS(CH,);;CH; (0.16% w. situ deposition of Ag NP
S(CH,),,CH, ( ) dep fAg
a X. Liu f;);stsi-rllicilliziron of an epoxy alkane/epoxy Depositing polyhexamethylene biguanide >150°
Post modification with fluorinated decyl . .
0 . o . Sequential deposition of branched o
J. Sun Fg_lgléesdsr)al oligomeric silsesquioxane poly(ethylenimine) (PEI) and AgNPs 169
a M. G. Sethuraman E‘i/reriectiltisndfﬁgsi(i:tion of copper and silver 160.9°
“ M. Shaban Spin coating with zinc oxide (ZnO) NP 154+ 1°
prepared by sol-gel method

Table 1. Comparison of the binary salinization/AgNP encapsulation process with the literature methods for
preparing superhydrophobic cotton fabrics with antimicrobial capability.

Conclusions

Cotton fabrics can be functionalized to attain both superhydrophobic and antimicrobial properties via a unique
binary silanization process in conjunction with silver nanoparticle encapsulation. The use of a binary mixture
of long and short silanes (OTS and MTS) was demonstrated to achieve a high level of superhydrophobicity and
requires significantly less reactants when compared with traditional silanization processes. Additionally, the solu-
tion immersion treatment was simplistic in nature with the reaction time of minutes; it is beneficial to the envi-
ronment over traditional coatings as it utilizes non-fluorinated silanes. Future experimental investigation would
open new avenues to include the treatment of a wide variety of different surfaces in addition to cotton fabrics such
as synthetic fabrics including polyesters and polyamides. The use of other species such as zinc nanoparticles to
impart antimicrobial properties will also be explored to replace noble metals. Beyond the scope of this work, this
simple and facile reaction could be potentially scaled for industrial applications after addressing challenges such
as choosing appropriate solvents, designing suitable vessels, and developing feasible waste disposition protocols.

Experimental

Materials and reagents. Methyltrichlorosilane (MTS, >99%) and octadecyltrichlorosilane (OTS, >90%)
were purchased from Sigma-Aldrich (St. Louis, MO). Toluene is of ACS reagent grade and ordered from Fisher
Chemical (Fair Lawn, NJ). AgNO; (99%) was purchased from Anachemia (Montreal, QC). NaBH, (12% w/w,
in 14 M NaOH) was obtained from Aldrich as well. Bleached woven cotton fabric (16.5 mg/cm?) was purchased
locally. All aqueous solutions were prepared with deionized water (>18.2 MQ) o cm), produced with a Barnstead
EASYpure UV/UF compact water system (Dubuque, IA).

Surface silanization and nanoparticle encapsulation. The cotton fabrics were first cut into 1 x 3 cm?
pieces, cleaned ultrasonically in deionized water for 30 min and dried before use. The silanization reaction for
modifying cotton fabrics was performed by immersion in a coating solution prepared by adding a specified
amount of MTS and/or OTS into 10mL of toluene in a sealed container under ambient conditions (20-22°C,
~50% relative humidity). After silanization, the sample was removed from the solution and air-dried. The pro-
cedure was optimized using either a coating solution of only OTS or a binary mixture containing both MTS
and OTS. The optimized experimental conditions included silanization time, silane concentrations/ratios, and
humidity. Different levels of relative humidity were achieved using an Acrylic box where fine mists of water were
sprayed onto the interior walls to increase the relative humidity. Conversely, dry nitrogen gas was used to decrease
the humidity relative to the laboratory conditions. The sample was dried in an oven at 55°C for at least 24 h prior
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to placing the substrate in the controlled environment. The sample was then placed in the artificial environment
and allowed to incubate for 1 h before silanization. All samples were prepared in triplicates and characterized
independently.

AgNP with a concentration of ~30 ppm was synthesized by adding 150 mL of 1.0 mM AgNO; dropwise into
an ice-cold solution containing 350 mL of 2.0 mM NaBH, at a rate of 1 drop/s. The solution was stirred vigorously
during the addition. When the addition was completed, stirring was stopped immediately. The resulting yellow
solution was characterized using a QE65000 Scientific-grade Spectrometer (Ocean Optics Ltd., Winter Park, FL)
to obtain the UV spectra and the SPR peak wavelength. Particle size analysis was performed using a Zetasizer
Nano ZS system (Malvern Panalytical Ltd., Malvern, UK).

Various methods were tested for impregnating AgNP on cotton; the first method consisted of performing the
silanization reaction and immediately transferring and immersing the substrate in another solution containing
10mL of AgNP for 10 min. A second method consisted of first immersing the substrate in 10 mL of AgNP for
10 min and then air drying followed by immersion in the silane coating solution. A third method consisted of
performing the silanization reaction followed by spraying 250 pL/cm? of the AgNP colloid onto the surface before
air drying and then further drying in an oven at 55 °C for 4h before performing further experiments.

