
Journal of Colloid and Interface Science 652 (2023) 2127–2138

Available online 9 September 2023
0021-9797/© 2023 Elsevier Inc. All rights reserved.

Cooperative stiffening of flexible high aspect ratio nanostructures impart 
mechanobactericidal activity to soft substrates 

Anindo Roy a, Deepak Patil a,b, Prasad K.D.V. Yarlagadda c, Kaushik Chatterjee a,* 

a Department of Materials Engineering, Indian Institute of Science, CV Raman Road, Bengaluru 560012, India 
b Department of Production Engineering, National Institute of Technology, Tiruchirappalli, Tamil Nadu 620015, India 
c School of Engineering, University of Southern Queensland, Springfield, QLD 4300, Australia   

G R A P H I C A L  A B S T R A C T   

A R T I C L E  I N F O   

Keywords: 
Antibacterial 
Nanomaterials 
Dry etching 
Polymers 
Surface engineering 

A B S T R A C T   

Understanding how bacteria interact with surfaces with micrometer and/or sub-micrometer roughness is critical 
for developing antibiofouling and bactericidal topographies. A primary research focus in this field has been 
replicating and emulating bioinspired nanostructures on various substrates to investigate their mechano-
bactericidal potential. Yet, reports on polymer substrates, especially with very high aspect ratios, have been rare, 
despite their widespread use in our daily lives. Specifically, the role of a decrease in stiffness with an increase in 
the aspect ratio of nanostructures may be consequential for the mechanobactericidal mechanism, which is 
biophysical in nature. Therefore, this work reports on generating bioinspired high aspect ratio nanostructures on 
poly(ethylene terephthalate) (PET) surfaces to study and elucidate their antibacterial and antibiofouling prop-
erties. Biomimetic nanotopographies with variable aspect ratios were generated via maskless dry etching of PET 
in oxygen plasma. It was found that both high and low-aspect ratio structures effectively neutralized Gram- 
negative bacterial contamination by imparting damage to their membranes but were unable to inactivate 
Gram-positive cells. Notably, the clustering of the soft, flexible tall nanopillars resulted in cooperative stiffening, 
as revealed by the nanomechanical behavior of the nanostructures and validated with the help of finite element 
simulations. Moreover, external capillary forces augmented the killing efficiency by enhancing the strain on the 
bacterial cell wall. Finally, experimental and computational investigation of the durability of the nanostructured 
surfaces showed that the structures were robust enough to withstand forces encountered in daily life. Our results 
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demonstrate the potential of the single-step dry etching method for the fabrication of mechanobactericidal to-
pographies and their potential in a wide variety of applications to minimize bacterial colonization of soft sub-
strates like polymers.   

1. Introduction 

Nanostructured surfaces (NSSs) have garnered much attention over 
the past two decades due to their ability to impart functionality to sur-
faces by modifying how they respond to physical, chemical, and bio-
logical phenomena [1,2]. For example, NSSs can impart antireflective 
properties to a surface by manifesting a gradual change in refractive 
index from air to the bulk material [3], improve adhesive properties of a 
substrate via amplification of weak van der Waal’s forces [4], and pro-
vide topological cues to cells for enhancing or reducing attachment [5]. 
It is often desirable for such surfaces to be multifunctional in nature, 
which can be achieved by tuning the dimensions of the nanostructures. 
Surface topography is also promising as a highly nonspecific method to 
tackle bacterial contamination and does not rely on small-molecule 
antibacterial compounds which promote antimicrobial resistance 
(AMR) [6]. AMR is widely acknowledged as a significant global threat 
and has now surpassed diseases such as HIV/AIDS and malaria in the 
death toll, globally accounting for more than 1.2 million deaths annually 
[7]. This rise in AMR, coupled with a dearth of novel antibiotics, now 
threatens to damage the advances in modern medicine by returning to 
the pre-antibiotic era [8,9]. However, while several studies have focused 
on generating such structures on hard materials, including ceramics and 
metals, fabrication on softer polymer surfaces has not been reported 
extensively [10–12]. This is especially surprising because polymer sur-
faces are ubiquitous in the modern age owing to the versatility in 
properties of polymer materials, along with their propensity to stan-
dardization at different length scales. 

Bacterial colonization and infestation are especially consequential 
for industries such as food packaging and biomedical devices, where 
they can cause serious economic and human loss [13–15]. Ingesting 
bacterially contaminated foodstuffs can cause foodborne illness, and in 
the packaging industry, protection against microbes can potentially 
extend product shelf life and prevent contamination of perishable 
products such as meat and dairy [14,16]. In a nosocomial environment, 
several surfaces in rooms of infected patients, such as floors, bedside 
lockers, cardiac tables, and air exhaust vents, are at risk of contamina-
tion [17]. This can occur through direct touch by the patient or 
healthcare workers after contact with infected respiratory fluids, respi-
ratory droplets emitted through coughing and sneezing, and respiratory 
aerosols [18–20]. Biofilm formation on indwelling medical devices is 
another growing concern that received additional attention after 
ventilator-associated pneumonia caused by Pseudomonas and Staphylo-
cocci species became prevalent in patients treated for COVID-19 
[21–23]. Microbial contamination on such surfaces can remain viable 
for up to days suggesting food packets, clothes, transports, and building 
elements could also aid in spreading infection [14]. 

