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A B S T R A C T

Vascular grafts must avoid negative inflammatory responses and thrombogenesis to prohibit fibrotic deposition
immediately upon implantation and promote the regeneration of small diameter blood vessels (< 6 mm inner
diameter). Here, polyurethane (PU) elastomers incorporating anti-coagulative and anti-inflammatory Gastrodin
were fabricated. The films had inter-connected pores with porosities equal to or greater than 86% and pore sizes
ranging from 250 to 400 μm. Incorporation of Gastrodin into PU films resulted in desirable mechanical prop-
erties, hydrophilicity, swelling ratios and degradation rates without collapse. The released Gastrodin maintained
bioactivity over 21 days as assessed by its anti-oxidative capability. The Gastrodin/PU had better anti-coagu-
lation response (less observable BSA, fibrinogen and platelet adhesion/activation and suppressed clotting in
whole blood). Red blood cell compatibility, measured by hemolysis, was greatly improved with 2Gastrodin/PU
compared to other Gastrodin/PU groups. Notably, Gastrodin/PU upregulated anti-oxidant factors Nrf2 and HO-1
expression in H2O2 treated HUVECs, correlated with decreasing pro-inflammatory cytokines TNF-α and IL-1β in
RAW 264.7 cells. Upon implantation in a subcutaneous pocket, PU was encapsulated by an obvious fibrous
capsule, concurrent with a large amount of inflammatory cell infiltration, while Gastrodin/PU induced a thinner
fibrous capsule, especially 2Gastrodin/PU. Further, enhanced adhesion and proliferation of HUVECs seeded onto
films in vitro demonstrated that 2Gastrodin/PU could help cell recruitment, as evidenced by rapid host cell
infiltration and substantial blood vessel formation in vivo. These results indicate that 2Gastrodin/PU has the
potential to facilitate blood vessel regeneration, thus providing new insight into the development of clinically
effective vascular grafts.

1. Introduction

The replacement of vascular tissue often becomes a clinical ne-
cessity due to cardiovascular diseases [1]. Autograft and allograft have
been successful in attaining positive outcomes in clinical operations [2];
however, the shortage of donor sites for autograft and the risk of po-
tential disease transmission [3] as well as immune system response of

allograft [4] limit their application. Therefore, a series of advanced
artificial grafts have been developed and applied clinically, such as
expanded polytetrafluoroethylene (ePTFE), Dacron, nylon and poly-
urethane [5]. Such grafts provide good patency for blood vessels with
medium-to large-diameters, but fail for small-diameter blood vessels
(SDBVs, inner diameter < 6 mm). When applied in small-diameter
vessels that have a much lower blood flow rate, clots can easily form on
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their luminal surface, causing thrombosis.
Attempts to develop artificial SDBVs actively maintaining graft pa-

tency have achieved only modest success [6]. Studies have largely fo-
cused on minimizing coagulation through the adhesion of biomolecules
that reduce clotting protein activation and the adhesion/activation of
platelets [7]. For example, tubes carrying an anticoagulant, such as
heparin, inhibit coagulation by targeting either thrombin or platelets;
however, heparin-carrying tubes with a small inner diameter may cause
hemolysis [8]. The presence of a confluent and healthy layer of en-
dothelial cells on the graft's inner surface is generally a positive in-
dicator of the anti-thrombogenic nature of the graft. Hence, a variety of
engineering strategies have been applied to materials in order to induce
rapid endothelial cell coverage. Great strides have been made in the
area of pre-seeded grafts, where clinical trials have demonstrated re-
markable increases in long-term patency of large-diameter grafts [9].
Seeded small-diameter vascular grafts, however, continue to be beset by
high failure rates mainly associated with anastomotic hyperplasia
(thickening of the tissue at the junction between graft and native vessel
due to hyperproliferation of cells and deposition of fibrotic tissue) [10].
To date, no SDBVs (natural, synthetic, or tissue-engineered) have been
fully accepted into routine clinical practice, leaving a considerable
room for improvement in this field.

Polyurethane (PU) elastomers with high elasticity, low thrombo-
genicity, and drug loading capacity, have proven to be a promising
material class for vascular grafts [11] and stents. Due to their seg-
mented structure, PU elastomers allow fine-tuning of their properties to
achieve optimal compliance with biological tissues [12]. PU hyper-
elasticity can withstand repeated stress, mimicking a native blood
vessel subjected to blood flow. Reports by Nafiseh Jirofti et al. [13]
suggested that optimized PCL/PU co-electrospun grafts could provide
enough mechanical stress to match the native blood vessels. A biode-
gradable elastomeric PU was designed as a drug-eluting stent coating,
such that it was non-thrombogenic and could provide antiproliferative
drug release to inhibit smooth muscle cell proliferation [14]. The
modification of PU materials, such as hyaluronic acid grafted PU, could
facilitate endothelial growth, display vascular-appropriate mechanics
and hemocompatibility [15]. Tissue regeneration capability is pro-
moted by the introduction of degradable moieties into the soft and/or
hard blocks of PU, which leads to a better long-term performance of the
graft [16]. However, degradation is accompanied by a decrease in
mechanical properties, as well as inflammatory responses in the vicinity
of implants [17].

