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In traditional clinical practices, coadministration of anti-
biotics and anticoagulant drugs has been widely applied to
prevent thrombosis and infection. However, this strategy
can lead to various clinical complications, e.g., antibiotic
resistance [8], bleeding [9], thrombocytopenia [10], and
allergic reaction [11]. Accordingly, endowing the implanted
materials or devices with multifunctionalities to combat
thrombosis and infection has attracted increasing attentions
in recent years [12, 13]. Among these strategies, grafting bio-
active molecules, such as anticoagulant molecules [14], anti-
biotics [15], and peptide [16], which provide localized
bioactivity on the surface of device, has been considered as
one of the most e�ective methods for suppressing thrombo-
sis and infections. However, the addressing of the two com-
plications simultaneously is still a formidable challenge as
yet. Strategies that �learn from Nature� [17] may be a prom-
ising way to solve such problems.

In circulation, the natural blood vessels show remarkable
anticoagulant and antibacterial properties, which are associ-
ated with the microenvironment of the blood vessels and
their biological activities [18]. Antimicrobial peptide (i.e.,
AMP), being widely distributed in plasma, directly kills bac-
teria when wound occurs, which is a crucial part of the
immune system [19]. Compared with antibiotics, AMP has
a wide range of antibacterial mechanisms and does not cause
bacterial resistance [20]. In addition, endothelium exhibits a
crucial e�ect in maintaining vascular homeostasis through
releasing a kind of factors (e.g., nitric oxide (NO)) [21�23].
Endothelial cells continuously and stably release NO into
blood microenvironment, which has a notable suppressive
e�ect on platelet activation adhesion and thrombosis [24].
Specially, the 1,4,7, 10-tetraazocyclododecane-1,4,7, 10-
tetraacetic acid chelated copper ion (i.e., Cu-DOTA) is
widely used as a stable and e�ective biologically active cata-
lyst to decompose endogenous S-nitrosothiols (RSNOs) into
NO [25, 26]. Therefore, blood contact device with NO-
generating function and surface engineered antimicrobial
peptides may provide a highly simulated vascular microenvi-
ronment to prevent thrombosis and bacterial infection.
However, the inevitably consumed active groups (e.g.,
-COOH, -NH2, and -SH) of such biomolecules after chemi-
cal immobilization would result in a progressive loss of bio-
activity as reported [27]. Besides, the current chemical
modi�cation methods su�er from tedious reaction processes
and complex surface treatment technologies, compromising
controllability, maneuverability, and reproducibility of sur-
face bioactivity. Considering these issues, click chemistry, a
concept founded in 2001 [28], is considered as an e�ective
tool to address these issues to some extent [29]. In addition,
bio-orthogonal click chemistry, a new click chemistry
method [30], e.g., the dibenzylcyclooctyne-azide (N3-
DBCO) cycloaddition chemistry, demonstrates advantages
in rapidity, thoroughness, and speci�city [31, 32]. The high
�delity of these reactions in the face of a wide range of func-
tional groups allows them to better maintain the biological
activity of biomolecules.

Herein, we combined mussel-inspired molecule and bio-
orthogonal click chemistry for synergistically tailoring extra-
corporeal circuits and indwelling medical devices for antibac-