Researchers have devised several methodologies to combat these 
challenges, such as antibiotic-eluting surface coatings, bactericidal 
metal nanoparticle impregnation, and grafting of polymer brushes onto 
polymer surfaces [15]. However, one significant limitation of such 
chemical modifications is the specificity of the surface chemistry 
required for different polymer surfaces. Due to the unique surface 
chemistries of each polymer, specialized chemical modifications for 
each polymer application to achieve antibacterial effects can be chal-
lenging and add to the costs. Physicomechanical modifications, in 
contrast to chemical modifications, would be a promising alternative 
strategy because they could be used for a range of polymers. Bioinspired 
nanotexturing also features several advantages over other methods, 
including wide applicability against several bacterial strains, long shelf 
life, minimum post-implantation procedures, and minimal risk of AMR 

development. Plasma-based surface nanostructuring of polymers has 
been an active area of interest over the past decades with the possibility 
of tuning the wettability [24–26], improving or preventing adhesion, 
and applications in catalysis. Maskless dry etching, especially, has been 
demonstrated to be applicable to an incredibly broad range of materials, 
including ceramics, metals, composites, and several polymers [27]. 
Unlike patterned etching, maskless etching relies on the formation of 
micromasks inside the chamber. It hence does not require elaborate pre- 
processing such as precise patterning, curing, and washing steps, 
thereby reducing cost and time, which are key considerations for scale- 
up and widespread adoption in the industry. Furthermore, plasma 
treatment is already used in several applications, such as surface func-
tionalization, cleaning, and/or improving adhesion or wettability. Thus, 
the industrialization of polymer nanostructuring processes using RIE can 
make bioinspired mechanobactericidal surfaces available for common 
usage. 

Nanopatterned surfaces kill bacteria by eliciting significant defor-
mation through contact, which is driven by intermolecular adhesion 
forces acting locally between the pillars and the bacteria [28]. This 
deformation may result in occasional death in a number of ways, 
ranging from relatively inconspicuous DNA, oxidative, or protein dam-
age to highly pronounced physical rupture [28,29]. Such deformation 
necessitates the generation of large forces at the bacteria nanostructure 
contact and generates high stresses in the nanostructure, which will be 
consequential for soft and flexible substrates (especially as their aspect 
ratio increases), rendering them susceptible to bacterial colonization. 
Moreover, it has been previously reported that due to mechanoselective 
adhesion of bacteria, bacterial adhesion and biofilm growth on a soft, 
compliant nanostructured surface is inhibited as compared to a flat 
surface. [30]. To investigate this hypothesis, in this study, we selected 
poly (ethylene terephthalate) (PET), an important commercial polymer 
that has widespread use in the packaging, fiber, and biomedical in-
dustries. We fabricated bioinspired nanotopographies on PET substrates 
via maskless reactive ion etching using oxygen plasma and investigated 
the mechanism of the nanostructure formation process. Antibacterial 
assays and electron microscopy were used to investigate and understand 
differences in bacterial attachment between flat and nanostructured 
surfaces and the role of external capillary forces in the mechano-
bactericidal effect. Finite element simulations were used to elucidate the 
behavior of nanostructures under forces exerted by bacteria. Finally, we 
investigate the durability of such NSSs for practical purposes via 
experimental and computational approaches. 

2. Materials and methods 

2.1. Reactive ion etching of PET substrates 

Biaxially stretched PET sheets, with a thickness of 150 µm, were used 
as polymeric substrates. Before experiments, the sheets were thoroughly 
washed using a detergent solution, followed by ethanol and deionized 
water to remove any surface contaminants, then air-dried overnight at 
room temperature. Clean PET samples were etched using oxygen (O2) 
plasma inside a custom-built RIE plasma etching chamber equipped with 
a 13.56 MHz RF generator (Berthold, Germany) in a capacitively 
coupled (CCP) configuration. Nanotexturing was conducted using oxy-
gen plasma struck by introducing 99.9 % purity oxygen into the reactor 
chamber via a showerhead, ensuring even gas distribution. The gas flow 
rate was controlled using a mass flow controller (Alicat Corporation, 
USA), and the pressure inside the chamber was maintained with the help 
of a turbomolecular pump (Edwards, UK) backed by a rotary vane pump 
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(HPVT technologies, India). The distance between the electrodes was 
maintained at 10 cm. Samples were placed on the lower electrode made 
of aluminum and etched using different recipes (Table 1). 

2.2. Characterization of the nanotopographies 

The nanotopographies generated on the polymer substrates were 
imaged using a scanning electron microscope (Ultra 55 FESEM, Carl 
Zeiss, Germany) after the deposition of a thin layer of gold using a 
sputtering system (JEOL, Japan) to avoid charging. At least three 
different regions were imaged for each sample to ascertain the unifor-
mity of the structures across samples. Micrographs were captured at an 
operating voltage of 3 keV using a secondary electron detector. 

The wettability of the flat and nanostructured sample surfaces was 
assessed using the sessile drop method with the help of a contact angle 
goniometer (OCA 15EC, Dataphysics, Germany). 8 µl of ultrapure MiliQ 
water (Sartorius, Arium) with a conductivity of 0.62 µS cm− 1 was 
dispensed at a rate of 1 µl/s, under ambient conditions, and images were 
captured 2 s after dispensing. For each sample condition, the contact 
angle was measured at three different locations to understand the 
overall surface wettability. 

The chemical composition of pristine and dry etched PET sheets was 
analyzed by Fourier transform infrared spectroscopy (FTIR) (Perkin 
Elmer Frontier IR/NIR systems, USA) in attenuated total reflectance 
mode. All IR spectra were recorded from 4000 cm− 1 to 600 cm− 1 with a 
resolution of 2 cm− 1. The signal-to-noise ratio was improved by co- 
adding 32 scans for each sample. All measurements were carried out 
at room temperature under ambient conditions. 

Differential scanning calorimetry (DSC) scans were conducted to 
characterize the possible changes in the crystallinity of the polymer due 
to the etching process. Scans were conducted in the temperature range 
of 40 to 300 ◦C at a heating rate of 10 ◦C/min inside a DSC analyzer (TA 
instruments, USA). 4–5 mg of the sample were placed inside an 
aluminum container, and data from the first cooling and second heating 
curve were plotted. 

