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HIGHLIGHTS GRAPHICAL ABSTRACT

« A novel tellurium-functionalized
polycarbonate-polyurethane is
designed and synthesized by
introducing ditelluride bonds.

« The tellurium-functionalized coating
with glutathione peroxidase mimics
capability can continuously and
controllably catalyze the nitric oxide
release.

o The tellurium-functionalized coating
is not only beneficial for quickly
building health endodermis, but also
effective in inhibiting blood
coagulation, endometrial hyperplasia
and inflammation.
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sirable implantation responses including thrombus formation, inflammation, and hyperplasia is still the
life-threatening to the patients. In this study, a novel tellurium-functionalized polycarbonate-
polyurethane (PCU-TeTe) was designed and synthesized by introducing ditelluride bonds (Te-Te) into
the molecular structure of polymer. The developed PCU-TeTe showed an excellent catalytic activity in
the nitric oxide (NO) release with a rate of 2.8 x 10'° mol-cm~2-min!, hence has multiple advanced
Nitric oxide functions in the blood environment. Both in vitro and ex vivo results of hemocompatibility showed that
Hemocompatibility PCU-TeTe could substantially reduce the probability of thrombogenesis. Besides, PCU-TeTe could signif-
Endothelialization icantly promote endothelial cell (EC) proliferation while suppress the growth of smooth muscle cell
Hyperplasia (SMC) and macrophage (MA). Moreover, the in vivo results including qualitative and quantitative date
(e.g. abdominal aorta hyperplasia) demonstrated that PCU-TeTe could not only promote healthy endothe-
lialization, but also inhibit thrombus, inflammation and hyperplasia. Such tellurium-functionalized sys-
tem could be a promising strategy for the design and fabrication of vascular materials or implants,
especially for blood-contacting devices in the future.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Cardiovascular disease is one of the primary factors threatening
human health [1-3]. Notably, the incidence of coronary heart dis-
ease i.e. atherosclerosis (one of the most common vascular dis-
eases) keeps increasing in consecutive year [4]|. This severe
situation not only causes great suffering to patients, but also
imposes serious economic burden [5]. To solve the problem, inter-
ventional therapy has been developed to an effective tool to allevi-
ate the condition of the patients [5-7]. Among the therapies,
percutaneous coronary angioplasty (PTCA) like stent implantation,
has become the major for curing atherosclerosis in clinics [8-10].
However, complications such as thrombosis, inflammation and
intimal hyperplasia those could lead to the in-stent restenosis
(ISR) are still limiting the long-term prognosis of patients [11,12].
In particular, endothelium injury is inevitable in stenting process,
which could not only trigger the aggregation and activation of pla-
telet (i.e., thrombogenic reactions), but also result in excessive pro-
liferation of smooth muscle cell (i.e., intimal hyperplasia) [13].
Moreover, the production of specific extracellular matrix (ECM)
molecules (e.g. nitric oxide (NO)) will be also affected at the dam-
aged site [14]. Therefore, finding an effective strategy for avoiding
the ISR is very urgent.

Polymer coating on the stent [15,16] as an promising strategy
has been studied and used in clinical stent research, including
polylactic acid (PLA), polycaprolactone (PCL), poly(trimethylene
carbonate) (PTMC) [17,18], polyurethanes (PU) [19] and etc.
Among these polymers, PU is talent showing itself due to its excel-
lent performance and wide range of structure regulation [20].
Moreover, PU is considered to be an ideal material for preparing
blood-contacting implants (e.g., artificial blood vessels [21], inter-
ventional catheters [22], and implanted patches [23]). Thus, PU is
expected to have a strong potential in improving the status of car-
diovascular stent. However, to date commercial PU do not com-
pletely meet the complex requirements of blood environment.
The main challenge is that cardiovascular stents should not only
suppress adverse factors (e.g., thrombosis, inflammation, and
hyperplasia), but also promote healthy tissue construction (e.g.,
endothelialization) [24-27]. Therefore, ideal PU material for
intravascular implant environment should possess multiple bio-
logical functions. Although numerous strategies (e.g., polymer
brush [28], peptide fixation, drug molecule grafting, and inert sur-
face) have been developed to improve the biocompatibility of PU in
the blood, the common modification strategies with imperfect
functions often result in a high risk of ISR [13].