Unabated inflammation is a cause of failed vascular regeneration of
implanted small-diameter vascular grafts in vascular replacement
therapies [18]. Recently, increasing evidence supports that modulation
of the inflammatory response to biomaterials can play an important role
in promoting vascular regeneration [19–21]. The undesirable in-
flammation caused by the implant itself and injuries following the
surgical procedure of implantation have limited further applications.
This post-implantation inflammation leads to granulation tissue devel-
opment, foreign body reactions, and fibrotic capsule formation, all of
which impair tissue regeneration and integration between the adjacent
tissue and implants and may even cause implant failure [22]. Fur-
thermore, inflammation has been accepted as a key contributor to
atherosclerotic calcification [23]. Thus, it is essential to develop stra-
tegies to down regulate the inflammatory response of the host and to
elicit angiogenesis.

A hydrophilic boundary between implant and host tissue has been
used to enhance the biocompatibility of implants [24]. Anti-in-
flammatory biomolecules have also received significant attention, in-
hibiting the secretion of mediators such as corticosteroids, and delaying
fibroblast capsule formation [25]. A major drawback of these methods
is the numerous undesired systemic side effects [26]. Another com-
monly used method is the induction of angiogenesis based on the use of
growth factors [27–29]. Despite its success, this method can overexpose
tissues to growth factors, leading to arthritis and tumor formation

[30–32]. Furthermore, their bioactive effect can decrease as growth
factors are susceptible to biodegradation without any protection in the
blood [33]. Hence, alternative strategies that involve simple processing
steps to fabricate synthetic materials with not only desirable bulk
properties, but also functional amelioration of inflammatory response
and thrombogenicity are highly desirable.

Gastrodin, a kind of glucopyranoside with hydroxyl functional
groups, plays important roles in treatment of cardiovascular disease
[34,35]. It has demonstrated efficacy as a calcium channel blocker and
can inhibit intracellular Ca2+ overload, raise the blood supply, increase
arterial compliance, reduce blood viscosity, and improve micro-
circulation [35–37]. Gastrodin also exerts an anti-inflammatory effect
that is used clinically [38–40]. The aforementioned activity of Gas-
trodin makes it an attractive small molecule for incorporation into
biomaterials that seek to reduce thrombogenicity and inflammatory
response. Previous study in our lab demonstrated that Gastrodin can
effectively polymerize with PU and improve biocompatibility [41].
However, there has been a dearth of research on introducing Gastrodin
into degradable polymers for regenerative engineering applications.

Of particular interest to our work, Gastrodin/PU is polyfunctional.
Anti-coagulation and anti-inflammation states are related and thus have
to be considered simultaneously in biomaterial design. Such a series of
tissue responses are generally used to gauge the biocompatibility of
materials. Here, we engineer a porous film based on Gastrodin and PU.
In order to enhance degradation to release Gastrodin, we introduced
poly (ethylene glycol) (PEG) and L-lysine ethyl ester (Lys·OEt) for PU
syntheses. Hydrophilic PEG is capable of promoting degradation
[42,43], while its high chain mobility provides good resistance against
the adsorption of plasma proteins and platelet adhesion under physio-
logical conditions. The long term objective of this study is to delineate
the potential of Gastrodin loaded vascular grafts (Fig. S2) to accelerate
vascular tissue regeneration and reinforce its clinical suitability. The
major hypothesis underlying our efforts is that Gastrodin can be used to
simultaneously: (1) improve scaffold surface and mechanical proper-
ties, and (2) be effectively released from the biodegradable PU matrix.
We tested these hypotheses through physico-chemical characterization
of the effect of varying Gastrodin doses on films. The effect of the films
on coagulation was evaluated by hemocompatibility analysis as well as
protein and platelet adhesion/activation. Subsequently, in vitro cell
culture and in vivo subcutaneous implantation of the film were also
addressed in terms of inflammatory response and angiogenesis. The
unique and favorable biological responses endowed the films with
significant potential for vascular tissue regeneration.

2. Materials and methods

2.1. Fabrication of Gastrodin/PU films

2.1.1. Reagents
Gastrodin (purity > 99.0%) was purchased from Kunming

Pharmaceutical Co. Ltd., China. Poly (Ɛ-caprolactone)2000 (PCL2000),
isophorone diisocyanate (IPDI) and Lysine ethyl ester dihydrochloride
(Lys·OEt-2HCl) were purchased from Aladdin Co. Ltd., China.
Acetonitrile was purchased from Shanghai Thermo Fisher Scientific,
China. Poly (ethylene glycol)400 (PEG400) was purchased from
Chengdu Kelong Chemical Reagent Technology (China). Tianjin
Fengchuan Chemical Reagent Technology (China) was the source of
other chemicals of AR grade. NaCl particles were ground into a fine
powder and then sifted through sieves of 300 mesh diameter
(< 50 μm).

2.1.2. Synthesis of Gastrodin/PU
PU materials were fabricated by in situ polymerization according to

our previous research [41]. Briefly, 24.00 g of PCL2000, 1.2 g of
PEG400 and 7.80 g of IPDI were mixed in a 250 mL three-necked flask
under nitrogen atmosphere heated at 70 °C with thorough stirring for
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4 h to obtain the prepolymer. Subsequently, 3.70 g of Lys·OEt-2HCl was
employed as a chain extender to extend the prepolymer. After stirring
for 2 h, Gastrodin (0%, 1%, 2%, 5%, shown in Table 1) was added. The
resultant mixture was cured at 90 °C for 18 h.