The elemental composition of the pristine and plasma-treated PET 
surfaces was analyzed via X-ray photoelectron spectroscopy (XPS) (K- 
alpha, Thermo Scientific, USA) to determine changes induced by the 
etching process. The spectrometer was equipped with a monochromatic 
Al-Kα X-ray source (1486.3 eV) operating at a voltage of 12 kV and a 
beam current of 6 mA. The hydrocarbon component of the high- 
resolution C 1 s peak (binding energy 284.8 eV) was used as a refer-
ence for charge correction. Photoelectrons emitted from a circular area 
of 400 µm diameter were analyzed at 200 eV for survey spectra and then 
at 50 eV for region spectra. Wide spectra were recorded at 1 eV/step, 
whereas high-resolution spectra were recorded at 0.1 eV/step. Peak 
deconvolution, fitting, and analysis were performed using the Casa XPS 
software (ver. 2.3.22). 

2.3. Mechanical characterization and durability of nanostructures 

The mechanical reliability under touching and rubbing (i.e., normal 
and shear stress) and the resilience of the NT surfaces were investigated. 
The structural stability of the nanopillars under mechanical stress was 
evaluated by bending, twisting, vertically pressing, and horizontally 

rubbing the surface using a Universal Testing Machine (Model: Instron 
5967). The external force was applied via a PDMS (Sylgard 184, Dow 
Corning, USA) block with a dimension of 1 cm × 1 cm × 1.5 cm. The 
block was placed on the nanostructured PET surface and slowly moved 
straight to the right while maintaining a pressure of 100 kPa. After 
exposure to these distinct types of mechanical stress, the structural 
damage to the NPs was observed and further analyzed by SEM. 

2.4. Bacterial culture conditions and assays 

Stock solutions of Gram-negative Pseudomonas aeruginosa (ATCC 
27853) and Gram-positive Staphylococcus aureus (ATCC 25923) were 
prepared in 20 % glycerol and stored at − 80 ◦C until needed. Prior to 
experiments, stock solutions were refreshed on nutrient agar (HiMedia, 
India) plates, and a single bacterial colony was used to inoculate 5 ml of 
freshly prepared nutrient broth (HiMedia, India). This primary culture 
was then incubated overnight at 37 ◦C and 180 rpm and subsequently 
used to inoculate a secondary culture, which was allowed to grow till it 
reached the mid-logarithmic stage of growth (OD600 = 0.5). Bacterial 
suspensions were then diluted to a value of OD600 = 0.1 and used for all 
further experiments. OD values were measured using a spectropho-
tometer (Jenway Geneva Bio, Cole-Parmer, India). 

2.4.1. LIVE/DEAD assay 
The LIVE/DEAD assay was used to evaluate the possible damage to 

cell membranes included by the nanotopographies. Prior to experi-
ments, flat and etched samples were washed using ethanol (99.9% pure) 
and copious amounts of deionized water followed by air-drying. Sub-
sequently, they were exposed to UV radiation inside a laminar flow hood 
for 30 min on each side for sterilization. Then, a 20 µl droplet of bacterial 
suspension was deposited on the sample surfaces, and they were incu-
bated at 37 ◦C for four hours in dark, static, and humid conditions. Post 
incubation, the excess suspension was discarded, and samples were 
gently washed three times using 1 ml of PBS (Sigma Aldrich, India) 
solution. The L7012 BacLight bacterial viability kit (Molecular Probes, 
Invitrogen, United States) was used to stain the cells following the 
manufacturer’s protocol. The BacLight kit consists of a mixture of two 
nuclear and chromosome counterstains, namely SYTO 9 and PI, with an 
excitation/ emission maximum at 483/503 nm and 535/617 nm, 
respectively. SYTO 9 is permeable to cell membranes, whereas PI is non- 
permeant and, therefore, can only enter cells with damaged membranes. 
Samples were incubated with dye solution for 20 min and were then 
washed once using PBS to remove the excess dye. Microscopic image 
acquisition was performed using a confocal laser scanning microscope 
(Leica Falcon 9, Leica systems, Germany) using 20× (air) and 40× (oil) 
objectives. For each topography, at least three randomly chosen regions 
from three independent replicates were imaged, and counts of live and 
dead cells were quantified using the ImageJ software. 

2.4.2. Colony forming unit (CFU) assay 
The bactericidal activity of the nanostructured PET surface was 

examined with Gram-negative P. aeruginosa (ATCC 27853) using colony 
forming assay using a slightly modified ISO 22196 standard. Briefly, 
bacterial growth media was prepared by diluting nutrient broth 
(HiMedia, India) in autoclaved DI water (1:500). Bacteria were grown in 
10 ml of this broth overnight at 180 rpm and 37 ◦C. Cells were then 
collected via centrifugation and diluted to a concentration of 105 cells/ 
ml. The resulting bacterial suspension was further diluted 500-fold in 
sterile autoclaved deionized water reaching a final concentration of 103 

cells/ml, for incubating the samples. Flat and nanostructured thin PET 
films with dimensions of 1.5 cm × 1.5 cm × 0.1 cm were washed using 
ethanol (99.9% pure) and ultrapure water (Sartorius, Arium) and sub-
sequently exposed to UV light inside a laminar flow hood for 20 min on 
each side for sterilization. Samples were individually placed in a 90 mm 
radiation-sterilized plastic petri dish (Tarsons Products Limited, India) 
and inoculated with 10 µl of the bacterial suspension. A thin, sterile 

Table 1 
Process parameters for etch recipes used to fabricate the two nanotopographies 
investigated in this study.  

Topography RF power 
(W) 

Gas flow rate 
(sccm) 

Chamber pressure 
(mbar) 

Nanopillars 
(T1) 

30 40  0.05 

Nanowires (T2) 60 60  0.05 

The substrate temperature was maintained at 20 ◦C. 
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Teflon film with a cross-section of 1 cm × 1 cm was placed on top and 
pressed down gently to ensure that the bacterial suspension spread out 
evenly throughout the sample surface and to minimize the drying of the 
bacterial suspension. The petri dishes were sealed using parafilm tape 
and then placed inside an incubator in a humid environment maintained 
at 37 ◦C for 24 h. Post-incubation, the samples were washed with 5 ml of 
sterile PBS to recover the cells, and serial dilutions of this wash solution 
were plated on nutrient agar plates. Colonies were counted after 24 h of 
incubation. 

