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PUBLIC SUMMARY

- Catechol-decorated polyallylamines (CPA) mimic Mefp-5 for surface engineering.

- “Reinforced concrete-like” structure endows coatings with mechanochemical robustness.

- The abundant grafting sites on the coating enable secondary functional modifications.

- Pseudo-Mefp-5 universal coating exhibits great potential in biomedical applications.
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Universal coatings with versatile surface adhesion, good mechanochemical
robustness, and the capacity for secondary modification are of great scien-
tific interest. However, incorporating these advantages into a system is still
a great challenge. Here, we report a series of catechol-decorated polyallyl-
amines (CPAs), denoted as pseudo-Mytilus edulis foot protein 5 (pseudo-
Mefp-5), that mimic not only the catechol and amine groups but also the
backbone of Mefp-5. CPAs can fabricate highly adhesive, robust, multifunc-
tional polyCPA (PCPA) coatings based on synergetic catechol-polyamine
chemistry as universal building blocks. Due to the interpenetrating en-
tangled network architectures, these coatings exhibit high chemical robust-
ness against harsh conditions (HCl, pH 1; NaOH, pH 14; H2O2, 30%), good
mechanical robustness, and wear resistance. In addition, PCPA coatings
provide abundant grafting sites, enabling the fabrication of various func-
tional surfaces through secondarymodification. Furthermore, the versatility,
multifaceted robustness, and scalability of PCPA coatings indicate their
great potential for surface engineering, especially for withstanding harsh
conditions in multipurpose biomedical applications.

INTRODUCTION
Advances in surface coating technologies have driven the rapid development

of chemical science, material science, and biomedical engineering.1–4 Owing to
substrate independence and versatile surface functionalization,5 universal sur-
face coatings are more attractive to practitioners in relevant fields. Current uni-
versal surface technologies include layer-by-layer (LBL) assembly,6 chemical va-
por deposition (CVD),7 spin coating,8,9 surface irradiation,10 laser deposition,11

and protein assembly.12,13 However, there are still noticeable flaws in these sys-
tems. For instance, while LBL assembly and blood protein coatings offer scalabil-
ity, they are susceptible to strong bases and acids.14,15 Although coatings fabri-
cated by surface irradiation, CVD, and laser deposition exhibit superior chemical
resistance and adhesion, their applications are constrained by the substrate size
and shape.16,17 Spin coating is simple but offers weak substrate adhesion.18

Consequently, these limitations narrow the scope of universal coatings for spe-
cific applications.

Mussels demonstrate exceptional adhesion to nearly all types of wet solid sur-
faces in marine environments.19,20 Such adhesion capability relies on the secre-
tion ofMytilus edulis foot proteins (Mefps), which formadhesive plaques via self-
polymerization (Figures 1A–1C).21 More surprisingly, mussel adhesive plaques
maintain a strong and durable bond to solid substrates, even in harsh conditions,
including extreme acidity, alkalinity, and oxidative environments (Figure S1). This
unique adhesive property of plaques has inspired the emergence and develop-
ment of polydopamine (PDA) coating, recognized as one of the most effective
universal coating systems.22–25 However, in contrast to the robustness of
mussel adhesive plaques, PDA-based coatings exhibit limited mechanical
strength, which may crack or detach under slightly harsh conditions (such as ul-
trasound, slight acidity, or alkalinity).26–28 This is because the polymerization of
PDA-based coatings mainly relies on the stacking of low-molecular-weight oligo-
mers formed by catechol oxidation and self-polymerization. This forms a “con-
crete-like” structure devoid of a “skeleton-like” network that can “anchor” the olig-
omers.29 Notably, Mefp-5, a linear macromolecule with an average molecular
ll
weight of�10 kDa, plays a significant role in forming robustmussel adhesive pla-
ques (Figure 1D).30,31 As a flexible macromolecule containing catechol and
amine groups, the crosslinking and entanglement of Mefp-5 during the self-poly-
merization process enable the formation of strong intermolecular and cohesive
interactions among the backbone chains of the mussel adhesive plaque struc-
ture.32–34 Basedon this, wehypothesize that the coexistence of a chain-like back-
bone and functional groups (i.e., catechol and amine groups) is crucial formussel
adhesive plaque to achieve strong adhesion to a wide range of materials. The
formed coatings provide a “reinforced concrete-like” structure, outstanding for
mechanical and chemical robustness.
Here, inspired by the capability of Mefps to form a robust adhesive plaque,

