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Study on the discoloration phenomenon caused by
iron ion oxidation in Boston ivy pads and its effect
on adhesion force¥
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Boston ivy has received much attention from researchers owing to its exceptional climbing abilities.
However, many aspects of their adhesion behavior remain unresolved. Our research has discovered
a phenomenon of oxidation and discoloration in Boston ivy pads, which leads to a significant decrease in
adhesion force. In this study, we conducted a comprehensive investigation into the oxidation
discoloration phenomenon. Through XPS analysis, we confirmed that the transition from Fe?* to Fe®* in
the pad is the primary cause of the oxidation discoloration reaction. Furthermore, by conducting in situ
adhesion testing using AFM, we observed a decrease in adhesion during the oxidation of iron ions. The
magnitude of adhesion is closely related to the amount of pyrocatechol. Following the oxidation

reaction, iron ions chelate with more pyrocatechol, resulting in a decrease in the available pyrocatechol
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Accepted 22nd November 2024 content for adhesion. To validate this mechanism, we designed and prepared a biomimetic composite

adhesion surface of a PDMS hydrogel. This composite surface improved oxidation resistance through the

DOI: 10.1035/d4ra04605f hydrogel, demonstrating improved adhesion performance. These findings offer promising prospects for
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Introduction

There are many organisms with excellent adhesion abilities
enabled through physical or chemical mechanisms. Usually,
physical adhesion relies on complex hierarchical surfaces and
exhibits reversible adhesion properties, such as the feet of
geckos.' Chemical adhesion is often realized by adhesives that
are secreted by creatures such as mussels.®® These adhesives
offer robust adhesion under damp conditions. In addition to
animals, plants also exhibit diverse attachment mechanisms.*®
Unlike animals, plants find it challenging to absorb energy and
survive in complex environments. Although pitchers'*** and
lotus'>** have been extensively studied, climbing plants are not
fully explored. Research on controllable plant adhesion prop-
erties aims to develop complex, adaptable, and energy-efficient
biomimetic materials. These materials have potential applica-
tions in coatings, building materials, medical facilities," and
fiber batteries.'®
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the application of bionic materials in various fields.

Over the past decades, limited research has been conducted
on the adhesion mechanism of Boston ivy (Parthenocissus tri-
cuspidata).”*® Endress et al.* found that the surface of imma-
ture Boston ivy pads has cuticles, and the adhesive is produced
by their epidermal cells, which may be acid polysaccharides.
Bowling et al.*® observed that after Boston ivy pads come into
contact with an object, their papillary cells could produce an
adhesive called rhamnogalacturonan (RG). Steinbrecher et al.**
conducted adhesion force-displacement measurements on
various Boston ivy pads to study the optimization of Boston ivy
attachment strategies. It was found that the Boston ivy pad
structure and adhesive production ability are key to adhesion,
but the mechanism needs further validation for more diverse
practical applications.

In this study, we investigated the discoloration of Boston ivy
pads and its impact on their adhesion mechanism. After the
pad is removed, it turns red-brown when exposed to the air, but
it does not change color in a nitrogen atmosphere. Combining
XPS and AFM characterizations, we found that the discoloration
is caused by the oxidation reaction of Fe>" and pyrocatechol,
and the adhesion force of the pad decreases as the reaction
proceeds. The amount of pyrocatechol that can be used for
adhesion is reduced by the chelation of iron ions and oxidation,
thus resulting in a decrease in adhesion. We designed a biomi-
metic adhesive surface based on the morphology and chemical
composition of the Boston ivy pad. Inspired by the structure of
finger cells on the surface of the Boston ivy pad, a biomimetic
surface with a micropillar array was prepared with
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Fig.1 Structures of the Boston ivy adhesive system: (a) diagram of a part of Boston ivy explaining the relationship of the tendril and adhesive pad
(the tip of the tendril). Optical image (b) and micrograph (c) of an immature pad. Image (d) and micrograph (e) of a mature pad. SEM image of the

front side of pad (f) and its partially enlarged image of the orange area (g). SEM image of the
the blue area (i).