terial and anticoagulant multifunctions (Figure 1). Clickable
mussel-inspired peptide Ac-(DOPA)-Gly-(DOPA)-(Lys-
PEG5-Azide)-(DOPA)-Gly-(DOPA)-COOH (i.e., (DOPA)4-
Azide) was chemisorbed onto a preaminated surface to
impart the surface with su�cient azide groups for subse-
quently conjugating of DBCO-modi�ed molecules (i.e.,
Cu-DOTA-DBCO and DBCO-AMP) by bioorthogonal
N3-DBCO click reaction. The Cu-DOTA could catalyti-
cally generating NO by which the platelet adhesion/aggre-
gation could be strongly inhibited. Moreover, the grafted
AMP possesses high-e�ciency capabilities of killing bacteria.
Thus, the bio-orthogonally coimmobilization of Cu-DOTA
and AMP is probably endowing the modi�ed tubing with
favored antimicrobial and antithrombotic dual functions.
This design integrates NO-generating and antimicrobial pep-
tide moieties into a tubing coating system by mussel-inspired
adhesive peptide mimicking and bio-orthogonal click chemis-
try while involving only simple, speci�c, rapid, and reproduc-
ible procedures. Importantly, the Cu-DOTA-catalyzed NO
generation and AMP might contribute synergistically and
successfully to long-term antibacterial and antithrombosis.
It is expected that this strategy can provide a facile approach
for rational bioengineering of tubing and catheters with opti-
mal multifunctions combating thrombosis and infection.

2. Results

2.1. Molecular Synthesis and Surface Functionalization. The
clickable mussel-inspired peptide was prepared through
standard Fmoc-mediated solid-phase peptide synthesis, as
reported previously [33�36]. Brie�y, to simulate the multiple
catechol structure in Mfps [37, 38], acetonide-protected �uor-
enylmethyloxycarbonyl-DOPA(acetone)-OH was employed
in introducing DOPA into the mussel-inspired peptide
sequence. In order to promote the mussel-like molecular
adhered to the substrates and leave available clickable groups
for the following click reaction, tetravalent DOPA was inte-
grated using an amino acid spacer and a PEG-connected azide
to acquire a bioclickable mussel-inspired adhesive peptide
(DOPA)4-azide. In this work, as two key active molecules
for anticoagulation and antibiosis, the nitric oxide- (NO-)
generating species Cu-DOTA and the AMP were connected
to a PEG fragment with the DBCO group, respectively, to
acquire the DBCO-capped biofunctional molecules. To
obtain high purity of biofunctional molecules, the purity of
(DOPA)4-azide, DBCO-AMP, and DBCO-DOTA were puri-
�ed (99.06%, 96.02%, and 96.97%, respectively) by high-
performance liquid chromatography (HPLC) (Figure S1).
After puri�cation through HPLC, the three chemical-
synthesized molecules were then characterized with nuclear
magnetic resonance (NMR) spectrometry and electrospray
ionization mass spectrometry (ESI-MS). As expected, the
monoisotopic mass [M-H]- of (DOPA)4-azide, [M +3H]3+

of DBCO-AMP, and [M +2H]2+ of DBCO-DOTA was
detected at 1050.8, 871.7, and 607.2 Da, meeting their
theoretical molecular weight 1052.1, 2612.1, and 1212.36,
respectively (Figures 2(a)�2(c)). 1H-NMR analysis also
showed all diagnostic peaks of the three synthesized
molecules and further con�rmed the success of molecular
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synthesis (Figure S2). The results veri�ed the successful
chemical synthesis of the bioclickable adhesive peptide
and DBCO-modi�ed biofunctional molecules. To con�rm
the formation of the Cu-DOTA-DBCO molecule, the

measurement of electron paramagnetic resonance (EPR)
was carried out. EPR analysis revealed that Cu2+ was
successfully chelated to the DBCO-DOTA, with the signals
showing up at 3490-3430 mT (Figure 2(d)).
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Currently, most of the indwelling medical devices and
extracorporeal circuits used in clinical are made of polymer
materials. However, there have limited surface bioengineer-
ing strategies for polymeric devices as compared with the
metal devices, possibly owing to the chemical inertness of
biomedical polymer materials. To facilitate the surface func-
tionalization of polymer material, in this study, a durable
amine-containing coating [39] was performed on the surface
of polyvinyl chloride (PVC, a conventional medical mate-
rials approved for manufacturing blood-contacting device)
substrates or tubes. Then, the mussel-inspired adhesive bio-
clickable peptide was robust tethered on the PVC through
catechol-amine reaction. Finally, the azide-functionalized
PVC surfaces were easily connected with the obtained