we develop a simple and versatile pseudo-Mefp-5 surface chemistry strategy
for fabricating biomimetic, material-independent, and universal coatings with
mechanical/chemical robustness and good scalability. To better mimic the
backbone and functional groups of natural Mefp-5 (Figures 1E and 1F), cate-
chol-modified polyamine (CPA; a pseudo-Mefp-5 molecule) was synthesized
by conjugating hydrogenated caffeic acid (HCA) with polyallylamine (PA; molec-
ular weight �17 kDa). Through catechol-polyamine synergy, the CPA molecules
can virtually form an interpenetrating entangled network structure with durable
properties on all material surfaces (Figure 1G). The resulting polyPCA (PCPA)
coatings exhibit exceptional chemical stability under extreme conditions,
such as strong acids (HCl, pH 1), bases (NaOH, pH 14), and oxidants (H2O2,
30%), and can even withstand intense mechanical impact and severe deforma-
tion. Additionally, PCPA coatings are abundant with amine groups to support
secondary reactions, enabling the creation of various functional surfaces.
Importantly, the surface amine groups of PCPA coatings can be readily trans-
formed into other reactive groups (e.g., carboxyl and bioclickable functional
groups), facilitating further binding of bioactive molecules to expand the range
of applications.36,37 These tailored functionalities significantly enhance the
practicality of the coatings, catering to the needs of various biomedical de-
vices.38–40 Due to robustness and scalability, PCPA coatings can be firmly
formed on various biomaterials with multifunctional design, hence holding
great potential for multipurpose surface engineering of advanced biomedical
devices.

RESULTS AND DISCUSSION
Fabrication and characterization of PCPA coatings
Considering the critical role of the catechol-to-amine molar ratio of Mefp-5 in

the formation of a robust adhesive plaque,41,42 we prepared a series of CPAs
with different degrees of HCA tethering onto PA (namely, the degree of substitu-
tion [DOS] of CPA) to explore the fabrication of robust coatings. To protect the
phenolic hydroxyl groups of HCA from oxidation, the synthesis of CPA was per-
formed under a biomimetic acidic anaerobic microenvironment, mimicking the
environment in whichmussels secreteMefp-5. Following purification via dialysis,
the synthesized CPA was characterized using nuclear magnetic resonance
(NMR) and Fourier transform infrared (FTIR) spectroscopy. From the proton
NMR (1H-NMR) spectrum of CPA, the presence of diagnostic peaks, including
the catecholic and aromatic protons of HCA, the amino protons of PA, and amide
protons produced by amidation between the carboxyl groups of HCA and the
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Figure 1. Pseudo-Mefp-5 surface chemistry strategy for fabricating catechol-polyamine-based robust coatings inspired by mussel adhesion plaques (A) Mussels secrete Mefp-5
to anchor to wet surfaces in an acidic and anaerobic microenvironment. (B) Simplified molecular schematic of Mefp-5. (C) Formation of a robust adhesive plaque triggered by
Mefp-5 crosslinking onto wet surfaces under alkaline aerobic marine conditions. (D) The amino acid sequence of Mefp-5 (�10 kDa).35 (E) Synthetic CPA (�19 kDa) containing
both backbone and functional groups (i.e., amine and catechol groups) as a candidate cohesive polymers to mimic the structure of natural Mefp-5, used as macromolecular
building blocks for fabricating robust coatings. (F) Sclerotization of the adhesive plaque based on the catechol-polyamine synergy of Mefp-5 (left) and the constituent analysis of
PDA and PCPA coatings (right). (G) Schematics of CPA adhesion, crosslinking, and progressive assembly to form PCPA coatings on substrates inspired by mussel adhesive
plaque formation.
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amine groups of PA, indicated the tethering of HCA to PA (Figure S2A). Further-
more, FTIR analysis confirmed the successful synthesis of CPA, as evidenced by
the good retention of the structures of both HCA (e.g., the peaks of Ar-OH, Ar-H,
and aromatic C=C stretching vibrations at 3,350, 3,040, and 1,603 cm�1, respec-
tively) and PA (e.g., the peaks of -NH stretching vibrations at 3,360 and
3,290 cm�1, respectively), the weak peak of -NH deformation vibrations at
1,585 cm�1, and the emergence of new amide I and amide II peaks at 1,640
and 1,550 cm�1, respectively (Figure S2B).

