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The global COVID-19 pandemic and widespread concerns about antimicrobial resistance (AMR)
have intensified research efforts towards the development of innovative methods and technologies
to suppress the spread of infectious pathogens facilitated by high touch surfaces. Thus, surfaces
and coatings capable of inhibiting bacterial growth and preventing biofilm formation are being
comprehensively explored in healthcare sectors to mitigate the spread of infectious pathogens. With the
emergence of resistant strains of bacteria, due to over usage of conventional antibiotics, it becomes
essential to develop a new class of materials with higher antibacterial efficiency. In the present study,
the various morphologies of zinc oxide (ZnO) nanostructures have been exploited as efficient
antimicrobial surfaces. This work aims to enhance the bactericidal properties of ZnO nanostructured
surfaces by tuning their wettability and surface chemistry. Silicon substrates decorated with ZnO
structures such as flowers, needles, and fibers are characterized by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). These surfaces are further spin-coated with an ionic liquid 1-decyl-
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3-methylimidazolium tetrafluoroborate (DMIM-BF4), which causes a drastic impairment of bacterial cell
viability on the surfaces. This bactericidal activity has been compared with that of a well-known low
DOI: 10.1039/d3ma00374d surface energy material 1H,1H,2H,2H-perfluorooctyl-trichloroethoxysilane (FOTES) by performing spot

assay and colony-forming unit (CFU) analysis. The ionic liquids, commonly known as green solvents, are
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1. Introduction

Tremendous efforts have long been made to create hierarchical
and multifunctional surfaces as a result of the profusion of
naturally occurring nanostructured surfaces." Nanotubes,
quantum dots, nanoneedles, and nanoflowers have been excep-
tional in achieving the desired applications.” With the advance-
ments in the field of nanotechnology, researchers have been
able to explore the utilization of nanomaterials as antimicrobial
agents against many pathogens, such as bacteria and viruses.®
However, in the recent past, the emergence and dramatic
increase of pathogenic strains that eventually develop resis-
tance to many antibiotics have been observed.*

To address these issues, antibacterial metal oxide nanoma-
terials are being comprehensively explored because of their
stability and negligible toxicity to humans.” Among them, ZnO
based nanomaterials, ‘“generally recognized as safe” (GRAS)
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found to be emerging coating materials to develop advanced antimicrobial surfaces.

materials for humans by the US Food and Drug Administration
(21CFR182.8991),° have been reported to show inherent anti-
bacterial activity towards both Gram-positive and Gram-
negative bacteria.” Researchers have already reported that the
size and morphology of ZnO nanostructures play a crucial role
in controlling their antibacterial properties.® However, the
quantitative analysis of these properties with the change in
the morphology of the nanostructures is an area that still
requires attention. In a recent paper Tripathy et al. reported
simple solution-phase fabrication of multifunctional ZnO urch-
ins using zinc nitrate hexahydrate and potassium hydroxide on
different substrates.® The exact growth mechanism by which
ZnO nuclei aggregate to form ZnO nanostructures is best
highlighted by Maiti et al, indicating that Zn(OH),>”, being
the main growth precursor, nucleates into zinc oxide nuclei
after reaching a critical concentration in the solution mix."*
Multiple modifications of metal oxide nanostructures are
being carried out to extend their applications in industrial
sectors.’* Coating these nanostructured metal oxide surfaces
with particular materials has also been reported to enhance
their bactericidal properties.’>** One such strategy involves
fabrication of superhydrophobic surfaces (water contact angle
(CA) > 150°) using a low-energy material like FOTES, which
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eventually reduces the bacterial growth/attachment on the
surfaces.”® This modification leading to an extensive increase
in the hydrophobicity of the surfaces intensifies their
applicability’®?! due to the newly attained anti-corrosion,*?
anti-icing,>® and self-cleaning properties.”* However, there is a
huge need to look for alternative materials that would be even
more lethal to bacteria but environmentally safe.

In the last decade, there has been an enormous amount of
investigation on room-temperature ionic liquids (ILs). These
ILs are a relatively new class of organic electrolytes composed of
an organic cation and an organic or inorganic anion. Owing to
their high thermal stability and high thermal and ionic con-
ductivities, these molecules have found use in several other
applications®® such as liquid-liquid separation and designing
fuel cells.”®*” Likewise, due to their low volatility and non-
flammability, ILs have also been used as environmentally
friendly solvents in many chemical reactions as substitutes
for traditional organic solvents.**** They are designated as
green solvents because they do not pollute air and can be easily
recovered and recycled. Although they may not be toxic to
human cells, recent studies have shown the toxicity of these
ILs towards microorganisms.***> Early investigation carried
out by Pernak et al. showed a trend of increasing antimicrobial
toxicity with an increase in the C-1 alkyl chain length in
imidazolium-based ionic liquids.*® 1t is further shown that
varying the anion had a minimal effect on the toxicity of
imidazolium-based ILs, indicating that toxicity is largely driven
by the alkyl chain length and hydrophobicity of the cation.?”

