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fracture strength of honeycomb polyurethane
porous membranes†
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and Jinsheng Zhao*b

The superhydrophobic properties of biological surfaces in nature have attracted extensive attention in

scientific and industrial circles. Relative to the rolling superhydrophobic state of lotus leaves, the

adhesive superhydrophobic state of geckos and Parthenocissus tricuspidata is also significant in many

fields. In this work, polydopamine (PDA) with its excellent biological compatibility and strong adhesion

was selected as a substance to simulate the secretion of the suckers of P. tricuspidata and it was

precipitated at the surface of honeycomb polyurethane porous membranes (PUPM). The results

demonstrated that the honeycomb PUPM, as prepared, displayed special super-adhesion properties

similar to those of geckos and P. tricuspidata. PDA formed via self-polymerization in aqueous solution

was equivalent to a double-sided adhesive, acquiring a micro–nano structure of PDA and PUPM and

displaying increased surface hydrophobicity and improved adhesion properties. Even when the surface

precipitation of PDA and modification with n-dodecyl mercaptan made the contact angle increase to

more than 160�, the surface adhesion to water was rather strong and remained stable. The addition of

the PDA adhesive can effectively change the microporous structure of PUPM, enhancing the viscosity,

and facilitating an enhancement in the fracture strength.
1. Introduction

Bionics is the product of human learning from nature, and has
made great contributions to human development and progress.
With the continuous development of bionics, there have been
many bionic studies on animal and plant parts displaying
hydrophobic properties, such as lotus leaves, duck feathers and
buttery wings, etc1–3. In particular, the superhydrophobic
properties of biological surfaces in nature have attracted
extensive attention from scientic and industrial circles.3,4

However, more research on the wettability of animal and plant
surfaces displaying strong adhesion needs to be done. Scientists
have studied the surfaces of lotus leaves and rose petals and
other plants by using scanning electron microscopy and contact
angle meters.5 The wettability has been shown from many
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experiments to be mainly determined by the surface micro-
scopic geometric structure and surface chemical composition.6,7

Early studies on adhesive materials mainly focused on
animal and plant biology and physiology.8,9 The representative
subjects of such studies have been the gecko and Parthenocissus
tricuspidata. Investigations of the surface structure of P. tricus-
pidata and analysis of the development of the suckers have
resulted in improved understandings of tendril development,
mucus secretion, morphological structure and other
aspects.10,11 Targeted scientic exploration has been carried out
by combining materials science, physical chemistry, micro
design and measurements, nanobionics, and other disciplines.
For example, Endress et al.12 studied the morphological and
structural characteristics and adhesive properties of sucker
organs of the highly adhesive P. tricuspidata. The nanoscale
particles formed between the surface and the secretion of the
suckers were observed using atomic force microscopy.13 The
positions of these nanoparticles and their functional effects on
the adhesion of the sucker were analyzed.14 These results indi-
cated the presence of as many as 19 components in the viscous
uid, and that these nanoparticles play a signicant and direct
role in the adhesion process. Steinbrecher et al.15 used cyto-
chemical staining to nd that the fully mature suckers have
a special porous shape. Secreted mucus has been demonstrated
to occupy the porous cells of the epidermis and to extend into
the depressions, leading to an essentially perfect occlusive
RSC Adv., 2020, 10, 1639–1647 | 1639
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contact between the suckers and the base surface, and hence
resulting in superadhesion.16

Utilizing the strong adhesion of such adhesive materials in
medical applications involving antifouling is highly prom-
ising.17 Furthermore, these materials have good biocompati-
bility and can also be used in the eld of biomedical materials
such as articial blood vessels.18 Scientists have simulated the
micro–nano structure of the mature surface of the P. tricuspi-
data. Some studies have shown a nearly complete lack of
adsorption of platelets onto the surfaces of superhydrophobic
polyurethane (PU) porous lms,19 while platelets have been
observed to be adsorbed onto the hydrophobic surfaces of
smooth PU porous lms. The superhydrophobic adhesive
materials exhibit better biocompatibility than do common
materials, and this better biocompatibility opens up a new
research direction for the development of biomedical
materials.20–23