Next, UV-visible measurements were performed to determine the DOS of CPA
(Figures S3A and S3B). Considering the 27 mol % of 3,4-dihydroxy-L-phenylala-
nine (DOPA) in Mefp-5,43 CPA was synthesized with HCA and PA at different
feed molar ratios of -COOH of the HCA to -NH2 of the PA, ranging from 5% to
40%. The results indicated that the DOS of CPA was a function of the feedmolar
ratio and reached a value of up to 26.8%when the feedmolar ratio was 40% (Fig-
ure S3C), close to themolar percentage of DOPA inMefp-5. Correspondingly, the
molecular weights of fabricated CPA with different DOS ranged from 17.3 to
21.2 kDa (Figure S3D).
2 The Innovation 5(5): 100671, September 9, 2024
We then explored the feasibility of the synthesized CPA for forming robust
films. It was found that film formation strongly depended on (1) the pH value
of the CPA solution and (2) the DOS of CPA. When the microenvironment turned
from acidic (pH 6) and anaerobic to basic (pH 9) with a trace amount of oxygen,
CPA could self-polymerize into a PCPA coating (Figures 1G and S4). At pH 9, the
CPA with a DOS of 14.7% was the best for dip coating, with the fabricated PCPA
coating showing a maximum surface amine group density of 15.3 nmol cm�2

(Figure S5).Moreover, scanning electronmicroscopy (SEM) and atomic forcemi-
croscopy results indicated that a compact, homogeneous, and robust film was
formed on the substrate after 24 h of dip coating (Figure S6). To illustrate the for-
mation mechanism of PCPA coating, FTIR and X-ray photoelectron spectros-
copy (XPS) measurements were carried out, indicating that CPA polymerization
mainly involved catechol-amine chemical crosslinking reactions (i.e., Michael
addition and Schiff base reactions between the amines and catechols of CPA)
(Figures S7 and S8). Therefore, robust coatings with interpenetrating entangled
network architectures could be fabricated by using this pseudo-Mefp-5 surface
chemistry strategy (Figure S9).
www.cell.com/the-innovation
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Figure 2. Chemical and mechanical robustness of PCPA coatings (A) Representative photos of the PDA- and PCPA-coated SS substrates before and after 24-h treatment with
different chemical solutions. (B) OD values (at 480 nm) of the solutions after immersing the PDA- and PCPA-coated SS substrates for 24 h. (C) The thickness of the PDA and PCPA
coatings after immersion in different chemical solutions for 24 h. (D) Changes in the roughness of the PCPA coatings before and after 24-h treatment with HCl (pH 1), NaOH (pH 14), or
H2O2 (30%) were determined by 3D profiling. (E) Chemical compositions of the PCPA coatings before and after 24-h treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%). (F)
Electrochemical impedance spectra of the PCPA-coated substrates before and after 24-h treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%), measured in 10 mM PBS solution
(pH 7.4) at 37�C. (G)Morphology of the PDA and PCPA coatings before and after exposure to high-speed water impacts and ultrasound treatment (pH 4 or 11). (H) Hydrophilicity of the
PDA and PCPA coatings before and after exposure to high-speed water impacts and ultrasound treatment (pH 4 or 11). (I) Film thickness of the PDA and PCPA coatings before and
after exposure to high-speed water impacts and ultrasound treatment (pH 4 or 11). (J) OD values (at 480 nm) of the solutions with PDA and PCPA-coated SS substrates after ul-
trasound treatment (pH 4 or 11) for 4 h. NA indicates the absence of significant absorbance values. (K) COF of the PDA and PCPA coatings under different loads before and after the
treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%). n = 3. All error bars are mean ± SD.
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Subsequently, the versatility of our pseudo-Mefp-5 surface chemistry strategy
was verified by coating PCPA films onto 12 different substrates, including noble
metal (Au) components, metals with native oxide surfaces (a stainless steel [SS]
substrate and biomedical device and an NiTi shape-memory alloy), oxide (TiO2),
nitride (Ti3N4), mineral (Si), ceramic (glass), and polymers (polyvinyl chloride
[PVC], polytetrafluoroethylene [PTFE], polystyrene, polyethylene terephthalate,
and polyurethane [PU]) (Figure S10). Although a single cycle of dip coating re-
sulted in an incomplete coating for some substrates (e.g., Au, NiTi, PVC, and
PTFE), a homogeneous coating was achieved for all other studied substrates af-
ter three cycles of dip coating. Additionally, all modified samples showed notice-
able color changes (Figure S11A), and their surface amine densities increased
with the dip coating cycles (Figure S11B). Thus, PCPAcoatings couldbe obtained
ll
at an optimized feed concentration of CPA with 3 cycles of dip coating: robust,
compact, and homogeneous (Figures S11C and S11D).

