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Abstract: Establishing the correlation between the topo-
graphy and the bactericidal performance is the key to
improve the mechano-bactericidal activity. However, due
to the complexity of the mechano-bactericidal mechanism,
the correlation between density and bactericidal perfor-
mance is still not clear. Based on this, a series of nano-
blades (NBs) with various density but similar thickness
and height were prepared on the chemically strengthened
glass (CSG) substrate by a simple alkaline etching method.
The mechano-bactericidal properties of NBs on CSG (NBs@CSG)
surfaces exposed to Escherichia coli were evaluated. The
results show that with the NB density increasing, the
mechano-bactericidal performance of the surface increased
first and then decreased. Besides, the bactericidal perfor-
mance of NBs@CSG is not affected after four consecutive
ultrasonic cleaning bactericidal experiments. This article
can provide guidance for the design of the new generation
of mechano-bactericidal surfaces. In addition, this tech-
nology is expected to be applied to the civil aviation cabin
window lining.
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Graphical abstract: Topography and mechano-bactericidal perfor-
mance of nanoblades (NBs) with different densities on the chemi-
cally strengthened glass for civil aircraft portholes. Low-density NBs,
medium-density NBs, high-density NBs, and ultra-high density NBs.
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1 Introduction

The convenient and fast air transportation has become an
important way for the spread of infectious microorgan-
isms, allowing pathogens to spread over long distances.
So the demand for the prevention and control of patho-
genic microorganisms in cabins has risen to a new height
[1]. Traditional cabin disinfection is time-consuming and
laborious [2], it is very necessary to find a new technology
to prevent and control the microorganisms in cabins
quickly and efficiently [3]. Previous studies have shown
that mechano-bactericidal has the above advantages [4],
and its bactericidal performance is better than other sur-
face treatment methods [5,6] (for example, quaternary
ammonium salt [7] and nano heavy metal [8] disintegrate
cell membranes by the chemical activity, antibiotics inhibit
the synthesis of proteins and nucleic acids [9]). However,
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due to the complexity of the mechano-bactericidal action
[10], the relationship between the bactericidal performance
and topography is still not clear [11,12]. The basic research on
correlation is of great value to the application of mechano-
bactericidal method such as reduce labor costs [13,14].

As alarge class of typical pathogenic microorganism,
bacteria are ubiquitous in the cabin environment. It can
realize the initial adhesion [15], proliferation [15], bio-
film formation [16], and final migration [17] on the sur-
face in a short time [18]. Each of the processes can cause
the spread of bacteria [19,20] that infect a person through
skin contact or breathing [21]. Passenger cabins are den-
sely populated and relatively airtight places. Although
cabins are equipped with filtration systems, it still cannot
effectively prevent the people on board from being infected
[2,22]. In particular, the surface of high-frequency touched
such as chemically strengthened glass (CSG) of cabin
window is easily contaminated with bacteria. Inhibiting
or preventing the bacteria from replicating on such surface
is the key to disease prevention and control [23]. At pre-
sent, chlorine-containing and quaternary ammonium salt
disinfectants are generally used for cabin disinfection [24].
However, these chemical treatment methods may not be
durable, and the residual chemicals may remain on the
surface and cause potential toxicity and irritation [25].
The limitation of the chemical treatment methods has
caused that a complete cleaning of the cabin must be
implemented after each flight, which would cost a lot of
manpower to disinfect the inner face and significantly
extend waiting time for boarding [3].

