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Thrombus formation and tissue embedding significantly impair the clinical efficacy and retrievability of tem-
porary interventional medical devices. Herein, we report an insect sclerotization-inspired antifouling armor for
tailoring temporary interventional devices with durable resistance to protein adsorption and the following
protein-mediated complications. By mimicking the phenol-polyamine chemistry assisted by phenol oxidases
during sclerotization, we develop a facile one-step method to crosslink bovine serum albumin (BSA) with
oxidized hydrocaffeic acid (HCA), resulting in a stable and universal BSA@HCA armor. Furthermore, the surface
of the BSA@HCA armor, enriched with carboxyl groups, supports the secondary grafting of polyethylene glycol
(PEG), further enhancing both its antifouling performance and durability. The synergy of robustly immobilized
BSA and covalently grafted PEG provide potent resistance to the adhesion of proteins, platelets, and vascular cells
in vitro. In ex vivo blood circulation experiment, the armored surface reduces thrombus formation by 95 %.
Moreover, the antifouling armor retained over 60 % of its fouling resistance after 28 days of immersion in PBS.
Overall, our armor engineering strategy presents a promising solution for enhancing the antifouling properties
and clinical performance of temporary interventional medical devices.

1. Introduction

Temporary interventional devices, such as inferior vena cava filters,
embolic coils, balloon occlusion devices, and vascular plugs, have
become essential tools in disease prevention and treatment [1-4].
However, these devices face the risk of thrombosis and retrieval diffi-
culties due to tissue embedding, which can impair their efficacy and
potentially result in fatal consequences [5-7]. It is believed that protein
adsorption on devices is the main cause of these complications [8]. Upon
introduced into the human body, these devices inevitably trigger a
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cascade of adverse events initiated by nonspecifically adsorbed proteins
[9,10]. Accordingly, the development of strategies to prevent protein
adhesion is crucial for the efficacy of temporary interventional devices.
Antifouling surfaces have shown promise in mitigating protein attach-
ment, thereby preventing surface fouling and its associated complica-
tions [11-13]. Various antifouling molecules have been explored for this
purpose, including bovine serum albumin (BSA) [14,15], zwitterions
[16,17], polyethylene glycol (PEG) [18], and fluoropolymers [19].
Among them, BSA emerges as a prominent candidate for surface modi-
fication applications. This natural protein, derived from bovine plasma,
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owns numerous advantages, such as wide availability,
cost-effectiveness, and well-established purification method. Conse-
quently, BSA-based coatings have found broad applications across fields
including biomedical engineering [20], biosensing [21], drug delivery
systems [22], and tissue engineering [23], offering indispensable solu-
tions against biofouling challenges [24].

However, the broader application of BSA in antifouling coatings
encounters challenges, particularly the lack of a facile method for stable
surface fixation and its compromised antifouling activity in blood en-
vironments. Firstly, physical adsorption and covalent grafting are the
two main methods to immobilize BSA onto biomaterial surfaces [25].
While physical adsorption is versatile for different surface shapes [26],
its stability is often suboptimal [27]. In contrast, covalent grafting en-
sures strong anchoring of BSA to the surface, but it necessitates complex
substrate pretreatment procedures [28]. Moreover, the antifouling
effectiveness of BSA coatings may be compromised in physiological
environments due to potential alterations in the charge properties of
surfaces [29]. Therefore, creating a BSA coating that can be easily
applied, stably adhered, and durably functioned is essential for
enhancing the performance of temporary interventional medical
devices.

