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ABSTRACT: We have much to learn from other living organisms
when it comes to engineering strategies to combat bacterial
infections. This study describes the fabrication of cicada wing-
inspired nanotopography on commercially pure (CP) nitrile sheets
and nitrile gloves for medical use using the reactive ion etching
(RIE) technique. Antibacterial activity against P. aeruginosa was
tested using two different surface morphologies. It was observed
that the etched nitrile surfaces effectively minimized bacterial
colonization by inducing membrane damage. Our findings
demonstrate a single-step dry etching method for creating
mechanobactericidal topographies on nitrile-based surfaces. These
findings have utility in designing next-generation personal
protective gear in the clinical setting and for many other important
applications in the age of antimicrobial resistance.

The development of novel antimicrobial surfaces that can
combat microbial contamination and minimize the

spread of infection has been gaining increased attention.1

Contaminated biomedical implants, surgical tools, hospital
furniture, personal protective gear, and other clinical surfaces
are all potential sources of hospital-acquired infections
(HAIs).2 It is now well recognized that microorganisms have
evolved biochemical and mechanical strategies, including
biofilm formation and the emergence of multidrug resistance
(MDR) to overcome standard antibacterial approaches.3,4

This, in turn, makes HAIs increasingly difficult to treat, often
requiring prolonged intravenous systemic antibiotic therapy,
sometimes with multiple agents. Therefore, there is a pressing
need for novel strategies to be developed to suppress MDR
microbial contamination and spread on clinical surfaces.
In contrast to antibiotics, which have a biochemical

mechanism of action, nanomaterials can leverage distinct
physical mechanisms against bacteria. The identification of the
mechanobactericidal response of nanotopography present on
insect (e.g., cicada and dragonfly) wings in the past decade has
motivated the fabrication of nanostructured topography on
synthetic materials to minimize bacterial colonization of the
surfaces.5 Most of the reported studies in the scientific
literature focused on hard materials such as silicon and metallic
materials such as titanium and aluminum alloys. Recently,
lethal damage and physiological changes to bacteria that are
adhered to high-aspect-ratio nanostructured surfaces have been
revealed.6−8 Membrane cutting or stretching mechanisms are

identified and caused by two categories of forces: (i) pressure
exerted by the sharp nanostructures9,10 and (ii) tension forces
induced by the energy stored and released during the
deformation of flexible nanostructures.11

Flexible, softer surfaces, such as polymers and composites,
are widely used for medical and food packaging, the textile
industry, and wearable electronics and are equally prone to
bacterial contamination. However, there is limited research on
mechanobactericidal nanostructures on polymeric materials.
Recently, Ivanova et al. fabricated 60 nm structures on
poly(ethylene terephthalate) and polypropylene to demon-
strate antibiofouling properties for food packaging applica-
tions.6 However, polymers such as nitrile, commonly used for
surgical gloves and aprons in healthcare applications, have yet
to be investigated.
Standard micro- and nanofabrication processes, such as

nanoimprint lithography and a hybrid of colloidal lithography
and plasma etching, are multistep, slow, and limited to
thermoplastics.12 In contrast, reactive ion etching (RIE) is a
one-step simple and elegant procedure that can generate
random nanotopography on a wide range of materials.13
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However, the applicability of this manufacturing process to
engineer mechanobactericidal nanostructures on polymers for
medical products and protective gear has not been
demonstrated before.
Nitrile gloves worn during medical examinations and

procedures are widely used as disposable personal protective
gear. When compared to latex, natural rubber, or vinyl gloves,
these are lightweight, have an extended life, and have a
superior puncture and chemical resistance.14 Nitriles find
utility in a range of applications, including medical devices,
food packaging, external protection, and high-voltage line
insulators.14 Bacteria can adhere to nitrile surfaces leading to
the spread of infections, which is of particular concern in the
clinic and food industry and underscores the need to engineer
antibacterial nitrile surfaces. The goal of this study was to
fabricate and test bactericidal nanostructures on commercially
pure (CP) nitrile surfaces by RIE and extend this to
commercially sourced medical-grade nitrile gloves.
Flat nitrile substrates (CP nitrile sheet and gloves) were

subjected to dry etching using O2 plasma inside a custom-built
RIE chamber in a capacitively coupled configuration. Figure 1a