Characterization and instrumentation. Water contact angle measurements were performed using an
optical goniometer (VCA Optima video contact angle system, AST Products Ltd., Billerica, MA). Static contact
angles were measured using 1.0 pL deionized water droplets. A total of 10 contact angles were measured per
sample at different locations with each sample being prepared in triplicates (30 water contact angle values total).

Scanning electron microscopy was performed to image the cotton surfaces with a Nova NanoSEM 430 system
(FEI company, Hillsboro, OR). EDS analysis was performed with the same instrument using an EDAX detector.
All samples were sputtered with gold (Hummer 6.2 Sputtering System, Anatech USA, Hayward, CA) before imag-
ing. Infrared spectroscopy measurements were performed using an ATR FT-IR spectrometer (UATR Spectrum
Two, Perkin Elmer, Billerica, MA). The pure OTS silicate samples for control measurements were synthesized by
reacting 200 uL OTS with 1.8 mL of deionized water. The MTS/OTS binary silicates were prepared similarly by
adding a mixture of 100 L MTS and 100pL OTS to 1.8 mL of water. The products were subsequently collected
using vacuum filtration and dried in an oven at 55 °C before characterization.

A modified form of the Kirby-Bauer disk susceptibility test was performed on AgNP impregnated cotton?*.
Luria-Bertani (LB) agar media was used as the culture medium for the test. Gram-negative E. coli K-12 was used
as the test organism for bacterial susceptibility. The E. coli concentration was adjusted based on a 0.5 McFarland
standard before inoculating. The modified cotton fabrics were cut into 6 mm diameter disks and placed onto
the LB agar media after inoculating with E. coli. The plates were then incubated at 37 °C for 16 h before imaging.
The susceptibility tests were performed in triplicates as well.

References

1. Liu, M., Wang, S. & Jiang, L. Nature-inspired superwettability systems. Nat. Rev. Mater. 2, 17036 (2017).

2. Barthlott, W. & Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 202, 1-8 (1997).

3. Gao, X. & Jiang, L. Biophysics: Water-repellent legs of water striders. Nature 432, 169-191 (2004).

4. Chu, Z. & Seeger, S. Superamphiphobic surfaces. Chem Soc Rev 43, 2784-2798 (2014).

5. Rous, M. A,, Ingolic, E. & Schuster, K. C. Visualisation of the fibrillar and pore morphology of cellulosic fibres applying transmission
electron microscopy. Cellulose 13, 411-419 (2006).

6. Hsieh, Y.-L., Thompson, J. & Miller, A. Water Wetting and Retention of Cotton Assemblies as Affected by Alkaline and Bleaching
Treatments. Text. Res. J. 66, 456-464 (1996).

7. Su, B, Tian, Y. & Jiang, L. Bioinspired Interfaces with Superwettability: From Materials to Chemistry. J. Am. Chem. Soc. 138,
1727-1748 (2016).

8. Sambhy, V., MacBride, M. M., Peterson, B. R. & Sen, A. Silver Bromide Nanoparticle/Polymer Composites: Dual Action Tunable
Antimicrobial Materials. J. Am. Chem. Soc. 128, 9798-9808 (2006).

9. Klasen, H. A historical review of the use of silver in the treatment of burns. II. Renewed interest for silver. Burns 26, 131-138 (2000).

10. Desbief, S., Patrone, L., Goguenheim, D., Guérin, D. & Vuillaume, D. Impact of chain length, temperature, and humidity on the
growth of long alkyltrichlorosilane self-assembled monolayers. Phys. Chem. Chem. Phys. 13, 2870-2879 (2011).

11. Wong, J. X. H. & Yu, H.-Z. Preparation of Transparent Superhydrophobic Glass Slides: Demonstration of Surface Chemistry
Characteristics. J. Chem. Educ. 90, 1203-1206 (2013).

12. Zhang, L., Kwok, H., Li, X. & Yu, H.-Z. Superhydrophobic Substrates from Off-the-Shelf Laboratory Filter Paper: Simplified
Preparation, Patterning, and Assay Application. ACS Appl. Mater. Interfaces 9, 39728-39735 (2017).

13. Khoo, H. S. & Tseng, F.-G. Engineering the 3D architecture and hydrophobicity of methyltrichlorosilane nanostructures.
Nanotechnology 19, 1-9 (2008).

14. Kojio, K., Ge, S., Takahara, A. & Kajiyama, T. Molecular Aggregation State of n-Octadecyltrichlorosilane Monolayer Prepared at an
Air/Water Interface. Langmuir 14, 971-974 (1998).