2.4.3. Bacterial morphology 
The morphology of the bacterial cells was assessed by observing the 

samples with adhered cells inside an SEM (Ultra 55 FESEM Carl Zeiss, 
Germany). Prior to imaging, the cells were fixed using 2.5 % glutaral-
dehyde (SRL chemicals, India) solution for one hour and then serially 
dehydrated in 30, 50, 70, 90, and 100% ethanol and finally air-dried. 
The dried samples were gold coated (Quorum 150R, Quorum Technol-
ogies, United Kingdom) to prevent charge accumulation during imaging. 

2.5. Finite element simulations 

The nanomechanical behavior of individual polymer nanopillars was 
simulated under different loading conditions, including tangential shear 
loading and buckling. For simplicity, structures were modeled as 3D 
solid cylinders, and the pillar material was considered to be linear 
elastic, although PET is viscoelastic in nature. This is a fair assumption 
because at temperatures much below its glass transition temperature, 
the ratio of storage modulus to loss modulus (tanδ) for PET is very low 
[31], which means its behavior is largely elastic. The elastic modulus of 
the pillar was set to be 2.75 GPa, and Poisson’s ratio was set to be 0.4 
[31,32]. The pillar bottom was constrained in all dimensions. 
Compressive loading simulations were conducted by applying a pressure 
load to the top surface of the pillar. Non-linear buckling simulations 
were conducted in two steps. First, using a linear perturbation step, the 
pressure was applied on the top surface of the pillar, and the critical 
buckling load was calculated by multiplying the applied load with the 
eigenvalue for the first mode. Next, results from this step were used to 
simulate non-linear buckling by introducing imperfections in the ma-
terial using Riks method in Abaqus. For shear loading simulations, the 
load was applied by defining a reference point at the pillar tip, which 
was kinematically coupled with the corresponding nodes on the top 
surface of the nanopillar. In the case of pillar clusters, five pillars in-
clined at twenty degrees were simulated, and tip displacements under 
shear load were calculated. The pillars were meshed using either hex-
agonal or tetrahedral geometry and assigned standard quadratic (C3D10 
or C3D20) elements. 

To assess the mechanical durability of the nanostructured substrates, 
sixteen pillars (4 × 4 grid) of T1 geometry were simulated on top of a 
PET cube. The pillars were connected to the bulk via a tie constraint, and 
interaction between the pillars was modeled as a general contact with 
rough tangential and hard normal formulations. The simulation was 
conducted in two steps, whereby normal pressure was applied via a 
PDMS block on top of the nanopillars in the first step, and shear was 
applied by assigning a tangential velocity to the block in the second step. 
All simulations were carried out using ABAQUS (ver. 2017) (Dassault 
Systems, France). 

2.6. Statistical analysis 

Data from LIVE/DEAD images were first tested for normal distribu-
tion using the Shapiro–Wilk normality test in Prism software (version 
8.4.0, GraphPad, US). The Brown–Forsythe ANOVA test was then per-
formed, followed by Dunnett’s T3 multiple comparisons test to deter-
mine the statistical significance of the differences between the means of 
the different experimental groups. 

3. Results and discussions 

3.1. Mechanism and characterization of nanostructures 

Flat PET sheets were subjected to dry etching using O2 plasma inside 
a custom-built reactive ion etching chamber in a capacitively coupled 
configuration (see Supporting Information for a detailed description of 
the system). When exposed to the plasma, highly energetic ions present 
in the plasma are accelerated towards the polymer substrate. The gen-
eration of nanostructures involves both physical sputtering of the sur-
face by the incoming ions as well as chemical reactions between the 
plasma species and the substrate surface. With the optimal gas compo-
sition, the chemical reaction between ions and the substrate atoms re-
sults in the production of volatile byproducts, which are pumped out of 
the reaction chamber as etching progresses. The exact mechanism of 
nanostructure formation is debatable but is broadly accepted to be 
attributable to inherent surface morphology [33] or co-deposition of 
metallic impurities during the etch process. We believe the formation of 
random nanoscale features can be ascribed to preferential etching by 
oxygen plasma directed by the co-deposition of metallic nanoparticles 
randomly sputtered from the cathode [34,35]. Such metal co-deposition 
results in the formation of micro-masks on the polymer surface, and the 
area directly beneath such masks have a slower etch rate than the 
pristine regions of PET. XPS analysis of the etched surface in our study 
shows the presence of the Al 2p peak, which is absent in the unetched 
surface, indicating the presence of sputtered Al nanoparticles, which is 
the same material as the lower cathode in our equipment (Fig. 1f). This 
process of micro-masking is reminiscent of the generation of nanopillars 
on titanium via SiOxCly micro-masking, as reported by our group 
recently [36,37]. High aspect ratio nanoscale structures formed on the 
PET substrates with all recipes formulated for this study, albeit the 
characteristic nanoarchitectures differed from one another (Figure S1). 

A range of values of three process parameters, namely chamber 
pressure, gas flow rate, and RF power, were initially tested to investigate 
the possibility of generation of high aspect ratio nanostructures and to 
identify trends exhibited with changes in these parameters (Figure S1). 
At relatively lower chamber pressures (0.03 mbar) the etch rate and 
anisotropic nature of etching increased, which resulted in many of the 
nanopillars getting etched out, whereas the remaining collapsed to form 
clusters at their tip, yielding tent-like formations. Conversely, at higher 
pressures, ion-ion collision is enhanced due to their increased residence 
time inside the chamber, especially in the sheath region, leading to 
deviation from their straight downward path, a suppression in kinetic 
energy, and a simultaneous increase in etch isotropy. This results in 
thinner and taller structures, with a greater tendency to collapse at the 
tip (Figs. S1, 1c). 