presents the schematic design of a custom-built RIE system
along with a photograph of the RIE system with an interior
view of the reaction chamber. The system consists of a reaction
chamber with two electrodes where a gas or a combination of
gases are introduced at low pressures and temperatures. The
sample is placed on the lower electrode connected to a 13.56
MHz radio frequency (RF) power supply. Gases are
introduced through a showerhead at the top of the chamber
and subsequently ionized by the bias applied to the lower
electrode (cathode).15 The pressure inside the chamber is
maintained with the help of a vacuum pump circuit consisting
of a turbomolecular pump backed by a rotary pump. In this
system, gas compositions and flow rate, RF power, chamber
pressure, and substrate temperature influence the etching
process and are key parameters in determining the resultant
topography.16 Thus, a range of values of these parameters was
studied, holding substrate temperature at 20 °C, and gas
composition was fixed as pure oxygen (see the Supporting
Information file for additional details). Figure 1b,c shows
photographs of the CP nitrile sheet and nitrile gloves from
which the smaller samples were cut for RIE. Generation of

Figure 1. (a) Schematic of the RIE chamber and photograph of RIE system and reaction chamber (interior view) used in this study; (b, c)
Photographs of CP nitrile sheet and medical grade nitrile gloves; (d, e) FESEM micrographs of nanostructures generated on (d) a CP nitrile sheet;
(e) Nitrile gloves using various recipes described in Table 1. Scale bars are 1 μm.
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nanostructures via RIE involves physical sputtering of the
surface by incoming ions as well as chemical reactions between
the plasma species and the substrate surface. Plasmas are
mostly produced by a high-frequency discharge, which causes
higher acceleration of electrons due to their lower mass, while
heavier ions are only slightly affected, resulting in greater
dissociation of the feeding gas. Highly dissociated plasmas are
produced by inductively coupled RF discharges. When neutral
radicals interact with a surface, potential energy interactions
are more important than kinetic energy interactions. To react
with an exposed surface, a plasma particle must have enough
energy to overcome the activation energy barrier for a chemical
reaction. Thus, the energy of the particles generated in the
system can be used to control the etching rate in plasma. This
can be altered by adjusting discharge parameters such as
plasma or RF power, gas flow rate, and chamber pressure.17 A
range of values of the three process parameters, namely
chamber pressure, gas flow rate, and RF power, were tested to
identify parameters that can yield uniform nanostructures. The
combination of process parameters used for etching is listed in
Table 1.

The formation of random nanoscale features is ascribed to
preferential etching by oxygen plasma directed by the
codeposition of metallic nanoparticles randomly sputtered
from the cathode.18 Such metal codeposition results in the
formation of micromasks on the polymer surface, and the area
directly beneath such masks have a slower etch rate than the
pristine regions of nitrile. This process of micromasking is
reminiscent of the generation of nanostructures on surfaces.13

The nanoscale structures similar to those found on insect
wings were formed on the nitrile substrates with all of the
recipes listed in Table 1, although the characteristic features of
the nanoarchitectures were different.
Alterations in the working parameters of the chamber affect

the etching rate, thereby changing the energy of the particles.
Momentum transfer from the incident ion is associated with
the physical etching of the substrate. RF power controls this
momentum. The etch rate increased with an increase in the
chamber pressure. As the pressure is increased, the availability
and density of reactive species in the chamber also increase,
thereby increasing the etching rate. This also results in a
decrease in anisotropy of etching due to the reduced mean free
path of the ions, which causes more frequent collision events
and deviation of the ions from their original straight path and
an increase in their angular distribution.13 However, in this
study, chamber pressure (0.05 mbar) was kept constant. The
gas flow rate determines the availability of fresh reactive species
in the chamber for chemical etching and, therefore, decides the
etch rate. Greater availability of reactive species means a higher
etch rate. Lowering the power (T1), which controls the
dissociation percentage of the incoming gas (plasma density)
and the kinetic energy of the ions, resulted in insufficient
etching of the surface, whereas increasing the power (60 W)

resulted in complete etching with uniform nanostructures
throughout the surface (Figure 1e, T4). A low gas flow rate (20
sccm, T1) is inefficient for etching the entire surface, resulting
in pits and holes (Figure 1e), whereas increasing the gas flow
rate (which determines ion residence time) increases etching
isotropy. The nanostructures formed at 50 sccm O2 flow rate
closely resembled nanostructures found on cicada wings.5 In
the case of the CP nitrile sheet, the etched surface looked
nearly similar in all four conditions (T1−T4), whereas nitrile
gloves had distinct nanotopographies.
A mask or mold with the desired dimensions of the target