DBCO-capped NO catalyst (Cu-DOTA-DBCO) and
DBCO-modi�ed antimicrobial peptide (DBCO-AMP) by
DBCO-N3 bio-orthogonal reaction. The peptide binding
and biomolecular grafting were monitored by Quartz Crystal
Microbalance Dissipation Method (QCM-D). The results in
Figure 2(e) demonstrated that 430.8 ng·cm-2 of (DOPA)4-
azide was steadily bound onto the aminated chips, implying
the high e�ciency and robust tethering onto the aminated
PVC substrates. Then, the azide-modi�ed chips were incu-
bated with DBCO-AMP or Cu-DOTA-DBCO via bio-
orthogonal conjugation. Analysis of QCM-D monitoring
revealed that the grafting processes began within minutes,
and the maximal grafting amount for DBCO-AMP and
Cu-DOTA-DBCO was 696.9 and 594.8 ng·cm-2, respectively
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Figure 2: Synthesis and grafting of (DOPA)4-azide, DBCO-AMP, and Cu-DOTA-DBCO molecules on aminated surface. (a)�(c)
Electrospray ionization mass spectrum of (DOPA)4-azide, DBCO-AMP, and DBCO-DOTA. (d) ESR spectrum of DBCO-DOTA with or
without chelated copper ion. (e) Real-time monitoring of the grafting amount of (DOPA)4-azide on aminated surface using QCM. (f)�(h)
Real-time monitoring of the grafting amount of DBCO-AMP, Cu-DOAT-DBCO, and DBCO-AMP/Cu-DOTA-DBCO on azide surface
using QCM. (i) RA-FTIR spectra of aminated surface after grafting with (DOPA)4-azide, DBCO-AMP, Cu-DOAT-DBCO, and DBCO-
AMP/Cu-DOTA-DBCO. Data are presented as mean ± SD (n = 4).
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(Figures 2(f) and 2(g)). Dual functionalization using a mix-
ture of DBCO-AMP and Cu-DOTA-DBCO (1 : 1 in molar
ratio) was further carried out, and the coimmobilized
amount demonstrated a median value around 637.4 ng·cm-2

(Figure 2(h)).
To further investigate the changes of the chemical struc-

ture and composition of the aminated PVC before and after
each grafting step, re�ection absorbance Fourier transform
infrared (RA-FTIR) and X-ray photoelectron spectroscopy
(XPS) were carried out. After grafting of (DOPA)4-azide to
the aminated surface (marked as azide), the introduction of
�N = N+ = N� peak by (DOPA)4-azide with azide groups
in the FTIR spectra was nearly invisible, which may be due
to the �N = N+ = N� signal was limited by the detection
limit of infrared. However, the band from 3100 to
3600 cm-1 was remarkably broadened because of the -OH
stretching vibration bands derived from the (DOPA)4-azide
containing a moderate amount of phenolic hydroxyl and
carboxyl groups, probably indicating the successful grafting
of (DOPA)4-azide. The click-anchoring sites for DBCO-
modi�ed biofunctional molecules were provided through
introducing the azide groups to the aminated surface. After
clicking of Cu-DOTA-DBCO or/and DBCO-AMP to azide
(marked as Cu-DOTA, AMP, and Cu-DOTA&AMP,
respectively), the appearance of the band in the FTIR spectra
at 1530, 1440, and 1235 cm-1 con�rm the 1,2,3-triazole
group produced by the successful bioorthogonal N3-DBCO
click reaction between the -N3 groups provided by azide
coating and the -DBCO groups of Cu-DOTA-DBCO or
DBCO-AMP. Additionally, the appearance of band at
3060 cm-1 (=CH stretching) and the signi�cant shift of the
peak from 1633 to 1654 cm-1 further indicated the successful
bioconjugation of AMP. Although the band at 3060 cm-1