Adhesive materials in modern medicine, food and industry
also have great potential development value, and more atten-
tion should be paid to the comprehensive exploitation and
utilization of such materials, and to strengthen their biological
medicinal value and industrial applications.24 In the work
described in this paper, polydopamine (PDA) with its excellent
biological compatibility and strong adhesion was selected as
a substance to simulate the secretion of the suckers of P. tri-
cuspidata in order to nd a kind of material displaying strong
adhesion. Specically, PDA-enhanced superadhesion and frac-
ture strength of honeycomb polyurethane porous membranes
(PUPM) were focused on. The prepared honeycomb PUPM dis-
played special superadhesion properties, similar to those of the
geckos and P. tricuspidata. The growth of PDA on PUPMwas rst
investigated, followed by the effect of PDA on the fracture
strength of PUPM, and nally the effect of PDA on the surface
wettability of PUPM.

2. Materials and methods
2.1 Principle of preparing PUPM using microphase
separation

In a solution, a dynamic equilibrium between solubility and
crystallization can be reached. At this point, the solid polymer
would continuously dissolve into the polymer solution, and the
polymer from the saturated polymer would solution would keep
on crystallizing, thus resulting in a dynamically variable crystal
conguration. According to the principle of minimum surface
free energy, the surface free energy is inversely proportional to
crystal volume. So near thermodynamic equilibrium, the
volume of the crystal would always tend to become large during
a slow crystallization.

The principle behind the growth of PUPM in the current
work was developed based on the use of a viscous solution
mixed with tetrahydrofuran and PU as the basic reactants.25,26 In
a homemade box, a dynamic equilibrium was achieved between
the entrance of water molecules and the volatilization of tetra-
hydrofuran. While water molecules continuously entered the
solution on the surface of the sample, tetrahydrofuran mole-
cules also continuously volatilized into the air, and then PU
1640 | RSC Adv., 2020, 10, 1639–1647
solidied on the substrate surface to form chain segments. The
PU on the surface of the substrate began to cure, and form so-
called thick and thin phases of microscopic size. The thin
phase gradually formed the pores. As the curing time was
increased, the thick phase became thicker and the thin phase
became thinner, nally forming regular and ordered honey-
comb PUPM.

The epidermis of mature P. tricuspidata secretes a kind of
hydrochloric polysaccharide having a very considerable effect
on the adhesion. In the current work, dopamine hydrochloride
instead of polysaccharide was deposited on the surface of the
honeycomb PUPM. Specically, the honeycomb PUPM were put
into a freshly prepared dopamine solution (pH ¼ 8.5), and then
taken out of the solution aer a specied period of time. In this
way, a tightly adhered cross-linking dopaminergic composite
layer formed on the surface of the honeycomb PUPM.
2.2 Characterizations of the PUPM

The surface microstructures of the PUPM were characterized
using eld emission scanning electron microscopy (FESEM,
FEI, USA) with an accelerating voltage of 10 kV. The main
chemical constituents of the PUPM were identied by using
FESEM-energy dispersive spectroscopy (EDS). The contact angle
(CA) and rolling angle (RA) of each sample were investigated by
using a contact angle meter (DSA20, Kruss, Germany) to analyze
the wettability of the sample surface. The droplet volume was 4
mL and the shown contact angle of each sample was the average
value of contact angles measured in ve different positions. The
tensile performances of the PUPM were measured by using an
electronic universal testing machine (UTM4203, Kason, China).
The stretching distance applied to the samples with dimensions
of 10 � 100 � 2 mm3 was 100 mm, and the stretching speed
applied was 100 mm min�1. The average value was taken from
ve samples in each group.
3. Results
3.1 Growth of PDA on the PUPM

The PUPM were prepared by carrying out microphase separa-
tion, as shown in the SEM images of Fig. 1(a) and (b). A PU
solution with a mass fraction of 2% was prepared, and the
relative humidity in the chamber of the in-house-made reaction
device was controlled to be 100%. Aer the surface was
completely cured and the membranes were dried in an oven for
1 h, a clear honeycomb porous structure was formed and the
average size of these pores was about 5 mm.