Chemical and mechanical robustness of PCPA coatings
The insufficient chemical robustness of surface coating is a significant

obstacle to their real-world application.44 Here, we assessed the resistance of
PCPA coatings to harsh chemical conditions using a strong acid (HCl), strong
base (NaOH), and strong oxidant (H2O2). The traditional mussel-inspired PDA
coating (merely mimicking the catechol groups of Mefp-5) was set as a control.
As depicted in Figure 2A, at a pH below 4 and above 10, the PDA coatings ex-
hibited a lighter and uneven color, suggesting thinning and detachment of the
coating. Furthermore, after treatment with varying concentrations of H2O2, the
The Innovation 5(5): 100671, September 9, 2024 3



Figure 3. Secondary covalent immobilization of heparin onto PCPA coatings for developing durable antithrombotic surfaces (A) Schematic of heparin conjugation to PCPA-coated
surfaces. (B) FTIR spectra of the PCPA-coated surfaces before and after heparin grafting. (C) Real-time analysis of the heparin grafting process by quartz crystal microbalance
equipped with dissipationmonitoring (QCM-D). (D) Macroscopic photos and SEM images of the Hep-PCPA-coated surfaces before and after treatment with HCl (pH 1), NaOH (pH 14),

(legend continued on next page)
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substrate beneath was fully exposed, indicating complete detachment of the
coating (Figure S12). The poor chemical stability of PDA coatings can be attrib-
uted to their inherent intermolecular interactions, including hydrogen bonds, p-p
stacking, and cation-p interactions, which are susceptible to strong chemi-
cals.29,45,46 In contrast, PCPA coatings showed excellent chemical robustness
and could maintain their integrity after treatment with HCl (except pH 0),
NaOH, or H2O2. Note that the undetected optical density (OD) values for the
PDA groups after treatment with H2O2 were probably due to the disruption of cy-
clic structures in the dopamine oligomers (Figure 2B).47,48 Moreover, little
changes were observed in film thickness (Figure 2C), surface roughness (Fig-
ure 2D), surface topography (Figure S13), and chemical composition (Figure 2E)
for the PCPA coatings, further confirming their chemical robustness. The electro-
chemical impedance of the PCPA-coated substrates following HCl, NaOH, or
H2O2 treatment was also measured. As shown in Figure 2F, there was only a
slight increase in the impedance value of PCPA coatings after different treat-
ments. Thus, all of these results strongly demonstrated the excellent chemical
robustness of PCPA coatings in harsh chemical conditions.

In addition to chemical robustness, mechanical robustness is crucial for prac-
tical applications of surface coatings. Therefore, we gauged the mechanical
robustness of PCPA coatings utilizing continuous water jet impacts and ultra-
sonic vibrations (Figure 2G). Notably, the PCPA coatings showcased consistent
morphology after 4 h of continuous water washing (1.5 m s�1). Still, after the
same treatment, the change in PDA coatings was visible to the naked eye.
Both kinds of coatings were then exposed to higher-speed water jet impacts
(17.5m s�1) for 1 h and revealed that the surfacemorphology, and hydrophilicity
of PCPA coatings were almost undamaged post impact (Figure 2H). To assess
the resistance of different coatings to physical dissociation, the samples were
further subjected to high-frequency ultrasonic treatment at acidic (pH 4) or basic
(pH 11) conditions for up to 4 h. While the PDA coatings faltered and detached
from the substrate, as evidenced by film thickness and significant shifts in the
OD value of eluent (Figures 2I and 2J), the stability of PCPA coatings under
such harsh conditions was satisfactory. Tribological testing indicated the supe-
rior frictional resilience of PCPAcoatings, ofwhich the coefficient of friction (COF)
was consistent after different treatments andmuch lower than that of PDA coat-
ings (Figure 2K). For biomedical devices, the mechanical integrity of coatings is
one of the primary evaluation indicators. We hence selected cardiovascular
stents, a biomedical device that should endure intense deformation during clin-
ical application, to evaluate the tenacity of PCPA coatings. Our analysis, backed
by macroscopic photos and SEM images, highlighted a consistent and smooth
PCPA coating on the 316L SS stent (Figure S14). Following balloon dilation, the
coatings on the stent remained unscathed, verifying their excellent adhesion and
deformation resilience. Conclusively, pseudo-Mefp-5 surface chemistry is a strat-
egyworth advocating for constructing universal coatings. Such coatings are sub-
strate independent and are promising for robust defense against chemical and
mechanical challenges.
PCPA coatings to attain a durable functional surface
The durability of functional surfaces is crucial for the long-term service of

biomedical implants. Given the potent robustness and abundant amine groups
of the pseudo-Mefp-5 PCPA coatings, we examined the durability and scalability
of this surface coating strategy. In particular, accelerated durability tests of func-
tional coatings following harsh treatment with HCl (pH 1), NaOH (pH 14), or H2O2