Generally, the ILs have been used in solution form to study
their antimicrobial properties. However, the applicability of ILs
as coating materials, either in their pristine form or as a part of
a composite material, has also been explored. These coatings
eventually help to render surfaces with excellent antibacterial,
antibiofouling and anticorrosive properties.** *° For instance,
Bains et al. developed ionic liquid (IL)-functionalized multi-
walled carbon nanotubes for hydrophobic and antibacterial
coatings.*® They showed that coating the polyvinyl chloride
substrates with the synthesized ionic liquid-carbon nanotube
composite eventually turned them into robust self-sterilizing
surfaces. Similarly, Misra et al. fabricated thin films of
polyoxometalate-based ionic liquids using brush-coating on
the surface of stones to protect them from acid corrosion and
also enhance their biocidal properties.*® Imidazolium based
ionic liquid coatings have also shown excellent potential as
emerging antibacterial coatings.*’™** Correspondingly, higher
toxicity of imidazolium based ionic liquid coatings towards
bacterial cells than mammalian cells has been confirmed by
Gindir et al.*!

Considering the toxic nature of ILs towards bacteria, inte-
gration of ILs with ZnO nanostructures could possibly help in
further enhancing the antimicrobial activity of such structured
surfaces. In a recent paper presented by Xiaohan Zhang, spin
coating of an IL on a ZnO surface has been demonstrated.** In
the present study, various ZnO nanostructures with various
shapes have been synthesized on a silicon substrate and
characterized by scanning electron microscopy (SEM) and
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atomic force microscopy (AFM). These structures are then
coated with an imidazolium-based IL to figure out the mod-
ifications in the wetting and bactericidal properties of the
surfaces. The development of ILs as coating materials
for nanostructured surfaces turns out to be useful in
enhancing their antibacterial properties. The results have also
been compared with a well-known superhydrophobic coating
material FOTES.

2. Materials and methods
2.1 Materials

Zinc acetate dihydrate [Zn(CH;COO),-2H,0], zinc nitrate
hexahydrate [Zn(NO;),-6H,0], 2-methoxy ethanol [C3HgO,],
ethanolamine [C,H,;NO], potassium hydroxide (KOH),
1H,1H,2H 2 H-perfluorooctyltriethoxysilane (FOTES) and 1-
decyl-3-methylimidazolium tetrafluoroborate (DMIMBF,) were
purchased from Sigma-Aldrich (now Merck, USA) and used
without further purification. The Luria-Bertani (LB) broth and
LB agar medium for the bacterial growth study were obtained
from Hi-Media (Mumbai, India). The spectroscopic grade
methanol and ethanol were purchased from Thermo Fisher
Scientific (USA). De-ionized (DI) (Milli-Q, Millipore) water with
a resistivity of ~18 MQ cm and a pH of ~7.0 has been used
throughout the experiment.

2.2 Developing structured substrates

2.2.1 Substrate preparation and cleaning. Silicon sub-
strates of size 1.5 x 1 cm® were cut from silicon wafer
(n-type, (100), 500 pm thick, WaferPro) using a diamond cutter.
All the substrates were cleaned ultrasonically using 15 minute
cycles of methanol and DI water, respectively. After completion
of ultrasonication, the samples were dried carefully using N,
flow. Then the substrates were kept in a UV-ozone chamber at
50 °C for 30 minutes with 10 minutes of hold time to make
them hydrophilic by evaporating all the organic impurities
from the surfaces.