The natural protective mechanisms observed in insects have recently
inspired innovative approaches in biomedical surface modification [30].
Insects utilize a phenol oxidases-assisted phenol-polyamine chemistry to
produce a robust exoskeleton. Notably, BSA can be viewed as a type of
"polyamine" due to its formation via the polymerization of amino acids.
Inspired by this, we develop an innovative solution to address the cur-
rent limitations of BSA coatings. Our method integrates hydrocaffeic
acid (HCA, phenol), BSA (polyamine), and sodium periodate (SP,
oxidant) to construct a BSA-based armor on the surface of substrates.
This armor is endowed with universal adhesive properties through the
catechol groups present in HCA. Additionally, the abundant carboxyl
groups in both BSA and HCA serve as secondary reaction sites, facili-
tating the grafting of amine-terminated PEG through a carbodiimide
chemical reaction. PEG is well-known for its antifouling properties and,
when grafted onto surfaces, creates a hydrating barrier on the
BSA@HCA armor [31]. This additional layer further enhances the
resistance to the adhesion of proteins, cells, and biomolecules, and also
protects the underlying BSA armor from protease-induced degradation,
ensuring the long-term efficacy of this antifouling armor in biological
settings. The findings of this research not only pave the way for the use
of biocompatible proteins in surface engineering but also hold promise
in enhancing the efficacy of temporary interventional devices in clinical
settings.

2. Materials and methods
2.1. Materials

BSA, HCA, glutaraldehyde, rhodamine, 4-Morpholineethanesulfonic
acid (MES), N-hydroxy succinimide (NHS) and 1-(3-Dimethylamino-
propyl)-3-ethylcarbodiimide hydrochloride (EDC) were obtained from
Sigma-Aldrich. SP and toluidine blue were purchased from Shanghai
Aladdin Bio-Chem Technology Co, LTD. Amine-terminated PEG (My =
5000 Da) were purchased from Macklin Inc, Shanghai, China. The cell
culture media DMEM-F12, DMEM-High glucose, and fetal bovine serum
(FBS) were purchased from GE Healthcare Life Sciences. The cell
counting kit-8 (CCK-8) was purchased from DOJINDO. The ELISA kits
were purchased from MULTI SCIENCES, Hangzhou, China and Beyotime
Biotechnology, Shanghai, China. Mirror polished stainless steels (SS)
was purchased from Corsair Medical Technology Co, Suzhou, China. The
polyvinyl chloride (PVC) catheter for ex vivo thrombogenicity test was
custom-made in Mingji Polymer Co, Jiangsu, China. Human umbilical
artery smooth muscle cells (HUASMCs), Human umbilical vein endo-
thelial cells (HUVECs) and the murine macrophage line RAW 264.7
(MCs) were purchased from the GuangZhou Jennio Biotech Co., Ltd.
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2.2. Preparation of BSA@HCA armor

The BSA@HCA armor was prepared on various substrates, through a
one-step dip-coating process. First, a mixed solution was prepared by
mixing SP (2 mg rnL‘l), BSA (3 mg mL_l), and HCA (3 mg mL_l) in
distilled water. Then, the substrates were dipped into this mixture for 12
h at 37 °C. After reaction, the armored substrates were washed three
times with distilled water and dried using nitrogen gas.

2.3. Covalent immobilization of PEG on BSA@HCA armor

The BSA@HCA armor was activated by using a water-soluble car-
bodiimide (WSC) system composed of EDC (5 mg mL™") and NHS (2.4
mg mL~ 1Y) in a MES (9.76 mg mL 1) buffer with pH ~ 5.4 for 30 min.
Then, 5 mg mL~! of PEG was added to the solution, and the reaction was
allowed to proceed for 12 h. The coated substrates were then rinsed with
PBS and distilled water, respectively, and labeled as PEG-BSA@HCA.

The mass quantification of PEG grafted to the armor was carried out
using quartz crystal microbalance with dissipation (QCM-D, Q-sense AB,
Sweden). First, the AT-cut 5 MHz quartz crystal with a 10 mm diameter
of Au film was covered by BSA@HCA armor. The modified quartz crystal
was then placed in the QCM-D chamber, and MES (pH ~ 5.4) solution
was continuously injected at a rate of 30 L min ! until the baseline was
stabilized. Afterwards, PEG was injected until the curve reached equi-
librium. Subsequently, PBS (pH ~7.4) was perfused to remove any un-
bound PEG. The mass (Am) of the grafted molecule was calculated using
the Sauerbrey equation, whereby the frequency shift (Af) of quartz
crystal was converted into the mass change (Am) of the electrode
surface.