2.1.3. Preparation of porous Gastrodin/PU films
Porous films were fabricated by a solvent casting/salt-leaching

process. Gastrodin/PU materials were dissolved in 1,4-dioxane with
sodium chloride salt in a 1:2 ratio of material to salt (by weight). The
slurry was mixed thoroughly to become a viscous paste, and was then
cast into Teflon molds. After air drying for 24 h to eliminate solvent, the
salt in the scaffold was leached out by immersion in deionized water
under vacuum for 48 h to form porous films. The dried film was re-
moved from the Teflon plate to yield Gastrodin/PU films with an
average thickness of about 2 mm.

2.2. Characterization of Gastrodin/PU films

2.2.1. Morphology observation
The microstructure of films was observed by scanning electron mi-

croscopy (SEM, FEI Quanta-200, Switzerland) at an accelerating voltage
of 10 kV. All samples were mounted onto SEM specimen stubs and
sputter-coated with a 7 nm layer of gold for contrast in vacuum.

2.2.2. FT-IR and NMR analysis
The chemical structure of films was confirmed by Fourier transform-

infrared spectra (FT-IR, Nicoletis10, Thermo fisher scientific, USA) re-
corded in the transmission mode from wavenumbers 4000 to 400 cm−1.
The characteristic functional groups of films were further verified by 1H
nuclear magnetic resonance (1H NMR, DRX500, Bruker advance) using
a 600 MHz spectrometer.

2.2.3. Mechanical test
Mechanical properties were measured similar to our previous report

using a uniaxial load test machine (AG-I 250, SHIMADZU, Japan).
Rectangular specimens (100 × 10 × 2 mm3) were tested in quintu-
plicate. Samples were pulled at a speed of 200 mm/min and strained to
rupture. Tensile strength, Tensile modulus and Peak stress were then
calculated.

2.2.4. Contact angle
Water contact angles indicating the wettability of materials were

measured by drop shape analysis (DSA 100, Kruss, Germany). 3 μL of
deionized water was dropped on the sample surfaces. At least five
measurements were performed at different locations and the results
averaged.

2.2.5. Swelling
The swelling behavior of Gastrodin/PU films was evaluated ac-

cording to ASTM D570-98 [44]. Dried strips (1 × 1 cm2, n = 5) were
weighed and then soaked in phosphate buffered saline (PBS) at 37 °C.
At predetermined time periods, specimens were removed, blotted by a
filter paper to remove adsorbed water and weighed. The swelling ratio
was calculated from Equation. (1):

= ×Swelling ratio Ww Wd Wd(%) [( )/ ] 100% (1)

Where Ww and Wd represent the weights of the wet and dried speci-
mens, respectively.

2.2.6. Degradation study
Degradation of specimens was performed in 200 U/mL lipase so-

lution (Lipase (porcine pancreas), Shanghai yuanye Bio-Technology
Co., Ltd, China) at 37 °C, shaking at 100 rpm. For each study, ~0.3 g of
specimens (Ø 13 mm × 2 mm, n = 5) were placed into capped tubes
containing 5 mL of the degradation buffer with solution change twice
per week. Detailed procedures are provided in supplementary in-
formation (SI).

2.3. Hemocompatibility in vitro

Detailed procedures of platelet adhesion, bovine serum albumin
(BSA) and fibrinogen adsorption, hemolysis test, quantification of
whole blood clotting time, activated partial thromboplastic time
(APTT) and prothrombin time (PT) assays are provided in SI.

2.4. Cytocompatibility of films in vitro

Human umbilical vein endothelial cells (HUVECs) were obtained
from the Bei Na Chuanglian Biotechnology (BNCC, Wuhan, China).
Following sterilization with γ-ray irradiation with 15 kGy, the disks (Ø
13 mm × 2 mm) were incubated overnight in 24-well plates using
RPMI-1640 media (Corning, USA) supplemented with 10% fetal bovine
serum (Gibco, USA), 1% penicillin-streptomycin (HyClone, USA) in a
humidified incubator (37 °C, 5% CO2), and then seeded with HUVECs
(5 × 104 cells/well), changing the media every 2 days.

2.4.1. Cell viability
The viability of HUVECs growing on the films was observed with

fluorescence microscopy (IX73, OLYMPUS, Japan) on day 1, 3 and 5.
Before observation, cells were labeled with the live/dead reagent
(LIVE/DEAD Viability/Cytotoxicity Kit, Life Technologies, USA). Cell
proliferation was also evaluated via CCK8 assay (Cell Counting kit-8,
Dojindo Molecular Technologies, Japan) with a multilabel counter
(Spectra Max 190, Molecular Devices Corporation) at 450 nm.

2.4.2. Anti-oxidant ability of films
The anti-oxidant ability of films cultured with H2O2 treated HUVECs

was assessed by reverse transcription and quantitative polymerase
chain reaction (RT-qPCR) to measure HO-1 and Nrf2 expression. After
culture for 3 days, the samples were exposed to 1 mM H2O2 for 2 h.
Detailed procedures are provided in SI.

