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Abstract

There is no coating technology currently available to prevent the notorious biofilm formation
issue. Here, a potential solution to fully address this tough issue is reported by developing a super-
antifouling coating. The use of zwitterionic hydrogel (a double-sided tape) and commercial
superglue is combined and a durable and ultrarobust antifouling zwitterionic (DURA-Z) coating is
created that can be easily and universally applied on common substrates. Commercial superglue
mostly for binding hydrophobic materials is used to strongly immobilize the superhydrophilic
DURA-Z coating through interpenetration. DURA-Z coating effectively solves several key
challenges preventing the current antifouling coatings from practical use, including difficult
fabrication, low efficacy, poor toughness, and durability. The fabricated DURA-Z coating retains
antifouling property after 90 d of immersion in water, 50 d of buffer shearing, and 30 d of water
flushing, and after repeated knife scratch and sandpaper abrasion under 570 kPa. The DURA-Z
coating achieves a rarely reported long-term biofilm resistance to both Gram-positive and Gram-
negative bacteria and fungi: it remains almost “zero” microbe adhesion after continuously
challenged by more than 10° cells mL™1 culture medium for 30 d.
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There is no coating technology currently available that can prevent the notorious biofilm
formation issue,[12] which induces infections[3] and impedes device function.[4] The state-
of-the-art antibiofilm coatings are complex to fabricate and poor in performance due to
instability in the working environment.[>] They usually started to accumulate bacteria after
immediate contact and would be covered with dense biofilm usually within ~7 d.[6.7] Here,
we report the first potential solution to fully address this tough biofilm issue by developing
an easily applied super-antifouling coating. Our coating was able to achieve almost “zero”
bacteria adhesion even after one-month continuous contact with high concentration bacteria.
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Our novel durable and ultrarobust antifouling zwitterionic (DURA-Z) coating combined the
use of a zwitterionic hydrogel tape (a double-sided tape) and commercial superglue and can
be easily fabricated and universally applied on common substrates of various shapes.
Superhydrophilic zwitterionic polymer materials are known for their superior antifouling
properties.[8] But they, like common hydrophilic coatings, drastically tend to dissolve in the
aqueous environment resulting in poor coating durability.[%10] The vulnerability to
mechanical damages further prevents these hydrophilic coatings from being practically
applied.[511] Superglue based on ethyl cyanoacrylate is one of the strongest linkages ever
known for daily bonding projects and is known to mostly glue hydrophobic materials such
as metal, plastic, or wood. It cannot stably bind to hydrophilic ones, e.g., a glass slide which
has a water contact angle of ~28°. Here we were able to immobilize a superhydrophilic
DURA-Z gel network (water contact angle <2°) with the hydrophobic superglue, through a
unique interpenetration mechanism. The obtained DURA-Z coating was superhydrophilic
and retained antifouling property after various long-term durability tests in aqueous
environments by incubating (90 d), shearing (50 d), and flushing (30 d) as well as
mechanical damage tests by knife scratch and repeated sandpaper abrasion at 570 kPa. The
pressure used in our abrasion test is more than 150 times higher than other similar tests for
coating stability.[12] Remarkably, DURA-Z coating was able to achieve almost “zero”
bacteria adhesion for at least one month when continuously incubated with highly
concentrated bacteria or fungi (>10° cells mL™1) in culture media at both dynamic and static
conditions. This remarkable antibiofilm performance has rarely been achieved. DURA-Z
coating can be easily removed from the substrate and reapplied, which further extends the
applicability of this coating strategy.

The formation of DURA-Z coating involves the combined use of a fabricated double-sided
DURA-Z tape and superglue obtained from the hardware store. The DURA-Z tape was
prepared by the in situ growing of a thin layer of zwitterionic polycarboxybetaine
acrylamide (PCBAA, 3-((3-acrylamidopropyl)-dimethylammonio)propanoate) hydrogel on a
commercially available polypropylene liner (Figure 1a, for detailed procedure, see the
Supporting Information). The fabricated hydrogel tape was mechanically stronger than the
pure zwitterionic PCBAA hydrogel and can withstand pulling, bending, wrenching, and
rolling up (Figure 1b). This ensures ease of storage, transport, and mounting of the DURA-Z
tape on substrates to be coated. The fabricated DURA-Z tape can be directly mounted as a
coating layer without further treatment.