2.4. Characterization of the armor

The content of carboxy groups on the armors were measured by
immersing in 5 x 10~* M Toluidine Blue O at pH ~10 for 5 h. Then,
unbound dye was removed with 1 x 10~* M NaOH and the desorption of
dye bound to carboxyl groups on armors was conducted with 50 % acetic
acid solution. Absorbance at 633 nm was used for the colorimetry.

Attenuated total refraction fourier transform infrared spectroscopy
(ATR-FTIR, Nicolet Model 5700) was utilized to analyze the chemical
structure of the armor. Water contact angle (WCA) was measured at
room temperature using a Kriiss GmbH DSA 100 Mk 2 goniometer
(Hamburg, Germany). Four parallel samples were selected for each
group, and the average value was calculated. X-ray photoelectron
spectroscopy (XPS) was used to analyze the chemical composition of the
armor using K-Alpha from Thermo Electron (USA) with a mono-
chromatic Al Ka (1486.6 eV) X-ray source, operating at a pressure of 12
kV and 15 mA, and a pressure of 3 x 10”7 Pa. The binding energy of C1s
(284.5 eV) was designated as the reference for charge calibration.

2.5. Tribological test

The tribological test was performed employing a universal material
tester (MFT-5000, Rtec-Instruments Inc., USA). The experiments were
performed with rotation mode (rotation diameter: 8 mm; rotation speed:
360 rpm; normal load: 1 N) at 25 °C in liquid environment for 30 min.

2.6. Chemical stability of armor

The chemical robustness of the BSA@HCA armor was assessed by
immersing it in different pH solutions at 37 °C. After incubation for 24 h,
the absorbance value of the solution was measured at 480 nm, which
was proportional to the amount of benzene ring in the solution and
therefore allowed an indirect determination of the degradation of armor.
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2.7. Cell culture

HUASMCs and HUVECs were cultured in DMEM-F12 medium sup-
plemented with 10 % FBS. MCs were cultured in DMEM-High glucose
medium supplemented with 5 % FBS.

2.8. Assays on the cell resistance of the antifouling armor

The resistance of antifouling armor against cell adhesion and growth
behavior was evaluated by seeding cells onto test samples at a density of
2 x 10* cells mL™! for 2, 24, and 72 h, respectively. The cells on the
samples were then stained with Rhodamine 123 to visualize their
morphology, and the proliferation viability of cells was measured using
CCK-8 kit. The measurement of fibrinogen adhesion and activation, and
cytokines release of MCs were performed using ELISA kits.

2.9. Cell migration

The ability of cells to migrate on the surface of the sample was
assessed using the L-shaped gravity migration method [32]. Briefly,
L-shaped 316L SS (0.8 cm x 2 c¢m) foil with one modified arm and one
bare arm was prepared. Then, the bare arm was seeded at a density of 5
x 10* cells mL™! for 6 h. After that, the sample was flipped over and
placed in a fresh culture medium, causing the cells on the surface of the

A Insect sclerotization process
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bare arm to migrate to the coated arm under the influence of gravity.
Finally, the migrated cells were stained with Rhodamine 123 and visu-
alized by the Leica DMRX fluorescence microscope after 24 h of
incubation.

2.10. Ex vivo thrombogenicity test

The Local Ethical Committee and Laboratory Animal Administration
Rules of China were strictly followed for all animal handling and sur-
gical procedures. The animal experiments were approved by the Dong-
guan People’s Hospital Laboratory Animal Welfare and Ethics
Committee (Approval NO. IACUC-AWEC-202309003). Eight healthy
New Zealand White rabbits (2.5-3.5 kg) were anesthetized by intrave-
nous injection of 3 % pentobarbital sodium salt, and were used for ex
vivo thrombogenicity test. To form a closed loop, the left carotid artery
and the right jugular vein of the rabbit were connected by PVC catheter
that contains bare and modified 316L SS foils (0.8 cm x 1.5 cm). After 2
h of blood circulation without anticoagulant, the samples were removed
from the circulation system and rinsed with PBS. The occlusive rates of
the catheter cross-sections were analyzed by photography, and the
thrombus weight was calculated by weighing the tested sample. Addi-
tionally, the tested sample was fixed with glutaraldehyde (2.5 % in
physiological saline) for SEM observation.