2.5. In vitro anti-inflammatory response

Anti-inflammatory response of films was assessed using RAW
264.7 cells (leukemia cells in mouse macrophage cell line). Briefly, cells
(1 × 106 cells/mL) were seeded onto sterilized films in 24-well plates in
a humidified incubator (37 °C, 5% CO2) using complete Dulbecco's
Modified Eagle's medium (DMEM, Gibco, USA) media. In order to assess
the anti-inflammatory activity, RAW 264.7 cells were stimulated with
10 ng/mL LPS (Lipopolysaccharide, Solarbio, China) compared with the
blank control (tissue culture plastic). After 18 h, cells were collected to

Table 1
The composition of films.

Sample IPDI(g) PCL2000(g) PEG400(g) The ratio of NCO:OH in the prepolymer Lys∙OEt-2HCl(g) Gastrodin content (wt%)

PU 7.8 24 1.2 2.3:1 3.7 –
1Gastrodin/PU 7.8 24 1.2 2.3:1 3.7 1
2Gastrodin/PU 7.8 24 1.2 2.3:1 3.7 2
5Gastrodin/PU 7.8 24 1.2 2.3:1 3.7 5
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analyze TNF-α and IL-1β expression by RT-qPCR. The morphology of
cells was evaluated using SEM after rinsed with PBS, dehydrated
through graded ethanol, and dried in a vacuum. Viability of cells on
films were also observed after labeled with Live/Dead reagent.

2.6. Inflammatory responses in vivo

Fifteen Sprague-Dawley rats (male, 150–200 g) were employed in
subcutaneous implantation in accordance with the protocol approved
by the Experimental Animal Center of Kunming Medical University in
compliance with all the guidelines and regulations. Rats were randomly
divided into PU, 1Gastrodin/PU, 2Gastrodin/PU and 5Gastrodin/PU
groups. Each sterilized disc specimen (Ø 13 mm × 2 mm) was placed
into the dorsal subcutaneous pocket symmetrically per rat (n = 3, Fig.
S3), and harvested for analysis after 2 and 6 weeks. The implants with
surrounding tissue were retrieved and fixed with 4% paraformaldehyde
in PBS for 7 days. Once dehydration was done using gradient ethanol,
each sample was cleaned with xylene, embedded in paraffin wax, and
cut into 5 μm thick sections. After sections were deparaffinized and
rehydrated, staining (H&E, Masson, TNF-α, IL-1β, CD31 and VE-Cad-
herin) was performed on the sections followed by imaging under optical
microscope.

2.7. Statistical analysis

All statistical analyses were performed using the statistical software
SPSS 10.0. Data were reported as means ± standard deviations (SD). A
statistically significant difference was accepted at P < 0.05.

3. Results

3.1. Physico-chemical properties of the films

3.1.1. Structure
A PU elastomer incorporating Gastrodin was successfully synthe-

sized in this study (Fig. 1A). Chemical structure of Gastrodin/PU was
characterized by FT-IR and 1H NMR. As shown in Fig. 1B, the stretching
peaks at around 2864 and 2942 cm−1 were assigned to CH3 and CH2.
The ether stretch at 1095 cm−1 belonged to the -OCH2CH2- repeating
unit of PEG. The ester bending vibration at 1191 cm−1 identified the C-
O-C of PCL [45]. A strong peak at 1725 cm−1 belonged to the carbonyl
(C=O) stretching of urethane (OCONH) groups of PU. The band at
1529 cm−1 was associated with -NH in the PU, whereas this peak was
not detected in the spectra of PCL, PEG and Gastrodin. The strong -OH
peak in Gastrodin was significantly reduced in PU, indicating its role in
polymerization, as demonstrated in our previous reports [41]. These
observations support the formation of Gastrodin/PU elastomer.

1H NMR spectrum further confirmed the formation of Gastrodin/PU
(Fig. 1C and D). Peaks at 1.36 (h), 1.63 (g, i), 2.34 (j) and 4.05 (f) ppm
were assigned to methylene protons of -(CH2)3-, -OCCH2-, and
-CH2OOC- in PCL units, respectively. The sharp single peak at 3.66 ppm
(k) was attributed to the methylene protons of homosequences of the
PEG oxyethylene units. The very weak peak at 4.3 ppm (l) was attrib-
uted to the methylene proton of PEG end units [46,47]. The char-
acteristic peaks at 0.9–1.0 ppm (d, e) of IPDI [48], could be clearly
identified. The protons close to the urethane functional groups were
also observed at 3.86–3.88 ppm (b) [49]. In addition, the peak at
7.01 ppm (a, c) was attributed to the Gastrodin [50], which was absent
in the PU. These results confirm the reaction between Gastrodin and
IPDI.

3.1.2. Morphology
The SEM images revealed inter-connected and open pores with

porosities equal to or greater than 86% (Fig. S4). Pore sizes ranged from
250 to 400 μm throughout the volume of the film (Fig. 1E-G. Of note,
the microstructure was not obviously changed after adding Gastrodin at

different contents in the PU matrix.