The suckers of mature P. tricuspidata have a honeycomb
porous structure with a viscous uid. PDA was selected as the
substance secreted by the bionic P. tricuspidata because of its
excellent biological compatibility and especially strong adhe-
sion, characteristics also displayed by the viscous uid.27 PDA
formed by self-polymerization in aqueous solution displayed
natural adhesion, equivalent to a double-sided adhesive. PDA
layers were prepared at the surfaces of the PUPM by immersing
PDA into alkaline dopamine buffer solutions for a specied
period of time. Fig. 1(c) and (d) show the SEM images of the
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SEM images of the prepared PUPM. (a) Regular-magnification and (b) high-magnification images of the PUPM formed in PU solution with
a mass fraction of 2% and relative humidity of 100%. High-magnification images of (c) PUPM after the precipitation of PDA and (d) an inner wall of
a single pore of PUPM after being coated with PDA.

Fig. 2 SEM images of PUPM after precipitating PDA from solutions with different concentrations of dopamine hydrochloride: (a1 and a2) 1 g L�1,
(b1 and b2) 2 g L�1, and (c1 and c2) 3 g L. (a2–c2) High-magnification images of (a1–c1).

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 1639–1647 | 1641
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Fig. 4 Infrared spectra of PU porous membranes (A) before and (B)
after being modified with PDA.
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PUPM aer being coated with PDA. Here the pH of the lm in
the buffer solution was controlled to be 8.5, and the reaction
time was 24 h. Dopamine hydrochloride was observed to form
mastoid-shaped structures with dimensions of about 200 nm on
the porous wall surface of the PUPM. The cross-sectional SEM
images of PUPM before and aer being functionalized with PDA
are shown in Fig. S1.† In these images, there was no obvious
boundary seen at the interface besides the increase of the
thickness of the membranes, indicating that the PDA formed by
self-polymerization in aqueous solution was a good double-
sided adhesive.

Fig. 2 shows the effect of the concentration of dopamine
hydrochloride on the surface morphology of the PUPM. Accu-
mulations of granular mastoid-shaped structures grew on the
surfaces of the original cellular structure and in the pore walls.
When the concentration of dopamine hydrochloride was 1 g
L�1, the honeycomb porous structure of PUPM was clearly
visible. As the concentration was increased, an accumulation of
dopamine gradually formed on the surfaces and inner walls of
the pores, and the honeycomb pores became micropits. For
example, when the concentration of dopamine hydrochloride
was increased to 2 g L�1, the porous surface transformed into
solid pores and lost the original permeability, although the
distribution of the pores remained uniform. When the
concentration was increased to 3 g L�1, these micropits were
gradually lled up and made even. Owing to the high concen-
tration of dopamine, the excessive free –OH in the solution
polymerized with –C]O of PU via a condensation reaction,
which altered the surface composition of the PUPM and
changed the morphology of the membranes. As shown in Fig. 3,
polymerization of the dissolved dopamine with the PUPM
endowed the lm surface with active functional groups. When
the dopamine molecules came into contact with the polar water
molecules, functional groups (hydroxyl, carbonyl or imino
Fig. 3 The mechanism of the bonding of the honeycomb PUPM with P

1642 | RSC Adv., 2020, 10, 1639–1647
groups) at the surface of the PUPM formed polar interactions
with the water molecules, so that the benzene rings and carbon
chains in the membranes were more closely bound, and in this
way achieved a better adhesive effect.28

Fig. 4 shows infrared spectra, acquired using a using Fourier
transform infrared spectrometer, of the PUPM before and aer
their surfaces were modied with dopamine hydrochloride. The
bands observed at 1732 cm�1, 1631 cm�1, 1258 cm�1 and
1170 cm�1 were attributed to ester C]O, amide C]O, ester
C–O and ether bond C–O vibrations,29 respectively. These bands
weakened aer application of the dopamine modication. In
addition, bands observed at 3401 cm�1 and 2934 cm�1 and due
to –NH– and –CH– stretch bonds, respectively, disappeared
aer the modication. This disappearance was attributed to the
DA at the interface.

