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Bio-inspired superhydrophilic coatings with high
anti-adhesion against mineral scales

Tianzhan Zhang"2, Yuefeng Wang"3, Feilong Zhang>*, Xiaodong Chen®°, Guoqing Hu*?, Jingxin Meng!
and Shutao Wang"3

The unexpected adhesion of certain inorganic minerals on solid surfaces is constantly a source of severe problems in daily life
and industrial production, including scales in water pipes. Inspired by the nanostructured inner surface of normal renal tubules,
we design a superhydrophilic nanohair coating composed of a poly(hydroxyethyl methacrylate) (PHEMA) hydrogel, which shows
high anti-adhesion against mineral scales under flow conditions. Even at a high temperature of 80° C, the nanohair hydrogel
coatings still show excellent anti-scaling performance compared to a flat hydrogel coating and a commercial water pipe with a
polyvinylchloride (PVC) surface. The anti-scaling experiments and theory simulation reveal the crucial role of superhydrophilicity

and fluid-assisted motion of the nanohairs in the anti-adhesion property. This study may provide promising insight into the
design of high anti-adhesion coatings for resisting mineral scale attachment in water management systems.
NPG Asia Materials (2018) 10, e471; doi:10.1038/am.2017.224; published online 9 March 2018

INTRODUCTION

Various unique surface adhesion phenomena have inspired consider-
able innovation and have served as the foundation to design novel
adhesive materials based on biological systems,!= such as geckos,*™
mussels,” sandcastle worms® and their combinations.” For example,
gecko feet facilitate the development of skin adhesives/patches for
biomedical materials'® and flexible wearable devices.!'=!> Utilizing the
bio-adhesion principle, the effective attachment of crystals has been
studied, which is necessary for bone formation as well as teeth
minerals.!® In contrast, some unexpected surface adhesion (for
example, mineral scales) often produce adverse influences on our
daily lives and industrial production. For instance, mineral micro-
crystals tend to adhere onto the internal surface of pipelines used in
heat exchangers and water-cooling towers and to further aggregate
into stable mineral scales, thereby reducing work efficiency and even
triggering equipment damage.!”!® To alleviate these severe problems,
much attention has been paid to the development of scale

19,20

inhibitors and water pretreatment systems.?'*> However, these

two strategies often cause water pollution and increased costs.?*
Recently, some attempts based on superwettability regulation®>=28,
such as superhydrophobic copper oxide coatings with nanowires or
nanoflakes, have been employed to prevent the growth and adhesion
of mineral crystals.>** However, the superhydrophobicity of surfaces
may be gradually lost after immersion in a fluid for a long time, which

probably hinders further applications of such system.?! Therefore, it

remains a great challenge to develop functional coatings with high
anti-adhesion against mineral scales.

Kidney stones, one of the common calculous diseases, mainly
originate from undesired adhesion and aggregation of mineral crystals
onto the flattened surface of injured renal tubules.?>** Calcium oxalate
crystals (CaOx), the primary inorganic constituent of kidney stones,
hardly adhere onto the surface of normal renal tubules with nanohair
3435 (Figure 1a), while injured tubules without nanohair
practically lose this unique anti-stone capability (Figure 1b).36-3°
Moreover, there are many nanohairs on the surface of normal renal
tubules. The hydrophilic domain of lipids and proteins in the
nanohair-like membrane faces outward.*>*! Thus, this unique anti-
adhesive phenomenon from the inner surface of normal renal tubule
greatly encourages us to design anti-scale coatings by mimicking the
nanohair-like structure and hydrophilic properties of normal renal
tubules.

Herein, inspired by the nanohair-like inner surface of normal renal
tubule, we report that superhydrophilic nanohair coatings composed
of a poly(hydroxyethyl methacrylate) (PHEMA) hydrogel exhibit high
anti-adhesion against mineral crystals under flow conditions. Unlike
the high mineral adhesion of flat hydrogel coatings shown in
Figure 1d, nanohair hydrogel coatings exhibit high anti-adhesion
against mineral crystals (Figure 1c). The anti-scaling experiments and
theory simulation reveal the crucial role of superhydrophilicity and
fluid-assisted motion of the nanohair in the anti-adhesion property.
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Figure 1 Schematic illustration of anti-adhesion performance against mineral crystals on renal tubules and the corresponding bio-inspired hydrogel coatings.
In a flowing mineral solution, mineral crystals tend to detach from normal renal tubules with nanohairs (a) but adhere onto injured ones without nanohairs
(b). For the corresponding bio-inspired hydrogel coatings, mineral crystals easily wash away from nanohair hydrogel coatings (c) but adhere onto flat hydrogel

coatings (d).