2.2.2  Growth of ZnO nanostructures. In the first step, the
seeding procedure was performed in order to create nucleation
sites for the growth of ZnO nanostructures on the Si substrate.
The cleaned substrates were seeded with an ethanol solution of
zinc acetate dihydrate with a concentration of ~1 mg mL™".
The solution was stirred for 15 minutes at 300 rpm to properly
dissolve the solute in the solvent. Then, 15 pL of this solution
was dropped on top of the substrate and dried gently using a N,
purging instrument with an opening comparable to the sample
width to ensure its slow evaporation. This coating procedure is
repeated five times, each time increasing the volume of the
solution pipetted on the substrate by 1 pL to form a uniform
seed layer. Later, the seeded substrates were heated at 300 °C in
an oven (microprocessor controlled oven, Metrex Scientific
Instruments (P) Ltd., New Delhi) and annealed for 60 minutes.
In the second step, the aqueous solution of zinc nitrate
hexahydrate (~30 mg mL ") was added dropwise to an aqu-
eous potassium hydroxide solution (~50 mg mL~') under
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constant stirring at 500 rpm. The resulting mixture turned
turbid due to the nucleation reaction of Zn(OH),>” to form
ZnO nucleates. Then, this solution was carefully poured into
the glass Petri dish containing the annealed silicon substrates.
The Petri dishes were sealed with paraffin films and kept at
25 °C for 12 hours to obtain nanoflower structures. For obtain-
ing nanoneedle structures, the samples were kept in the
solution at 100 °C for 24 hours. After synthesis the samples
are rinsed with DI water, dried under N, flow, and kept in a
desiccator at controlled humidity (RH ~ 20%).

For growing nanofibers, a different approach was adopted.
Here, the ZnO precursor solution was prepared by mixing zinc
acetate dihydrate (106 mg), 2-methoxy ethanol (980 pL), and
ethanolamine (20 pL), and then, the mixture was stirred at
55 °C for 12 hours at 350 rpm. After being treated with UV-
ozone for 20 minutes at 100 °C, the cleaned silicon substrates
were coated with ZnO precursor solution by spin coating at
2000 rpm for 60 s and then annealed at 150 °C for 15
minutes.*>*® Note that, for each fabricated nanostructured
surface, the existence of ZnO on the Si substrate was estab-
lished by elemental mapping using Energy Dispersive X-ray
Analysis (EDAX) (data not shown).

2.3 Coating synthesized substrates

2.3.1 FOTES coating. The substrates were coated with
FOTES by the physical vapour deposition (PVD) process. In
brief, the substrates were placed on the base of a desiccator,
and 150 pL of FOTES was taken in a glass vial and placed on the
base of the desiccator. The desiccator was sealed using a
vacuum pump to a pressure of 0.08 bar and kept in an oven at
150 °C for 1.5 hours. To coat more than four samples at once, the
amount of FOTES in the desiccator was increased by placing
another glass vial containing 150 uL of FOTES. After bringing it
down to room temperature, the vacuum was released and the
FOTES coated substrates were cleaned ultrasonically with DI
water. After drying with a stream of N, flow, the substrates were
then kept at 50 °C at least a day before further use.

2.3.2 Ionic liquid (IL) coating. The IL DMIMBF, was spin-
coated on silicon and nanostructured substrates. The flat
silicon substrate without any ZnO nanostructure was taken as
the control to compare the effect of the nanostructure. The
effect of the coated nanostructure was compared with that of
the nanostructured surface without any coating. 0.3 wt% of this
IL added in methanol was ultrasonicated for 5 minutes to
dissolve completely. 50 pL of this solution was pipetted on
top of the substrate and spin-coated (spinNXG-P1A, Apexicin-
dia) at 4000 rpm for 1 minute. Finally, the samples were
annealed in an oven at 100 °C for 30 minutes.

Note that the thickness of the coating layer of FOTES and IL
is low compared to the dimensions of the nanostructures on
the Si substrate, and therefore, the underlying ZnO morphology
is expected to remain intact after the coating.

2.4 Characterizing surface activity

2.4.1 Surface wettability. Wettability of the control and
treated substrates was quantified by measuring the water
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contact angles (APEX, ACAM Series). The contact angles were
measured using a sessile drop method with 5 pL of de-ionized
(DI) water at a dosing rate of 0.32 mL min~'. The contact angles
were calculated using the Image] software. For each case, at
least three measurements were taken at different regions of a
particular surface to find a statistically averaged value. All these
measurements were performed at 24 + 2 °C and at an RH
of 50%.

2.4.2 Antibacterial activity. Luria-Bertani (LB) broth,
composed of casein enzymic hydrolysate, yeast extract, sodium
chloride, and agar, is a commonly used nutritionally rich
medium for the bacteria culture process. 40 gm of this mixture
was dissolved in 1000 mL of DI water and autoclaved at 120 °C
for 20 minutes to sterilize the medium. After cooling to a
temperature of 60 °C, it was poured into sterile Petri plates.
Once solidified, it was wrapped with parafilm and stored at 4 °C
for further use. For sufficient growth of bacteria, the required
vitamin B complexes are supplied by the yeast extract, while the
casein enzymic hydrolysate provides peptides and peptones.
Sodium chloride helps in membrane transport and maintains
the osmotic equilibrium of the medium.