(=CH stretching) in the FTIR spectrum of Cu-
DOTA&AMP nearly disappeared probably due to the suc-
cessful clickable grafting of both molecules, the presence of
similar signi�cant shift of the band from 1633 to 1654 cm-1

also further con�rmed the successful bioconjugation of
Cu-DOTA-DBCO and DBCO-AMP on azide surface
(Figure 2(i)). XPS analysis provided additional con�rmation
of the successful surface engineering of (DOPA)4-azide,
DBCO-AMP, and Cu-DOTA-DBCO, as evidenced through
the remarkable changes in the chemical compositions of the
aminated PVC before and after each grafting step
(Table S1). The changes in the contents of oxygen and
nitrogen of the azide con�rmed the immobilization of
(DOPA)4-azide on the aminated coating. Moreover, the
copper element especial to the Cu-DOTA-DBCO was
tested in both the Cu-DOTA-containing coatings, and the
signi�cant decrease in the contents of the copper of the
Cu-DOTA&AMP coatings compared with the Cu-DOTA
coatings, which probably con�rmed the e�ective
bioconjugation of Cu-DOTA-DBCO and DBCO-AMP on
the azide coating. To further investigate the chemical
components of the functionalized surfaces, the C 1 s and N
1 s peaks of XPS were implemented with peak �tting
methods (Figure S3). An increase of the peak was found at
286.2 eV in the C 1 s high-resolution spectra of the azide
surface compared to that of aminated surface, which may

be due to the introduction of C-O/C-N3 peak components
by (DOPA)4-azide with azide groups and C-O structures.
Additionally, an obvious decrease or increase of peaks value
was found at 284.6 eV and 286.2 eV in the C 1 s high-
resolution spectra of the AMP and Cu-DOTA surfaces
compared to that of azide because of the introduction of
C=C/C-C structure of the DBCO-AMP and Cu-DOTA-
DBCO, implying the conjugation of AMP and Cu-DOTA
on azide surfaces (Figure S3A). Finally, the content of each
component in Cu-DOTA&AMP coatings was between the
DOTA-Cu and AMP surfaces, which was consistent with
the theoretical result of bioconjugation Cu-DOTA-DBCO
and DBCO-AMP (Table S2). The N 1 s core-level spectrum
of the aminated surface after grafting of (DOPA)4-azide
was curve-�tted into �ve peak components with BEs at
398.07, 399.50, 400.46, 401.13, and 403.90 eV, attributable
to the aromatic N, aliphatic N, Azide (N=N-), R-N+, and
Azide (-N+) species, respectively (Figure S3B). The azide
‰ðNÞ � N =�/‰�N+� area ratio of around 2 : 1 was in good
agreement with the characteristics of azide [40], indicating
that the mussel-inspired adhesive bioclickable peptide had
grafted on the aminated surface. Moreover, the absorption
of nonazide protonated R-N+ was signi�cantly enhanced,
which probably is due to the aniline structure formed by
Michael addition between the -NH2 groups of aminated
surface and the benzodiazepines groups of (DOPA)4-azide
was easily protonated. Therefore, the disappearance of azide
(-N+) and ((N)-N=) species of the AMP, Cu-DOTA, and
Cu-DOTA&AMP surfaces further indicated that the Cu-
DOTA-DBCO and DBCO-AMP were successfully clicked on
the azide-functionalized surface via bioorthogonal N3-DBCO
click reaction (Table S3).

Altogether, in the above results, the potential of bio-
orthogonal conjugation biofunctional molecule for fabrica-
tion of dual-functional surface was veri�ed.