In the case of platen power, which controls the dissociation per-
centage of the incoming gas (plasma density) and the ion kinetic energy, 
lower values (30 W) led to the generation of small pillar-like bumps 
(similar to the cicada wing surface). In contrast, increasing powers led to 
increases in pillar height and a decrease in pillar diameter, attributable 
to increased ion energy and density, respectively. At the actual low 
degrees of dissociation of only a few percent, the concentration of the 
reactive O radicals increases at constant RF power proportionally to the 
O2 partial pressure. It causes the observed proportional increase in the 
etching rate. Finally, increasing gas flow rate (which determines ion 
residence time) led to an increase in etch isotropy, and structures formed 
at 60 sccm O2 flow rate possessed nanowire-like morphology with tall, 
thin wires and evenly spaced tip clusters. 

3.2. Effects of dry etching on physiochemical properties of the substrate 
and other emergent phenomena 

Two distinct nanoarchitectures, a nanopillar (T1) and a nanowire 
(T2) topography, were chosen from this gallery of nanostructures 
generated herein to further study the effects of the dry etching process 
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on the substrate, evaluation of antimicrobial activity, and gain insights 
into the bacteria nanostructure interaction mechanisms. Fig. 2(a, b) 
shows the inclined micrographs of the nanotopographies and the dis-
tribution of pillar diameter and heights. The pillar diameter for both 
samples was comparable at 21.7 ± 2.91 nm for T2 and 29.54 ± 4.57 nm 
for T1. This suggests that the size of sputtered metal micromasks is 
comparable under both etch recipes, and the marginal decrease noticed 
for T2 can be due to the higher kinetic energy of ions and, therefore, 
higher etch rate. In both cases, the broad distribution of pillar diameter 
is due to poor control over the size of the micromasks and their etch rates 
during a process run (Fig. 1d). The etched structures’ height was 128.67 
± 15.39 nm and 501.4 ± 66.1 nm for T1 and T2, respectively (Fig. 1e), 
corresponding to etch rates of approximately 25.7 nm/min and 100.28 
nm/min, respectively. The static water contact angle of the nano-
structured topographies decreased to 11.8 ± 1◦ (T1) and 6.1 ± 2◦ (T2) 
from 88 ± 2◦ for the unetched PET surface. Thus, the nanopatterning of 
the substrates resulted in increased hydrophilicity and a transition from 
Young’s state to Wenzel’s wetting state. This transition can be attributed 
to an increase in the total surface area and roughness owing to high 
aspect ratio structures and the higher surface energy due to the creation 
of oxidized functionalities (=O and –OH groups) on the surface due to 
plasma exposure [38–40]. 

Another prominent feature is that the nanowires in T2 are not 
perfectly erect but seem to have collapsed into each other in a semi- 
erect, droopy arrangement. This is the result of the nanopillars 
bending laterally and adhering to their neighbors. Such lateral collapse 
can occur in high density arrays due to the small amount of bending 

energy required which can be easily compensated by the adhesion en-
ergy. The critical aspect ratio for lateral collapse due to interpillar in-
teractions can be calculated as [41] 

(
h
d

)

c
=

(
33/4πEw3/2

21/432γsv(1 − ν2)
1/4d1/2

)1/3  

where, h, d are the height and diameter of the structures, E and ν are the 
elastic modulus and Poisson’s ratio of the material, respectively, and γsv 
is the surface energy of the substrate and w is the interspacing. The 
elastic modulus, Poisson’s ratio, and surface energy for the substrate are 
assumed to be 2.75 GPa, 0.4, and 0.042 N/m, respectively [31,32]. For 
the pillar dimensions of T2, the critical interspacing is 15.79 nm, sug-
gesting the pillars are unstable and should collapse to form tip clusters, 
as observed from the SEM micrographs, which results in the formation of 
tent-like superstructures. 

FTIR was used to investigate the chemical bonds in the material and 
any possible changes induced by exposure to plasma etching. The FTIR 
spectra for unetched PET and nanopillar and nanowire topographies are 
shown in Fig. 1h, and the list of bonds associated with the observed 
peaks is provided in Table S1 (see Supporting Information). No differ-
ences were observed in the spectra of the fat and the nanostructured 
samples, demonstrating that the dry etching process did not affect the 
chemical characteristics of the samples. The other polar groups that 
form on the NSSs post-etching do not appear in the FTIR spectra because 
these bonds (–OH, C––O, and –COOH) are intrinsic to the PET structure. 

Fig. 1. (a) Schematic of the RIE chamber used in this study (b, c) FESEM micrographs of the two nanotopographies chosen for antibacterial assays; images were 
captured at an inclination of 15◦. Scale bars are 500 nm. (d, e) Distribution + rug plots of nanostructure height and diameter for chosen topographies. (f) XPS spectra 
of Al 2p peak measured on flat and nanostructured samples; the presence of Al peak signifies that nanostructure formation occurs due to the polymer surface’s micro- 
masking by metal atoms sputtered from the cathode. (g) Water contact angle values as measured on flat, T1, and T2 surfaces, generation of nanostructures rendered 
the surfaces hydrophilic due to transition to Wenzel state. (h) FTIR spectra of flat unetched PET and T1 and T2 topographies did not show any changes in the chemical 
composition of the surface due to the etching process. 
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Moreover, peaks representative of both crystalline and amorphous re-
gions are present in the spectra, confirming the semi-crystalline nature 
of the sample. Biaxially stretched semi-crystalline PET substrates, as 
used in this study, are known to have a three-phase composition of 
amorphous, ordered amorphous and crystalline phases. DSC studies 
further showed that the semi-crystalline nature of the sample was not 
affected by the dry etching treatment (Figure S2). However, the degree 
of crystallinity of the polymer can affect the nanostructure morphology 
generated via maskless etching. Studies have shown that the degree of 
crystallinity of semi-crystalline samples changes marginally (by 0.2%) 
due to the etching process, similar to what we found in this study [42]. 
This is expected since the plasma etching acts only on the surface region, 
with low penetration depth. Moreover, during the etching process, the 
crystallinity of the substrate is largely preserved because the penetration 
depth of the ions is much smaller than the lateral dimensions of the 

etching inhibitors [39,42]. 