A new avenue for the modification of PU can be associated with
NO [29,30]. NO is an endothelium relaxing factor presented in the
blood, which could effectively prevent the development of
atherosclerosis. By activating the cyclic guanylate monophosphate
(cGMP) pathway with NO, both platelet adhesion and smooth mus-
cle cell (SMC) proliferation can be significantly inhibited [31,32].
Moreover, NO also has a remarkable ability to defense inflamma-
tion [33] and promote endothelialization [34]. Considering the lim-
ited donor loading capacity of NO-releasing materials [35,36], we
propose a strategy to mobilize regenerative NO donor i.e. endoge-
nous S-nitrosothiols (RSNO) for the preparation of NO-regenerative
materials. Inspired from the structure and function of glutathione
peroxidase (GPx), covalent bonds of chalcogenide element (e.g.,
tellurium) were used to design novel NO-regenerative materials
which can decompose RSNO to release NO [37]. Up to now, ongo-
ing studies on NO-regenerative materials using tellurium have not
been reported. Tellurium has bigger radius and weaker electro neg-
ativity in comparison with selenium. As a result, the bond energy
of Te-Te is lower than that of diselenide bond (Se-Se) and makes
Te-Te more sensitive under oxidation or reduction conditions
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[38-40]. Thus, tellurium-functionalized polyurethane may bring
light on novel NO-regenerative materials for the manufacture of
vascular implants.

Based on the above analyses, a novel polycarbonate polyur-
ethane (PCU) material was proposed as a candidate to modify
blood-contacting implants in this study. As shown in Fig. 1, by
mimicking physiological processes in the humoral environment
involving GPx-like catalytic capability, NO will be released from
the endogenous NO donor [26,37]. In the process of samples prepa-
ration, tellurium-containing compound (DHTe) as chain extender
was first synthesized via reduction and then introduced into PCU
molecule with classical stepwise polymerization [19]. After that,
the PCU-TeTe coating was prepared on the surface of medical
metal materials. Then, a serious of blood compatibility tests includ-
ing platelet adhesion and ex vivo blood experiment were per-
formed. Besides, in order to explore cell compatibility, three
kinds of blood vessel cells including endothelial cell (EC), SMC
and macrophage (MA) were seeded and cultured on the samples
surface. In addition, the in vivo biocompatibility of PCU-TeTe were
assayed by subcutaneous embedding, aortic implantation of
Sprague-Dawley rat, and stent implantation of New Zealand white
rabbit.

2. Materials and methods
2.1. Materials and reagents

Diphenylmethane-4,4'-diisocyanate (MDI), stannous octoate, S-
nitrosoglutathione (GSNO), and L-glutathione (GSH) were all
received from Sigma-Aldrich. Tellurium powder and 2-
bromoethyl alcohol were purchased from Aladdin Chemical
Reagent Co. Ltd. (Shanghai, China) and TCI, respectively. Polycar-
bonatediol (PCDL) was obtained from UBE industries, Ltd. 1,4-
Butylene glycol (BDO) and N,N-Dimethylacetamide (DMAc) were
distilled before use.

2.2. Synthesis of di(1-hydroxyethyl) ditelluride and PCU-TeTe

First, 1.52 g (40.0 mmol) of sodium borohydride was dissolved
into distilled water (40 mL) and then transferred into a 250 mL
flask. Then, tellurium powder (2.57 g, 40.2 mmol) was added into
the above sodium borohydride solution under ice bath. After the
severity of the reaction decreased, the ice bath was removed and
the reaction was continued under the protection of argon gas. Once
the solution was clear and transparent, another portion of tel-
lurium powder (40.0 mmol) was added into it. Subsequently, the
mixture was stirred under argon atmosphere for 3 h and then
warmed briefly on the steam bath to fully participate the tellurium
powder in the reaction for obtaining the purplish red Na,Te, solu-
tion. Then, 5.03 g of 2-bromoethyl alcohol was dissolved into
tetrahydrofuran (80 mL) and then injected into the above Na,Te,
solution [41]. Subsequently, the reaction was continued for 7 h at
50 °C under the protection of argon gas. After that, ethyl acetate
was poured into the final reaction mixture to extract the final pro-
duct i.e. di(1-hydroxyethyl) ditelluride (DHTe, supplementary Fig-
ure STA). Immediately, the organic layer containing DHTe was
dried with anhydrous Mg,SO,4 and concentrated under vacuum.
Then, column chromatography was used to purify the final product
with an eluent of ethyl acetate and dichloromethane to obtain the
purplish red viscous liquid DHTe (Yield: 49%).

To obtain the PCU-TeTe consisting of MDI, PCDL and DHTe, the
double tellurium bond has to be introduced into the structure of
the PU. Before polymerization, PCDL was dried to remove the con-
tained moisture at 90 °C under vacuum. Then, two molar equiva-
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Fig. 1. Tellurium-functionalized PCU for the improvement of biocompatibility in blood vessel. The PCU-TeTe has multiple functions because of its catalytic capability in
releasing NO. It could strongly inhibit the adhesion and activation of platelets, promote endothelialization, suppress the proliferation of SMC, and reduce the activation of MA.

lent of MDI was added into a flask containing one molar equivalent
of PCDL under the protection of argon gas. After that, the mixture
was allowed to react at 60 °C for 2 h. After the preparation of the
pre-polymer, DMAc containing one molar equivalent of DHTe
was added into the reaction. Subsequently, 0.1% of stannous octo-
ate as catalyst was added and the chain extension was lasted for
6 h at 60 °C. Then, the final reaction solution was cooled to room
temperature with the addition of methanol to precipitate the final
product. Besides, PCU-BDO using BDO as chain extender was
selected as the control sample (supplementary Figure S1B). Finally,
the resulting products were respectively cleaned with methanol
and ethanol.