back side of pad (h) and its partially enlarged image of
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Fig. 2 XANES and XPS analysis of the Boston ivy pad: (a) C 1s, (b) O 1s, and (c) N 1s XPS spectra of the adhesive pad, and (d) XANES spectra

mapping of the surface and 20 nm and 40 nm etching on the Boston ivy pad.
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Fig. 3 Opticalimage of the color change of Boston ivy pads every 5 minutes after removal from the plant. The square shows the color of the pad

in the blue circle.

polydimethylsiloxane (PDMS),*>** and then, the adhesive on the
pad was simulated by a hydrogel,*>® forming a composite
biomimetic surface.

Results and discussions

Boston ivy plants can climb on almost various types of walls. It
sticks to the wall through its tendrils, and the tips of the tendrils
transform into attachment pads (Fig. 1a). Each tendril has
about 5-8 pads, with a diameter of 1-2 mm. During the growth
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of Boston ivy plants, the tip of a tendril first swells and has
a spherical shape, as shown in Fig. 1b, called immature pads.
After contacting the substrate, the pads gradually mature®
(Fig. 1d), and the tendril stalks contract spirally.’ Those unat-
tached pads will wither and detach. It is evident from the slice
images (Fig. 1c and e) that mature and immature pads exhibit
distinct cell shapes. Cells of the immature pad grow rapidly
after contacting the substrate, adapting to the shape of the
substrate surface and turning into a mature pad. By observing
the mature pad under a scanning electron microscope (SEM), it
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Fig. 4 Adhesion study of Boston ivy pads in different environments: (a) typical adhesion force and color change of a Boston ivy pad with time. (b)
Temperature-dependent adhesion force of the Boston ivy pad with different pre-applied compression pressures. (c) Schematic of the typical
adhesion force test using an AFM probe. (d) Influence of pH on the adhesion of Boston ivy pad. Fo and F,4 represent the adhesion force of the
Boston ivy pad before and after solution treatment with different pH values, respectively.
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can be found that there is a layer of tightly arranged cells on the
front side (the surface stuck to the substrate) (Fig. 1f), and the
interior of the pads is porous after the surface layer is torn
(Fig. 1g). The back of the pad is connected to the tendril
(Fig. 1h), and has a porous structure (Fig. 1i).

We studied the tensile strength of tendrils, which plays an
important role in supporting its weight and resists external
influences (such as strong winds). Tensile tests were performed
on the Boston ivy's tendrils; the tendrils of mature pads and the
tendrils of immature pads are tested separately. The tendrils
with mature pads have significantly higher yield stress and
strength (Fig. S17). After the immature pads touch the attach-
ment, the surface cells of the pad will grow and secrete an
adhesive to adhere to the substrate.”” These changes will also
affect the tendril and increase its strength.

To understand the chemical mechanism underlying the pad
adhesion, we studied the chemical components and molecular
structures of Boston ivy pads by X-ray photoelectron spectros-
copy (XPS) and X-ray absorption near-edge structure (XANES).

XPS was used to detect the main chemical bonds of the pads.
The XPS survey spectrum (Fig. S2t) confirms the presence of C,
O, and N elements on the mature pads. From the XPS results
(Fig. 2a—c), we can see that C and O are the main elements of the
pad, and C-C bonds and C=C bonds account for the highest
proportion, which confirm the organic nature of the pads. Most
importantly, pyrocatechol and benzoquinone were also detec-
ted through XPS. Pyrocatechol is known as an important
component in biomimetic adhesive, and it will be partly
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oxidized to benzoquinone when exposed in air to partially lose
adhesion.”® We believe that pyrocatechol is a key factor to the
adhesion mechanism of the pads.