For the primary culture, the glycerol stock solution of Gram-
negative bacteria, E. coli (dh5, alpha),*”*® was taken and grown
overnight at 37 °C in the LB broth medium with gentle shaking
at 200 rpm following the protocol reported elsewhere.*™" 1 mL
of this culture was then added to fresh LB broth to reach a final
optical density (OD600) of 0.2. A drop of 80 pL of this solution
was placed on the surface of structured substrates and incu-
bated for a period of 4 hours. The cells were allowed to grow on
the polished Si, ZnO nanofibers, ZnO nanoneedles, and ZnO
nanoflowers surfaces at 37 °C. Then, the cells were pipetted out
from the respective surfaces into 0.9% saline solution and
stored in a sterile Eppendorf tube. For spot assay, 5 pL of this
solution of different dilution series was spotted on MacConkey
agar plates (Hi-Media, Mumbai), and the plates were kept
overnight at 37 °C. The observed number of colonies were
counted manually. For calculating the colony-forming unit
(CFU), a 100 uL solution of a particular dilution was taken in
a sterile LB agar plate and uniformly spread with a spreader. It
was left for a few minutes at room temperature to dry and,
thereafter, stored at 37 °C for 12 hours. CFU per mL is
calculated using the following relation,

No of colonies x dilution factor
volume of culture spread on agar plate (in mL)

(1)

CFU per mL =

3. Results and discussion

3.1. Surface morphology

The wetting properties and initial attachment of bacteria cells
on a nanostructured surface undoubtedly depend on its
morphology.®* In order to study this dependence, three types
of ZnO nanostructured surfaces are synthesized, namely nano-
flowers, nanoneedles, and nanofibers. Fig. 1 shows the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Scanning electron microscopy (SEM) images of (a) ZnO nano-
flowers, (c) ZnO nanoneedles, and (e) ZnO nanofibers synthesized on a
silicon substrate with their enlarged views in (b), (d) and (f) respectively.

scanning electron microscopy (SEM) images of all the different
nanostructures formed on a silicon substrate. Their depen-
dence on the parameters of their synthesis processes, as
described in Section 2, eventually illustrates the difference in
their morphologies. The variation in surface coverage of differ-
ent nanostructured surfaces can be visualized in Fig. 1. While
the nanoflowers show the minimum surface -coverage
(Fig. 1(a)), there is a maximum density of structures in the case
of nanofibers (Fig. 1(e)). This can indeed lead to distinct
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bactericidal properties of these surfaces. The fibers seem to
be interweaved, lying on the substrate. The average basal
lengths, as seen in the corresponding zoomed-in images of
the nanoflowers (Fig. 1(b)) and nanoneedles (Fig. 1(d)), are
around 288 + 120 nm and 1000 + 200 nm, respectively. This
difference in the morphologies of these structures can be
attributed to the differentiated response of a seeded silicon
substrate to the synthesis parameters. The variation in the
exposure time and temperature of a seeded silicon substrate
to the muddled solution containing Zn(OH),>~ ions affects the
nucleation process and further growth mechanism.>?

The complete surface morphology represented by the three-
dimensional spatial structures can be observed in Fig. 2, which
shows the atomic force microscopy (AFM) images. It can be
inferred from the images that the growth of nanostructures on
a smooth silicon surface makes it uneven and hence should
increase the roughness of the surface depending on the density
of structures. This can be verified from the surface roughness
data in Table 1. There is a gradual increase in the average
roughness and root mean square (RMS) roughness of the
samples with a trend of silicon < flowers < needles <
nanofibers. This trend in the roughness values is directly
related to the coverage of the substrate by nanostructures. This
varying coverage of the substrates by the nanostructures can
also be verified from their corresponding height profiles, as
shown in the inset of Fig. 2.