3.1.3. Mechanical properties
The mechanical properties were increased with increasing

Gastrodin content. As can be seen (Fig. 2), the tensile modulus of
5Gastrodin/PU (82.386 ± 8.542 MPa), 2Gastrodin/PU
(30.832 ± 7.541 MPa), and 1Gastrodin/PU (14.560 ± 6.272 MPa)
were significantly higher than that of the PU group
(10.463 ± 2.769 MPa). 2Gastrodin/PU had the highest break stress
(53.603 ± 5.056 MPa) with the highest tensile strength
(3.953 ± 0.036 MPa), while PU had the least tensile stress at break
(22.413 ± 2.037 MPa) and tensile strength (1.377 ± 0.169 MPa).
Both the tensile strength and modulus of samples were higher than
882 ± 133 kPa and 264 kPa of native small diameter arteries [51].

3.1.4. Contact angle and swelling
The surface wettability of films was determined by water contact

angle measurement (Fig. 3A and B). It could be seen clearly that the
water contact angles of samples were gradually decreased with in-
creased Gastrodin content. When the content of Gastrodin was 5 wt%,
the water contact angle decreased to approximately 0° followed by
2Gastrodin/PU with increased time. The similar effect of Gastrodin
content on water uptake capacity was reflected in Fig. 3C.

3.1.5. Degradation study
As can be observed in Fig. 4(A, B-E), pure PU and 5Gastrodin/PU

films showed significant rupture and conglutination after 5 weeks of
degradation. These samples flattened and collapsed, losing the previous
cylindrical shape. 1Gastrodin/PU and 2Gastrodin/PU showed a slight
fracture without conglutination and enlarged pore size. Film degrada-
tion curves in terms of mass loss are shown in Fig. 4F. PU with or
without Gastrodin exhibited progressive mass loss during the 5-week
degradation period. There was a significantly higher degradation rate
for 2Gastrodin/PU compared with other Gastrodin/PU groups
(p < 0.001), while PU was slowest. The change of pH values is also
presented in Fig. 4G, and increased dramatically with time, becoming
close to 6.0 after 5 weeks.

The Gastrodin release profile (Fig. 4H) showed no obvious initial
burst over a period of 21 days. Consistent with degradation results,
2Gastrodin/PU films had a considerably higher release of Gastrodin
than 5Gastrodin/PU, while 1Gastrodin/PU released the least. Anti-
oxidant activity of released Gastrodin was quantified by DPPH free
radical scavenging. Fig. 4I presented a higher scavenging rate for
Gastrodin/PU films than PU, indicating that incorporated Gastrodin
contributed to a higher anti-oxidant activity. The released media from
2Gastrodin/PU showed significant (p < 0.001) anti-oxidation over the
first 3 days.

3.2. In vitro hemocompatibility

Fig. 5(A-H) showed the in vitro platelet distribution and morphology
on film surfaces. A large number of platelets adhered on the PU surface
and presented pseudopodia, suggesting the activated phenotype. In
contrast, a rounded shape was seen on the few platelets adhered to the
Gastrodin/PU, while the 2Gastrodin/PU surface presented the smallest
platelet number and spreading area compared with the other surfaces.
Quantitative characterization of BSA (Fig. 5I) and fibrinogen (Fig. 5J)
adsorption on each surface was consistent with the visible platelet
images.

Hemolysis rate was Gastrodin content-dependent (Fig. 5K). The
hemolysis rate of PU was much higher than the Gastrodin/PU groups,
reaching 1.33%. 2Gastrodin/PU had the slowest hemolysis rate, sug-
gesting that optimizing Gastrodin in PU could effectively improve he-
mocompatibility.

The response of films to whole blood was assessed by clotting time.
As shown in Fig. 5L, all films can prolong the value in a Gastrodin
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content- and time-dependent manner, and 2Gastrodin/PU had greater
impact than the other groups, which suggested it had a greater influ-
ence on the coagulation factors in plasma. There was no significant
difference in the degree of clotting among PU, 1Gastrodin/PU and
5Gastrodin/PU until 35 min. Blood incubated with the PU had a higher
degree of clotting at 45 min. Impact on plasma coagulation time was
likely associated with surface properties, as was the case for platelet
activation.

Blood clotting disorders resulting from a deficiency of coagulation
factor are specifically diagnosed using the APTT and PT assays, which
are conventional clinical tests of coagulation and can be used to

measure the effect of Gastrodin on the activity of coagulation factors. As
shown in Fig. 5(M, N), Gastrodin/PU groups could all prolong the APTT
and PT values in a content dependent manner, with greater impact on
APTT. Particularly, Gastrodin content of 2 wt% increased APTT and PT
values obviously compared to the control.

3.3. Anti-oxidant activity

Gastrodin-induced HO-1 and Nrf2 expression was involved in pro-
tecting H2O2-induced oxidative injury in HUVECs. As observed in
Fig. 6, both HO-1 and Nrf2 expression for Gastrodin/PU showed a

Fig. 1. Chemical structure and morphology of Gastrodin/PU films. (A) Synthesis schematic of Gastrodin/PU polymers. (B) FTIR spectra of Gastrodin, PCL2000,
PEG400 and Gastrodin/PU films. (C, D) 1H NMR spectrum of PU (C) and 5Gastrodin/PU (D). (E–G) SEM images of porous microstructure of 2Gastrodin/PU.
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significant increase compared to PU after 3 days. Notably, 2Gastrodin/
PU had the strongest capacity to induce Nrf2 and HO-1 expression,
presenting a similar pattern to DPPH analysis.