XANES was performed to further study the valence of the Fe
ions. Fig. 2d shows the distribution of iron valence on the pad
surface and at depths of 20 nm and 40 nm. It can be seen that
the peak of 40 nm depth shifts to a low-energy region by 0.4 eV
compared with the surface. This indicates that the valence of
iron decreases with the increase in etching depth. Fe*"
more on the surface and Fe** tends to accumulate in the inside
of the Boston ivy pad. This evidence strongly proves that iron
ions oxidize less inside the pad the iron oxidation progresses
more thoroughly on the surface, and iron ions in the inner part
of the pad are exposed to less oxygen and the degree of oxida-
tion is lower.

We found that the Boston ivy pads gradually turned red-
brown after leaving the plant. Therefore, we took pictures to
record the color change of the pad. As shown in Fig. 3, pictures
were taken every five minutes after the tendril was removed
from the Boston ivy. In order to see the changes more intui-
tively, the color of the pad in the blue circle was extracted into
the square under every picture. Obviously, the removed pad
gradually changed from green to red-brown within 30 minutes.
After three hours, the entire tendril will turn red-brown
(Fig. S31), and the tendril will not change color if it is placed
in nitrogen (Fig. S41). It can be seen that air is a necessary factor
for color change. Combined with the XPS results, it can be
inferred that the color change of the pad is caused by the
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Fig. 5 Molecular reaction mechanisms and their influences on the adhesion behavior of the Boston ivy pads: (a) Fe2*

ions were oxidized into

Fe®* ions to bond with extra pyrocatechol ligands after the chelate reaction. (b) Schematic showing how the adhesive pyrocatechol ligands

detach from their substrate. The oxidation of Fe?* to Fe>*

chelates more pyrocatechol, and some pyrocatechol is oxidized to benzoquinone; the

content of pyrocatechol on the adhesion surface declines, and the adhesion force decreases.
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oxidation of iron ions. The oxygen in the air makes Fe*" react
and become Fe®".

To gain a deeper understanding of the attachment mecha-
nism of Boston ivy plants in different environments, adhesion
tests of the surface of a Boston ivy pad were carried out using an
atomic force microscope (AFM) (Fig. 4c). As shown in Fig. 4a, we
recorded the change in the adhesion force of the pad just after it
was removed from the plant, and marked the photo of the pad
at different times. It can be seen that the adhesive force of the
pad decreases significantly over time, and the downward trend
becomes gentle after 30 minutes, which perfectly corresponds
to the color change of the pad.

To understand the adhesion mechanism of the pad under
different conditions, we tested the adhesion of the pad that has
not become red-brown. We recorded the adhesion of the pad at
different temperatures. The results are shown in Fig. 4b. As the
temperature rises from 25 °C to 50 °C, the adhesion of the
Boston ivy pad continues to increase under different preloads.
The increasing temperature makes the pad softer and increases
the contact area, and hence, the adhesion increases. Therefore,
higher temperatures can improve the adhesion effect of pyro-
catechol. The adhesion of the pad also increases with the
increase in contact time (Fig. S51). The increase in preload force
and contact time both increase the contact area between the
AFM tip and pad, resulting in a higher adhesion force.

To study the requirements of the Boston ivy pads for the
object, we analyzed the effect of pH on adhesion. The initial
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adhesion of pads was recorded as F,, and then the pads were
exposed to different pH solutions for 30 minutes respectively.
The adhesion force of pads after treatment was recorded as Foq.
The test results are shown in Fig. 4d. When the pH is 3-9, the
adhesion force does not change significantly. When the pH rises
to 10, the adhesion force decreases significantly, which indi-
cates that the alkaline environment will affect the adhesion
performance of the pad. This result is consistent with
Endress's" findings regarding the presence of acidic adhesives
in the pad's adhesive.

The oxidation reactions of iron are depicted in Fig. 5a. Fe*"
reacts with oxygen to form Fe®* and chelate with three pyro-
catechols,? thereby consuming a larger portion of pyrocatechol.
Moreover, pyrocatechol is oxidized to benzoquinone, which
further reduces the available catechol content and, in turn, the
adhesion® (Fig. 5b). These reactions lead to the pad's color
transformation to red-brown and a decrease in the amount of
pyrocatechol available for adhesion. Therefore, after the adhe-
sion pad is removed from the plant, the oxidation reactions of
Fe** and pyrocatechol are accelerated, causing the pad change
from green to red-brown and resulting in reduced adhesion.