Schematic illustration of BSA@HCA armor
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Fig. 1. Insect sclerotization-inspired phenol-polyamine chemistry for fabricating robust and universal BSA@HCA antifouling armor. (A) Sclerotization of insect
cuticle (left) and formation mechanism of BSA@HCA armor (right). (B) Changes in the thickness and carboxyl group density of the BSA@HCA armor as a function of
deposition time, ranging from 0.5 to 6 h. (C) UV-vis spectra of BSA and HCA mixed solution under SP-mediated oxidation. (D) GATR-FTIR spectra of HCA, BSA and
BSA@HCA. (E) XPS high-resolution spectra of Cls for BSA@HCA armor. (F) XPS characterization of 10 different substrates before and after armoring with
BSA@HCA. The characteristic XPS signals of the unmodified substrate was normalized to 100 %. Substrates with characteristic XPS signals indistinguishable from the
BSA@HCA signal were marked by “N.A.” (G) Degradation (OD 480 values > 0.05) of BSA@HCA armors in different pH environments.
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3. Results and discussion
3.1. Preparation and characterization of antifouling BSA@HCA armor

To develop a facile method for the stable immobilization of BSA, our
strategy draws inspiration from the sclerotization process observed in
insects. We utilized HCA to crosslink with the inert protein BSA via
phenol-polyamine chemistry under oxidizing environment (Fig. 1A).
The phenolic hydroxyl groups in HCA could be oxidized to benzoqui-
none by SP, then readily reacting with both primary and secondary
amine groups in BSA [33]. Meanwhile, BSA serves as a long-chain
backbone, crosslinked by HCA, ensuring the stability of the armor.
Owing to the adhesive nature of residual catechol groups in HCA, the
resulting armor was expected to be firmly adhered to the substrates.

Firstly, the formation mechanism and characteristics of the
BSA@HCA armor was investigated. After 30 min deposition, the thick-
ness of the armor was only 5 nm (Fig. 1B). As the deposition time
extended, there was a linear increase in thickness, reaching 60 nm after
6 h. A similar trend can be observed for the surface density of carboxyl
groups. With the increasing of deposition time, the surface carboxyl
groups gradually increased, peaking at 25 nmol cm™? after 6 h. The
abundant carboxyl groups on the surface provide sites for the following
grafting of PEG. It is noteworthy that the surface carboxyl groups
showed negligible variation after 4 h deposition, suggesting the full
coverage of the armor on the substrate. To deeper understand the for-
mation mechanism of the BSA@HCA armor, we examined the chemical
structure changes in HCA during armor formation using UV-vis spec-
troscopy. It can be observed that the absorbance value at ~390 nm
significantly increased after 1 min (Fig. 1C), indicating the conversion of
o-phenol to the o-benzoquinone group in an oxidizing condition [33,34].
High performance liquid chromatography-mass spectrometry
(HPLC-MS) provided further evidence that under oxidizing conditions,
HCA converted to o-benzoquinone and dicatechol structures (Fig. S1).
With the reaction proceed, the absorption peak attributed to the
o-benzoquinone group diminished. Instead, peaks associated with
structures featuring aromatic C-N and aromatic C=N emerged. This
shift can be mainly attributed to the phenol-polyamine reactions be-
tween HCA and BSA [33]. The chemical composition and structure of
BSA@HCA armor were detected by FTIR and XPS. As shown in Fig. 1D,
the presence of characteristic peaks of BSA (Amine I and Amine II at
1660 and 1522 cm’l, respectively) and HCA (aromatic C—C at 1603
and 1523 cm™!) indicated the successful fabrication of the armor.
Moreover, the peaks of aromatic C=N at 1448 em™! observed in
BSA@HCA verified the phenol-polyamine crosslinking between BSA and
HCA. XPS analysis further confirmed this crosslinking as evidenced by
the presence of aromatic C=N, aromatic C-N, and N-C=O peaks
(Fig. 1E and Fig. S2).