Furthermore, under some harsh conditions when chemical inhibitors
cannot work, such as high temperature, nanohair hydrogel coatings
can retain their high anti-adhesion property, indicating their favorable
mechanical stability. Therefore, this study will open up a new avenue
to develop high anti-scaling materials for potential applications in
various fields, such as water management systems.

EXPERIMENTAL PROCEDURES

Materials

Hydroxyethyl methacrylate (HEMA, 99%), ethylene glycol dimethacrylate
(EGDMA, 99%), photoinitiator (Darocur 1173), sodium chloride (NaCl,
99%), sodium acetate trihydrate (NaCOOCHj;, 98%), sodium hydroxide
(NaOH, 98%), calcium chloride (CaCl,, 98%), sodium oxalate (Na,C,Oy,,
98%), and sodium bicarbonate (NaHCO3, 98%) were purchased from J&K
Scientific, Beijing, China. All aqueous solutions were prepared using ultra-pure
water (Milli-Q, Millipore, S.A.S., Molsheim, France). Anodic aluminum oxide
(AAO) membranes with different depths (that is, 2, 40 and 60 pm) were
purchased from Pu-Yuan Nanotechnology Limited Company, Hefei, China. All
the reagents were used without further purification. Commercial water pipes
with polyvinylchloride (PVC) surfaces were purchased from L&S Company,
Beijing, China.

Procedures

Fabrication of Bio-inspired superhydrophilic surfaces.
prepared bio-inspired hydrogel coatings by integrating photopolymerization
with a replica molding method.*? First, a mixture of 3 ml of HEMA, 4 ml of
H,0 and 75 pl of Darocur 1173 was stirred for 2 min and exposed to a mercury
lamp (PLS-LAMS500) for 4 min, obtaining a partially polymerized solution.
Next, 50 pl of Darocur 1173 and 25 pl of EGDMA were added to the partially
polymerized solution and then stirred for 2 min, obtaining a mixture of
PHEMA precursor solution. Later, the PHEMA precursor solution was covered
with an AAO template and illuminated under the mercury lamp for 1 h, leading
to the formation of cured PHEMA. Finally, the nanohair hydrogel coating was
fabricated by dissolving the AAO template in 1 M NaOH solution.

In our experiment, we

Characterization of hydrogel surfaces. The contact angles (CAs) of samples
were measured by a Dataphysics OCA20 contact-angle system at room
temperature. The average CAs were obtained by measuring three samples in
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five different positions. The Young’s modulus of the hydrogel was measured in
the wet state by PeakForce quantitative nanomechanical mapping on an atomic
force microscope (AFM, Dimension ICON). We employed a 10 nm tip radius
with a setpoint of 1.5 nN. The cantilever movement speed is 5.6 ms, the spring
constant is 0.1958 N m ™!, and the scan rate is 0.7 Hz.

Preparation of supersaturated CaOx and CaCOj solutions. According to
previous reports, we prepared supersaturated CaOx and CaCOj; solutions.
For the supersaturated CaOx solution,*> #* a mixture of NaCl (8.8 g, 150 mm),
NaCOOCH; (0.8 g, 5 mm), CaCl, (0.152 g, 1.4 mm), Na,C)O4 (0.132 g, 1 mm)
and H)O (11) at pH 7 was stirred for 30 min. For the supersaturated CaCOs
solution,*> a mixture of CaCl, (0.111 g, 1 mm) and Na,HCO3 (0.168 g, 2 mm)
was stirred in 11 of H,O.

Adhesion experiments of mineral crystals at room temperature in dynamic and
static states. In a dynamic state, nanohair and flat hydrogel coatings
(15 mmx 8 mm) were first put into peristaltic pump (Masterflex L/S) pipes
with a diameter of 8 mm. Then, 1000 ml of supersaturated CaOx solution was
continuously flowed in the pipes at different flow rates (that is, 24, 36, 42, 64,
90, 180, 358 and 717 cm min~ 1), and after different incubation times (that is,
12, 24, 48 and 96 h), the anti-adhesion performance against mineral crystals on
these surfaces was observed by employing an optical microscope (Nikon Ti-E)
and a scanning electron microscope (SEM, FEI Quanta 200). In a static state,
adhesion experiments were studied only in 500 ml of supersaturated mineral
solution (for example, CaOx solution) after different incubation times (that is,
12, 24, 48 and 96 h). Then, the surfaces were taken out and gently washed with
deionized water to remove adsorbed mineral solution and non-adhered crystals.
Finally, the anti-adhesion performance against mineral crystals on these
surfaces was observed by the combination of the optical microscope (Nikon
Ti-E) and SEM (FEI Quanta 200).