nanostructures is an essential first step. One of the techniques
makes use of a commercially available anode aluminum oxide
(AAO) template as a mask.6,24 The plasma interacts with the
substrate via the nanoscale opening of the AAO template and
etches out the substrate. The nonexposed area transforms into
insect-inspired nanopillars that remain on the substrate.24 The
polymer can be molded in the AAO template’s nano-opening
and replicated as nanoprojections on polymer surfaces.6

Nanospheres can also be used as masks on a polymer
substrate, with the exposed area between the nanospheres
etched away by RIE.25 Nanostructures resembling those on
cicada wings can also be realized using hot embossing and UV
nanoimprinting techniques.26

However, these aforementioned processes require a mask or
mold to cover a small area each time.27 The polymers must be
molded in a mold for the nanoimprint and hot embossing
processes, limiting these two techniques to thermoplastics.
Notably, the above-mentioned processes are limited to flat
surfaces due to the use of masks/molds, whereas maskless RIE
can easily be applied to curved surfaces. The random
nanostructures generated by RIE have demonstrated excellent
mechanobactericidal activity against several strains of bacteria
along with the added advantage of cost-effective scalabil-
ity.13,28,29 In contrast to periodic structures, the random
nanostructures are more densely packed, and owing to their
random arrangements, the bacteria are exposed in many
different directions to the pillar tips.13,29

Fourier transform infrared (FTIR) spectroscopy was used to
investigate the chemical composition of the substrates and
determine potential changes induced by exposure to plasma
etching (see Figure S1). The results demonstrate that the dry
etching process did not affect the chemical characteristics of
the samples. No additional peaks or attenuation of peaks
present prior to etching were noticed in the etched CP nitrile
and on nitrile gloves after etching. Notably, the FTIR spectra
reveal differences in the chemical characteristics between the
CP nitrile sheets and the nitrile gloves, which could be
attributed to the distinct compositions used to manufacture
gloves. XPS analysis revealed no significant differences in
chemical composition between etched and unetched surfaces
(see Figure S2). The nitrile gloves have additional elements
such as Si, Cl, and Zn, which are used as additives for
manufacturing gloves. Their atomic fractions can be seen in
Table S1. Nitrile gloves are made from Nitrile Butadiene
Rubber (NBR), a synthetic material created in a large vat by
combining monomers such as butadiene and acrylonitrile,
which polymerize to result in liquid nitrile. The nitrile is then
filtered and combined with antioxidant and coagulating agents
by glove manufacturers to create a more durable material.14

This study focused on CP nitrile sheets procured from only
one manufacturer. However, the variety of additives used by
different manufacturers while making nitrile gloves could affect

Table 1. Combination of Process Parameters Used in RIE

surface topography
notation

RF power
(W)

gas flow rate
(sccm)

chamber pressure
(mbar)

T1 30 20 0.05
T2 60 20 0.05
T3 30 50 0.05
T4 60 50 0.05
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the ability to create nanostructures using RIE. The evidence for
this can be seen from the formation of different nano
topography on CP nitrile sheet and nitrile glove, which has
additional additives to make manufacturability easy. Each
element uniquely influences the etching rate and the
topography generated. Sometimes, these gloves are coated or
chlorinated for ease of wearing and removal, which may also
influence the nanotopography.14 The process parameters may
be optimized for preparing gloves with mechanobactericidal
nanostructures.
For the nitrile gloves, uniform etching was observed for

conditions T3 and T4. Hence, these two conditions were
further investigated for detailed surface characterization and
evaluation of antimicrobial activity using colony forming assay
and Alamar Blue assay (see SI for detailed methodology).
Table 2 compiles the arithmetic average roughness (Ra) and

the height of the maximum profile wave crest (Rp) values of
the unetched and etched surfaces for various recipes. Figure
2a−d shows the corresponding optical micrographs. The
etched surfaces are rougher than the unetched surface, which
can influence surface wettability and bacterial attachment.
Surface roughness has been shown to increase the adhesion
force of bacterial cells at specific points, which may result in
cell damage.5 The surface wettability of the nitrile surfaces was
determined using static water contact angle measurements.
The static water contact angle on the nanostructured CP

nitrile surface decreased to 7.5 ± 1° from 82 ± 2° after etching,
whereas the contact angle on the nanostructured glove
decreased to 12 ± 1° from 78 ± 2° for the gloves (Figure
2e). This increased water wettability is attributed to an
increase in the total surface area caused by nanostructures,
resulting in a transition from Young’s to Wenzel’s state of
wetting. Another contributing effect is the change in surface

composition and the presence of O-rich functional group on
the etched surface, imparting surface polarity.23