3.4. Anti-inflammation properties

As shown in Fig. 7, RAW 264.7 cells on the control and films (K-T)
exhibited a round morphology. No severe cytotoxic effect of samples on
the macrophage. Inflammatory conditions were induced through in-
cubation of RAW 264.7 cells with LPS (A-J). Cells on control (A, F)
appeared activated flat and many synaptic structures morphology,
while cells on the films (B-E, G-J) presented round morphology, in-
dicating the suppression of inflammatory state.

We further investigated the anti-inflammation function of the films
by assessing the TNF-α and IL-1β mRNA expression of macrophages.

Fig. 7(U, V) shows that samples groups could significantly reduce TNF-
α and IL-1β expression compared with the positive LPS group. 2Gas-
trodin/PU presented the lowest level, indicating suppression of mac-
rophages activation. Films did not trigger undesired inflammatory re-
sponse and were compatible with macrophages.

3.5. In vitro cell viability

HUVECs were cultured on the films to investigate the cell adhesion
and proliferation through CCK-8 and fluorescence staining. Results
showed that cells could adhere and grow on the surface of each film
(Fig. 8) on day 3, but the cell density was higher for Gastrodin/PU
groups than PU. Cells covered most of the area of the 2Gastrodin/PU
surface and exhibited a typical fibroblastic morphology of HUVECs
having a higher degree of spreading. In PU and 1Gastrodin/PU groups,

Fig. 2. Effect of Gastrodin content on the mechanical properties of Gastrodin/PU films. (A) Peak stress, (B) Tensile modulus and (C) Tensile strength. (Error bars
represent standard deviation from the mean (n = 5). ***p < 0.001; *p < 0.05; ns: no significant difference.).

Fig. 3. Effect of Gastrodin content on the hydrophilicity of Gastrodin/PU films. (A) Water contact angles of various Gastrodin/PU films at desired time points (5, 10,
15, 20 and 25 s). (B) Initial contact angles. (C) The swelling ratio of specimens. (Error bars represent standard deviation from the mean (n = 5). *p < 0.05; ns: no
significant difference.).
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a few dead cells were obvious, displaying a small spherical or narrow
shape, a typical non-adherent and non-spreading morphology of HU-
VECs. This difference was also reflected in the cell viability from CCK-8.
While all groups displayed a significant increase in the cell viability on
day 5 of culture when compared to day 1 and 3, the viability of Gas-
trodin/PU groups was found to progressively increase unlike PU, which
showed moderate growth. Notably, cells on the 2Gastrodin/PU film
exhibited the highest proliferation rate and formed capillary-like net-
works, suggesting its potential for vascular grafts.

3.6. Host response to films in subcutaneous implantation

To evaluate the host response to the films, PU with or without
Gastrodin was separately implanted subcutaneously in SD rats.
Following a 2-week implantation, the tissues surrounding the implanted
films were distinctly different. Histological analysis (Masson's tri-
chrome staining, Fig. 9) showed that host cells penetrated into the pores
of porous films and inflammatory cells were found adjacent to the PU
implant surface during the acute inflammation stage. In contrast, only a
few inflammatory cells accumulated within Gastrodin modified films.
Moreover, the collagenous fibrous capsules surrounding the PU
(0.898 ± 0.028), 1Gastrodin/PU (0.546 ± 0.093) and 5Gastrodin/
PU (0.993 ± 0.061) were visually much thicker in comparison with
2Gastrodin/PU (0.401 ± 0.087), as verified by quantitative ex-
amination. At 6-weeks (Fig. 10), there were marked differences in the
inflammatory response to the four films. The thickness of fibrous cap-
sules decreased, especially for Gastrodin/PU. The expression of pro-
inflammatory cytokines IL-1β and TNF-ɑ were obviously attenuated for

Gastrodin/PU (Fig. S5). The decreasing inflammatory cells have also
been found at the interface of tissue and films for 2Gastrodin/PU from
H&E staining (Fig. 11). The results suggest that optimal Gastrodin
loading may incite a weaker inflammatory response.

To further explore the effect of Gastrodin/PU on vessel generation,
vascular endothelial cadherin (VE-Cadherin) and platelet EC adhesion
molecule (CD31) immunostaining was performed (Fig. 12, Fig. S6). At
week 2 postoperatively, there was a notably higher intensity for the
2Gastrodin/PU group than other Gastrodin/PU groups. As time pro-
gressed, large amounts of vessels grew around 2Gastrodin/PU with
more CD31 expression at 6 weeks. The quantitative analysis showed
that the fluorescent intensity of CD31 and VE-Cadherin was consistent
with the visible images (Fig. 12D-F). The images from H&E staining also
revealed more blood vessels and red cells within the 2Gastrodin/PU
(Fig. 11). Overall, the data suggests that the 2Gastrodin/PU can reduce
inflammatory response and enhance angiogenesis.

4. Discussion

Vascular grafts should have good blood compatibility and avoid
triggering inflammation, as well as facilitating vessel generation.
Foreign surfaces may activate blood cells leading to uncontrolled
thrombotic and inflammatory responses that ultimately result in im-
plant failure [52]. Limiting thrombogenicity of polymers for small-
diameter vascular grafting is thus of critical importance. Many ap-
proaches have been utilized to improve the SDBVs blood compatibility,
including surface modification [53–55], polymer composition mod-
ification [14,56], nitric oxide release [57–59] and drug release [60,61].