3.3. External capillary forces augment the mechanobactericidal activity of 
polymer nanostructures 

It is now well-accepted that nanostructured surfaces can kill bacteria 
or reduce their attachment by straining/deforming the cell wall leading 
to rupture and/or disturbing critical intercellular processes such as 
protein synthesis or reactive oxygen species levels [28,43]. Moreover, 
previous studies have consistently found differences in bactericidal ef-
ficacy against Gram-positive and -negative bacteria attributed to dif-
ferences in their cell wall structure [44]. Therefore, flat and etched 
topographies were tested against two well-known pathogenic bacteria, 
the Gram-negative P. aeruginosa and Gram-positive S. aureus, to evaluate 
and quantify their mechanobactericidal activity and elucidate the 

Fig. 2. (a) Schematic of steps to evaluate antibacterial activity via live/dead assay. (b) Fluorescence micrographs of P. aeruginosa on flat, T1 and T2 surfaces in “wet” 
and “dry” condition. (c) Fluorescence micrographs of S. aureus on flat, T1 and T2 in “dry” condition. Scale bars are 20  µm. The adjacent bar graphs on the right show 
percentage of dead cells quantified from the fluorescence micrographs. (d) Colony forming units (CFU)/ml of P. aeruginosa cells retrieved from different samples. *p 
< 0.05, **p < 0.005, ***p < 0.001. Data are shown as mean ± S.D. for n = 3. 
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underlying mechanism of action. Drug-resistant strains of both these 
bacteria have been identified globally and are responsible for various 
infections, including severe respiratory infections of cystic fibrosis pa-
tients in the case of P. aeruginosa and post-implant colonization of sur-
faces for S. aureus. Initial experiments were performed on “wet” 
surfaces, i.e., all the post-incubation steps, such as PBS washing and 
staining, were conducted carefully without allowing the sample surface 
to dry completely. Results showed that while both T1 and T2 were 
bactericidal, nearly 50% of cells on both surfaces were still alive. More 
recent research has suggested that external capillary forces exerted on 
the cells due to movement of the air–liquid interface play a role in 
determining their bactericidal efficacy [45,46]. It is believed that as the 
liquid evaporates, the surface tension of the liquid manifests as capillary 
bridges, which exert an extra downward pull on the cells, augmenting 
the stresses generated in the cell wall. Therefore, in another set of ex-
periments, the sample surface was allowed to dry briefly for 10–15 s 
before being immersed in PBS again for imaging (Fig. 2a). Fluorescence 

micrographs then showed that both the topographies were highly 
bactericidal (>99% dead cells) compared to the flat PET substrate, 
where most cells were viable. In the case of Gram-positive S. aureus, 
there were no differences between the flat and NSSs, even in the “dry” 
state. This is attributed to the thick peptidoglycan layer of S. aureus 
which makes it more resistant to wall deformation and rupture. 

The high killing efficacy of the T2 surface was puzzling at first 
because of the high aspect ratio of the structures and their low me-
chanical rigidity, as is evident from SEM micrographs. However, elec-
tron micrographs with bacterial cells revealed several tip clusters 
formed via the clustering of several pillars in a tent-like arrangement 
(Fig. 3). Indeed, similar clustering of nanopillars due to the action of 
capillary forces has been reported previously [41,47]. This clustering is 
responsible for the increased cooperative rigidity of the structures and 
subsequently explains the high killing efficacy when the sample was 
allowed to dry briefly, allowing capillary forces to act, whereas, on the 
wet sample, the number of dead cells was significantly lower. Though 

Fig. 3. High and low magnification SEM micrographs of (a) P. aeruginosa and (b) S. aureus on flat and NSSs Cell wall deformation of P. aeruginosa is clearly visible 
on the nanostructured topographies, while the attachment of bacteria to the tips of nanostructures is clearly visible for both strains. Scale bars are 5  µm (low mag) 
and 1  µm (high mag). (c) Schematic representation of differences in the nature of forces experienced by nanostructures depending on their relative position against 
the bacterial cell. (d) SEM micrographs showing pillar/cluster tips penetrate through the cell when located directly beneath the cell and undergo bending defor-
mation when located at the periphery. 
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lateral adhesion has been reported in high–aspect ratio structures such 
as arrays of carbon nanotubes, and biomimetic setal adhesives, it is often 
considered an unwanted outcome that leads to the uncontrolled collapse 
of the structures. Contrarily, in the case of bactericidal nanostructures, 
the clustering process resulted in organized assemblies, which can be 
useful to enhance the mechanobactericidal activity of soft HAR 
nanostructures. 

Plasma treatment also increases surface free energy, which leads to 
an increase in the work function, or the energy barrier a bacterial cell 
must overcome to irreversibly attach to the substrate [48] while 
rendering the surface hydrophilic. Valiei et al. have shown that the 
enhancement of bactericidal killing efficiency by external capillary 
forces is more pronounced in the case of hydrophilic surfaces due to the 
tendency of the liquid to form a thin film and, consequently, have faster 
evaporation rates [45]. In this study, the increased total surface area also 
plays a role in determining adhesion for hydrophilic surfaces, such as T1 
and T2 topographies. Micropatterned polymer surfaces, especially with 
trenches smaller than the cell body, can prevent bacterial colonization 
through entrapment of air bubbles between surface features, but are 
susceptible to increased adhesion and colonization at longer time scales, 
once the surface becomes completely wettable or via the action of sur-
face appendages such as flagella [49,50]. 