2.3. Structure analysis and responsiveness of BHTe and PCU-TeTe

Here, Fourier transform infrared spectrometer (FTIR, NICOLET
5700) was used to obtain the information about functional groups
of DHTe and PCU-TeTe, electrospray ionization mass spectrometry
(ESI-MS) spectrum was used to determine the molecular weight of
DHTe on a LCMS-IT-TOF apparatus, proton nuclear magnetic reso-
nance (H NMR) and *C NMR were used to further identify the
structure composition of DHTe and PCU-TeTe on an NMR spec-
trometer (Bruker, 400 MHz).

Before each of the characterization, the amount of Te-Te in
DHTe or PCU-TeTe was set as quantitative benchmark i.e. one
equivalent. Then, dithiothreitol (DTT) as reducing agent was
reacted with DHTe or PCU-TeTe, while hydrogen peroxide (H,0,)
as oxidizing agent was reacted with DHTe and PCU-TeTe. The

structural changes before and after reduction/oxidation were ana-
lyzed by a series of NMR spectra.

2.4. Preparation of PCU-BDO and PCU-TeTe coating

Stainless steel sheets (316L, the most commonly used metal for
vascular implants [42]; diameter = 10 mm) were used as the sub-
strate for preparing the polymer coating. These sheets were succes-
sively processed with polishing machine and polishing cloth to
obtain the mirror-polished surface. After that, all sheets were
ultrasonically cleaned three times by acetone, ethanol, and deion-
ized water in sequence. Then, polymer solution (10%) was prepared
by dissolving the moderate PCU-BDO or PCU-TeTe into tetrahydro-
furan (THF). Subsequently, 316L sheets were immersed into the
above polymer solution to obtain the coated surface until the sol-
vent was evaporated thoroughly. Besides, the cross-sectional thick-
ness of the coating was observed by SEM.

2.5. Catalytic release of NO

NO analyzer (NOA 280i) based on chemiluminescence was used
to evaluate the real-time catalytic capacity of PCU-TeTe for releas-
ing the NO [43]. Phosphate buffered saline (PBS, 5 mL) as reaction
solution was added into the reaction vessel, mixed with NO donors
consist of GSNO (10 uM) and GSH (10 pM). After the high purity
nitrogen gas stream and computer signal were stabilized at
37 °C, PCU-TeTe sample was then immersed into the solution, after
which the signal of NO release was captured and recorded.
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2.6. Hemocompatibility evaluation

2.6.1. Platelet adhesion assay and cyclic guanosine monophosphate
(cGMP) test

The acquisition and use of human blood were approved by
Ethics and Welfare Committee of Southwest Jiaotong University
and in accordance with the Laboratory Administration Rules. To
prepare the platelet rich plasma (PRP), fresh human blood was cen-
trifuged at 1500 rpm for 15 min. Then, NO donors consist of GSNO
(10 uM) and GSH (10 uM) were added into PRP. Then, 100 uL PRP
was added onto each samples surface and then incubated at 37 °C
for 1 h. After that, all the samples were cleaned with PBS to remove
the redundant PRP. Immediately, the samples were immersed into
2.5 wt¥% glutaraldehyde solution to maintain the shape of adherent
platelets. After that, all the samples were treated by a series of pro-
cessing including dehydration, dealcoholization, critical point dry-
ing and gold sputtering. Finally, the quantity and morphology of
adherent platelets were recorded by scanning electron microscopy
(SEM).

Human cGMP enzyme-linked immunoassay kit purchased from
Hufeng Biotechnical Co. Ltd (China) was used to estimate the cGMP
level in the platelets of different samples. Before testing, each sam-
ple was soaked in 400 pL PRP and then incubated at 37 °C for
30 min. In particular, extra joined 20 pM GSNO and 20 pM GSH
in donor-containing groups. Then, PRP after incubation was mixed
with 10% Triton-X to rupture platelet membranes with the aid of
sonication. After 10 min, the mixed solution was transferred to a
centrifugal tube for centrifugation (2500 rpm, 10 min). Finally,
the cGMP level of the obtained supernatant was tested with ELISA.

2.6.2. Ex vivo coagulation test.

Animal experiments were approved by Ethics and Welfare
Committee of Southwest Jiaotong University and in accordance
with the Laboratory Animal Administration Rules. Adult New Zeal-
and white rabbits with a weight of ~ 4 kg each were used in the
ex vivo coagulation test [9,27]. First, pre-cleaned 316L foils
(8 x 10 mm) were respectively covered with PCU-TeTe and PCU-
BDO via solvent evaporation. Then, bare and modified foils were
curled and placed into cardiopulmonary perfusion catheters. After
that, different sides of carotid artery and external jugular vein were
isolated and then connected with surgical indwelling needles. Sub-
sequently, catheter containing foils and indwelling needles were
linked together for building ex vivo circulation model. In the mean-
time, 10 mM GSNO and 10 mM GSH were injected into the blood
circulation. The circulation was stopped after 1 h of coagulation
test, after which the thrombus and catheter occlusion were
recorded. Finally, the thrombus harvested on the foils surface
was soaked into 2.5 wt% glutaraldehyde solution and then treated
by dehydration, dealcoholization and weighing, and then analyzed
using SEM.