This journal is © The Royal Society of Chemistry 2020
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polymerization of dopamine, via its benzene ring and –OH and
–NH2 bonds, with the characteristic groups in the PU
membranes.30

The X-ray diffraction patterns of the unmodied and PDA-
modied PUPM (Fig. S2†) each showed a main peak at a two-
theta angle of 21.74�, corresponding to lattice constants of
a ¼ 4.787 nm, c ¼ 12.015 nm for the PU crystal.31 These
diffractions patterns were similar except that the peak of the
modied sample was weaker, results together indicating
a poorer crystallinity but otherwise similar overall structure of
this sample.
3.2 Effect of PDA on the fracture strength of PUPM

The mechanical properties of honeycomb PUPM are very
important for their practical applications. Fig. 5 shows the
fracture strengths of the unmodied and PDA-modied PUPM.
In the unmodied case, the fracture strength of honeycomb
PUPM increased with increasing mass fraction of PU in the
solution used to prepare the PUPM. As shown in the insets of
Fig. 5, as-prepared PUPM at higher concentrations showed
more but smaller pores, with thicker walls between these pores.
That is, in these cases, regular honeycomb PUPM were not
easily achieved, attributed to the high concentration not having
Fig. 5 Fracture strengths of the unmodified (black) and PDA-modified PU
solution used to prepare the PUPM. The two tested samples of PDA-m
dopamine hydrochloride. The insets show SEM images of PUPM formed

This journal is © The Royal Society of Chemistry 2020
been conducive to the volatilization of the tetrahydrofuran
solvent and hence hindering the rearrangement and movement
of PU. And the regular honeycomb PUPM formed under low
concentration showed low fracture strength, on account of the
large pores and thin pore walls. In sharp contrast to the case of
the pure PUPM, the fracture strengths of the samples of PDA-
modied PUPM were greater. The highest fracture strength
value of the PU porous membranes, at 15.1 MPa, was achieved
when using a polydopamine mass fraction of 8% and PDA
concentration of 3 g L�1. On the one hand, as the concentration
of PU in the solution was increased, the dispersion of the thick
and thin phases on the surfaces of the membranes was more
rapid in the process of forming the PUPM, and the microporous
structure was more dense and solid, leading to the increase of
the fracture strength. On the other hand, the addition of the
adhesive PDA changed the microporous structure of the PUPM
(Fig. 2), namely partly lling up the pores and making the pore
walls thicker. Furthermore, the fracture strength testing process
not only showed an increase in fracture strength resulting from
the PDA modication of the PUPM, but also did not yield any
obvious cracks according to inspection of cross-sectional SEM
images (Fig. S3†), suggesting a positive role played by the PDA
adhesive in enhancing the mechanical properties of the PUPM.
PM (red and blue), each as a function of the mass fraction of PU in the
odified PUPM were prepared using, respectively, 1 g L�1 and 3 g L�1

using PU mass fractions of (a) 2% and (b) 8%.

RSC Adv., 2020, 10, 1639–1647 | 1643
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Fig. 6 Photographs showing water droplets on the surfaces of PUPM (a1–c1) before and (a2–c2) after being coated with PDAmade using (a2) 1 g
L�1, (b2) 2 g L�1, and (c2) 3 g L�1 dopamine hydrochloride. CAs of the droplets were derived from these images.

Fig. 7 Photographs of a water droplet with a CA of 128.62� on the surface of a sample of PDA-modified PUPM that was rotated from right-side
up to upside down.

1644 | RSC Adv., 2020, 10, 1639–1647 This journal is © The Royal Society of Chemistry 2020
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3.3 Effect of PDA on surface wettability of PUPM

The addition of PDA changed the fracture strength and surface
roughness of PUPM. Apart from chemical composition, surface
roughness is another important parameter that affects the
surface wettability of a material. Fig. 6 shows photographs of
water droplets on the surfaces of PUPM before and aer their
having been coated with PDA made using various concentra-
tions of dopamine hydrochloride, and CAs of the droplets were
derived from these images. When the concentration of dopa-
mine used was 2 g L�1, the contact angle was 128.62�, higher
than the 120.19� value when the concentration was 1 g L�1. This
result demonstrated that the viscous dopamine precipitated
into pores and changed the surface roughness levels of the PU
pores, which increased the longitudinal contact area with water
Fig. 8 CAs of water droplets on the surfaces of PDA-precipitated PUPM
relative humidity levels (A) before and (B) after being modified with n-dod
modification with n-dodecyl mercaptan.