Based on the adhesion mechanism of the Boston ivy pad, we
developed biomimetic composite materials (Fig. 6a). The pad's
surface cells exhibit a finger-like structure, approximately 10
pum. Polydimethylsiloxane (PDMS) was poured onto a silicon
template to make a micropillar array resembling the surface
cells (Fig. 6b and e). The space between cells and the interface

SER @k

—~~— AA

~ AM
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® Fe*

(a) Fabrication strategy of the biomimetic composite surface: (b) vertical photograph of the biomimetic micropillar array. (c) Cross-

sectional image of the composite surface. (d) Distribution of Si element on the composite surface. (e) Cross-sectional photograph of the
biomimetic micropillar array. (f) Distribution of C element on the composite surface. (g) Elemental mapping images of the composite surface.
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between the pad surface and the substrate is filled with the
adhesive,** and the hydrogel was used to simulate the adhesive
produced by the pad. PDMS is a hydrophobic surface, so it
needs to be modified by doping with polyethylene glycol octyl-
phenyl ether (Triton TX-100) during PDMS solidification. The
contact angle of PDMS is 107.3°, while that of PDMS doped with
TX-100 is 73.95° (Fig. S67T). After ten minutes, the contact angle
of PDMS doped with TX-100 will decrease to less than 30°.*> To
facilitate the analysis of the composite surface's integration, it
was dried and sectioned, as shown in Fig. 6¢. Fig. 6g shows the
EDS image of PDMS-hydrogel composite surface, green, blue,
and red representing Si, C, and Fe elements respectively. Si is
the unique element of PDMS, Fe is the unique element of
hydrogel, and C is more distributed in the hydrogel. The
content of Fe element in the hydrogel is small and difficult to
observe. The element distribution of Si and C elements (Fig. 6d
and f) indicates a well-combined interface between PDMS and
the hydrogel.

We fabricated four types of hydrogels with different
compositions (Fig. S7f) to make biomimetic composite
surfaces. The pre-polymerization solution also changed color in
air, and the Fe®* pre-polymerization solution shows little color
change in half an hour in air, far less than the Fe’'Fe*" pre-
polymerization solution (Fig. S8f). The PDMS micropillar
array exhibits an adhesion force of approximately 416 nN, while
the average adhesion force of PDMS-TX100 is 480 nN (Fig. 7a).
The adhesion of hydrogels with different compositions was
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tested after they were combined with the surface of PDMS-
TX100, as shown in Fig. 7b. The adhesion force of tannic acid
hydrogel composite surface is slightly higher than that of the
dopamine hydrogel, with an average adhesion increase of 20%.
The adhesion force of the composite surface doped with Fe**
has been significantly improved, from 947 nN to 1539 nN, with
an increase of 60%. This improvement is attributed to the
increased hydrogen bonding between pyrocatechol in the
hydrogel, enhancing adhesion. Therefore, the composite
surface of the TA-Fe*'Fe**-PAAAM hydrogel combined with
PDMS has the highest adhesion force, which is consistent with
the adhesion mechanism of the Boston ivy pad. Although the
TA-Fe*'Fe*’-PAAAM hydrogel has a lower tensile strength
(Fig. S91), the strength of composite surface will not be affected
due to the PDMS micropillar.

Further investigations were conducted to assess the impact
of environmental factors on the composite biomimetic surface.
As shown in Fig. 7c, when the temperature rises from 20 °C to
30 °C, the adhesion force increases from 1300 nN to 1450 nN,
with a growth rate of about 11%. When the temperature range is
between 35 °C and 50 °C, the effect on adhesion force is less
pronounced, which is different from the trend tested on Boston
ivy pads. It is speculated that the hydrogel is easy to lose water at
a higher temperature, thereby reducing the adhesion.