Since Ivanova et al. first discovered the nanopillar
structure based on “mechano-bactericidal activity” from
the insect surface [26,27], this method is expected to
become the next generation of surface sterilization treat-
ment [28-32]. The mechano-bactericidal activity is rea-
lized by the interaction between the nanoscale array
structure on the surface and the bacterial cell, which
destroys the integrity of the cell. The bactericidal perfor-
mance does not depend on the chemical properties of the
surface, so it has the advantage of not producing sec-
ondary contamination and drug-resistant bacteria [12,33].
The mechanical bactericidal performance is affected by many
surface characteristic factors, such as geometry [34,35], size
[36,37], height [38], pillar elasticity [5], aspect-ratio [38-40],
surface irregularity [30,33], and substrate chemistry [41]. The
results show that higher aspect ratio and lower tip diameter
can improve the surface mechano-bactericidal activity by
imposing more stress on the cells. However, due to the diver-
sity of topography parameters and the complexity of the
biocide mechanism, there is no accurate conclusion about
the effect of the density of the bactericidal nano units on the
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mechano-bactericidal performance [11]. In our previous stu-
dies, a series of bactericidal Zn—Al LDHs nanoblades (NBs)
were grown, the results show that the low tip-width and
high-density NBs (HD-NBs) have higher bactericidal activity
[42]. We found that the mechano-bactericidal performance
was mainly affected by the tip-width of the bactericidal unit,
and the lower top diameter could exert stronger force on the
bacterial cell wall and destroy the cell integrity faster. There-
fore, it is an effective method to improve the bactericidal
performance by reducing the tip diameter of bactericidal
units [43]. In addition, the increase of stress caused by dif-
ferent heights can also improve the bactericidal perfor-
mance [6].

In particular, the density of the mechano-bactericidal
unit (nanopillar, NBs) not only affects the number of
bactericidal units on the substrate surface, but also deter-
mines the number of bactericidal units that single bac-
teria cells can contact, which is also an important factor
affecting the mechano-bactericidal activity. However, it is
not clear that the bactericidal rate increases infinitely as
the density of NBs increases. Therefore, it is necessary to
explore the “optimal density” of bactericidal NBs.

At present, the preparation of bionic bactericidal
nanostructures mainly includes hydrothermal method
[4,44], nanoimprint lithography [45], reactive-ion beam
etching [26,46], chemical vapor deposition [40], and
liquid-phase exfoliation [47]. However, for amorphous
substrates (such as glass), it is difficult to grow firmly
bonded nanostructures directly [48,49]. Although the lat-
tice mismatch between array units and the substrate can
be reduced by preforming a seed layer as a buffer [50,51],
the additional process will greatly reduce the efficiency.
The etching method can solve the above problems well
[52]. The alkaline etching method of building nanostruc-
ture on the surface of CSG substrate can be realized.

In this study, we investigated the correlation between
the density of NBs and their bactericidal properties.
Aiming at the above bactericidal problems, the CSG sub-
strates that have a series of NBs with similar thickness,
length, height, and significantly different densities were
etched by alkaline etching method, named low-density NBs
(LD-NBs), medium-density NBs (MD-NBs), HD-NBs, and
ultra-high-density NBs (UHD-NBs). The topography para-
meters and bactericidal performance of each sample were
analyzed by scanning electron microscopic (SEM) images
and sticking membrane method separately. And then the
influence of NB density on bactericidal activity was explored,
which can provide effective guidance for the design of effi-
cient mechano-bactericidal nanostructures on civil aircraft
portholes. We expect to prepare a simple, effective, efficient,
and long-term bactericidal NB structure on the CSG substrate,
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Table 1: The composition of CSG

Sio, Na,0 K,0 CaO Ale3 MgOo Others

Weight
percentage
(%)

70.32 15.86 2.12 3.85 4.37 3.28 0.20

to realize the saving of manual disinfection labor, which is
expected to be applied in the civil aviation field.

2 Experimental

2.1 Materials

CSG sheet 3cm x 4cm x 0.15mm, medical disinfectant
alcohol, pure ethanol, and potassium hydroxide (KOH)
were purchased from Chang Zheng Chemicals Co., Ltd
(Chengdu). All the chemicals used in this study were
analytically pure. The etching solution was prepared
with deionized water. The chemical composition of the
original CSG surface is shown in Table 1.

2.2 Preparation of NBs by KOH etching

The cleaned CSG sheet was placed in 50 mL etching solu-
tion in a 100 mL teflon container, which was sealed by the
stainless-steel reactor at 95°C. The 0.1 mol L™ KOH was
utilized as etching solution. To prepare a series of NBs,
the etching time was controlled in 1, 2, 3, and 4 h. After
etching, the products were cooled at room temperature,
then the etched-CSG was cleaned by ionized water and
dried in room temperature. Then each sample was cut to
the appropriate size before use. The optical pictures of
each etched-CSG sample are shown in Figure 1. There is
no obvious difference in the appearance of the etched
samples.