Fig. 4. In vitro degradation studies of Gastrodin/PU films in lipase solution. (A) Digital photos and (B–E) SEM morphology of the films after 5 weeks of degradation:
(B) PU, (C) 1Gastrodin/PU, (D) 2Gastrodin/PU, (E) 5Gastrodin/PU. (F) Effect of Gastrodin on mass loss. (G)The pH of media and (H) Gastrodin release profiles from
films. (I) DPPH assay of free radical inhibition. (Error bars represent standard deviation from the mean (n = 5). ***p < 0.001; *p < 0.05).
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Fig. 5. In vitro hemocompatibility ana-
lysis of Gastrodin/PU films. (A–H) SEM
images of SD rat platelet-rich plasma
(PRP) incubated on Gastrodin/PU
films: (A, E) PU, (B, F) 1Gastrodin/PU,
(C, G) 2Gastrodin/PU, (D, H)
5Gastrodin/PU. (I) BSA adsorption on
various films. (J) Fibrinogen adsorption
on various films. (K) Hemolysis rate of
whole blood incubated with various
films. (L) The effect of Gastrodin con-
tent in the PU matrix on thrombus
formation in whole blood at 5, 15, 25,
35 and 45 min. APTT (M) and PT (N) of
plasma coagulation in the presence of
various films. (Error bars represent
standard deviation from the mean
(n = 5). ***p < 0.001; **p < 0.01;
*p < 0.05; ns: no significant differ-
ence.).

Fig. 6. Efficacy on anti-oxidant activity of the
Gastrodin/PU films in vitro. The quantification of
HO-1 (A) and Nrf2 (B) expression in H2O2 treated
HUVEC cells when seeded onto various films as
determined by RT-qPCR. (Error bars represent
standard deviation from the mean (n = 3).
***p < 0.001; **p < 0.01; *p < 0.05; ns: no
significant difference.).
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Of these strategies, the drug release approach is an easy way to improve
the biofunctions of polymers. PU is a well-accepted bio/hemocompat-
ibility implant material used in prostheses [62–64] including vascular
grafts, restenosis at the microvascular level can still occur. Punnakiti-
kashem et al. [65] found that the dipyridamole -loaded scaffolds re-
duced thrombogenicity compared to the PU urea alone. Its dis-
advantage was adverse to human aortic endothelial cells
accommodation. Hong et al. [56] reported that phosphorycholine-
bearing polymer coated or blended PUs significantly limited initial
thrombotic occlusion. However, the phosphorycholine was difficult to
permeate throughout the primary structural PU, which may lead to the
erosion of the (non-degradable) phosphorycholine-bearing polymer and
loss of the anti-thrombogenic effectiveness during chronic use. Here,
anti-thrombotic and anti-oxidative Gastrodin-modified PU for vascular
tissue engineering was successively developed (Fig. 1A).

Films had inter-connected pores with porosities of 86% or greater
and pore sizes ranging from 250 to 400 μm (Fig. 1E–G), capable of
facilitating vascular ingrowth (pore sizes greater than 250 μm have

been considered to be essential for in vivo vascularization) [66]. The
incorporated Gastrodin in PU resulted in enhanced mechanical prop-
erties. Gastrodin, with multiple hydroxyl groups, increased polar-polar
interactions with urethane and hydrogen bonding within its molecular
chains [67]. Enhanced mechanical properties potentially allow both
2Gastrodin/PU and 5Gastrodin/PU to resist mechanical forces and
blood pressures without collapsing during in vitro and in vivo conditions.
However, 2Gastrodin/PU maintained its porous structure without col-
lapse after 5 weeks in enzyme solution, while 5Gastrodin/PU com-
pletely deformed (Fig.4A, B-E). Biodegradable/remodeling of grafts is
deemed an attractive feature in tissue regeneration [16]. Degradation
caused not only large pores and surface areas, which promoted cell
infiltration, but also effective biomolecule release from the polymer
matrix [68]. Accelerated degradation is ascribed to increased hydro-
philicity and swelling ratio as the content of hydrophilic Gastrodin in-
creased. PDI, an indicator of molecular weight distribution that is
correlated with degradation [69,70], was also higher in 2Gastrodin/PU
(Table S1). More importantly, the release profile of 2Gastrodin/PU was

Fig. 7. Efficacy on anti-inflammation properties of the Gastrodin/PU films in vitro. (A–J) Fluorescence (A–E) and SEM (F–J) images of Raw 264.7 on films activated
with LPS for 18 h: (A, F) Positive control (LPS treated), (B, G) PU, (C, H) 1Gastrodin/PU, (D, I) 2Gastrodin/PU, (E, J) 5Gastrodin/PU. Fluorescence (K-O) and SEM
(P–T) images of Raw 264.7 on films: (K, P) Blank control, (L, Q) PU, (M, R) 1Gastrodin/PU, (N, S) 2Gastrodin/PU, (O, T) 5Gastrodin/PU. The pro-inflammatory
cytokine IL-1β (U) and TNF-α (V) expression in Raw 264.7 cells when seeded onto various films as determined by RT-qPCR. (Error bars represent standard deviation
from the mean (n = 3). ***p < 0.001; **p < 0.01; *p < 0.05; ns: no significant difference.).
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highly efficient and successfully maintained over a period of up to 21
days compared to 5Gastrodin/PU, most likely resulting from a higher
diffusion rate due to the elevated degradation. Sustained release of
2Gastrodin/PU without a high initial burst would benefit anti-coagu-
lant and anti-inflammatory response as well as functional regulation
during the vascular remodeling process.