(30%) were designed to shorten the experimental time. Due to the abundant
amine groups, PCPA coatings could be readily functionalized with carboxyl-
bearing biomolecules through water-soluble carbodiimide chemistry (Figure 3A).
For example, an antithrombotic surface was fabricated via the covalent immobi-
lization of heparin, one of the most commonly used anticoagulant drugs for
blood-contacting devices. A series of surface characterizations were also carried
out to elucidate the chemical changes of PCPA coating after heparin grafting. As
shown in Figure 3B, the significant increases in the intensities of the peaks at
and H2O2 (30%) for 24 h. (E) Changes in surface thickness and roughness. (F) Changes in s
treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%) for 24 h. (H) APTT values of the Hep
(30%) for 24 h. (I) Schematic of the NewZealandwhite rabbit arteriovenous shuntmodel. (J) C
SS foils, and Hep-PCPA-coated 316L SS foils before and after treatment with HCl (pH 1),
photographs of thrombi formed on different surfaces. (K) Occlusion rates of tubes installed w
weight. (M) Retention of the blood flow rate of different samples within circuits after con
Comparisons between more than two groups were analyzed by one-way ANOVA. Statistica

ll
1,242, 1,030, and 900 cm�1 and the new peaks at 3,430 and 1,057 cm�1 indi-
cated the introduction of S=O, C-O-C, C-O-S, -OH, and -HSO3

� derived from hep-
arin, suggesting the successful immobilization of heparin onto the PCPA coat-
ings. Furthermore, XPS analysis confirmed the grafting of heparin (sodium
salt), as evidenced by the emergence of S and Na peaks in the spectrum (Fig-
ure S15) and the remarkable changes in the chemical compositions (Figure S16;
Table S1). Moreover, the heparin-grafting efficacy of pseudo-Mefp-5 PCPA coat-
ings was up to�1.2 mg cm�2 (Figure 3C), considerably higher than that of most
available methods.49

Next, the influence of harsh chemical solutions, includingHCl (pH1), NaOH (pH
14), and H2O2 (30%), on various surface properties of heparinized PCPA (Hep-
PCPA) coatings were evaluated. SEM and 3D profilometry revealed that these
harsh treatments slightly changed the surface morphology of Hep-PCPA coat-
ings (Figures 3D and S17), leading to slight decreases in surface roughness,
film thickness, and surface hydrophilicity (Figures 3E and 3F). Meanwhile, the
changes in surface chemical compositions were inconspicuous, and no weak-
ening effects on the surface sulfur content could be found (Figures 3G, S18,
and S19; Table S2). As a simple and reliable method for measuring blood coag-
ulation, the activated partial thromboplastin time (APTT) assay is commonly
used to test the bioactivity of heparin bound to surfaces.50 In this study, the
APTT of Hep-PCPA-coated surfaces was prolonged for �16 s compared to
that of bare 316L SS and PCPA-coated surfaces, which was almost unchanged
after treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%) (Figure 3H). All of
these results demonstrated the robust tethering and bioactivity retention of im-
mobilized heparin.
Furthermore, we tested the anticoagulation properties of Hep-PCPA coatings

before and after treatment with HCl (pH 1), NaOH (pH 14), or H2O2 (30%) using
ex vivo blood circulation using the New Zealand white rabbit arteriovenous shunt
model (Figure 3I). Compared toHep-PCPA, 316LSS andPCPA-modified samples
were entirely blocked by occlusive thrombosis after 2 h of blood circulation
(Figures 3J–3M). Additionally, SEM analysis revealed that thrombi formed on
both the bare and PCPA-coated surfaces consisted of fibrin networks filled
with red blood cells and activated platelets. In contrast, almost no fibrin network,
red blood cells, or platelets were observed on Hep-PCPA coatings (Figure 3N).
These results confirmed the successful development of robust anti-thrombo-
genic surfaces by fabricating pseudo-Mefp-5 PCPA coatings, which were supe-
rior to those obtained by the existing methods for heparin immobilization.51,52