To evaluate the mechanobactericidal activity against Gram-
negative P. aeruginosa, etched T3 and T4 topographies were
tested and compared with the unetched surface. We used the
colony count method to assess the antibacterial activity of all
three surfaces, following a modified ISO standard (Interna-
tional Organization for Standardization) JIS Z 2801 protocol
for assessing the contact-killing antibacterial efficacy of nitrile
surfaces.19 Figure 3a shows representative photographs of
colonies formed in Petri dishes retrieved from the surfaces of
the etched nitrile gloves. After 24 h of incubation, unetched
substrates had a higher bacterial colony count, indicating that
bacteria could survive and thrive on these surfaces (Figure 3b).
In contrast, for both T3 and T4 conditions, the bacterial
counts were much lower on both the etched CP nitrile sheet
and the glove surface. To validate the colony count, bacterial
growth on unetched and etched surfaces was measured with
the Alamar Blue assay. The absorbance values are plotted in
Figure 3c. The absorbance value denotes metabolically active
cells and is indicative of the number of viable cells. The
fluorescence intensity is remarkably lower on the etched
surfaces for both T3 and T4 conditions, corroborating the
trends seen in CFU.
Furthermore, the T4 surface appears to have significantly

better antibacterial performance than the T3 surface. This
difference is likely because the surface nanostructures for T4
are very uniformly distributed on the etched nitrile gloves
(Figure 1e). SEM was used to examine the morphology of
bacterial cells attached to the unetched and nanostructured
nitrile (T4) surfaces. The cells were intact and adhered well on
the unetched surfaces (Figure 4a,b), whereas the micrographs
revealed clear damage to the bacterial cell wall on T4 (Figure
4d,e), confirming that the surface nanostructures damaged the
cell wall and caused bacterial death. Furthermore, confocal
micrographs showed that the nanotopographies were highly
bactericidal when compared to the unetched nitrile surfaces,
where the majority of the cells were viable (Figures 4c,f and
S3).
On a flat surface, the bacterial surface proteins on the

contact area tether to the surface, resulting in strong adhesion,
and adhesion decreases as the contact area is reduced on the

Table 2. Roughness Values of Selected Etched Surfaces

Ra (μm) Rp (μm)

conditions
CP nitrile
sheet

nitrile
gloves CP nitrile

nitrile
gloves

unetched surfaces 0.2016 0.4477 0.3251 0.8705
T3 1.021 1.121 0.9210 1.001
T4 1.321 1.400 1.281 1.422

Figure 2. Optical profilometry micrographs for recipes T3 and T4 for the etched surface. (a, b) 3D surface pattern for CP nitrile surface and (c, d)
nitrile gloves. (e) Water contact angle values as measured on unetched and T3 and T4 surfaces. Surfaces became hydrophilic after the generation of
nanostructures, possibly due to the formation of a Wenzel state.
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etched surfaces. Furthermore, as the height of the asperities
increases, it becomes increasingly difficult for the bacteria to
reach the substrate floor between the nanostructures,
preventing them from attaching. The antibacterial efficacy
was quantified via direct counting of nonviable appearing cells
from the confocal micrographs, and more than 85% of the cells
were found dead on the nanostructured surfaces. The observed
bacterial killing property arises from the nanostructures, which
is consistent with the previously reported data on other kinds
of surfaces, such as insect wings as well as black silicon and
black titanium.5,20 Despite differences in the surface
composition of the CP nitrile sheet and gloves, the etched