2.7. Cytocompatibility evaluation

2.7.1. Vascular cells culture.

EC and SMC were cultured respectively in (Hyclone) and Dul-
becco’s modified Eagle medium/F12 (Hyclone) medium with fetal
bovine serum (FBS, 15%) as nutrients for cell growth. The seeding
density of EC and SMC was 1.5 x 10% and 2.0 x 10* cells/sample
respectively. Culture process was carried out in the incubator con-
taining 5% CO, at 37 °C. In donor-containing groups, NO donors
(10 uM GSNO, 10 uM GSH) were dissolved in medium at the begin-
ning of culture and supplemented once every 24 h. In order to
observe the cell adhesion and growth status, the samples were
respectively stained using 4 pg/mL calcein-AM (Cal-AM) after
4 h, 1 day and 3 days. Then, stained cells after fixing with glu-
taraldehyde were pictured using fluorescent microscope (IX51,
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Olympus). In particular, the viabilities of EC and SMC were
detected via CCK-8 (Dojindo). Refer to the cGMP detection of plate-
lets, after 45 min culture, a human cGMP ELISA was used to detect
the cGMP level of SMC cultured on different samples.

2.7.2. MA culture and inflammatory factor assay.

The samples surface was seeded with mouse mononuclear
macrophages (RAW 246.7) for the investigation of inflammatory
cytocompatibility. High Gly medium (Hyclone) was allowed to
blend with 15% FBS and then used to culture MA in a standard
incubator. Before seeding, the donor-containing groups and non-
donor groups were distinguished by the presence or absence of
NO donors in the medium. Then, MA was seeded with a density
of 5.0 x 10* cells/sample and cultured for different times (4 h,
1 day and 3 days). Before each time point, Cal-AM was used to stain
MA. Next, the samples were treated by a series of steps including
rinsing with PBS, fixing with glutaraldehyde, and photographing
with fluorescence microscope. Finally, the 3 days of MA culture
medium was collected and then the interleukin-6 (IL-6) and tumor
necrosis factor (TNF-a) levels was analyzed via ELISA kits.

2.8. Subcutaneous implantation.

Sprague Dawley rats were chosen for evaluating the subcuta-
neous histocompatibility of the samples. In order to study short
and long term behavior, the samples were sewn under the dorsal
skin for two periods (3 weeks and 9 weeks). For self-protection,
fibrous capsules would form around the implanted samples. After
predetermined time, the resulting fibrous tissues were collected
and then immersed into paraformaldehyde at room temperature
for 3 days. Subsequently, the fibrous capsules were transferred into
graded ethanol for dehydration. Then, xylene was used to saturate
the fibrous tissues. After that, the resulting samples were paraffin-
embedded and then sectioned with a rotary slicer. Finally, the
paraffin sections were treated with hematoxylin and eosin (HE)
and then pictured with a Zeiss microscope.

2.9. Endovascular intervention.

Twelve male Sprague Dawley rats (300-350 g) and three male
adult New Zealand white rabbits (3-3.5 kg) were used in vascular
implantation experiments [9]. The abdominal aortas of rats and
bilateral iliac arteries of rabbits were used for samples implanta-
tion. The experimental animals were raised in a standard animal
house (Basic Animal Laboratory, West China Medical College)
before and after endovascular intervention, and given conventional
food (SPF food) and water according to the relevant requirements
of experimental animal breeding. Prior to intervention, the PCU-
TeTe coating was prepared on the 316L wires and stents using
ultrasonic atomizing spray, then the animals were anesthetized
by injection of pentobarbital sodium.

In the wire implantation experiment, the abdominal aortas of
rats were first isolated. Six rats were used in the intervention of
uncoated wires (316L) and the other six were used for the coated
wires (PCU-TeTe). Next, the coated and uncoated wires were
implanted into the vessels. Then the vessels were sutured and gen-
tamicin (2 mL, 0.2 x 10° U/mL) was dropped into the abdominal
cavity to reduce inflammation. After that, the skin was sewn
together and penicillin (1 mL, 1.0 x 10°> U/mL) injection was per-
formed for anti-inflammatory therapy. In the stent intervention
experiment, a stent crimper was used to compress the stents on
the balloon catheter. After the isolation of iliac arteries and the sys-
temic anticoagulant treatment, the coated and uncoated stents
were successively implanted into the right and left iliac arteries
by percutaneous puncture angioplasty. In this experiment, three
rabbits were used to set the parallel samples. Subsequently, the
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rabbits were given penicillin (3 mL, 1.0 x 10° U/mL) injection and
warfarin sodium (0.6 mg, dissolved in water) feeding daily for the
first 3 days.