The DURA-Z coating can be glued on a variety of substrates through a simple procedure
(Figure 1c and Movie S1 (Supporting Information)). Briefly, a substrate was first cleaned,
e.g., the polyurethane (PU) substrate was rinsed with alcohol and dried in air. Then the
cyanoacrylate superglue was applied onto the dried substrate, followed by pressing the
DURA-Z tape (hydrogel layer facing down) onto the superglue for a few seconds (100 pL
superglue could cover ~0.8 cm? surface area). One hour was allowed to completely solidify
the superglue. The liner on top of the hydrogel was removed and the glued coating was
transferred to deionized (DI) water for equilibrium. 20 min later, the DURA-Z coating was
polished either by a small shovel or tweezer, leaving the surface with a thin layer of coating.
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The resulting DURA-Z coating showed completely different morphology compared to PU
substrate or cyanoacrylate superglue surface under scanning electron microscope (SEM,
Figure 2a) and atomic-force microscope (Figure S1, Supporting Information). SEM images
on coating cross-section provided structural details of a surface hydrogel layer and a
hydrogel/ glue interpenetrating layer (Figure 2a). The overall thickness of the coating (two
layers) was measured to be 324 + 13 um. The thickness of the interpenetrating layer (187

+ 27 um) was not changed much with varied fabricating parameters. Applying different
volume of superglue did not induce changes in the interpenetrating thickness since the
excessive amount of superglue would be squeezed out of the edge of DURA-Z tape.
Applying higher compressive pressure to bind the DURA-Z tape to the substrate such as
from ~25 to ~6000 Pa only resulted in a minor increase of interpenetrating thickness from
187 + 27 to 196 £ 23 um. The surface of the DURA-Z coating was characterized by IR
spectroscopy and showed almost the same chemical composition as pure zwitterionic
PCBAA hydrogel (Figure 2c, for detailed interpretation of IR spectra, see the Supporting
Information). This implied the surface of the DURA-Z coating had superior antifouling
property as good as a zwitterionic hydrogel.[8] Water contact angle (Figure 2b) indicated that
the DURA-Z coating was superhydrophilic with great wettability (the water drop spread out
quickly as demonstrated by Movie S1 in the Supporting Information), similar to pure
PCBAA hydrogel surface.

Superhydrophilic polymer coatings were known to be unstable since polymers drastically
tended to dissolve in water. Common hydrophilic coatings would fail within a few weeks in
an aqueous environment.[56:91 We incubated the DURA-Z coating in DI water at room
temperature for up to three months. The morphology of the coating was almost unchanged,
and antifouling property (tested by human fibrinogen binding followed by enzyme-linked
immunosorbent assay (ELISA) quantification of the absorbed protein, for detailed
procedure, see the Supporting Information) was retained at the same level as freshly made
coatings after the long-term incubation (Figure S2a, Supporting Information). The DURA-Z
coating was further examined under various durability tests in aqueous environment,
including (1) exposed to phosphate buffered saline (PBS) shearing (1500 rpm, 202G) at
room temperature for 50 d (Figure S2b, Supporting Information), (2) exposed to PBS
shearing (1500 rpm, 202G) at body temperature (37 °C) for 30 d (Figure 3a), and (3)
subjected to continuous perpendicular water-flush at a flow rate of 42.8 mL s~1 for 30 d
(Figure 3b). These challenging conditions did not change the morphology of the DURA-Z
coating, and the anti-fouling property of the coating was well retained, indicated by the
unchanged, significantly lowered human fibrinogen absorption on the coating, compared
with uncoated PU (Figure 3a,b). In the working environment, the antifouling coating
potentially experienced cycled dry/wet challenge. Many hydrophilic coatings can hardly
retain antifouling function after being dried out and rehydrated.[*3] The DURA-Z coating
was challenged by dry/wet cycles under air flow and water, and showed complete
rehydration (Figure S3a, Supporting Information) and the anti-fouling property was well-
preserved even after 10 dry/wet cycles (Figure S3b, Supporting Information).