3.2 Surface wettability

The measurement of the water contact angle for a nanostruc-
tured surface quantifies its wetting behaviour. The values of

so

-0

5um

Fig. 2 Atomic force microscopy (AFM) images of (a) silicon, (b) ZnO nano-flowers, (c) ZnO nanoneedles, and (d) ZnO nanofibers. Inset shows the height

profile of respective line drawn in an image.
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Table 1 The topographical parameters of surfaces: average roughness
and root mean square roughness of all the nanostructured surfaces as
obtained from their AFM images

Samples Average roughness (nm)  RMS roughness (nm)
Silicon 0.15 0.23
ZnO nanoflowers 3.96 5.04
ZnO nanoneedles 14.46 18.38
ZnO nanofibers 25.25 33.06

the contact angle (0) depend on the physical roughness and the
chemical nature of the surface.”* Depending on the value of 0,
solid surfaces are categorized into four types: (i) super hydro-
philic (0° < 6 < 10°), (ii) hydrophilic (10° < 6 < 90°), (iii)
hydrophobic (90° < 0 < 150°) and (iv) superhydrophobic
(150° < 0 < 180°). For a perfectly smooth surface, the obtained
value of 0 is generally governed by Young’s equation® given by,

(2)

Ysv — VsL
YLv

cosf =

where ygy, 7s1, and yry are the interfacial energies at solid-vapor,
solid-liquid, and liquid-vapor interfaces, respectively. On the
other hand, for a heterogeneous or a nanostructured surface, this
contact angle value is characterized by the Wenzel®® and Cassie-
Baxter®” models. These models suggest that values of the contact
angle obtained for the corresponding nanostructured surfaces are
a combination of their respective surface roughness and the area
covered by the nanostructures on a substrate.

In order to modify their wetting properties and eventually
their antibacterial efficiency, the surfaces have been coated
with a low surface energy molecule 1H,1H,2H,2H-perfluo-
rooctyltriethoxysilane (FOTES) with chemical structure
C16H10F;705Si. Fig. 3(a) shows the optical images of a 5 uL
sessile drop of DI water on the uncoated and coated surfaces. In

()
Pure DMIM-BF, FOTES

l ‘ LQJ

ZnO Nanoflowers

ZnO Nanoneedles

Fig. 3
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Fig. 3(b), the corresponding values of contact angles of
uncoated, DMIMBF, coated, and FOTES coated substrates,
quantified from multiple measurements, are given in bar
diagrams. In this case, the control sample is a polished bare
silicon substrate with a contact angle (0) of 69.7 £ 1.2° (0 <
90°), indicating the inherent hydrophilic nature of the surface.
The corresponding values of the contact angle obtained for the
uncoated nanoflowers, nanoneedles, and the nanofibers are
55.2 +2.9° 44 4+ 2°, and 18.6 £ 3°, respectively. The decrease in
the contact angle values or the enhanced hydrophilicity of the
surfaces is in accordance with the nature of metal oxide coat-
ings due to the existence of hydroxyl groups, metal cations, and
oxygen anions.’® Particularly, in the case of ZnO nanofibers the
uniform dense coverage provides a sea of oxygen atoms for the
incoming water droplet to spread out via hydrogen bonding,
leading to the smallest contact angle. For nanoneedles and
nanoflowers, the varying morphology due to synthesis para-
meters leads to different contact angle values. The sample with
nanoneedles is more hydrophilic than the sample with nano-
flowers because of the higher density of nanostructures in the
former case. This yet again supports the characteristics of a
metal oxide surface. This observation also shows the fact that a
hydrophilic surface becomes more hydrophilic upon increasing
the surface roughness.”® As listed in Table 1, the increased
roughness of the surface follows the trend, nanofibers >
nanoneedles > nanoflowers > silicon, which is opposite to
the measured contact angles of the surfaces, nanofibers <
nanoneedles < nanoflowers < silicon.

In the case of FOTES-coated samples for all the different
types of structures, the de-wetting properties of the surfaces are
readily enhanced, as observed by a considerable increase in the
contact angle values. The silane head part of the FOTES
molecule gets attached to the metal surface because of an
attractive interaction. In contrast, the tail part comprised of a

(b)

140 { EPure
{ BEE oMiM-BF 4
120 | BSBIFOTES |

80

60 -

40

Contact Angle (O)