This journal is © The Royal Society of Chemistry 2020
and caused an increase in the CA. According to wetting
theory,32–34 there are two basic models (the Wenzel model and
the Cassie–Baxter model) used to explain the hydrophobicity of
solid surfaces. The Wenzel model is based on water droplets
inltrating into the pores at the topmost surface (just as in the
present case), while the Cassie–Baxter model is based on the
water droplets being suspended on the top of the surface of the
micro-convex body. Our SEM images of the PDA-modied
PUPM (Fig. 2) indicated the formation of a bumpy and
mastoid-shaped structure instead of a at lm inside and
outside of the hole walls, leading to an increase of the surface
roughness and corresponding CA according to the Wenzel
model.

Fig. 7 displays dynamic images of the RA of water droplets on
the surface of PDA-modied PUPM. Aer the sample was
grown in (a) solutions of different PU concentrations and (b) different
ecyl mercaptan. The blue lines (C) give the corresponding RA after the

RSC Adv., 2020, 10, 1639–1647 | 1645
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rotated by 180�, the water droplets remained stable on the
surface. This strong adhesion for water displayed by the PDA-
coated honeycomb structures was attributed to their surface
porous morphology and high surface free energy. Here, PDA
was concluded to mainly play two roles. On the one hand, its
equivalence to a double-sided adhesive, as a result of the
inherently high adhesion of the PDA, resulted in the increased
adhesion of water to its surface. On the other hand, the average
diameter of the PU pores was 2–5 mm, while the average diam-
eter of the mastoid-shaped particles of PDA on PUPM was about
50–400 nm. Such a micro–nano structure consisting of PDA and
PUPM increased the surface roughness, improving the surface
hydrophobicity and adhesive properties. It has been noticed
that different negative pressures produced by different
volumes of sealed air could be a crucial factor for different
adhesions 35,36. So the adhesive forces of the as-prepared PUPM
for water might be effectively controlled by varying the amount
of PDA on the surfaces of PUPM, which effectively adjusted the
negative pressures that were produced as a result of changing
the pores.

Note that when the sample surface was rotated by 180�, the
water droplets deformed, due to gravity, and showed a tendency
to roll downward, but did not roll out, showing an obvious
contact angle hysteresis. Even when shaking the sample, the
water droplets still adhered to the sample surface rmly,
showing that the strong adhesion of the sample surface for the
water droplets was sufficient to balance the weight of the water
droplets themselves. Fig. 8 shows the CAs and RAs of PDA-
PUPM membranes prepared using different concentrations
and humidity levels before and aer being subjected to surface
modication with n-dodecyl mercaptan with low surface energy.
Aer the surface modication, the CA was more than 160�, but
different from that of the rolling superhydrophobic state of
lotus leaves. Instead, the water droplets always adhered to the
surface when the sample was rotated by 180�, indicating the
adhesive superhydrophobic state.

Inspection of the SEM images of the various samples of
dopamine-modied PUPM showed that as the dopamine
concentration in the solution was increased, the pores became
denser and the surface adhesion became stronger. These results
combined with examinations of the morphology of PUPM
prepared under different humidity levels indicated that the
pores did not form easily at low humidity, and that the as-
prepared pores were disordered, so the surface roughness was
low. However, the CA was more than 160� and the surface
adhesion to water was considerable and rather stable aer
surface precipitation of PDA and modication with n-dodecyl
mercaptan. These results showed that the addition of PDA can
enhance the adhesion of water to the surface of PUPM.

4. Conclusions

PDA samples at various concentrations were precipitated at the
surface of honeycomb PUPM to simulate the secretion of the
suckers of P. tricuspidata. The honeycomb PUPM were found to
display especially strong adhesion, similar to those of geckos
and P. tricuspidata. Moreover, PDA formed by self-
1646 | RSC Adv., 2020, 10, 1639–1647
polymerization in aqueous solution was shown to be equiva-
lent to a double-sided adhesive, forming a micro–nano struc-
ture consisting of PDA and PUPM and dramatically increasing
the surface hydrophobicity and adhesion. Including the surface
precipitation of PDA and modication with n-dodecyl resulted
in an increase of the CA to more than 160�, and led to the rather
strong and stable adhesion of water onto the surface of PUPM.
The addition of the PDA was found to change the microporous
structure of PUPM, increasing the viscosity, and contributing to
an enhancement in the tensile strength. These results are ex-
pected to benet the exploration of new functional materials
with especially strong adhesion at levels similar to those dis-
played by geckos and P. tricuspidata.
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