The DURA-Z coating was further subjected to mechanical damage tests. We used a sharp
scalpel to randomly scratch the coating (Figure 3d and Movie S3 (Supporting Information)).
The coating retained its small water contact angle (Movie S3, Supporting Information) and
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great antifouling property (Figure 3d). The resistance to sharp scratch was attributed to the
self-healing capability of PCBAA hydrogel in physiological condition as previously
reported.[14] Even with a deep incision when the DURA-Z coating layer was completely cut
through and a permanent scratch was left on the substrate (blade thickness: 20-30 um), the
damaged DURA-Z coating layer was able to heal together in the water environment (Figure
S4a,b, Supporting Information) and retain antifouling capability. We further examined the
coating in an abrasion test, where a PU coupon with both sides coated with DURA-Z was
placed between two stationary sandpapers (400 grit) and a pressure of 570 kPa was applied
by a compressor (Figure 3c). The coupon was moved back and forth (displacement = 1 cm)
for 20 circles and the coating was found to survive this abrasion test with great water
wettability (Movie S4, Supporting Information), and unchanged great antifouling property
(Figure 3c). It should be noted that the 570 kPa pressure used in our abrasion test is more
than 150 times higher than other similar tests for coating stability.[*2] In our sandpaper
abrasion test, a PU coupon without DURA-Z coating applied cannot be moved by manpower
under a pressure of 50 kPa (Movie S5, Supporting Information). The resistance to
mechanical abrasion damage was attributed to the slippery surface property (low friction) of
the DURA-Z coating. Applying DURA-Z coating reduced the friction index between PU
coupon substrate and sand paper for more than 53% (see Figure S4c,d and friction index
measurement procedure in the Supporting Information).

In biomedical applications where surface exposure to complex media, such as blood, was
involved, the coating was required to resist the adhesion and activation of platelet, which
further induced the thrombosis and blood clotting.[*®] We challenged the DURA-Z coating
with platelet rich plasma (PRP) from rat blood (for PRP collection procedure, see the
Supporting Information) at 37 °C overnight and the platelet adhesion was visualized by
SEM. The results indicated that the DURA-Z coating could effectively resist the adhesion of
platelet (nearly “0” adhesion) in PRP, compare to the bare PU surface and the superglue
coated surface (Figure S5, Supporting Information).

Microorganism attachment on surfaces leads to biofilm formation that causes medical device
failure, infection, and marine fouling related fuel penalty. Hydrophilic polymer coatings,
such as zwitterionic polymers, are nontoxic and environmentally friendly and have shown
their effectiveness in resisting microorganism adhesion.[16] Nevertheless, due to the
instability of hydrophilic polymers in an aqueous environment, these coatings were not able
to maintain the resistance to microorganism adhesion for a longer period of time.[6:7] Here
we expect the ultradurable and robust DURA-Z coating can greatly improve long-term
microorganism resistance performance. To highlight this property, we utilized Escherichia
coli (E. colf) as a model system to study the coating’s resistance to biofilm formation and
quantified the bacterial adhesion by SEM. Our initial study has challenged the coating with
dynamic bacterial culture condition. The DURA-Z coated PU substrate was placed in
bacterial culture medium (Luria-Bertani (LB) broth) containing an extremely high number
of bacteria (1.05 x 10° cells mL™1) at 37 °C for 30 d under continuous shaking (300 rpm).
The culture medium was gently refreshed every 2 d, and the bacterial density within the
refreshed medium was kept at 1.05 x 109 cells mL~1. After 30 d, bacteria on the substrate
surface were fixed, dehydrated, vacuumed, and visualized under SEM (for detailed
procedure, see the Supporting Information). Results indicated almost zero adhesion of
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bacteria on the zwitterionic DURA-Z coating, while biofilm had developed on the bare PU
substrate and the superglue coated surface (Figure 4a).

We further challenged the DURA-Z coating with one of the harshest condition, where high-
density bacteria (1.05 x 10° cells mL~1) were stationarily cultured with the substrate in LB
broth at 37 °C and allowed to settle on the substrate surface through gravity. The culture
medium was gently refreshed day-by-day, and the bacterial density within the refreshed
medium was maintained at 1.05 x 10° cells mL~1. After 30 d, without any rinsing, only a
small amount of bacteria was found to be scattered on DURA-Z coating (no biofilm
forming) under SEM (Figure S6, Supporting Information). With 30 min of rinsing in PBS,
these scattered bacteria were easily washed off from the DURA-Z coating (Figure 4b). By
contrast, the biofilm (high-density bacteria adhered) formed on the bare PU substrate and the
superglue coated substrate and remained to be firmly attached even after rinsing (Figure 4b).