Silicon

Nanoflowers Nanoneedles Nanofibers

Samples

(a) The optical images of a 5 pL water droplet standing on different samples with various surface morphologies. (b) Variation of the contact angle

on silicon and all other nanostructured surfaces with different types of coatings. DMIM-BF, is an imidazolium based ionic liquid and FOTES is a low
energy hydrophobic material. The results of a flat silicon surface are compared with those of the surfaces covered with different nanostructures formed

by ZnO.
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fluorinated chain hangs in air, which repels water molecules
because of its hydrophobic nature. The highest value of contact
angle for a FOTES-coated sample is obtained for the nanonee-
dles, i.e., 133.2 &+ 3°. The nanoflowers display a contact angle of
120.7 + 2°, while the nanofibers show a contact angle of
116.4 £+ 2°. Even though the roughness of a nanofiber surface
is the maximum, because of excellent surface coverage, it traps
lowest quantity of air. On the other hand, with a medium
surface coverage and roughness, the nanoneedle surface has
much more trapped air causing the water droplet to exhibit the
highest contact angle after being coated with FOTES. Similarly,
for ionic liquid (DMIMBF,) coated samples, there is an increase
in the contact angle values for all the cases compared to the
uncoated ones. However, the effect of hydrophobicity is not as
strong as the FOTES molecules. This is in line with the
difference in their molecular structures as fluorocarbons are
more hydrophobic compared to the hydrocarbons.®® The
shorter positively charged imidazolium head group of
DMIMBF, interacts with the nanostructured surface, while
the hanging hydrocarbon tail in air is responsible for the
increased hydrophobicity.

3.3 Morphological and immersion stability

The modification of the morphological and wetting character-
istics of a nanostructured surface is only feasible when the
coating does not necessarily damage the structural integrity of
the surface. Fig. 4(a) shows the SEM images of nanoneedle
samples after being coated with FOTES and DMIMBF,, respec-
tively. These coatings do not modify the morphology of the
surfaces as the nanostructures remain unaltered. This further
rationalizes the use of the coated surfaces in applications
considering only the morphology of the surfaces.

The firmness of the coatings is studied by examining their
immersion stability. The process involves immersing the
coated samples in water and measuring the contact angles
after specific time intervals. The samples are dried thoroughly
under N, flow before measuring the contact angles. Fig. 4(b)
shows the immersion stabilities of both the FOTES and
DMIMBF, coated surfaces. Predominantly, one of the purposes
of altering the surface properties to obtain a sufficiently hydro-
phobic surface is to realize its usage in applications involving
its immersion in water.®* Therefore, this test is essential. Even
though there is a few degree drop in the contact angle, it can be
inferred from Fig. 4(b) that the hydrophobic FOTES-coated
surfaces, under submerged conditions, do not lose their de-
wetting properties drastically. This is true for all the nanos-
tructured and polished silicon samples, affirming the firmness
of the coatings. For the DMIMBF, coated samples, there is a
decrease in the contact angle values for the first immersion
cycle of 4 hours. Such a decrease is also observed when the
coated sample is immersed in LB broth. This can be attributed
to the fact that even though the DMIMBF, coating increases a
surface’s hydrophobicity, the samples are, nonetheless, hydro-
philic in nature, with contact angles less than 90° for every case.
Interestingly, compared to the data from the first cycle, no
considerable change in the contact angle is observed for the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) FESEM images of nanoneedles after coating with (i) FOTES and
(i) DMIMBF,. (b) Water contact angle values of FOTES and DMIM-BF4
coated silicon, ZnO nanoflowers, ZnO nanoneedles, and ZnO nanofibers
after 4 hours and 8 hours of immersion in DI water. Here, S_FOTES
represents silicon coated with FOTES, similarly S_DMIMBF,: silicon coated
with DMIMBF4; F_FOTES: nanoflowers coated with FOTES; F_DMIMBF4:
nanoflowers coated with DMIMBF,; N_FOTES: nanoneedles coated with
FOTES; N_DMIMBF,:needles coated with DMIMBF,; FIB_FOTES: nanofi-
bers coated with FOTES and FIB_DMIMBF,: nanofibers coated with
DMIMBF,.

next immersion cycle of 8 hours. This specifies that the
DMIMBF, coating withstands the immersion stability test and
can be efficiently used for applications involving immersion
in water.