To verify the universal adhesive properties of the BSA@HCA armor,
we applied it on various substrates commonly used in medical devices. It
can be observed that all the substrates exhibited a color change after
armoring, indicating the successful fabrication of the armor (Fig. S3).
The surface elemental composition of modified samples was also
detected using XPS (Fig. 1F and Fig. S4). As illustrated, the armor
completely covered the signals from metallic and inorganic materials,
confirming its full and uniform coverage. However, the characteristic
elemental signals of carbon-based polymeric materials such as silicone
rubber (SR), poly (Ethylene Terephthalare) (PET), and polyurethane
(PU) were similar to that of the armor and thus difficult to be distin-
guished. Nevertheless, a consistent N/C ratio was observed after
armoring for all the substrates, suggesting the universal adhesive
properties of the BSA@HCA armor.

Importantly, the BSA@HCA armor exhibited impressive chemical
stability under both acidic and alkaline environments. As shown in
Fig. 1G, the armor remained intact across a pH range from 2 to 11.
However, when the pH was below 1 or above 11, there was a significant
increase in the optical density (OD) value of the eluent. This rise is
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mainly attributed to the disruption of the armor and the subsequent
liberation of benzene ring in HCA to the eluents [35]. Furthermore, the
long-term stability of the BSA@HCA armor is crucial for its antifouling
performance. Therefore, we investigated both the morphology and
thickness changes of the BSA@HCA armor after 28 days immersion in
PBS. Scanning electron microscopy (SEM) analysis revealed that the
BSA@HCA armor maintained its surface integrity without morpholog-
ical alterations after 28 days immersion (Fig. S5). Moreover, the thick-
ness of the armor exhibited negligible decrease during immersion. These
results highlight the robustness of the BSA@HCA armor and its suit-
ability for enhancing the surface properties of temporary biomedical
devices.

3.2. Surface grafting of PEG on BSA@HCA armor

In pursuit of further enhancing the antifouling efficacy and dura-
bility of the BSA@HCA armor, a secondary grafting of PEG was per-
formed, facilitated by carbodiimide reaction between carboxyl group
(provided by BSA and HCA) and amine group (PEG) (Fig. 2A). It has
been reported that the grafting amount is critical for the antifouling
efficacy of PEG coating [36-39]. Thus, we first assessed the grafting
quantity of PEG on the BSA@HCA armor using QCM-D. It can be
observed that the highest grafting density of 510 ng cm™2 was achieved
after 5 h of reaction (Fig. 2B). Such densely grafted PEG significantly
increased the surface hydrophilicity (Fig. 2C). Specifically, the WCA for
SS and BSA@HCA armor was 66.8 + 5.2° and 76 + 3.4°, respectively.
Remarkably, after grafting with PEG, the WCA decreased to approxi-
mately 44.6 + 3.4°. Considering the passive antifouling surface is real-
ized by the formation of surface hydration layer, the enhanced
hydrophilicity is believed to benefit its antifouling effectiveness [38,39].

To ascertain the covalent grafting of PEG, we conducted RA-FTIR and
XPS analyses. As shown in Fig. 2D, the enhancement of characteristic
peaks of ~OH (at 3420 ecm ) and C-O-C (at 1278, 1240, 1150, and
1100 cm’l) was observed for PEG-BSA@HCA. Such enhancement can
be ascribed to the presence of the PEG, indicating its successful grafting.
Additionally, the characteristic peak of C-OH in the carboxyl group at
1393 cm ! significantly decreased, suggesting the covalent grafting of
PEG to the carboxyl groups through carbodiimide reaction. The chem-
ical composition of PEG-BSA@HCA was further analyzed using XPS
high-resolution spectra of C1s, N1s, and O1s. As depicted in Fig. 2E, after
grafting with PEG, there was a notable decrease in peak intensity asso-
ciated with C-N, C-O, and C=0 bonds present in the BSA@HCA armor.
Also, a remarkably decreased N1s peak in PEG-BSA@HCA was observed
as compared to BSA@HCA (Fig. 2F and Fig. S6). These declines can be
mainly caused by the limited detection depth of XPS and the complete
coverage of PEG. This conclusion can be further supported by the sig-
nificant increase in peak intensity of C-O-C bond after grafting with PEG
in Cls and Ols (Fig. 2G). Overall, these findings confirm the successful
grafting of PEG on the BSA@HCA armor via carbodiimide reaction [40,
41].