In addition to the Gram-negative E. coli bacterium, we further tested the antibiofilm
capability of the DURA-Z coating on Gram-positive bacterium (Staphylococcus aureus) and
fungus (Candida albicans). The similar challenging condition (1.05 x 10° cells mL™1) was
applied with S. aureusand C. albicans on the DURA-Z coating by both shaking and
stationary methods for up to 30 d. Results indicated that the DURA-Z coating had strong
resistance to the adhesion of both S. aureus (Figure 4c,d) and C. albicans (Figure 4e,f) after
the long-term culture while uncoated surface had thick biofilm developed. It should be noted
that long-term biofilm resistance was highly desirable to reduce infection and extend
medical device lifetime but remained a challenge in the field.[217] We attribute the observed
remarkable long-term biofilm resistance to the combined effect of ultralow fouling property
and ultradurability of the zwitterionic DURA-Z coating.

The DURA-Z coating can be easily applied to a variety of substrates including stainless steel
(Movie S2, Supporting Information), wood, and glass (Figure S7a, Supporting Information)
by combining the use of DURA-Z tape and superglue. It should be noted that the glass
substrate was pretreated with a thin layer of EVO-Stik glue before applying the coating due
to the low affinity between cyanoacrylate superglue and glass. DURA-Z coatings obtained
on these substrates were also found to be durable as indicated by unchanged great
antifouling property after two months of incubation in water (Figure S8, Supporting
Information). Even under PBS shearing (1500 rpm, 202G) at 37 °C for up to 30 d, the
DURA-Z coating maintained its antifouling property on these different substrates (Figure
S9, Supporting Information). They were also tested for £. coli bio-film resistance for 30 d
using dynamic bacterial challenge condition. Almost zero bacteria adhesion was achieved on
all tested DURA-Z coatings despite different types of substrates were coated (Figure S10,
Supporting Information).

Practically speaking, it is frequently desirable that a coating layer can be fully removed from
the substrate, followed by a new coating to be reapplied seamlessly.[18] This, however, can
be hardly achieved with current chemical surface modification methods!*® without
significantly damaging the original substrates. Here the DURA-Z coating binds with the
substrate surface through commercial superglues which are dissolvable in organic solvents.
Take the DURA-Z coated stainless steel, for example (Figure S7b, Supporting Information),
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upon 1 h incubation in acetone, the coating came off spontaneously without any damage to
the substrate surface (Movie S6, Supporting Information). It is feasible to reapply a new
DURA-Z coating on this same stainless steel substrate, and the new coating resisted protein
binding as efficient as when it was first applied (Figure S7c, Supporting Information).

The application of DURA-Z tape is comparable to pasting wallpapers. The DURA-Z tapes
are scalable in size and can be curved, bent, wrenched, and are tailorable to fit and coat
substrates with complex surface shapes. We showed the SEM images for a bent DURA-Z
coating on a corner using one piece of tape (Figure 5a) and the conjunction area between
two pieces of tapes (Figure 5b). In order for the coating on complex surface shapes to retain
good antifouling properties, the conjunction area between any two adjacent tapes should be
well covered by the PCBAA hydrogel without the exposure of glue or substrate. This was
achieved by the self-healing property of PCBAA hydrogel enabling the fusion between two
adjacent DURA-Z coatings (Figure 5c¢). We tested the fusion of two adjacent pieces of
DURA-Z coating on both PU and stainless steel substrates (Figure 5d). If the coating was
freshly made, the two pieces fell apart after the superglue layer was dissolved in acetone. 48
h after making the coating and then placing it in acetone, the two pieces of DURA-Z fused
into one. ELISA results indicated that up to three conjunction lines (four pieces of DURA-Z
tapes) within ~0.8 cm? coated area did not compromise the antifouling property compared
with the coating of the same area prepared using one piece of tape (Figure 5e).