1 um 1 um
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2.3 Characterization

To characterize the surface topographies of CSG and
etched CSG, field emission scanning electron microscopy
(FE-SEM, JEOL, JSM-7001F) was used at a voltage of
10 kV. Due to the poor conductivity of each sample, it is
necessary to spray gold (10 mA, 70s) before FE-SEM
observation to ensure the observation effect. The Image
] software was used to calculate the NB density. Steps are
as follows: five 1 um” areas were randomly selected in the
SEM image of a sample. The topography parameters of
the NBs in each area were counted respectively, and the
average density was finally calculated. The composition
of the samples was measured by energy dispersive spectro-
meter (EDS, Horiba 7021-H).

2.4 Bactericidal performance of NBs@CSG

To evaluate the bactericidal properties of the NBs@CSG
against bacteria, the sticking membrane method referring
to the Japanese Industrial Standard (JIS Z 2801) was used
[53]. Each CSG sheet was assembled into a test device
with a cavity of 1 cm x 1 cm x 0.12 cm, and the test surface
constitute the under inner surface of the cavity. Before
the bactericidal experiment, the whole device was immersed
into disinfection alcohol for 1min, and then transferred to
the effective area of the clean bench (Shanghai Shu Li Instru-
ments Co., Ltd, SW-CJ-1F) for drying. The Escherichia coli
strain (E. coli ATCC 25922) was selected as the model strain
in the experiment. The E. coli strain was successively acti-
vated and multiplied in a nutrient broth medium at 38°C for
3h, and then the bacterial suspension was diluted to the
standard concentration (5.0 x 10° CFUmL™) by sterilized
normal saline. About 100 pL E. coli standard bacterial sus-
pensions were carefully dropped into the cave of the test
device and incubated at 37°C for 10 min. To avoid the influ-
ence of bacteria movement on the bactericidal properties of
the surface [54], all droplets were added at a distance of

d) e)

1 pum 1 pm 1 pm

Figure 1: Optical pictures of CSG and NBs@CSG sheets: (a) CSG original sample; etched-CSG after etching for different time: (b) 1 h, (c) 2 h,

(d) 3h, and (e) 4 h.
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0.5cm from the CSG sample. To count the number of live
bacteria on the surface, each sample was thoroughly washed
with sterilized physiological saline (10 mL). After the eluent
was subsequently diluted and cultivated, the bactericidal
rate of CFU per cm? was calculated. Each sample is repeated
five times.

3 Results and discussion

3.1 Fabrication and topography
characterization of NBs@CSG

To obtain etched surfaces with different topographies, the
etching time was controlled, and a series of blade-like
nanostructures were prepared, which were named as low-
density NBs@CSG, medium-density NBs@CSG, high-density
NBs@CSG, and ultra-high-density NBs@CSG (LD-NBs@CSG,
MD-NBs@CSG, HD-NBs@CSG and UHD-NBs@CSG; Figure 2).
After 1h of etching, evenly distributed NBs were formed on the
CSG surface, and a large number of NBs existed in the form
of a single individual (Figure 2a). The NBs fused with each
other and gradually formed a blade network structure with
the increase of etching time (Figure 2b—d). The statistical
results of blade width, length, and density according to
SEM are shown in Figure 2e—g. With the increase of
etching time to 4 h, the width of the NBs decreases slightly
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(from 22.21 + 4.44 t0 20.10 + 4.83 nm), and the blade length
increases from 120.95 + 50.23 to 153.73 + 66.58 nm. In
this process, the blade density increases from 4.0 x 10°
to 7.3 x 10° slice cm™.