Dynamic adhesion experiments of mineral crystals at high temperature. First,
three kinds of coatings, that is, the nanohair and flat hydrogel coatings and
commercial water pipe with a PVC surface, were put into separate peristaltic
pump pipes. Then, these coatings were incubated with flowing 80 °C mineral
solutions (that is, 1 mm supersaturated CaOx or CaCOj solutions) for ~ 24 h.
After cooling to room temperature, these coatings were gently taken out from
these pump pipes. Following a gentle wash with water, these hydrogel coatings
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Figure 2 Fabrication and characterization of superhydrophilic nanohair hydrogel coatings. (a) Schematic view of the fabrication process of nanohair hydrogel
coatings by using the replica molding method. (b) Scanning electron microscopic (SEM) images of nanohair hydrogel coatings from a side view and a top
view (insert). (c) Photographs of water contact angles showing the wettability of the two hydrogel coatings, that is, superhydrophilicity for nanohair hydrogel
coatings (top) and hydrophilicity for flat hydrogel coatings (bottom). SEM images of mineral crystal adhesion on (d) nanohair and (e) flat hydrogel coatings
after incubation in a flowing mineral solution (for example, CaOx) for 24 h. The insets show the quantification of mineral crystals adhered on these hydrogel
coatings, indicating that the nanohair coatings exhibit highly efficient anti-adhesion against mineral crystals compared to flat coatings. Error bars: standard

deviation (n=3).

were dried in air for SEM observation and subsequent assessment of mineral
adhesion.

RESULTS AND DISCUSSION

We successfully fabricated bio-inspired superhydrophilic hydrogel
coatings by integrating photopolymerization with a replica molding
method. In brief, a mixture of the monomer HEMA, the cross-linker
EGDMA and the photoinitiator Darocur 1173 was illuminated under a
mercury lamp through an AAO membrane template. After polymer-
ization, dilute NaOH solution was used to dissolve the AAO templates,
forming the PHEMA nanohair hydrogel coatings (Figure 2a). Taking
the AAO template with pore size of 200-300 nm as an example,
Figure 2b shows the typical nanohair morphology of the as-prepared
hydrogel coatings (with a height of 51.0 + 3.8 pm and a diameter of ca.
400 nm). As shown in Figure 2¢, the nanohair hydrogel coating is
superhydrophilic with a CA of approximately 0°. In comparison, the
flat hydrogel coating is hydrophilic with a CA of 58 +4°. Therefore, we

successfully obtained a superhydrophilic hydrogel coating with nano-
hair surface morphology.

Then, we compared the anti-adhesion performance against mineral
crystals on the nanohair and flat hydrogel coatings under flow
conditions. The SEM images presented in Figures 2d and e show that
there are many crystals aggregated on the flat hydrogel coatings but
few on the nanohair ones (with a height of 51.0+3.8 pm) upon
exposure to a flowing mineral solution (that is, CaOx). In addition, as
shown in Supplementary Figure S1, energy dispersive X-ray spectro-
scopy (EDS) analysis was employed to further verify the distribution of
CaOx crystals on hydrogel coatings in a dynamic state. The calcium
signals show that abundant mineral crystals adhered onto the flat
hydrogel coatings, whereas few crystals adhered on top of the nanohair
hydrogel coatings. Moreover, the mineral crystals were not observed
among the interspaces of these nanohairs, as indicated by the SEM
images and corresponding EDS analysis of the cross-section of the
nanohair hydrogel. Supplementary Figure S2a shows that most of the
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Figure 3 Influence of nanohair length, incubation time and flow rate on the adhesion of mineral crystals. (a) In a dynamic state, the crystal adhesion ratios
(CARs) significantly reduced with increasing nanohair lengths. (b) With the incubation time increasing from 12 to 96 h, the amount of crystals adhered onto
the flat hydrogel coatings is always greater than that on the nanohair hydrogel coatings (51.0+3.8 pm) in a dynamic state (that is, a flow rate of
24 cm min~1), revealing the excellent anti-adhesion property of nanohair hydrogel coatings. (c) In a static state, before 48 h of incubation, the crystals
adhered on nanohair the hydrogel coatings are slightly less than those on flat hydrogel coatings. After 48 h of incubation, the amount of crystals adhered
onto both coatings is similar, suggesting that nanohair hydrogel coatings nearly lose their efficient anti-adhesion property in a static state. (d) With mineral
solution at flow rates varying from 24 to 717 cm min~1, the nanohair hydrogel coatings always display a more efficient anti-adhesion property than the flat
ones, even at a low flow rate (that is, 24 cm min~1). The numerical simulation shows the distributions of velocity in the y direction on (e) nanohair and (f)

flat surfaces. Error bars: standard deviation (n=3).