All animals were euthanized after 30 days of implantation and
the wires or stents together with the vessels were harvested. After
fixation, all samples were snipped crosswise into two equal parts.
Half of the samples were snipped lengthwise and then subjected to
dehydration, dealcoholization, and drying. Subsequently, the dried
samples were observed and recorded by SEM. The other half of the
wire samples were stained and recorded via immunofluorescence
method. The other half of the stent samples were used for hard tis-
sue embedding. Finally, the embedded samples were sliced and
then pictured with optical microscope.

3. Results and disscusion
3.1. Structural characterization of BHTe and PCU-TeTe

Here different methods were utilized to characterize the struc-
ture of DHTe. As shown in the FTIR spectra (Fig. 2(a)), clear peaks of
methylene (2924 cm~', 2863 cm~') and hydroxyl (3333 cm™!)
groups can be observed. Sophisticated information about atoms
is further offered by 'H NMR (Fig. 2(b)) that shows the peaks of
protons of methylene (3.30-3.34, 3.85-3.90 ppm) and hydroxyl
(2.02 ppm) groups, and 3C NMR (Fig. 2(c)) shows the peaks
(64.60 and 8.32 ppm) of methylene group. Moreover, the molecu-
lar weight M,, of DHTe was also identified by ESI-MS (see supple-
mentary Figure S2). The theoretical M,, (349.8805) differs from the
ESI-MS result (384.9353) by one chloride ion, in consistency with
its molecular structure. These characterization results validate that
DHTe was successfully synthesized.

Similar to the DHTe, the FTIR spectra of PCU-TeTe (Fig. 2(d))
shows clear peaks of methylene (2938, 2860 cm '), secondary
amine group (3330 cm~', 1535 cm~') and MDI (1598 cm™ 1), while
the signals of isocyanate group cannot be detected due to the com-
plete reaction of diisocyanate. Furthermore, '"H NMR also shows

Te—Te.
Ho N NN

a
U A_[
c
Water ‘
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the proton peaks of PCDL (4.03, 1.57 and 1.30 ppm) and MDI
(7.33,7.08,3.77 ppm) (Fig. 2(e)). Besides, the proton peaks of DHTe
segment appeared at 4.29 ppm and 3.30 ppm. In particular, the
chemical shift at 3.30 ppm overlapped with the chemical shift of
water molecules remaining in dimethyl sulfoxide-d6, which can
be seen from the partial amplification in Fig. 2(e). The results of
FTIR and 'H NMR indicate that PCU-TeTe was successfully synthe-
sized. In addition, the coating thickness of the sample surface (ap-
proximately 45 pum, see Supplementary Figure S3) was detected by
SEM.

3.2. Redox and NO release

NMR spectra were further used here to study the oxidation and
reduction responsiveness of DHTe and PCU-TeTe using H,0, and
DTT respectively [44]. As shown in Fig. 3(a), the proton intensity
of DHTe decreased remarkably after the reaction with 2 equivalent
H,0,, and finally disappeared with the further increase of H,0, to 4
and 10 equivalent. At this moment, the Te-Te was oxidized and
broken thoroughly. Similar results can be also observed for PCU-
TeTe. As shown in Fig. 3(d), the corresponding peak of methylene
in PCU-TeTe decreased with the increasing H,0, and finally disap-
peared at 4 and 10 equivalent. The result showed that PCU-TeTe
can easily respond to oxide, which will relieve inflammation after
the medical device implantation [45,46]. On the other hand, Te-Te
has the characteristic of dynamic response in reduction environ-
ment. As shown in Fig. 3(b), (c) and (e), the absorption peaks of
both 'H NMR and '*C NMR for DHTe and of 'H NMR for PCU-
TeTe remained unchanged. These results indicated that Te-Te can
be dynamically broken and reorganized in the presence of reduc-
tant, in consistency with the principle in Fig. 1. This conclusion
was further validated by associated experiments of catalytic
release of NO by PCU-TeTe, see latter section for the results.

NO in blood environment can effectively maintain vascular
diastolic pressure and regulate the growth of vascular cells. How-
ever, dysfunction of EC in vascular lesions can lead to insufficient
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Fig. 2. Characterization of DHTe structure by (a) FTIR, (b) "H NMR, and (c) '3C NMR. (d) FTIR spectra of PCU-BDO and PCU-TeTe. (e) 'H NMR spectrum of PCU-TeTe.
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Fig. 3. (a) '"H NMR spectra after the reaction of different equivalent H,0, with DHTe. (b) "H NMR and (c) '3C NMR spectra after the reaction of DHTe with DTT. (d) '"H NMR
spectra of PCU-TeTe reacting with H,0, and (e) DTT. (f) Catalytic NO generation results of PCU-TeTe before and (g) after 30 days.