The morphology of the bacterial cells was further investigated using 
SEM, and the results corroborated findings from the live/dead assay. 
The cell wall integrity of S. aureus cells appears intact on the flat and 
nanostructured surfaces, and the bacteria seems to be in the early stages 
of microcolony formation (Fig. 3b). For P. aeruginosa, cells were un-
damaged and found to adhere successfully on the flat surface. Damage to 
the cell wall of P. aeruginosa is clearly visible on T1 and T2 surfaces, 
confirming that the nanostructures impaled the cells, which induced cell 

death. Especially in the case of T1, the cell wall is seemingly compro-
mised at the point of bacteria-nanostructure contact, and for some cells, 
pillar tips are clearly visible through the bacteria (Fig. 3a). The adhesion 
forces on NSSs are lower than those on flat surfaces due to the lower 
contact area available for attachment, as the contact between a cell and 
a surface is mediated primarily by cell wall macromolecules tethering to 
the substrate [51]. Bacteria attach to a surface over distances of ≈50 nm 
(far beyond the range of classical forces) via stochastic binding of 
thermally fluctuating cell wall proteins [52]. Finite element simulations 
of Gram-negative bacteria interacting with nanopillars have found that 
the critical action site or the part of the bacterial envelope that experi-
ences maximum strain is at the pillar tip [29]. 

Moreover, because interaction forces develop individually at each 
pillar tip and not uniformly throughout the cell wall, pillars are “pulled” 
into contact specifically at the periphery of cells (Fig. 3a). Thus, during 
the action of the capillary force, the pillars directly beneath the bacterial 
cell experience a compressive load, while those at the periphery expe-
rience a shear pull. This shear force at the pillar tip causes the bending of 
the pillar in the direction of the bacteria (Fig. 3c), and the compressive 
load can cause the failure of the structure via buckling. Buckling in-
stabilities are more pronounced in structures with higher aspect ratios, 
and if it does indeed occur, it would severely impair the ability of the 
structure to deform and penetrate the cell wall. 

To further validate this hypothesis, we investigated the compressive, 
shear deformation and buckling behavior of T1 pillars and T2 pillar 
clusters via FEM simulations (Fig. 4). Using Euler’s theory for buckling 
of ideal elastic columns, T1 will undergo compressive yielding before 
buckling, whereas T2 will fail via buckling (see Section 2.6, Supple-
mentary Information). The compressive behavior of T1 was simulated 
by applying a 100 nN load at the pillar apex (Fig. 4a), and it was found 

Fig. 4. FEM simulation of (a) compressive loading of T1. (b, c) Deformation behavior of (b) T1 nanopillars and (c) T2 nanopillar clusters under shear loading at the 
tip. (d) Displacement vs. force curves for T1 (upper) and T2 clusters (lower). Stresses are represented in MPa. 
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that the pillar remains stable, with maximum stress in the pillar reaching 
173.7 kPa. There is minimal distortion/ compression of the pillar as 
well, indicating that T1 behaves as a rigid body, even under forces orders 
of magnitude higher than those exerted during capillary action. This is 
expected because the pillar has a relatively low aspect ratio of 4.34. The 
buckling load for a single T2 nanopillar is calculated to be 1.74 nN using 
Euler’s formula and 3.03 nN using non-linear buckling analysis in 
ABAQUS. Valiei et al. calculated that during passage of the air–liquid 
interface, the peak force can reach 200–250 nN (for a bacteria 15 µm 
long and 500 nm in width) [46] which is distributed amongst the pillars 
directly beneath it. Thus, depending on pillar density, T2 structures can 
buckle under such loading and fail to rupture the bacterial cell wall. 
However, as noticed in our study, formation of tent-like superstructures 
consisting of these pillars provides them with enhanced rigidity allowing 
them to maintain their mechanobactericidal action. 

In the case of shear loading, a force from 0 to 100 nN was applied at 
the tip of the pillar/cluster (Fig. 4 (b, c)), and the corresponding force-
–displacement curves were obtained from the simulations (Fig. 4d). In 
the case of T1, the deflection of the pillar tip increases monotonously 
with force at the tip up to a force of ≈30 nN. Beyond this point, pillar 
bending continues, and stress at the tip increases, but the magnitude of 
tip deflection decreases a little, possibly due to excessive bending of the 
pillar while the pillar bottom is fixed. For the T2 topography, a cluster of 
five pillars was simulated like those observed in SEM micrographs. The 
simulated morphology matches well with the deflected clusters 
observed in SEM micrographs of bacteria atop the T2 surface, and the F- 
D curve reveals that tip deflection is initially linear, like T1, up to a 
certain force (~60 nN). Beyond this force, deflection abruptly increases 
and then decreases, possibly due to excessive bending of the structure. 

Although the LIVE/DEAD staining protocol helps determine a sur-
face’s antibacterial potential and allows observation of cell wall integ-
rity, some recent studies have suggested that it might not be sufficient 
for quantitatively evaluating the mechanobactericidal activity of nano-
structured surfaces. This is primarily for two reasons. First, quantitative 
evaluation based on such micrographs might be misleading because the 
field of view on a fluorescence micrograph is very limited compared to 
sample sizes (tens or hundreds of µm2 vs. several cm2). And secondly, the 
rinsing and staining steps involved in the sample preparation might 
exert shear and capillary forces, which can dislodge cells from surfaces 
or push them onto the nanostructures, as observed in this study. 
Therefore, we also evaluated the antibacterial activity of all three sur-
faces via the colony count method, using a modified ISO protocol pre-
scribed for evaluating the contact-killing antibacterial efficacy of plastic 
surfaces [53,54]. On a flat substrate, the CFU count increased from 22 at 
0 h to 87.67 after 24 h incubation, indicating bacteria could survive and 
thrive on these surfaces. Contrarily, bacterial count decreased on both 
T1 (3.74) and T2 (4.49) surfaces after 24 h, reinforcing results from the 
LIVE/DEAD assay and SEM micrographs (Fig. 2d). 