mineral crystals adhered to the top surface of the nanohair hydrogel
coatings and that hardly any crystals were embedded in the gap region
of the nanohairs, which is in accordance with the corresponding EDS
results (Supplementary Figure S2b and c). There was a high calcium
content on the top surface of the nanohair hydrogel (Supplementary
Figure S2b) but a lower intensity of calcium in the gap region of the
nanohair hydrogel (Supplementary Figure S2c). Therefore, mineral
crystals adhered only onto the top surface of the hydrogel coatings. To
quantitatively estimate the anti-adhesion performance against mineral
crystals on these coatings, we determined the crystal adhesion ratios
(CARs) by calculating the value of Srygtal/Stotal (Scrystal = crystal cover-
age area, and Sy, = total surface area) from their corresponding SEM
images through Image] software.*® Compared with the flat hydrogel
coatings, he nanohair ones exhibited up to a 93% reduction in CAR

NPG Asia Materials

after 24 h of incubation (inset in Figures 2d and e). Therefore, these
results reveal that the introduction of nanohair morphology endows
the hydrogel coatings with high anti-adhesion against mineral crystals
under flow conditions.

We further characterized the wettability and anti-adhesion proper-
ties of nanohair hydrogel coatings with different lengths. First, by
employing AAO templates with depths ranging from 2 to 60 pm, we
obtained three kinds of nanohair hydrogel coatings with different
lengths: 0.4+0.1 pm for short nanohairs, 21.5+3.0 um for inter-
mediate nanohairs and 51.0+3.8pm for long nanohairs
(Supplementary Figure S3). Then, the wettability was determined by
monitoring the CAs of these nanohair coatings. As shown in Figure 2¢
and Supplementary Figure S4, the CAs gradually decrease following
the increase in the nanohair lengths. When the length is >20 pum, the



CAs of the nanohair surfaces all decrease to ~ 0°. These results indicate
the nanohair morphology can improve the hydrophilicity of the as-
prepared hydrogel coatings, which is consistent with the basic
principle of the Wenzel theory.*’” Next, experiments evaluating anti-
adhesion against mineral crystals were performed on the above-
mentioned hydrogel coatings, and the flat coating was chosen as the
control. As shown in Figure 3a, the CARs of the nanohair hydrogel
coatings clearly reduced as the nanohair length gradually increased.
Compared with the flat hydrogel coatings (CARs of 2.70 +0.70%), the
nanohair hydrogel coatings exhibit considerable anti-adhesion perfor-
mance against mineral crystals (CARs of 0.73 +0.30% for the short
nanohairs), especially for the superhydrophilic intermediate and long
nanohairs (CARs of 0.30+0.08% and 0.17+0.09%, respectively),
which may be because water molecules preferentially approach the
superhydrophilic surface of PHEMA nanohairs, thereby reducing the
growth of mineral crystals,*® and because the abundant -OH groups
also promote resistance against the adhesion of these mineral
crystals.*> Therefore, the superhydrophilic property and surface
structure of the nanohair hydrogel coatings probably contribute to
their unique anti-scaling property.