We believe that this antithrombogenic coating strategy has great application po-
tential, as it can be readily used to functionalize the blood-contacting materials/
biomedical devices for the long-term and effective prevention of thrombosis.
Conversion of the functional groups of PCPA coatings for attaining
multitype grafted molecules
The PCPA coatings were also versatile in converting its abundant surface

amine groups into other reactive functional groups (e.g., carboxyl and clickable
functional groups), which could support secondary reactions for expanding
applications.
Conversion of the surface amine groups of PCPA coatings into carboxyl

groups enabling the grafting of amine-bearing molecules. As a proof of
concept, we first employed succinic anhydride (SA) to convert the surface amine
groups of PCPA coatings into carboxyl groups (Figure 4A). This was accom-
plished by immersing the PCPA-coated samples in SA solution at room temper-
ature overnight. FTIR spectroscopy analysis revealed that the N-H stretching
peak of amine groups at�3,250 cm�1 was substantially attenuated in the spec-
trum of SA-tethered PCPA (SA-PCPA) coatings when two new broad peaks ap-
peared at �3,350 and 1,720 cm�1, attributed to the O-H and C=O stretching of
carboxyl groups (Figure 4B, red). Moreover, the intensity of the C=O stretching
peak at � 1,640 cm�1 increased significantly, indicating the production of a
new amido bond. Together, these results demonstrated the successful introduc-
tion of carboxyl groups onto PCPA coatings through the one-step carbodiimide
urface hydrophobicity. (G) Surface chemistry of the Hep-PCPA coatings before and after
-PCPA-coated surfaces before and after treatment with HCl (pH 1), NaOH (pH 14), or H2O2

ross-sectional photographs of tubes installed with bare 316L SS foils, PCPA-coated 316L
NaOH (pH 14), or H2O2 (30%), exposed to blood flow without anticoagulant for 2 h and
ith various samples after 2 h of blood circulation. (L) Quantitative results of the thrombus
tinuous blood circulation for 2 h. (N) Thrombus composition evaluated by SEM. n = 4.
lly significant differences are shown as ****p < 0.0001. All error bars are mean ± SD.
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Figure 4. Surface carboxylation of the PCPA coatings enabling the grafting of amine-bearing molecules (A) Schematic of the conversion of surface amine groups of the PCPA
coatings into carboxyl groups for the covalent immobilization of the amine-bearing SeCA. (B) FTIR spectra of PCPA-coated surfaces before and after carboxylation and further
covalent immobilization of SeCA. (C) Real-time QCM-D analysis of the grafting process of SeCA onto the SA-PCPA surfaces. (D) NO catalytic generation of SeCA-PCPA coatings. (E–H)

(legend continued on next page)
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immobilization of SA. Acid orange II and toluidine blue staining53 was performed
to determine the surface density of the amine and carboxyl groups before and
after SA grafting. The results revealed that SA grafting substantially reduced
the density of amine groups (Figure S20A). In contrast, a carboxyl group density
of �25.1 nmol cm�2 was measured on the SA-tethered surfaces (Figure S20B),
indicating the efficient conversion of the surface amine groups (�27.3 nmol
cm�2) of PCPA coatings into carboxyl groups.

To confirm the ability of the introduced carboxyl groups to tether bioactivemol-
ecules, an amine-bearing molecule, selenocystamine (SeCA) was employed for
the secondarymodification of SA-PCPA coatings. FTIR spectroscopy analysis re-
vealed a remarkable increase of the peaks at approximately 505–680 cm�1 (Fig-
ure 4B, blue), suggesting the introduction of C-Se derived from SeCA. Moreover,
XPS analysis further confirmed the successful immobilization of SeCA, as evi-
denced by the presence of the Se signal in the spectrum of SeCA-PCPA coatings
(Figure S21) and the significant changes in surface chemical compositions
(Table S3). Furthermore, the quartz crystal microbalance equipped with dissipa-
tion monitoring (QCM-D) result revealed that�140 ng cm�2 SeCA was bound to
the SA-PCPA-coated surfaces (Figure 4C).

As an organoselenium species, SeCA has glutathione peroxidase-like catalytic
activity and can generate nitric oxide (NO) from S-nitrosothiols. This property of
SeCA has been widely used to develop NO-generation materials.54 Here, a real-
time chemiluminescence assay was carried out to investigate the catalytic
release of NO by SeCA-PCPA-functionalized 316L SS substrates in PBS solution
(pH 7.4) containing 30 mM S-nitroso-N-acetyl-DL-penicillamine and 30 mM gluta-
thione. As shown in Figure 4D, SeCA-PCPA catalyzed NO release at a stable
release rate under physiological conditions (�2.2 3 10�10 mol cm�2