NO production [47]. Therefore, it is necessary to adopt effective
strategies to increase the NO level in vessels. Inspired from the
structure and function of GPx, the structure of Te-Te is expected
to enable the decomposition of donor in a reductive environment
to release NO. As can be seen from the chemiluminescence
[27,43] in Fig. 3(f), the release curve remained at baseline before
the sample was placed into the reaction solution, then the NO
release rate increased sharply due to the sample intervention. After
that, the multistage reactions between Te-Te and GSH and NO
donor were in equilibrium and the release rate remained at
2.8 x 107'° mol-cm~2:min !, reaching the normal NO release level
of EC. It can be seen that NO-regenerative materials were no longer
limited by donor load (i.e. NO-releasing materials [35,36]). After
the above testing, the samples were removed from the reaction
solution and then protected from oxygen using argon gas for
30 days, then be studied again using chemiluminescence. Obvi-
ously, the catalytic rate of PCU-TeTe (Fig. 3(g)) did not show signif-
icant change before and after storage. This feature will ensure long-
term retention of function after implantation.

3.3. In vitro and ex vivo hemocompatibility

Platelet behaviors including adhesion, aggregation and denatu-
ration, which are mainly induced by non-covalent interactions
such as van der Waals forces and hydrogen bonds [48,49], are
not expected to occur during the service of blood interventional
devices. To study the capacity of anti-adhesion of platelets, 316L,
PCU-BDO and PCU-TeTe samples were cultured with platelets
and then observed via scanning electron microscopy (SEM). As
shown in Fig. 4(a), PCU-TeTe had the least number of adhered pla-
telets among the three samples. This result was further quantified
by counting results (Fig. 4(b)). Particularly, the platelet number of
PCU-TeTe decreased markedly after donor addition. Besides, the
SEM results (Fig. 4(a)) showed that the platelets on PCU-TeTe sur-
face were basically nonactivated spheroids, while higher levels of
activation occurred on the other two samples. These results
strongly suggested that PCU-TeTe can effectively inhibit platelet
adhesion and activation. The cGMP changes were also evaluated
by subsequent enzyme linked immunosorbent assay (ELISA) tests.
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Fig. 4. In vitro hemocompatibility. (a) SEM images, (b) count results, and (c) cGMP levels of platelets on the surface of different samples; Further evaluation of
hemocompatibility using an ex vivo circulation model. (d) Diagram of animal model. (e) Digital pictures of cross-section and (f) thrombi on the surface. (g) SEM images after
circulation. (h) Occlusion ratio of sample cross-section and (i) thrombus weight results. (j) Blood flow rates at the end of evaluation (**p < 0.01, ***p < 0.001, mean + SD, n = 5).

It was found that after the addition of GSNO (S-nitrosoglutathione,
NO donor), the cGMP concentration of PCU-TeTe increased mark-
edly (Fig. 4(c)), indicating that NO had a marked effect on platelets.
In contrast, the cGMP levels of PCU-BDO and 316L remained nearly
constant before and after GSNO addition.

Compared with in vitro evaluation, live animal experiments
(Fig. 4(d)) are closer to the condition of real service environment
[9,27], thus can be used for the further evaluation of hemocompat-
ibility. It was found that there was almost no obvious occlusion in
PCU-TeTe sample (Fig. 4(e)), and nearly no visible thrombosis on
the surface of PCU-TeTe sample (Fig. 4(f)). These digital pictures
visually demonstrated that thrombosis can be impressively inhib-
ited in PCU-TeTe samples. Subsequent SEM images (Fig. 4(g), test
samples were obtained from a single 15-minute circulation) also
confirmed the excellent anticoagulant ability of PCU-TeTe: Only a
small amount of blood components can be observed on the PCU-
TeTe surface, while complex networks of thrombi were found on
316L and PCU-BDO. To further quantify the differences in anticoag-
ulant capacity among different samples, multiple data including
occlusion ratio, thrombus weight, and blood flow rate were ana-
lyzed. The occlusion ratio was calculated by measuring the cross-
sectional diameter of the sample catheter. Thrombus weight was
obtained by calculating the difference in sample weight before
and after circulation. Besides, the tubes were washed with heparin
solution after circulation and then simulated body fluid (5 mL) was
injected into the parallel connected tubes, the time cost was
recorded and compared with the initial time to indirectly obtain
the blood flow rate. As shown in Fig. 4(h), (i) and (j), PCU-TeTe
had the best performance in the occlusion ratio (9.0%), the lightest
thrombus weight (2.2 mg) and the best antithrombotic ability with
a blood flow rate of 91.0% among the three samples. These results
strongly indicated that PCU-TeTe has a strong potential in the

application of blood interventional devices. In summary, by means
of a serious of hemocompatibility tests including platelet adhesion
and activation and ex vivo blood experiment, PCU-TeTe was proved
to have excellent anticoagulation ability.