The key for the DURA-Z coating to achieve the ultradurability is because of the use of
superglue to strongly bind the superhydrophilic polymer network (PCBAA hydrogel) and a
hydrophobic substrate together. This is uncommon since commercial superglue is known to
mostly bind hydrophobic substrates. Superglues are based on the rapid solidification of
hydrophobic cyanoacrylate polymers, which have low affinity with hydrophilic materials
such as zwitterionic polymers. In fact, we tried to glue linear zwitterionic PCBAA polymer
powder and highly concentrated PCBAA/water solution on substrates using superglue, but
the attached polymers quickly dissolved upon incubation in water and both obtained surfaces
showed hydrophobic nature (Figure S11, Supporting Information). The success of using
superglue to strongly bind the hydrophilic zwitterionic hydrogel layer (DURA-Z coating) is
attributed to the unique interpenetration structure formed between these two (Figure 2a,d). It
is expected that during the curing process, liquid cyanoacrylate monomers penetrated into
the zwitterionic hydrogel network and were cross-linked. The entanglement between the
DURA-Z and superglue networks immobilized the coating on the substrate for as long and
strong as the superglue adhesive can last.

For biofilm resistance performance, DURA-Z coating is unprecedented. State-of-the-art
antifouling coatings started to accumulate bacteria after just a few hours of contact and
would be covered with dense biofilm usually within ~7 d.[6.71 DURA-Z coating was able to
achieve almost “zero” bacteria adhesion even after one-month continuous contact with high
concentration bacteria and fungi. This coating technology is convenient to apply and can
promisingly solve the biofilm threat, which deteriorates public health and impedes the
function of most biomedical devices.
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In summary, we developed an ultradurable and robust zwitterionic polymer network coating,
namely DURA-Z, by combining the use of commercial superglue and the developed DURA-
Z tapes. DURA-Z coating showed great stability and durability in a series of long-term
challenges in aqueous environments as well as mechanical damage tests. With superior
antifouling and durable property, the coating was able to achieve almost zero adhesion of
microbes after one-month continuous coculture with both Gram-positive and Gram-negative
bacteria and fungi at extremely high density. DURA-Z coating is applicable to substrates of
various types and shapes to achieve long term durability and anti-fouling performance, and
when needed, it can be easily removed and reapplied. This simple and inexpensive method
will find applications as antifouling coatings in large, such as antibiofilm coatings, medical
device coatings, and marine coatings.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
a) Structure of DURA-Z tape, b) DURA-Z tape under pulling, bending, wrenching, and

rolling, and c) fabrication of DURA-Z coating on PU substrate.
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a) SEM imaging on the surface and sectioning of uncoated PU, superglue and DURA-Z
coated substrates (scale bar = 100 um), b) water contact angles on bare PU, superglue and
DURA-Z coated substrates, ¢) IR spectra of bare PU surface, superglue coated PU surface,
DURA-Z coated surface and zwitterionic PCBAA hydrogel surface, and d) illustration of the

formation of DURA-Z coating.
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Antifouling property of DURA-Z coating after various durability and mechanical damage

tests. a) 30 d exposure to PBS shearing under body temperature, b) 30 d exposure to
perpendicular water flush, c) 20 cycles of abrasion test under 570 kPa, and d) random

scratch by a scalpel. The antifouling property was evaluated by the resistance of human
fibrinogen binding on the surface (absorbed protein) before and after the coating being

challenged. All data are presented as mean of replicates (7= 3) + standard deviation.

Statistical analysis: unpaired, two-tailed #test, n.s.: no significant difference at 2> 0.05,

meaning the great antifouling property was retained.
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Figure 4.
Representative SEM images of bacteria and fungi adhesion on bare PU, superglue, and

DURA-Z coated PU substrates after 30 d of coculture with concentrated microbes and
calculated microbe adhesion density for a) shaking condition with £. coli, b) stationary
condition with E. coli, ¢) shaking condition with S. aureus, d) stationary condition with S.
aureus, ) shaking conditions with C. albicans, and f) stationary condition with C. albicans.
All data are presented as mean of biological replicates (n= 6) + standard deviation.
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Statistical analysis: one-way analysis of variance (ANOVA) with Bonferroni
multicomparison. ***: p< 0.0001. Scale bar = 10 um.
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Figureb.
a) DURA-Z coating on a corner, b) SEM sectioning image of two adjacent pieces of DURA-

Z coating, c) enlarged image of (b) on the fused area. d) Two pieces of adjacent DURA-Z
coatings were placed in acetone after freshly made and 48 h after freshly made. €)
Antifouling property of PU substrate with two and four pieces of adjacent DURA-Z
coatings. All data are presented as mean of replicates (n7= 3) + standard deviation. Statistical
analysis: one-way ANOVA with Bonferroni multicomparison. ***: p< 0.0001. n.s.: no
significant difference, p> 0.5.
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