3.4 Bactericidal efficiency of surfaces

ZnO nanostructures grown on surfaces as well as nanoparticles
in powder form have established themselves as materials with
highly competent bactericidal properties.®> With the purpose of
targeting the gradual emergence of antimicrobial-resistant
bacteria, the current work suggests making strides toward
significantly enhancing the antibacterial properties of nanos-
tructured ZnO surfaces. The antibacterial activities of all the
DMIMBF, and FOTES-coated ZnO samples are measured
through spot assays and plate counting methods, by observing
the viability of Gram-negative bacteria E. coli. Fig. 5 shows the
spot assays of all the nanostructured surfaces, with bare silicon
as the control. It demonstrates a qualitative view of the viability
of the bacterial cells on the polished Si, ZnO nanoflowers, ZnO
nanoneedles, and ZnO nanofibers for different dilution series.
As observed, the unprocessed polished silicon substrates seem
to relatively sustain the growth of bacteria. Looking at the 4th
and 5th dilution series for all the uncoated samples, it can be
inferred that the presence of nanostructures hampers the
growth of bacteria compared to a bare silicon substrate. Com-
pared to the nanoneedle sample, sufficient bacterial growth is
observed in the nanoflower sample because of their low surface
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coverage. The nanofiber samples with excellent surface rough-
ness and surface coverage show the highest bactericidal activ-
ity. Hence, from these comparisons, it can be found that the
ability of the nanostructured surfaces to diminish the bacterial
viability can be considered to be solely dependent on their
morphology and density.

In the case of coated samples, primarily FOTES-coated
surfaces, the bacterial colonies are drastically reduced com-
pared to their uncoated counterparts, as can be seen again for
the 4th and 5th dilution series. There is a drastic reduction in
the bacterial growth in comparison to the pure silicon control
samples. On the other hand, a comparison of even the 2nd and
3rd dilution series of the DMIMBF, coated samples with their
FOTES-coated and pure counterparts shows further reduction
in the bacterial colonies. This qualitative analysis performed
using the spot assays has also been verified by counting the
colony-forming units (CFU per mL). CFU per mL after 4 hours
of incubation of bacterial cells on all the different substrates is
shown in Fig. 6(a). Fig. 6(b) shows a representative set of
pictures demonstrating the number of bacterial colonies (white
spots) formed for uncoated and coated ZnO nanofiber samples.
It is apparently evident that uniformly dense pure ZnO nano-
fiber structures are observed to have brilliant bactericidal
properties with almost little to negligible bacterial cells

3192 | Mater. Adv, 2024, 5, 3186-3197

remaining active on the surface. Comparatively the sparsely
grown sharp ZnO nanoneedles and nanoflowers cause multiple
perforations in the bacterial cell wall due to mechanical rup-
ture. Furthermore, coating the substrates with DMIMBF, turns
out to be most advantageous for tackling the growth of bacterial
colonies, as the least value of CFU for all the different nanos-
tructured surfaces is observed for this case.

It is observed that the contact angle values of LB broth
containing E. coli on the fabricated surfaces are relatively low
compared to water (data not shown). However, they follow
qualitatively a similar trend as that of water. These lower
contact angles ensure that the LB broth is well in contact with
the surfaces and, hence, the slow growth of bacteria is indeed
induced by the fabricated surfaces and the coatings.

3.5 Ionic liquid as a coating material

There are multiple processes and mechanisms that are involved
in controlling the growth of bacteria on a surface. The research-
ers are focussing on the following major mechanisms to
develop better bactericidal surfaces:

(1) The antibacterial activity is a consequence of the genera-
tion of reactive oxygen species (ROS). These ROS include
hydrogen peroxide (H,0,), superoxide anions (0,°”), and
hydroxyl radicals (OH®), which hinder bacterial metabolism

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) The number of colony Forming Units (CFUs) after 4 hours of incubation on silicon, ZnO nanoflowers, ZnO nanoneedles and ZnO nanofibers.

(b) Bacterial colony (while spots) formed on uncoated, FOTES-coated and DMIM-BF4 coated ZnO nanofiber samples respectively. The ionic liquid DMIM-

BF4 coated sample shows the least number of colonies on the surface.

and interrupt different functionalities of a cell, leading to cell
death.®*”" The formation of ROS leads to the gradual disin-
tegration of the cellular membrane because of lipid peroxida-
tion and distresses the functionality of mitochondria.”” ZnO is
reported to be one of the active metal oxides showing the
ROS mechanism for diminishing the bacterial growth on a
surface.®” Researchers have shown the generation of ROS on
ZnO nanostructured surfaces under both UV and visible light
irradiation.®” The generation of ROS is governed by the follow-
ing equations:®’

ZnO+hv —» e  +h' 3)
h"+H,0 - *OH + H' (4)
e +0, — 0, (5)

0, + H" - HO,* (6)
HO,* + H" + e~ — H,0, (7)

While the generated hydroxyl and superoxide radicals interact
with the cellular membrane leading to membrane disruption,®
the hydrogen peroxide molecules conveniently penetrate the