3.4. EC and SMC culture

For interventional devices like vascular stents, the endothelial-
ization after implantation is very critical, hence requires a good EC
compatibility of the implanted materials. The endothelialization
ability can be evaluated by studying the in vitro adhesion and pro-
liferation of EC, as shown in Fig. 5 for the 316L, PCU-BDO and PCU-
TeTe samples. It was found that the results of fluorescence and sta-
tistical analysis (Fig. 5(a) and (b)) of the beginning 4 h showed no
significant differences among the three samples, as well as no sig-
nificant differences in the same group of samples with or without
NO donor. After 1-day culture, the 316L surface had the largest EC
number without GSNO, but the PCU-TeTe surface after the addition
of GSNO catched up with the 316L due to the promoting effect of
NO on the proliferation of EC. Then after 3-day culture, the PCU-
TeTe with GSNO had the highest number of EC among the three
samples. Subsequent cell counting kit-8 (CCK-8) results in Fig. 5
(c) also exhibited a consistent pattern with fluorescence images
and statistical analysis. In the absence of donor, there was no sig-
nificant differences in 1-day CCK-8 results between PCU-TeTe and
control samples. However, with the addition of GSNO and the
extension of culture time, the CCK-8 value of PCU-TeTe cultured
for 3 days was significantly higher than that of PCU-TeTe cultured
without GSNO and also the control samples. All these results indi-
cated that PCU-TeTe can effectively promote the growth of EC in
the NO donor environment and achieve rapid endothelialization.
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Fig. 5. (a) Cal-AM staining, (b) statistical analysis, and (c) CCK-8 results of EC on the surface of 316L, PCU-BDO, and PCU-TeTe. (d) Cal-AM staining, (e) 4 h adhesion analysis,
and (f) cell vitality detection of SMC on different samples surface (*p < 0.05, **p < 0.01, mean * SD, n = 5).

For cardiovascular stent materials, restenosis after implantation
is mainly caused by excessive proliferation of SMC. Therefore, it is
necessary to test the inhibition capacity of the proliferation of SMC
for different samples. At the beginning 4 h of culture (Fig. 5(d) and
(e)), 316L showed the largest number of SMC adhesion both with
and without GSNO, while similar amount of SMC adhered on the
surface of PCU-BDO and PCU-TeTe. A clear result can be found after
the extension of culture time. After 1-day culture, the number of
SMC on the PCU-TeTe was already the lowest among the three
groups. After 3-day culture, the PCU-TeTe surface remained only
partially covered while the other two surfaces were almost fully
covered. In particular, the cell amount and CCK-8 values of PCU-
TeTe (Fig. 5(f)) were further reduced after the addition of NO
donor. However, the addition of GSNO did not significantly affect
the control samples. Moreover, the expression level of cGMP of
PCU-TeTe was increased markedly after GSNO addition (see sup-

plementary Figure S4 for details). Therefore, these results fully
demonstrated that continuous and controllable catalytic perfor-
mance of NO will help PCU-TeTe to inhibit SMC adhesion and
proliferation.

On the whole, PCU-TeTe was found to have different compati-
bility of vascular cells rather than a single ability [19,50]. The
growth of endothelial cell (EC) can be significantly promoted, but
the proliferation of smooth muscle cell (SMC) can be strongly
inhibited.

3.5. Subcutaneous embedding, abdominal aortic and stent
implantation

Subcutaneous embedding of Sprague Dawley rats was then
used to evaluate the anti-inflammatory ability of different samples.
HE staining results of fibrous capsule formed at 3 and 9 weeks after
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Fig. 6. (a) Results of subcutaneous implantation of 316L, PCU-BDO and PCU-TeTe samples in Sprague Dawley rats. (b) Polymer-coated 316L wire and bare 316L wire are
implanted into the vessels. Implant diagram of the wire samples and horizontal diagram of vessels containing regenerated tissue. (c) Surface SEM images and horizontal HE
staining of regenerated tissue (B represents blood flow, P represents sample sites). (d) Stent implantation results of New Zealand rabbits. SEM results of the internal surface of
the iliac artery containing stent. (e) Histological pictures of hard tissue section of the iliac artery containing stent.

implantation were shown in Fig. 6(a). After 3 weeks of implanta-
tion, the thickness of fibrous capsules around PCU-BDO and 316L
were 57.1 + 4.9 um and 67.1 £ 5.4 pum, respectively. In contrast,
the thickness of fibrous capsules around PCU-TeTe were reduced
to 30.3 £ 2.5 um, indicating that the tissue inflammation was the
lightest among the three. When the duration of implantation was
extended to 9 weeks, it was found that the fibrous capsules thick-
ness of 316L further increased to 164.1 + 8.5 um, which was due to
the aggravation of inflammation caused by the continuous effect of
metal ions in 316L medical stainless steel. At the same time, the
fibrous capsules thickness of PCU-BDO also increased to 87.8 + 5.
9 pum. Notably, the fibrous capsules thickness of PCU-TeTe only
slightly increased to 31.6 + 2.5 um. These results indicated that
PCU-TeTe has the strongest anti-inflammatory capacity compared
with control samples. Besides, the results of subcutaneous embed-
ding were consistent with relevant results of MA culture (see Sup-
plementary Figure S5), and the strategy of tellurium-functionalized
polyurethane was effective in improving the anti-inflammatory
level.