15. Ajami, E. & Aguey-Zinsou, K.-F. Formation of OTS self-assembled monolayers at chemically treated titanium surfaces. J. Mater. Sci.
Mater. Med. 22,1813-1824 (2011).

16. Tang, Z., Li, H., Hess, D. W. & Breedveld, V. Effect of chain length on the wetting properties of alkyltrichlorosilane coated cellulose-
based paper. Cellulose 23, 1401-1413 (2016).

17. Gao, L. & McCarthy, T. J. A Perfectly Hydrophobic Surface (0A/6R = 180°/180°). J. Am. Chem. Soc. 128, 9052-9053 (2006).

18. Creighton, J. A., Blatchford, C. G. & Albrecht, M. G. Plasma resonance enhancement of Raman scattering by pyridine adsorbed on
silver or gold sol particles of size comparable to the excitation wavelength. J. Chem. Soc. Faraday Trans. 2 Mol. Chem. Phys. 75,
790-798 (1979).

19. Polte, J. et al. Formation Mechanism of Colloidal Silver Nanoparticles: Analogies and Differences to the Growth of Gold
Nanoparticles. ACS Nano 6, 5791-5802 (2012).

20. Mulfinger, L. et al. Synthesis and study of silver nanoparticles. J. Chem. Educ. 84, 322-325 (2007).

21. Panécek, A. et al. Silver Colloid Nanoparticles: Synthesis, Characterization, and Their Antibacterial Activity. J. Phys. Chem. B 110,
16248-16253 (2006).

22. Lok, C.-N. et al. Silver nanoparticles: partial oxidation and antibacterial activities. JBIC J. Biol. Inorg. Chem. 12, 527-534 (2007).

SCIENTIFIC REPORTS | (2019) 9:9172 | https://doi.org/10.1038/s41598-019-45622-0 9


https://doi.org/10.1038/s41598-019-45622-0

www.nature.com/scientificreports/

23. Teeguarden, J. G., Hinderliter, P. M., Orr, G., Thrall, B. D. & Pounds, J. G. Particokinetics I Vitro: Dosimetry Considerations for In
Vitro Nanoparticle Toxicity Assessments. Toxicol. Sci. 95, 300-312 (2007).

24. Bauer, A. W, Perry, D. M. & Kirby, W. M. M. Single-disk antibiotic-sensitivity testing of staphylococci: An analysis of technique and
results. AMA Arch. Intern. Med. 104, 208-216 (1959).

25. Kittler, S., Greulich, C., Diendorf, J., Koller, M. & Epple, M. Toxicity of Silver Nanoparticles Increases during Storage Because of Slow
Dissolution under Release of Silver Ions. Chem. Mater. 22, 4548-4554 (2010).

26. Beer, C., Foldbjerg, R., Hayashi, Y., Sutherland, D. S. & Autrup, H. Toxicity of silver nanoparticles—Nanoparticle or silver ion?
Toxicol. Lett. 208, 286-292 (2012).

27. Feng, Q. L. et al. A mechanistic study of the antibacterial effect of silver ions on Escherichia coli and Staphylococcus aureus. J.
Biomed. Mater. Res. 52, 662-668 (2000).

28. Kvitek, L. et al. Effect of Surfactants and Polymers on Stability and Antibacterial Activity of Silver Nanoparticles (NPs). J. Phys.
Chem. C 112, 5825-5834 (2008).

29. Shrivastava, S. et al. Characterization of enhanced antibacterial effects of novel silver nanoparticles. Nanotechnology 18, 1-9 (2007).

30. Morones, J. R. et al. The bactericidal effect of silver nanoparticles. Nanotechnology 16, 23462353 (2005).

31. Cassie, A. B. D. & Baxter, S. Wettability of porous surfaces. Trans. Faraday Soc. 40, 546-551 (1944).

32. Shateri Khalil-Abad, M. & Yazdanshenas, M. E. Superhydrophobic antibacterial cotton textiles. J. Colloid Interface Sci. 351,293-298
(2010).

33. Xue, C.-H., Chen, ], Yin, W, Jia, S.-T. & Ma, J.-Z. Superhydrophobic conductive textiles with antibacterial property by coating fibers
with silver nanoparticles. Appl. Surf. Sci. 258, 2468-2472 (2012).

34. Guo, R. et al. Microwave-assisted synthesis of silver nanoparticles on cotton fabric modified with 3-aminopropyltrimethoxysilane.
J. Appl. Polym. Sci. 3862-3868 (2013).

35. Shateri-Khalilabad, M. & Yazdanshenas, M. E. Fabrication of superhydrophobic, antibacterial, and ultraviolet-blocking cotton
fabric. J. Text. Inst. 104, 861-869 (2013).