3.2 The etching mechanism of CSG

To explore and study the etching process of CSG, the
composition of the CSG surface was analyzed. CSG is
divided into network formers, network modifiers, and
intermediates according to cation types. Network formers
are usually composed of [SiO4]*" units, which usually
form a three-dimensional network structure through the
interconnection of bridging oxygen. Network modifiers,
such as K and Na ions, can interrupt the network and lead
to non-bridge oxygen that adjust glass properties. Network
intermediates, mainly composed of double-acting cations
(Mg, Al), can act as network formers or network modifiers
according to environmental changes [55]. EDS is used to
analyze various compositions of each surface, and the
atomic ratio of network modifiers (Na, K), intermediates
(Al, Mg), and network formers (Si) with time is calculated
(Figure 3). The results show that the content of Na and K
on the surface of CSG decreases rapidly in the condition of
thermal-alkali solution, indicating that the network modi-
fiers formed by CSG are dissolved first. Attribute to the
cations in this region have a very low binding energy with
non-bridge oxygen (Na-0: 94 kj mol™, K-O: 54 kJ mol™),

UHD-NBs@CSG
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Figure 2: Surface topography and topography statistics of NBs@CSG. SEM images of etched-CSG after etching for different time: (a) 1 h, (b)
2 h, (c) 3 h, and (d) 4 h. Topographic parameters of the NBs: (e) width, (f) length, and (g) density.
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Figure 3: Atomic ratio [cationic/Si] changes with etching time
of CSG.

can exchange with hydrogen ions in the water and enter the
solution [56]. After Na and K dissolved, the exposed area of
network modifiers is more likely to react with water to gene-
rate silanol groups, which will further undergo dehydration
cross-linking and local network reconstruction to form a
single NB (Figure 3a). Then the pores are generated in
the network modifier region, allowing water molecules to
enter the surface for further etching. Therefore, the growth
rate of NBs near the network modifier region is slightly
faster. As the reaction continues, the Si-O (bond energy
443Kk mol ™) in network formers area slowly depolymerize
and form to Si-OH (equation (1)) and further form into
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soluble Si—0-SiO(OH), (equation (2)) [57]. Near the sub-
strate, Si—-0-SiO(OH), reacts with K*, Na*, and Ca®* in
solution to form a gel layer, which acts as a barrier, thus
reducing the loss rate of Na and K on the CSG surface and
delaying the etching rate (Figure 3). Moreover, the gel layer
slowly participates in the reconstruction of the NB network
[58], which makes the blade length and density continu-
ously increase (Figure 2b—d). With the prolonging of etching
time, the width and the height of the NBs were almost
negligible, attribute to the high bond energy of Si-O, the
low diffusion rate, and blocking effect of the gel layer. The
content of Al and Mg decreased slightly during the etching
process, also result from the blocking effect of the gel layer
and the higher bond energies between the non-bridge
oxygen and intermediates cationic. Under the same etching
conditions, the size of the NBs obtained on CSG is much
larger than that on calcium sodium glass, which may be
due to the different content of network modifiers. Calcium
sodium glass has a larger number of network modifier
regions and therefore a larger number of initial etching sites
can be formed during the ion exchange period [59].

Si—0-Si + H,0 < 2Si-OH, Q)
Si-0-Si(OH); + OH — Si-0-Si(OH),.  (2)

3.3 Density-dependent mechanical
bactericidal activity of NBs@CSG

The statistical results of bactericidal experiment were
shown in Figure 4a. All of the NB surfaces show a certain
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Figure 4: The mechanical bactericidal activity of NBs@CSG. (a) The bactericidal rate against E. coli of NBs@CSG with different density. (b)
The long-term stability of HD-NBs@CSG bactericidal effect. The 1-4 times consecutive bactericidal experiment statistical results of E. coli on
HD-NBs@CSG with or without ultrasonic wave treatment. Incubation time: 10 min. The data are expressed as mean + SD of three replicates.
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Figure 5: Binding of NBs on CSG substrate surface. The surface topography after ultrasonic cleaning-bactericidal experiment: (a) 2 times

and (b) 4 times. The ultrasonic cleaning process: 5 min.