To approach a credible evaluation of the biological behavior of
PCU-TeTe samples after implantation in the blood environment,
the method of vascular wire implantation was performed for fur-
ther analysis [18,27]. From SEM results (Fig. 6(c)), it can be seen
that the endodermis on 316L surface was incomplete, and the
adhesion of blood cells could also be easily recognized. By contrast,
the EC on PCU-TeTe surface were not only neatly arranged, but also
show a long spindle shape. In addition, there was almost no adhe-
sion of blood cells on PCU-TeTe surface. It can be seen that the
regenerated surface tissue of PCU-TeTe possess the characteristics

of healthy endodermis. For HE staining (Fig. 6(c)) of regenerated
tissue, the thickness of hyperplasia around PCU-TeTe was 47.7 £ 1.
5 um, while the thickness of 316L was significantly thicker (90.5

+ 22.7 pm). These results indicated that the PCU-TeTe sample
could effectively promote the regeneration of healthy endothelial
tissue and inhibit the occurrence of thrombosis after implantation.
Besides, phenotypes of MA and SMC in regenerated tissues were
studied via immunofluorescence staining (see supplementary Fig-
ure S6 for details). CD 206 (a positive expression of M2-type MA)
expression was more pronounced in PCU-TeTe, indicating the pres-
ence of more anti-inflammatory macrophages. For SMC, although
there was no significant difference in the expression level of con-
tractile SMC (a-SMA) between the two groups, the expression level
of synthetic SMC (OPN) was higher in the 316L samples. Overall,
these results demonstrated that PCU-TeTe can reduce the inflam-
matory response of stent materials and further improve the anti-
proliferation ability.

To further analyze the biocompatibility of the modified stent in
blood vessels, the stent was implanted into the iliac artery of New
Zealand white rabbits [9]. After reaching the predetermined
implantation time, the stent and its surrounding vascular tissue
were collected. After tissue fixation, SEM was first used to directly
observe the internal surface of regenerated tissue. As shown in
Fig. 6(d), the stent surfaces of both PCU-TeTe and 316L were cov-
ered with neointimal tissue. However, it can be discovered from
the local magnified image that many blood cells were adhered to
the surface of 316L, which may increase the risk of late thrombosis.
In contrast, only few platelets were found on PCU-TeTe surface,
and the morphology of adherent platelets was basically not
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deformed. In general, consistent with the results of in vitro biocom-
patibility evaluation, the stent modified by PCU-TeTe polymer
could effectively prevent thrombosis to a certain extent after
implantation. Subsequent hard tissue sections were performed
for observing intimal hyperplasia in different samples. After micro-
scopic observation, histological pictures of 316L and PCU-TeTe
were recorded and the results were shown in Fig. 6(e). By compar-
ing the results before and after modification, it was observed that
the hyperplasia thickness of neointima of PCU-TeTe sample were
significantly thinner than that of the 316L stent. Overall, combined
with the results of a series of animal experiments on Sprague Daw-
ley rats, the above phenomenon indicated that PCU-TeTe was more
conducive for inhibiting intima stenosis.

In general, the results of subcutaneous embedding indicated
that the PCU-TeTe could merely provoke minimal tissue reaction.
Endovascular implantations including aortic implantation of
Sprague-Dawley rat and stent implantation of New Zealand white
rabbit strongly suggested that this tellurium-functionalized mate-
rial could realize multiple biological functions such as anti-
inflammation, anti-coagulation, anti-proliferation and healthy
endothelialization.

4. Conclusion

In this study, tellurium-functionalized polycarbonate-
polyurethane was successfully prepared and applied to the stent
surface modification. The obtained PCU-TeTe coating with GPx
mimics capability could continuously and controllably catalyze
the NO release, hence has many advantages in the blood environ-
ments. It was found that PCU-TeTe has an excellent anticoagula-
tion, which was validated by blood compatibility tests including
platelet adhesion in vitro and blood circulation ex vivo. Besides,
PCU-TeTe has a good compatibility of EC as well as a good inhibi-
tion capacity of SMC and MA. Further results from a series of ani-
mal experiments showed that PCU-TeTe is not only beneficial for
quickly building health endodermis, but also effective in inhibiting
blood coagulation, endometrial hyperplasia and inflammation. On
the whole, the NO-releasing function endows PCU-TeTe coating
with multiple biological functions compared to traditional DES
coating. We anticipate that this modification strategy i.e. modified
material using tellurium could be applied to blood-contacting
implants in the future.
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