36. Karuppusamy, S., Pratheepkumar, A., Dhandapani, P, Maruthamuthu, S. & Kulandainathan, M. A. A Strategy to Develop Bioactive
Nanoarchitecture Cellulose: Sustained Release and Multifarious Applications. J. Biomed. Nanotechnol. 11, 1535-1549 (2015).

37. Berendjchi, A., Khajavi, R. & Yazdanshenas, M. Fabrication of superhydrophobic and antibacterial surface on cotton fabric by doped
silica-based sols with nanoparticles of copper. Nanoscale Res. Lett. 6,594 (2011).

38. Liu, Q. et al. Thermal, Waterproof, Breathable, and Antibacterial Cloth with a Nanoporous Structure. ACS Appl. Mater. Interfaces 10,
2026-2032 (2018).

39. Suryaprabha, T. & Sethuraman, M. G. Fabrication of copper-based superhydrophobic self-cleaning antibacterial coating over cotton
fabric. Cellulose 24, 395-407 (2017).

40. Liao, X. et al. Mussel-inspired cotton fabric with pH-responsive superwettability for bidirectional oil-water separation. J. Mater. Sci.
54, 3648-3660 (2019).

41. Patil, A. J., Zhao, Y., Liu, X. & Wang, X. Durable superhydrophobic and antimicrobial cotton fabrics prepared by electrostatic
assembly of polyhexamethylene biguanide and subsequent hydrophobization. Text. Res. J. 88, 1788-1799 (2018).

42. Wu, M., Ma, B,, Pan, T., Chen, S. & Sun, J. Silver-Nanoparticle-Colored Cotton Fabrics with Tunable Colors and Durable
Antibacterial and Self-Healing Superhydrophobic Properties. Adv. Funct. Mater. 26, 569-576 (2016).

43. Suryaprabha, T. & Sethuraman, M. G. Design of electrically conductive superhydrophobic antibacterial cotton fabric through
hierarchical architecture using bimetallic deposition. J. Alloys Compd. 724, 240-248 (2017).

44. Shaban, M., Mohamed, E & Abdallah, S. Production and Characterization of Superhydrophobic and Antibacterial Coated Fabrics
Utilizing ZnO Nanocatalyst. Sci. Rep. 8, 1-15 (2018).

Acknowledgements

We thank the Natural Science and Engineering Research Council (NSERC) of Canada and National Science
Fundation of China (Grant No. 21575098; 21505098; 81740195; 61775157; 11504259), for the financial support
and 4D Labs at Simon Fraser University for access to their facility and instruments. W.S. would like to thank
Clayton Schultz for his assistance imaging samples with SEM.

Author Contributions
H.Z.Y. conceived the research; W.S. performed most of the experiments; L.Z. helped with the initial design and
preliminary experiments; W.S., L.Z., H.Z.Y. and X.L. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-45622-0.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:9172 | https://doi.org/10.1038/s41598-019-45622-0 10


https://doi.org/10.1038/s41598-019-45622-0
https://doi.org/10.1038/s41598-019-45622-0
http://creativecommons.org/licenses/by/4.0/

	Binary Silanization and Silver Nanoparticle Encapsulation to Create Superhydrophobic Cotton Fabrics with Antimicrobial Capa ...
	Results and Discussion

	Binary silanization to create superhydrophobic cotton fabrics. 
	Encapsulation with Ag nanoparticles to achieve antimicrobial capability. 
	Structural and morphological characterization of functionalized cotton fabrics. 
	Comparison with state-of-the-art functionalization protocols. 

	Conclusions

	Experimental

	Materials and reagents. 
	Surface silanization and nanoparticle encapsulation. 
	Characterization and instrumentation. 

	Acknowledgements

	Figure 1 Contact angle measurements of cotton fabrics treated with (a) different ratios of MTS and OTS, (b) different silanization times using 8.
	Figure 2 Cotton fabrics sprayed with blue dye solution where the samples on the left correspond to unmodified and the right corresponds to treated with MTS/OTS.
	Figure 3 Kirby-Bauer disk susceptibility test using E.
	Figure 4 ATR FT-IR of untreated cotton (black trace), MTS/OTS cotton (red trace), MTS/OTS/AgNP cotton (green trace), and a pure sol-gel derived from a mixture of MTS and OTS (blue trace).
	Figure 5 EDS spectra of (a) MTS/OTS/AgNP and (b) untreated cotton.
	Figure 6 SEM images of (a) untreated, (b,c) MTS/OTS, and (d) MTS/OTS/AgNP treated cotton fabrics.
	Table 1 Comparison of the binary salinization/AgNP encapsulation process with the literature methods for preparing superhydrophobic cotton fabrics with antimicrobial capability.