It has been well recognized that the biomedical devices with high
surface friction can harm endothelial cells during intervention, thereby
elevating the risk of injuries and thrombosis [42-44]. Therefore, we
measured the friction coefficients of SS, BSA@HCA, and PEG-BSA@HCA
under wet conditions. As illustrated in Fig. 2H, PEG grafted samples
exhibited substantially reduced friction coefficient under wet condition,
implying a decreased potential for blood vessel damage. Such effects can
be mainly attributed to the hydration layer formed on PEG-BSA@HCA
and the brush-like structure of PEG [45].

3.3. Antifouling properties of PEG-BSA@HCA against HUVECs,
HUASMCs and MCs

Cell adhesion on temporary intervention devices can be detrimental.
Firstly, the accumulation of inflammatory cells to the implanted devices
can trigger inflammations, which may lead to intervention failure [46].
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resolution spectra of (E) Cls, (F) N1s, and (G) O1s for BSA@HCA and PEG-BSA@HCA. (H) Friction coefficient of 316L SS before and after armoring and grafting

under wet conditions.

Additionally, the attachment and proliferation of vascular cells on de-
vices such as inferior vena cava filters and vascular occluders might
accelerate devices embedding, thus narrowing the safe retrieval win-
dow. Accordingly, the adhesion behavior and subsequent responses of
vascular and inflammatory cells on the PEG-BSA@HCA armor was
assessed in vitro.

HUVECs were first seeded on the samples and the adherent cells were
characterized. As shown in Fig. 3A, the BSA@HCA armor exhibits a
significant reduction in HUVECs adhesion compared to 316L SS,
demonstrating the antifouling capacity of our BSA-based armor. Note
that this resistance to the HUVECs adhesion was further enhanced after
PEG grafting. Quantitative results showed that the PEG-BSA@HCA
exhibited a tenfold reduction in HUVECs adhesion compared to SS,
confirming its potent anti-adhesion capacity (Fig. 3B). This can be
ascribed to the hydrated layer formed on the surface, serving as a barrier
against cell attachment. Moreover, the PEG-BSA@HCA effectively
inhibited cell proliferation (Fig. 3C and D) and migration (Fig. 3E and
Fig. S7). Specifically, the migration distance on BSA@HCA and PEG-
BSA@HCA armors decreased to 589.8 pm and 304.7 pm, respectively,
compared to the distance of 692.5 pym on the 316L SS. Such effects might
be associated with the reduced proteins on the surface that could pro-
mote cell proliferation and migration [47].

The adhesion and proliferation of HUASMCs on the samples was
subsequently assessed. The response of HUASMCs on different samples
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was similar to that of HUVECs. Both the BSA@HCA and PEG-BSA@HCA
armors significantly resisted the adhesion of HUASMCs, with the PEG-
BSA@HCA surface proving more effective (Fig. 4A and B). Meanwhile,
the proliferation of HUASMCs was also remarkably inhibited by both
BSA@HCA and PEG-BSA@HCA (Fig. 4C and D). After 72 h incubation,
the number of HUASMCs on the SS surface was 2.7-fold higher than on
BSA@HCA, and 6.8-fold higher than on PEG-BSA@HCA. Similarly, the
BSA@HCA and PEG-BSA@HCA surfaces notably suppressed cell
migration from 609.6 pm to 447.1 pm and 257.7 pm, respectively
(Fig. 4E and Fig. S7).