a
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To further characterize this anti-adhesion behavior, we performed
adhesion experiments with CaOx crystals on two kinds of hydrogel
coatings (that is, nanohair and flat) with different incubation times
and flow rates. In a dynamic state, the amount of adhered crystals on
the flat hydrogel coatings rapidly increased from 1.3+0.1% to
26.8+6.2% as the incubation time was prolonged from 12 to 96 h,
respectively (Figure 3b and Supplementary Figure S5a). In compar-
ison, the nanohair hydrogel coatings (long nanohairs with a height of
51.0+3.8 pm) always maintain a high anti-adhesion capability with
negligible CARs (0.5%). However, in a static state, the CARs on the
two kinds of hydrogel coatings gradually became closer to each other
with increasing incubation time (Figure 3c and Supplementary
Figure S5b). The significant reduction in the amount of mineral
crystals adhered onto the nanohair hydrogel coatings is probably due
to the fluid-assisted passive motion of the nanohairs,”>>! which can
repel crystals away from the surfaces and further prevent the
aggregation of crystals. In addition, we systematically explored the
influence of flow rates on CaOx crystal adhesion. With the flow rates
varied from 24 to 717 cm min~!, nanohair hydrogel coatings always
displayed high anti-adhesion properties with <0.5% CARs, even at a
lower flow rate (that is, 24 cm min~ % Figure 3d). By contrast, a
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Figure 4 Comparison of anti-adhesion performance against mineral crystals on nanohair and flat hydrogel coatings with that on a commercial water pipe with
a polyvinylchloride (PVC) surface at a high temperature of 80 °C. (a) After incubation in a flowing mineral solution (for example, CaOx or CaCO3 solution) for
24 h, the nanohair hydrogel coatings show barely any adhered mineral crystal in their SEM images compared with the flat coatings and PVC surfaces.
(b) Quantitative analysis reveals that the nanohair hydrogel coatings possess better anti-scaling capability than the other two coatings. Error bars: standard

deviation (n=3).
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greater than 4-fold increase in crystal adhesion can be observed on the
flat coatings at the same flow rate. Furthermore, the nanohair hydrogel
coatings retain their surface morphologies after exposure to a high
flow rate of 717 cm min~ !, as shown in Supplementary Figure S6,
suggesting their structural stability under high flow conditions.
Therefore, flow conditions are necessary to realize the high anti-
adhesion performance on nanohair hydrogel coatings.

We have carried out preliminary numerical simulations to under-
stand the underlying physics of the anti-adhesive property of the
PHEMA nanohairs. We compared fluid-structure interactions using
COMSOL software. The detailed setup can be shown in the
Supplementary Information and Supplementary Figure S7. Velocity
magnitudes on the nanohair and flat surfaces were compared in
Supplementary Figure S8, showing that the velocity distribution is
laminar except around the tops of the nanohair and flat surfaces.
Moreover, we also observed a ratchet-like distribution of velocity in
the y direction for the nanohair surface (Figure 3e), while the velocity
in the y direction was zero for the flat surface (Figure 3f). The ratchet-
like velocity distribution may be due to the uneven distribution of the
flow-induced force acting on the crystal surface, thereby providing the
anti-scaling capability of the nanohair surface.

However, in practical applications (for example, high temperatures),
most scale inhibitors (for example, traditional chelating agents and
naturally occurring polymers) are greatly limited because they are
unstable; thus, a higher inhibitor concentration is required,52 which
can even cause environmental polluti0n53. Therefore, we further
compared the anti-adhesion performance against mineral crystals on
the nanohair and flat hydrogel coatings with that on a commercial
water pipe with a PVC surface in a hot flowing mineral solution (for
example, ] mm CaOx or CaCOj; solution at a temperature of 80 °C).
As depicted in Figure 4a, the nanohair hydrogel coatings (with a height
of 51.0 + 3.8 pm) showed lower adhesion of both CaOx and CaCOj;
crystals than the flat coatings and PVC surfaces after 24h of
incubation. Figure 4b shows the evaluation of the anti-adhesion
properties against mineral scales of these coatings, which can be
further verified by the distribution of chemical components such as
calcium in the EDS data analysis presented in Supplementary
Figure S9. The CARs of crystals (for example, CaCO;) on the
nanohair hydrogel coatings are 0.9 +0.6%, which is nearly 11-fold
lower than those on the flat hydrogel coatings (10.4 +3.3%) and PVC
surfaces (10.5 +1.3%). In addition, before and after immersion in the
hot mineral solutions, the nanohair hydrogel coatings exhibit a similar
average Young’s modulus (3.99 and 3.80 MPa) and structural features
(Supplementary Figure S6), suggesting their excellent mechanical
stability. Therefore, these results indicate that nanohair hydrogel
coatings can maintain their stable anti-adhesion property at high
temperature.

CONCLUSION

In summary, we demonstrate the fabrication of bio-inspired super-
hydrophilic nanohair hydrogel coatings and their excellent anti-
adhesion property against mineral crystals under dynamic fluid flow.
The high anti-adhesion property can probably be attributed to the
superhydrophilicity and fluid-assisted motion of the nanohair struc-
ture, which inhibit the adhesion of mineral crystals onto the surface.
Furthermore, nanohair hydrogel coatings retain their strong anti-
adhesion capability at high temperature. This study provides a novel
bio-inspired strategy for designing high anti-scaling coatings for water
supply and drainage systems.
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