Therefore, our results show that both low and high aspect ratio 
polymer nanostructures can be bactericidal and that external capillary 
forces are indispensable in exacerbating the mechanobactericidal nature 
of NSSs. Recent studies have also shown that external forces normally 
applied to the surface via other methods, such as centrifugation of the 
NSSs with adhered bacteria, can also improve the damage to the cell 
wall or kill activity manifolds [55,56]. Bacteria on jagged topographies 
can also be vulnerable to high levels of oxidative stress, changes in 
protein expression, and reduced metabolic activity even when they 
might not be completely lysed [57]. Thus, the bactericidal mechanism 
might be multifaceted, with several factors concurrently acting toward 
reduced bacterial survival on nanostructured topographies [28]. Lastly, 
while the NSSs can successfully eliminate Gram-negative pathogens, 
Gram-positive pathogens can attach to and survive on these surfaces. 
However, this limitation can be solved by using NSSs in conjunction 
with preservative agents like nisin, which are well-known for their 
excellent bactericidal activity against Gram-positive strains [58]. 
Furthermore, it has also been demonstrated that bacteria on 

nanostructured surfaces have an increased susceptibility to antibiotics 
and, therefore, can be useful in fighting AMR through the use of lower 
doses, over shorter durations [59]. 

3.4. Durability of nanopillars under mechanical loading 

Surfaces used in food processing, packaging applications, and pro-
tective coverings can be exposed to distinct types of stresses, including 
mechanical (abrasion, shear), chemical (acidic, alkaline), and thermal 
(steam, freezing). For touch surfaces, long-term durability and the 
ability to resist damage under small loads (e.g., the pressure exerted by 
human touch) are crucial for practical applicability. Thus, we evaluated 
the mechanical stability of etched nanostructures under external forces 
by subjecting the etched topographies to 100 kPa pressure, which is the 
typical force applied by hand on phone screens or while working with 
tools. The T1 topography was selected for mechanical testing and was 
exposed to normal and shear forces via a solid PDMS block, mimicking 
human touch. Fig. 5(a and b) show the representative SEM micrographs 
of nanopillar before and after applying normal and shear forces, 
respectively. The micrographs show that the nanostructures were not 
distorted or damaged after normal loading and retained their original 
topographical characteristics. However, under shear forces, some pillars 
appear to deform marginally in the direction of shear. The T1 sample 
was also subjected to bending and twisting forces. In both cases, several 
cracks appeared on the samples, and the interspacing increased 
marginally, although the pillars themselves appear to have suffered 
minimal distortion (Fig. 5b). Therefore, the O2 plasma etched nano-
structures are mostly resilient to forces of small magnitude, physical 
abrasion, and torsion that might be experienced during daily handling. 

We further simulated the normal compression and shear deformation 
of the pillars with the PDMS block using FEM to understand their du-
rable nature better. As shown in Fig. 5c, the initial setup consisted of 
sixteen nanopillars of T1 geometry on a bulk PET substrate. A PDMS 
block was used to apply downward pressure and then translated along 
the surface in a subsequent step, like in our experiments. Simulations 
reveal that compressive loading using 0.1 MPa pressure generated 
stresses of the order of 15 MPa at the pillar base, which is much lower 
than the reported yield strength values for PET (~50 MPa). This sup-
ports the experimental observation that the nanostructures remain 
largely unaffected by normal forces. Stresses further increased to values 
as high as 185 MPa during the application of subsequent shear steps, as 
pillar tips deflect in the shear direction. Therefore, based on simulations 
and experimental observations, we conclude that mechanobactericidal 
nanostructures are most susceptible to damage under a combination of 
normal and shear loading. Normal loading imparts minimal damage, 
whereas bending or twisting leads to the formation of sub-micron cracks, 
but neither damages the nanostructures themselves. Durability under 
shear loading could be possibly improved either by using materials with 
superior mechanical properties (higher yield strength) or by ensuring 
that the surface is not exposed to shear loading at high pressures. 

4. Conclusions 

In this study, we demonstrated that dry etching of PET surfaces could 
be a rapid, robust, and effective route for the generation of bioinspired 
nanostructures with tunable dimensions. The treatment of PET with RF 
discharge oxygen plasma at low pressures leads to the generation of 
nanostructures whose morphology and dimensions can be modulated 
through control over a set of process parameters. Experiments showed 
that high aspect ratio pillars exhibit tip clustering forming tent-like su-
perstructures, which results in the stiffening of the structures and makes 
them less susceptible to deformation. Therefore, aspect ratio-dependent 
emergent physical phenomena play a dominant role in determining the 
bactericidal efficacy of soft materials such as polymer nanostructures. 
Moreover, the mechanobactericidal activity is significantly augmented 
by the action of external capillary forces, which exert a downward force 
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on the cells, pushing them onto the nanostructures and impaling them in 
the process. Theoretical calculations and finite element simulations 
reveal that whereas individual high aspect ratio pillars may be suscep-
tible to failure via buckling under the compressive forces exerted by the 
bacteria, the formation of tent-like superstructures endows them with 
enhanced rigidity, thereby allowing them to maintain mechanobacter-
icidal activity. Pillars on the cell periphery undergo bending de-
formations due to shear pull exerted at the tip, which is adhered to the 
cell and contribute little toward cell wall rupture. Mechanical testing 
and FEM simulations demonstrated that the nanostructures were dura-
ble enough to be used in daily applications such as touch surfaces and 
packaging material. These findings demonstrate that mechanobacter-
icidal effect of soft material nanostructures can manifest in ways 
fundamentally different than metallic or ceramic materials and are 
important to consider for the fabrication of multifunctional surfaces. 
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loading, bending, and twisting. Scale bars are 1  µm. (c) FEM simulations of compressive and shear loading of the nanostructured surface (T1 geometry) at different 
process stages. Stresses are represented in MPa. 
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