The introduction of vascular interventional devices can trigger a
cascade of immune responses, which often include the recruitment of
immune cells and activation of signaling pathways [48-50]. MCs, as one
of the first responders in inflammation, are commonly used to evaluate
the inflammatory response of biomedical devices [51]. Accordingly, we
assessed the attachment and cytokine release of RAW 264.7 MCs on
different samples. It can be observed that the BSA@HCA armor did not
show a significant reduction in the adhesion of MCs compared to 316L
SS after 24 h incubation (Fig. 5A and B). However, a notable inhibition
of MCs proliferation on the BSA@HCA armor was evident after 72 h.
Notably, the PEG-BSA@HCA exhibited a significant decrease in both
adhesion and proliferation of MCs. Specifically, the fluorescence area of
MCs on the PEG-BSA@HCA surface was just one-tenth of that on SS,
demonstrating its potent antifouling properties. In the cytokine release
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assay, neither BSA@HCA nor PEG-BSA@HCA triggered an elevation in
cytokine levels, including TNF-a, IL-6, IL-10, and TGF-p, suggesting a
favorable inflammatory response (Fig. 5C-F).

3.4. Invitro and ex vivo antithrombogenic properties

The risk of coagulation is a significant concern for implanted medical
devices, as excessive clotting can lead to serious complications such as
thrombosis, embolisms, and blockages within the device. The adhesion
and activation of fibrinogen (Fg) and platelets are key factors in the
coagulation process [52]. Therefore, we assessed the effectiveness of the
PEG-BSA@HCA armor in inhibiting the adhesion and activation of
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fibrinogen and platelet.

Firstly, the samples were exposed to the platelet-poor plasma for
evaluating the adhesion and activation of Fg. As illustrated in Fig. 6A,
the BSA@HCA armor slightly reduced Fg adhesion and activation
compared to 316L SS. Specifically, fibrinogen adhesion on BSA@HCA
was 80.2 % relative to 316L SS, while its activation was lowered to 71.3
% of the 316L SS. Notably, PEG grafting considerably enhanced this
effect. The introduction of PEG molecular brushes led to a remarkable
decrease in fibrinogen adhesion on PEG-BSA@HCA, to just 58.8 %
compared to 316L SS, and fibrinogen activation was significantly
reduced to 35.8 % of 316L SS, indicating its superior anti-adhesion and
anti-activation properties against Fg. In addition, we exposed the
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Fig. 5. Antifouling properties of PEG-BSA@HCA against inflammatory cells. (A) Fluorescence staining of RAW 264.7 MCs on different samples after 24 and 72 h of
culture. (B) Quantification of fluorescence area of RAW 264.7 MCs on different samples after 24 and 72 h of culture. Cytokine release, including (C) THF-a, (D) IL-6,
(E) TGF-p, and (F) IL-10, of RAW 264.7 MCs on different samples after 6 h of incubation.

samples to platelet-rich plasma to investigate the platelet responses in
the presence of Fg. SEM images revealed a notable quantity of activated
platelets, identified by their extended pseudopodia, on the surface of
316L SS as shown in Fig. 6B. Conversely, the BSA@HCA exhibited a
remarkable reduction in platelet adhesion. Moreover, the few adhered
platelets were predominantly in an inactivated state. This inhibitory
effect was more pronounced in the case of the PEG-BSA@HCA, which
displayed a substantial decline in platelet adhesion and activation. The
quantification of the adhered and activated platelets was consistent with
the SEM observation, further confirming the superior antifouling prop-
erties of the PEG-BSA@HCA (Fig. 6C).

To evaluate the anti-thrombotic properties of PEG-BSA@HCA armor,
an ex vivo catheter blood circuits experiment was performed (Fig. 6D).
As described in our previous work [52], the bare and modified 316L SS
foils were placed in the PVC catheters, which are connected to a rabbit
arteriovenous shunt. After 2 h of circulation, the samples were taken out
and their anti-thrombotic properties were evaluated. As shown in
Fig. 6E, severe thrombus formation was observed for SS, while only
slight clotting was observed for the BSA@HCA. Notably, almost no
clotting was formed on PEG-BSA@HCA, indicating its excellent
anti-thrombotic properties. Quantitative analysis further confirmed this
observation, as evidenced by the significant reduction of
PEG-BSA@HCA in occlusion rate (Figs. 6F and 5.9 % vs. 100 %),
thrombus weight (Figs. 6G and 3.3 mg vs. 35.8 mg), and blood flow rate
(Figs. 6H and 92.6 % vs. 37.6 %) compared to SS. SEM observation
provided further evidence, revealing the aggregation of erythrocytes
and platelets and fibrous-like thrombus on the SS surface. In contrast,
the PEG-BSA@HCA surface showed only a small presence of red blood
cells, confirming the thrombogenesis inhibition of the antifouling armor
(Fig. 6I).
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3.5. Durability of PEG-BSA@HCA antifouling armor