min�1).55,56 More importantly, owing to the chemical robustness of PCPA coat-
ings, the surface-bound SeCA showed a highly durable capability of catalytic NO
generation. Approximately 76% of the initial NO release rate was detected after
continuous exposure of the SeCA-PCPA-functionalized 316L SS substrates to
NO donor solution for up to 30 days (Figure S22). Given the pivotal role of NO
in the cardiovascular system, the effect of SeCA-PCPA coating on different
vascular cells was further assessed. As shown in Figures 4E–4L, SeCA-PCPA
coatings could significantly enhance the proliferation and migration of endothe-
lial cells (ECs)while inhibiting the excessive proliferation andmigration of smooth
muscle cells (SMCs). This indicates that the SeCA-PCPA functionalized coating
can regulate the behaviors of different vascular cells through the continuous
and stable catalytic release of NO. Subsequently, we implanted baremetal stents
(BMSs) and SeCA-PCPA-coated stents into the bilateral iliac arteries of New Zea-
land white rabbits to further assess their biological performances in vivo (Fig-
ure 4M). As shown in Figure 4N, without using any anticoagulants, BMSs were
significantly enveloped by blood cells 2 h post implantation. In contrast, the sur-
face structure of SeCA-PCPA-coated stents remaineddistinctly visible, with blood
components that were hardly found. This finding confirms that the SeCA-PCPA
coating significantly enhances the anti-thrombogenic performance of implanted
devices in a blood environment. 1weekpost implantation, the structural contours
of SeCA-PCPA-treated stentswere clearer than those of BMSs (Figure 4O).More-
over, immunofluorescent staining revealed that the surface of SeCA-PCPA-
coated stents was fully covered by CD 31-positive ECs 1 week post implantation
(Figure 4P). Evidently, the fabricated robust SeCA-PCPA coatings can prevent
thrombosis formation and facilitate the repair of damaged blood vessels in vivo.

Conversion of the surface amine groups of PCPA coatings into clickable
functional groups for “clean” molecular modification. Carbodiimide chemis-
try is one of the most popular chemical coupling strategies, and it has been
widely used for covalently immobilizing bioactive molecules onto material sur-
faces.57 However, carbodiimide chemistry for grafting molecules containing pri-
mary amine and carboxyl groups (e.g., peptides, proteins, and growth factors)
inevitably leads to chemical crosslinking among themolecules and reduces their
bioactivity.58 Additionally, carbodiimide chemistry has low efficiency and speci-
ficity, undermining the controllability and reproducibility of molecule immobiliza-
tion. As an alternative, bioorthogonal click chemistry (e.g., azide-dibenzylcyclooc-
tyne (azide-DBCO) cycloaddition) has attracted widespread interest recently due
Confocal laser-scanning microscope (CLSM) images of ECs stained with F-actin (green) an
distance (H). (I–L) CLSM images of SMCs stained with F-actin (green) and DAPI (blue) (I)
Schematic of iliac artery stent implantation in New Zealand white rabbits. (N) SEM images o
different stents 1 week post implantation in vivo. The area between the white dashed lines
analyzed by one-way ANOVA. Statistically significant differences are shown as ***p < 0.00
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to its unique advantages, including rapidity, specificity, selectivity, thoroughness,
and biocompatibility.59–62 Notably, bioorthogonal click chemistry has been
widely applied for molecular conjugation,63 with distinct superiority in immobiliz-
ing peptides on material surfaces.64–68 Thus, the conversion of the surface
amine groups of PCPA coating into clickable functional groups was proposed
here to develop an advanced surface bioengineering strategy for “clean” molec-
ular modification.
To this end, an NHS-functionalized azide-bearing molecule (NHS-PEG4-azide;

Figure 5A) was immobilized onto PCPA-coated PU (one of themost popular ma-
terials for fabricatingmedical tubes) based onNHS-NH2 carbodiimide chemistry.
Afterward, a customized DBCO-modified antibacterial peptide (DBCO-ABP) was
synthesized (Figures 5B, S23, and S24) and grafted onto the samples via bio-
orthogonal click chemistry (Figure 5C). The antibacterial function was selected
as it was a general requirement of biomedical devices, includingmedical tubes.40