Then the changes in the adhesion force of biomimetic
composite surfaces exposed to air were studied. After the
preparation of the biomimetic surface is completed, it is
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(a) Adhesion of PDMS under different preloads. (b) Adhesion of different components of the hydrogel composite surface under different

preload pressures. (c) Adhesion of the composite surface under different preload pressures and different temperatures. (d) Relationship between
the adhesion of the biomimetic surface and the time of exposure to the air.
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immediately placed under an AFM to measure the change in the
adhesion force on the surface every minute after it is exposed to
the air. As shown in Fig. 7d, the adhesion force of the biomi-
metic composite surface remains relatively stable over time,
only decreases by 6% after 45 minutes. This gradual decline of
adhesion is related to the water loss of the hydrogel and the
oxidation of Fe*". The composite surface with only Fe** has
a much smaller decrease in adhesion force (Fig. S10t) because
there is no oxidation of iron ions, proving that the oxidation of
Fe*" is the main reason for the decrease in adhesion. Compared
with natural pads, the hydrogel can prevent the penetration of
oxygen from air, and hence, the adhesion is less likely to
decline. It demonstrates that the composite surface has better
stability, and exposure to air does not lead to a significant
decrease in adhesion due to rapid oxidation.

Conclusion

In this study, we observed the color transformation of the
adhesive pad and identified the presence of pyrocatechol within
the pad, along with a gradient distribution of Fe** and Fe>*
across the thickness of the pad. We examined the adhesive
properties of the pad and observed a decline in adhesion force
as the oxidation reaction progressed. Higher temperatures were
found to enhance the pad's adhesion, whereas a highly alkaline
environment was detrimental to its adhesive properties. Our
findings indicate that Fe>* and pyrocatechol would oxidize with
air after the pad is removed, primarily accounting for the pad's
color change and the reduction in adhesion force. We employed
PDMS-TX100 to mimetic the ‘finger cell’ structure of the pad,
and a hydrogel incorporating iron ions and pyrocatechol was
utilized to simulate the adhesive layer on the pad. The test
showed that the adhesion of the TA-Fe*'Fe*'-PAAAM hydrogel
with PDMS-TX100 exhibits the highest adhesion, representing
a threefold increase compared to the PDMS surface alone. The
biomimetic surface not only exhibits excellent adhesive prop-
erties but also demonstrates superior resistance to oxidation
over the natural Boston ivy pads. The adhesion of the composite
biomimetic surface remains largely unaffected by exposure to
air, exhibiting a minimal decline. These insights significantly
contribute to the understanding of the Boston ivy's adhesion
mechanism and hold promise for inspiring the design and
fabrication of bio-inspired adhesive materials.

Experimental details
Materials

Acrylamide (AM), dopamine hydrochloride (DA), tannic acid
(TA), acrylic acid (AA), Triton TX-100, trimethylchlorosilane, and
N,N-methylene bisacrylamide (BIS) were purchased from
Aladdin. PDMS was purchased from Dow Corning. Ammonium
persulfate (APS) was purchased from Beijing Chemical Industry.

Preparation of Boston ivy tendrils

The Boston ivy tendril used in the experiment was obtained from
the Boston ivy grown in Beijing, China. The tendrils were cut

38812 | RSC Adv, 2024, 14, 38806-38814
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directly from the plants so that they do not get lignified during
the experiment. All the tendrils were preserved in a nitrogen
atmosphere. Before the experiment, the sample was ultrasoni-
cally cleaned with deionized water to remove impurities.