2.2. Antibacterial Property. Infection is one of the major
complications associated with extracorporeal circuits and
indwelling medical devices, which causes signi�cant mor-
tality in clinic [41]. To detect the antibacterial perfor-
mance of the Cu-DOTA&AMP coating, Escherichia coli
(E. coli) and Staphylococci epidermids (S. epidermids)
were selected as typical strains causing infections after
interventional procedures for antibacterial tests. We found
that the surface azidation to the PVC substrates by
(DOPA)4-azide did not result in visible in�uence on bacte-
rial growth as evidenced by antibacterial rates of 9.2% and
9.0% for E. coli and S. aureus, respectively. However, the
Cu-DOTA-grafted on azide-functionalized PVC led to
inhibitory e�ects on bacterial growth, which may be attrib-
uted to the bactericidal ability of the leakage copper(II)-
ions from Cu-DOTA. Moreover, a signi�cantly growth of
the antibacterial rate in AMP-coated PVC compared to
the control and azide groups was also observed. In addition,
we have noted that the bio-orthogonal of Cu-DOTA&AMP
on azide-functionalized PVC proved the excellent synergistic
interactions on inhibiting S. epidermids and E. coli with bac-
terial killing activity nearly to 99% and 100%, respectively
(Figures 3(a)�3(c)).
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SEM analysis showed that a moderate number of S. epi-
dermids and E. coli adhered on both PVC and azide groups
showed a state of rapid proliferation (Figure 3(d)). In con-
trast, the surfaces functionalized by Cu-DOTA or AMP
alone signi�cantly inhibited the adhesion and proliferation
of S. epidermids and E. coli. We have not noted that the bac-
teria membrane ruptured obviously on the Cu-DOTA,
which might be owing to the insu�cient concentration of
free of copper ions from Cu-DOTA. However, it was note-
worthy that the bacterial membrane rupture was observed
on the AMP and Cu-DOTA&AMP, which demonstrated
the well-retained ability of AMP [42] grafted by surface click
chemistry to penetrate and destroy the bacterial membrane
for killing bacteria. In addition, the excellent synergistic
e�ects on the adhesion and proliferation of S. epidermids
and E. coli were exhibited at the bio-orthogonal of Cu-
DOTA&AMP on azide-functionalized PVC surface.

Considering the long-term practical applications of the
Cu-DOTA&AMP coating on implantable medical blood-
contacting devices (e.g., central venous catheter and pace-
maker), the long-term e�cacy of its antibacterial e�cacy
for di�erent time period at continuous immersion into

PBS was tested (Figure S4). The results revealed that
antibacterial rates of Cu-DOTA&AMP-coated PVC for S.
epidermids and E. coli after 30 days of soaking, but still
suppressed 98% of bacterial growth of both S. epidermids
and E. coli, implying the wonderful preservation of Cu-
DOTA&AMP in antibacterial properties.

Altogether, the results above shows that the AMP and
Cu2+ from Cu-DOTA endow the long-term antibacterial
properties of Cu-DOTA&AMP surface to prevent biofouling.

2.3. In Vitro NO Catalytic Release and Blood Compatibility
Tests. In our design, the DOTA chelated copper ions can
decompose nitrosothiols into NO to suppress material-
induced thrombosis [25, 26, 43]. The catalytic release of
NO as bioactive gas molecule was calculated to detect the
NO catalytic ability of the Cu-DOTA&AMP coating. The
NO catalytic release activity of Cu-DOTA&AMP surface
was evaluated through a real-time chemiluminescent assay.
For the in vitro experiments, the NO donor solution (10 ��
S-nitrosoglutathione (GSNO) and 10 �� L-glutathione
(GSH)) was prepared to mimic the physiological environ-
ment. NO real-time monitoring revealed that there is almost
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Figure 3: Antibacterial property. (a) Typical E. coli and S. epidermids colonies after 24 h incubation on the bare and modi�ed PVC plates.
Antibacterial rate of modi�ed PVC that calculated from the number of colonies against (b) E. coli and (c) S. epidermids. (d) SEM images of
E. coli and S. epidermids that adhered or colonized on the bare and modi�ed PVC plates. All scale bars from the same raw are 500 or
5000 nm. Data presented as mean ± SD and analyzed using a one-way ANOVA, ��p < 0:01, ��� p < 0:001.
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