As shown in Figure 5D, a new peak at �2,106 cm�1 was assigned to the
-N=N+=N� stretching of azide groups. The peaks of C=O (at �1,665 cm�1)
and C-O-C (at�1,067 cm�1) were also detected, indicating the successful conju-
gation of NHS-PEG4-azide through the NHS-NH2 carbodiimide reaction.
Following the surface grafting of DBCO-ABP, the -N=N+=N� stretching peak of
azide groups at�2,106 cm�1 disappeared, confirming the effective click reaction
between DBCO groups and azide groups. QCM-D measurement revealed that
�520 and�360 ng cm�2 of NHS-PEG4-azide and DBCO-ABP were immobilized
onto the PCPA coatings and the azide-functionalized surfaces (Figures 5E and
5F), respectively. Importantly, it indicated the effective conversion of surface
amine groups into clickable functional groups, enabling the bioorthogonal click
grafting of peptides.
To assess the efficacy of ABP-PCPA-coated PU in preventing bacterial coloni-

zation, 2 bacterial strains (E. coli as gram-negative bacteria and S. epidermidis as
gram-positive bacteria), commonly associated with catheter infection, were uti-
lized for the following study. The results of the plate counting assay showed
that the ABP-PCPA coatings could sterilize 98.7% of E. coli and 99.7% of
S. epidermidis compared to the PU samples (Figures 5G and 5H). To investigate
the effect on host inflammatory response, the PU and ABP-PCPA-coated PU
catheters were exposed to E. coli or S. epidermidis and then subcutaneously im-
planted in the backs of healthy rats for 5 days (Figure 5I). The results showed that
severe inflammation occurred on the surface of pristine PU catheters, which
could be attributed to bacterial infection (Figure 5J). In contrast, the ABP-
PCPA-coated PU catheters exhibited a 34.8% reduction of inflammation against
E. coli invasion and a 44.33% reduction of inflammation against S. epidermidis
invasion, respectively (Figure 5K). Collectively, our results demonstrated the su-
periority of PCPA coatings in developing an advanced bioorthogonal clickable
surface engineering strategy for “clean” molecular modification. Moreover, the
bioactivity of the grafted molecules is well retained.

CONCLUSION
In summary, inspired by the crucial role of the coexistence of the backbone

and catechol and amine groups of Mefp-5 in forming robust mussel adhesive
plaques, we developed a pseudo-Mefp-5 surface chemistry strategy for fabri-
cating universal coatings with excellent robustness and scalability. Using a
catechol-modified PA that mimics the functional groups and backbone of
Mefp-5, coatings with an interpenetrating network that show good adhesive
strength to various materials are developed. Thus, these features impart the
coated substrates or biomedical devices (e.g., cardiovascular stents and cen-
tral venous catheters) with high chemical robustness against strong acids,
bases, and oxidants and mechanical robustness against friction and defor-
mation. Furthermore, the pseudo-Mefp-5 coatings can be decorated with
abundant and different reactive functional groups to covalently tether various
bioactive molecules to develop multi-purpose surfaces. In conclusion, the
pseudo-Mefp-5 surface chemistry strategy proposed in this study is far supe-
rior to other surface techniques and toolkits and is simple, effective, and ver-
satile enough for the surface functionalization of various biomedical mate-
rials/devices with multipurpose applications.
d DAPI (blue) (E), cell viability (F), migration images (G), and quantification of migration
, cell viability (J), migration images (K), and quantification of migration distance (L). (M)
f different stents 2 h post implantation in vivo. (O and P) SEM (O) and CLSM (P) images of
represents the stent struts. n = 4. Comparisions between more than two groups were

1 and ****p < 0.0001. All error bars are mean ± SD.
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Figure 5. Surface azidation of the PCPA coatings for “clean” molecular modification (A) Chemical structure of NHS-PEG4-azide and (B) DBCO-ABP (WFWKWWRRRRR). (C)
Schematic of converting surface amine groups of PCPA coatings into azide groups for the click grafting of DBCO-ABP. (D) FTIR spectra of PCPA-coated substrates before and after
surface azidation and further click grafting of DBCO-ABP. (E) Real-time QCM-D analysis of the grafting process of NHS-PEG4-azide on the PCPA-coated surfaces. (F) Real-time QCM-D
analysis of the grafting process of DBCO-ABP on the azide-functionalized surfaces. (G) Representative colony images of E. coli and S. epidermidis after incubating on different surfaces
for 24 h. (H) Antibacterial rates of different surfaces against E. coli and S. epidermidis. (I) Schematic of subcutaneous implantation in rats. (J) Macroscopic images and H&E staining
images of the implantation sites 5 days post implantation in vivo, with red arrows indicating the implants. (K) Quantitative analysis of the peri-implantation inflammation levels. n =4.
Comparisions between more than two groups were analyzed by one-way ANOVA. Statistically significant differences are shown as ****p < 0.0001. All error bars are mean ± SD.
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