© 2024 The Author(s). Published by the Royal Society of Chemistry

bacterial cell causing extensive damage to the internal compo-
nents eventually leading to cell death.”®

(2) The ROS mechanism demands a higher contact area of a
bacterium with the surface. As the nanostructured surface has a
higher surface-to-volume ratio, it primarily interferes with the
cellular mechanism to a high extent following the ROS mecha-
nism. Secondarily, compared to a smooth surface, the advanced
morphology of nanostructures leads to the mechanical rupture
of bacterial cells.®*®”7>7> A nanostructure on a surface is
multiple orders of magnitude smaller with respect to the size
of a bacterium. Therefore, the physical piecing and penetration
of the structure into a cell is obvious, which has been verified by
SEM images.">**°*’® This physical rupture is necessarily
dependent on the nanostructure’s optimum shape and size as
observed for the flowers, needles and fibers.

(3) The wettability of a surface developed by coating with
various materials controls the interaction of a bacterial cell with
it. A superhydrophilic surface can have an attractive interaction
with the bacteria, while a superhydrophobic surface repels
them. A nanostructured superhydrophilic surface can pull the
bacteria leading to cell death because of physical rupture and
the surface chemistry.”* A superhydrophobic surface does not

Mater. Adv., 2024, 5, 3186-3197 | 3193
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provide enough surface energy for the bacterial cells to grow
and eventually leads to cell slip-off, which can readily be
observed in FOTES-coated samples in the present study and
the previously reported studies.>"””

(4) There are other mechanisms reported in a few studies. A
study on ZnO at room temperature has reported that UV
irradiation® is responsible for reducing bacterial growth. Other
studies have also shown that the cell degradation process
occurred due to excess zinc resulting in DNA replication
disruption and DNA breakage.”® Also, researchers have shown
how disturbance is induced in enzymatic systems and other
metabolic processes due to Zn>" ions that are released from
ZnO nanoparticles.”®

Although there are reports on all of these mechanisms, the
search for new and highly efficient bactericidal surfaces is
ongoing. The novelty of the present study lies in using an
environmentally friendly green solvent, ionic liquid, as a coat-
ing material and achieving excellent antibacterial activity. Ionic
liquids are unique materials with high thermal stability and
low vapor pressure.®® As a consequence, they do not pollute air
and have a remarkable recovery rate from marine water
bodies.®" Interestingly, the antibacterial nature of imidazolium
ionic liquids has been observed for quite a long time.®?
Furthermore, although they control the growth of bacteria or
tumor cells, they are safe for healthy human cells.®* There have
been numerous studies suggesting the increase in the toxicity
of these molecules with an increase in their hydrophobicity
because of larger alkyl chains. Studies have suggested bacterial
cell death due to extensive membrane disruption.?”®*% The
present study uses these extraordinary bactericidal properties
of ionic liquids by coating DMIMBF, on inherently antibacterial
ZnO nanostructured surfaces. On top of the ROS mechanism
and nanostructure effects, the native chemical nature of disin-
tegrating the self-assembly of the bacterial membrane by the
ionic liquid produces a composite surface with an aim to tackle
the antibiotic-resistant bacteria. A schematic representation of
these collective effects is shown in Fig. 7.
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Although this work suggests the ionic liquid to be an
exciting coating material, more systematic and extensive stu-
dies are required. A point would be to find a better mechanism
to enhance the stability of the coating on the surface under
harsh conditions. Furthermore, various other metallic surfaces,
such as aluminium, copper and steel, which have extensive
industrial applications, have to be investigated. One has to also
explore the chain lengths and combination of cations/anions of
different ionic liquids to find out suitable molecules for a
specific purpose.

4. Conclusions

This work discusses the development of bactericidal ZnO
nanostructures and their dependence on their various surface
morphologies. The study shows how different parameters such
as shapes and roughness of the nanostructures on the surface
control their bactericidal properties. This is verified by char-
acterization techniques, including SEM, AFM, and water con-
tact angle analysis. The ZnO nanostructures are further coated
with FOTES and an imidazolium-based ionic liquid DMIMBF,
to observe the change in their antibacterial activity. Both spot
assays and colony-forming unit (CFU) analysis confirm further
increased bacterial cell death in the presence of the coatings.
The nanostructured surfaces with the DMIMBF, coating are
found to be the most bacteria-repelling surfaces compared to
their FOTES-coated counterpart. These ionic liquid coated ZnO
surfaces could be used in the future as advanced bactericidal
surfaces for industrial applications.
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