The durability of antifouling properties is critical to the long-term
efficacy of implanted devices. In this study, we tested the durability of
the PEG-BSA@HCA antifouling armor by pre-immersion in PBS for 1, 4,
7, 14, and 28 days respectively. After treatment by PBS, the ex vivo
catheter blood circuits and in vitro cell adhesion and proliferation ex-
periments were performed. It can be observed that the PEG-BSA@HCA
armor demonstrated a slight reduction in antithrombotic efficiency in
ex vivo catheter blood circuits after prolonged immersion (Fig. 7A).
However, it maintained substantial effectiveness assessed by occlusion
ratio, thrombus weight, and blood flow rate, with more than 70 % of its
initial capacity preserved after 28 days immersion (Fig. 7B). These re-
sults indicate its superior stability in antithrombosis. Similar trend can
also be observed for the adhesion and proliferation of vascular and in-
flammatory cells. As illustrated in Fig. 7C-H, with the increase of im-
mersion time, the anti-adhesion and anti-proliferation capacity of the
PEG-BSA@HCA slightly decreased. Whereas, after immersion in PBS
for 28 days, the anti-adhesion and anti-proliferation capacity against
HUVECs, HUASMCs, and MCs is still above 60 %, indicating its durable
antifouling properties.

It is noteworthy that the retention of antifouling efficacy varied
among cell types. For ECs and MCs, the capacity to prevent adhesion and
proliferation dropped to between 60 % and 70 % after 28 days. In
contrast, for SMCs, the retention was still higher than 70 %. The varying
antifouling durability against different cell types can mainly be attrib-
uted to their different sizes in this work. The typical sizes of ECs, SMCs,
and MCs are approximately 10-50 pm, 20-200 pm, and 10-20 pm,
respectively. As the immersion time increases, the grafting density of
PEG would gradually decrease due to the degradation of the BSA@HCA
armor. This leads to larger gaps between PEG chains, making it easier for
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smaller cells, such as ECs and MCs, to adhere to the substrate. In
contrast, the antifouling properties of PEG-BSA@HCA demonstrated
higher retention against the SMCs with larger size. In comparison, the
antifouling performance of the BSA@HCA armor declined markedly
post-immersion (Figs. S9-S11). Meanwhile, no significant varying
antifouling durability was observed among different cells. Despite this,
the antifouling properties of BSA@HCA remained superior to that of SS.

4. Conclusions

In this study, we present a facile approach for developing universal
and durable antifouling armor for temporary interventional biomedical
devices. By mimicking the insect sclerotization process, we develop a
one-step process to crosslink BSA with HCA under oxidizing condition
via phenol-polyamine chemistry. The resultant armor exhibits universal
adhesive capabilities on various substrates (e.g., metals, inorganics, and
polymers). Moreover, BSA, serving as the structural backbone, endows
the armor with superior stability, which maintains its integrity in PBS

569

after 28 days immersion. To further enhance the durability and anti-
fouling performance, we graft PEG onto the carboxyl-rich BSA@HCA
armor. This grafting significantly elevates the antifouling efficacy of
PEG-BSA@HCA, potently resisting the adhesion of proteins and plate-
lets, as well as inhibiting the attachment and proliferation of ECs, SMCs,
and MCs in vitro. In ex vivo blood circulation assays, the armored surface
exhibited a 95 % reduction in thrombus formation. Remarkably, even
after 28 days in PBS, the antifouling armor retained over 60 % of its
initial fouling resistance. Overall, our armor engineering strategy pre-
sents a promising solution for enhancing the antifouling properties and
clinical performance of temporary interventional medical devices.

Data availability Statement

The data that support the findings of this study are available from the
corresponding authors upon reasonable request.
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