surface exhibited excellent bactericidal activity on both
substrates, demonstrating that the antibacterial phenomenon
can be attributed to the nanoscale roughened surface as a result
of etching. Other studies have demonstrated the topography-
mediated bactericidal activity of cicada wings, dragonfly wings,
and black silicon using a similar strategy of coating with
nonbactericidal gold.10,20,21 Although there are many models
proposed to elucidate the mechanobactericidal activity of
nanostructured surfaces, the two prominent mechanisms
underlying cell-topography interactions include (i) rupture of
bacterial membrane suspended between two nanostructures30

and (ii) membrane rupture at the tip of nanostructures.31,32 In

Figure 3. (a) Representative photographs of colonies formed in a Petri dish retrieved from etched nitrile gloves with reference to the unetched
surface. (b) The bar graph represents the bacterial colony count retrieved from different samples after 24 h, (c) The fluorescence intensity from the
Alamar Blue assay represents the relatively metabolically active bacterial cells on the surfaces. * indicates significance for p < 0.05 and ** indicates p
< 0.01 (one-way ANOVA). The data are presented as mean ± SD for n = 3.

Figure 4. Qualitative observation of mechanobactericidal performance of the etched nanostructured nitrile surfaces with respect to the unetched
surfaces. (a, b) SEM micrographs show intact P. aeruginosa on unetched surfaces (d, e) SEM micrographs show the cell wall deformation on the
nanostructured topographies. Scale bar 1 μm (c, f) Representative Live/Dead confocal micrographs of P. aeruginosa for unetched and etched nitrile
gloves (60×) and (g) bar graph showing the percentage of dead cells on unetched and nanostructured samples. ** indicates significance for p <
0.01 (one-way ANOVA). The data are presented as mean ± SD for n = 3.

ACS Macro Letters pubs.acs.org/macroletters Letter

https://doi.org/10.1021/acsmacrolett.2c00697
ACS Macro Lett. 2023, 12, 227−233

231

https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmacrolett.2c00697?fig=fig4&ref=pdf
pubs.acs.org/macroletters?ref=pdf
https://doi.org/10.1021/acsmacrolett.2c00697?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the first mechanism, the stretching of the bacterial cell
membrane beyond its elastic limit results in membrane rupture
in the regions suspended between nanopillars as the cell
adsorbs onto the nanostructured surface.30 However, sub-
sequent studies suggested that the tips of nanostructures would
rupture.31 In the second mechanism, the bacterial membrane
ruptures when the maximum stress at the interface of the
nanostructure tip and the membrane exceeds the local
maximum allowable membrane strain.32 The second mecha-
nism may be used to explain the mechanobactericidal property
of the etched nitrile surface. SEM images show that P.
auregenosa cells become deformed and eventually punctured at
the tips of the nanostructures.
Notably, variations in the composition and morphology of

the membrane among different strains affect the killing efficacy.
Membrane integrity of a bacterium is maintained by an internal
turgor pressure in conjunction with the peptidoglycan layer.
The difference in peptidoglycan layer thickness between Gram-
negative (thin peptidoglycan layer) and Gram-positive (thick
peptidoglycan layer) bacteria induces changes in turgor
pressures and their ability to resist mechanical stress generated
by the nanostructures.33 Adsorption of the cell membrane onto
nanofeatures stresses the cell wall, thereby increasing the
turgor pressure and stiffening of the cell wall.30,34 Therefore,
cell wall rigidity and other micromechanical properties of a cell
are the main aspects that affect the susceptibility of bacteria to
the mechanobactericidal action of nanostructured surfa-
ces.35−37 Furthermore, it has been simulated that bacteria-
nanostructures depend on cell properties such as bacterial
stretching modulus, bending modulus, and cell membrane
adhesion energy, which differ between bacteria.34 Hence, all
the above parameters could affect the bactericidal efficacy of
different bacteria interacting with a given nanostructured
surface.
In summary, bioinspired mechanobactercidal structures were

fabricated on CP nitrile surfaces and commercially supplied
nitrile gloves using the RIE technique. For nitrile glove
surfaces, the optimal combination of process parameters was
discovered to produce uniform nanostructures throughout the
surface, whereas the same combination produces different
surface textures on pure nitrile sheets. Analogously, when
different aluminum alloy compositions were etched using
hydrothermal treatment, varying surface topography was
observed.22 The RIE method described in this study offers a
one-step effective process to create mechanobactericidal
structures on nitrile-based surfaces, offering a promising
mechanical approach to halting the surface spread of bacteria
in clinical and other settings.
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