bactericidal activities after 10 min of incubation. And
from the LD-NBs to UHD-NBs, the surface bactericidal
performance was firstly increased and then decreased.
Previous studies have shown that the larger the length
of the bactericidal unit tip, the smaller the stress on the
bactericidal cell and the poorer the mechano-bactericidal
performance. Therefore, the continuous increase in the
bactericidal performance of LD-NB to HD-NB samples
was mainly caused by the increase of blade density.
The increase of blade density can increase the number
of the sterilization unit that contact a single cell, resulting
in an increased ability to damage the bacterial membrane.
The E. coli cells (0.5 x 1-3 pm) are larger in size than NBs.
However, the positive correlate promotion effect works
only within a certain range. As the blade density further
increased, the surface bactericidal activity decreased
obviously (Figure 4a). The excessively high blade density
may reduce the stress of a single blade on cells due to stress
averaging. In addition, the excessively high blade density
will also affect the effective sinking of bacterial cells, and
reduce the force on cells. Notably, the CSG-NB surface had a
lower bactericidal performance than the nanopillar of the
same density (black silicon: 4.5 x 10° CFUmin " cm ™2, dra-
gonfly wing: 4.5 x 10° CFUmin cm™% cicada wing: 2.0 x
10° CFU min " cm ™) [26], which has a lower tip diameter and
can cause higher stress on the bacterial cell [6]. It is worth
noting that compared with LD-NBs@CSG, ZnAl lamellar
bimetallic hydroxide HD-NBs (ZnAl LDH HD-NBs) prepared
in our previous study has similar density and higher width
and length (width: 29.32 + 5.74 nm, length: 880.00 + 223.62 nm,
density: 4.4 x 10° slice cm™), but the bactericidal rate of
ZnAl LDH HD-NBs is higher than that of LD-NBs@CSG
(8.69 + 1.16 x 10> CFU cm ?min ") [42]. This may be attri-
buted to the low height of LD-NBs@CSG, which could not
provide enough altitude difference to provide enough
mechanical force on bacterial cells.

To evaluate the long-term bactericidal efficacy of HD-
NBs@CSG, a continuous bactericidal experiment was car-
ried out. A complete experiment process was carried out
for each test. The results showed that after four times
bactericidal experiments, the surface maintained good
bactericidal activity and did not significantly decrease
(Figure 4), shows a good long-term bactericidal perfor-
mance. At the same time, the effective combination of
NBs and substrate directly affects the surface bactericidal
activity, so the ultrasonic pretreatment-bactericidal experi-
mental group is carried out to evaluate the reliability of the
performance of the HD-NBs@CSG. An ultrasonic wave
cleaning process (100 W, 5min) was added before each
bactericidal experiment. As the result shows in Figure 4b,
the bactericidal activity of ultrasonic pretreatment group
and the untreated group was not significantly different
in four times continuous bactericidal experiments, which
shows the bactericidal performance stability. It is well
known that the effective combination of nanostructure
and substrate directly determines the performance [60].
This is because the NBs combine well with the CSG sub-
strate and the ultrasonic treatment does not affect the
nanostructure of the surface (Figure 5).

4 Conclusions

In conclusion, in this study a series of NB structures with
gradient densities, similar thickness and height were
constructed on the surface of CSG by alkali etching by
controlling etching time. The etched NBs@CSG has a
mechanical bactericidal activity, and the surface bacteri-
cidal activity can be improved by increasing the blade
density in a certain range. The NB has an optimal density,
which can achieve the highest mechano-bactericidal
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performance. Therefore, it is unrealistic to increase the effi-
ciency of mechanical sterilization by increasing the density
of bactericidal units. Although our experiments clarified
the relationship between CSG-NBs density and mechano-
bactericidal performance, the interaction mechanism
between other nano units (such as nanopillar and nano-
cone) and bacteria may be different, so the correlation
between these surface nano unit densities and bactericidal
performance needs to be further studied. In addition, to
solve the long-term application, the good combination
between the CSG substrate and the blade was demon-
strated by the ultrasonic treatment of HD-NBs sample.
Thus, this study provides a simple method and idea for
the preparation of fast and efficient bactericidal nanostruc-
tures on the surface of CSG in civil aircraft cabin to realize
the saving of manual disinfection labor, which is condu-
cive to the further practical application of mechanical bac-
tericidal technology.
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