Preparation of the biomimetic composite surface

The silicon template was cleaned with acetone and isopropanol
separately by ultrasonic cleaning for 5 minutes and then dried
with nitrogen gas. The silicon template was put into a closed
container and 1 mL of trimethylchlorosilane was added. It was
heated in an oven at 60 °C for 30 minutes to evenly coat the
surface of the silicon template, facilitating subsequent
demolding. Then 3% Triton TX-100 was added to PDMS, stirred
with a magnetic stirrer at 500 rpm for five minutes, and then
mixed with PDMS and a curing agent in a mass ratio of 10/1.
The prepared PDMS was poured onto a silicon template, kept
under vacuum for thirty minutes in a vacuum tank to ensure the
removal of any bubbles inside the PDMS, and then cured at 70 °©
C for six hours. After PDMS curing is over, it was peeled off from
the silicon template to form a biomimetic surface micropillar
array. Then 25 mL deionized water was poured into a beaker,
different proportions of ferric chloride powder and ferrous
chloride powder were added, and then 0.012 g dopamine
hydrochloride or 0.008 g tannic acid was weighed and added
under stirring using a magnetic stirrer at 500 rpm for five
minutes to form a pre-polymerization solution. Then 5.4 g
acrylamide (AM), 5.4 mL acrylic acid (AA), and 0.05 g N,N-
methylene bisacrylamide (BIS) were added and stirred using
a magnetic stirrer at 500 rpm for 10 minutes to fully dissolve
them to form a hydrogel solution. The hydrogel solution was
poured onto the surface of the PDMS micropillar array and kept
under vacuum in a vacuum tank for 30 minutes to ensure that
the bubbles inside the hydrogel solution were removed. Then
0.08 g ammonium persulfate (APS) and 1 mL deionized water
were added into the hydrogel solution and fully mixed to obtain
the hydrogel. The hydrogel was washed three times with
deionized water to remove the remaining ions on its surface.

Preparation of pad for light microscopy

A microtome (RM2016, Leica, Shanghai) was used to slice the
pad on the tendril. After that, the sections were infiltrated with
xylene for 20 min and ethanol for 10 min, and then they were
dehydrated in 95%, 90%, 80%, and 70% alcohol for 5 minutes
after dehydrating for 10 minutes in absolute ethanol. They were
dyed with 1% saffron dye for one hour and excess dye was
washed off with deionized water. After that, they were decolor-
ized with 50%, 70%, and 80% alcohol for 1 min each. Then they
were dyed in 0.5% fast green dye solution for 40 seconds and
decolorized in ethanol for 1 minute. After the transparency of
dimethylbenzene for 5 minutes, the slice was sealed by neutral
gum. Photographs were acquired using an optical microscope
(NIKON ECLIPSE CI, Japan).

Preparation of the pad for scanning electron microscopy

The pad was fixed in 2.5% glutaraldehyde for four hours,
washed four times with a phosphate buffer solution (0.1 M, pH

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7.2-7.4), fixed with 1% osmic acid, and then washed four times
with a phosphate buffer solution. Then the pad was dehydrated
and soaked in 30, 50, 70, 90, 95, and 100% ethanol, ethanol :
acetone = 1:1, and 100% acetone for 20 minutes. The pad was
immersed in 100% acetone: Epon 812 = 2:1 for 4 hours and
100% acetone : Epon 812 = 1:2 for 4 hours. The sample was
observed using a scanning electron microscope (SEM, SU8010).

XPS and XANES analysis

XANES and XPS spectra experiments were conducted at the
photoemission end-station at beamline BL10B in the National
Synchrotron Radiation Laboratory (NSRL) in Hefei, China. The
high-pressure reactor performs in situ high-pressure experi-
ments under different atmospheric conditions, which have
a maximum range of 2 MPa and a highest temperature of 650 °
C. The Fe XANES spectra of different depths in the pad used
nitrogen etching to make 20 nm and 30 nm holes and tested the
spectra of Fe.

Adhesion test of sample

An Atomic Force Microscope (Dimension Icon AFM, Bruker) was
used to test the micro adhesion of the sample under different
conditions. The spring constant of the probe used is 3.8 Nm™*
(MESP-HM, Bruker). The adhesion test of the sample was con-
ducted on different positions of the surface every minute. For
the pH influence test, different tendrils were put in different pH
solutions for half an hour and then washed with deionized
water. Unless otherwise noted, all adhesion tests were con-
ducted under nitrogen to isolate the interference of air.
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