When materials come in contact with blood, protein is first absorbed
instantaneously onto the surface and deformed, then a large number of
platelet adhesion and serious distortion leads to the formation of a
thrombus due to triggering of inflammation and coagulation [71].
Therefore, a study on protein adsorption, platelet adhesion, whole
blood clotting time and hemolysis rate to evaluate the anti-coagulant
properties of the material was conducted. BSA (Fig. 5I) and fibrinogen
adsorption (Fig. 5J) on the Gastrodin/PU film surfaces was significantly
lower when compared to pure PU, contributing to their potential to
produce a hydrated surface, forming a hydration barrier which imitated
the natural environment encountered by plasma proteins. As was noted,
increased hydrophilicity was thought to inhibit nonspecific protein
adsorption [72–77]. When examining the platelet-rich plasma con-
tacted surfaces by SEM (Fig. 5A–H), the images showed few platelets
which maintained a discoidal shape with a small spreading area on the
Gastrodin/PU, whereas many aggregated and deformed platelets were
found on PU, indicating that coagulation was attenuated by loaded
Gastrodin. Hemolysis is also an important indicator of the outcome of
vascular graft implantation as broken erythrocytes release adenosine
diphosphate (ADP), which activates the platelets through a guanosine
triphosphate (GTP) binding protein. This ADP-platelet interaction may
lead to a change in the shape of platelets and a decline in cyclic ade-
nosine phosphate (cAMP) formation, causing platelet activation and
further accelerating clotting and thrombus formation [78,79]. We

assessed hemolysis on each sample. Hemolysis rates were lower than
the lowest permissible limits of the USA FDA (1%) and Council of
Europe (0.8%) for biomaterials, suggesting that they are highly com-
patible with blood, with barely any induction of hemolysis for 2Gas-
trodin/PU. The hydrophilic and hydrophobic property of a biomaterial
may affect the morphology of red blood cells which is associated with
hemolysis. Yang et al. [80] inferred that the hydrophobic surface was
able to affect the cytoskeleton of the red blood cells, thereby causing the
morphological alternation of red blood cells and leading to hemolysis.
Wang et al. [81] reported that hydrophilic PU/PEG hybrid scaffold
surfaces showed much lower hemolysis rate compared with the blank
PU. Our Gastrodin modified PU with the ability to establish hydrogen
bonding interaction with water molecules, thus reduced hemolysis.

In addition, prolonged clotting times correlate with improved
thromboresistance of the biomaterial [82]. PEG, an effective molecule
at reducing bioadhesion (protein adsorption, platelet deposition) as a
surface modifying agent [83,84], was employed to synthesis PU. Par-
ticularly, Gastrodin has anti-coagulant activity and the mechanism
mainly involves its interference with the knob-to-hole interactions be-
tween fibrin molecules, thereby effectively inhibiting occurrence of
hemolysis, decreasing formation of clots and the risk of thrombosis
[37]. The blood coagulation cascade includes two major pathways, the
intrinsic and the extrinsic pathway [85], assessed by APTT and PT,
respectively. The extrinsic pathway is responsible for hemostatic con-
trol and response to vascular injury whereas the intrinsic pathway has a
slight physiological significance under normal conditions. The intrinsic
pathway triggered by blood-material interaction is an important factor
causing poor hemocompatibility of biomaterials. The common range of
APTT and PT in humans is respectively 20–50 s and 11–30 s [86]. Our
study concluded that APTT results showed a statistically significant

Fig. 8. Cell adhesion and proliferation on Gastrodin/PU films in vitro. (A–H) Fluorescence images of HUVECs on films after 3 and 5 days: (A, E) PU, (B, F) 1Gastrodin/
PU, (C, G) 2Gastrodin/PU, (D, H) 5Gastrodin/PU. Live cells are stained green, dead cells are stained red. (I) CCK-8 assay for proliferation of HUVECs cultured with
films after 1, 3, 5 days. (J) High magnification of 2Gastrodin/PU sample showed capillary-like networks in the surface of films. (Error bars represent standard
deviation from the mean (n = 3). ***p < 0.001.).
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increase in plasma clotting time (PU (46.817 ± 5.514 s), 1Gastrodin/
PU (53.563 ± 2.194 s), 2Gastrodin/PU (64.853 ± 3.274 s), 5Gas-
trodin/PU (59.127 ± 2.500 s)), suggesting the enhanced anti-coagu-
lation nature of Gastrodin/PU (> 50 s) by delaying intrinsic pathways.
However, there was little effect on the extrinsic route of blood coagu-
lation. A steep upward trend for 2Gastrodin/PU illustrated its superior
anti-coagulant property, thus reducing the possibility of blood coagu-
lation and thrombus formation. Importantly, Gastrodin released from
films is a calcium channel blocker and can inhibit intracellular Ca2+

overload, raise the blood supply, increase arterial compliance, reduce
blood viscosity, and improve microcirculation [37,40]. Reports by Liu
et al. also verified Gastrodin plays a positive role in anti-coagulation
[37].

Thrombosis and coagulation also readily occur due to the lack of an
EC layer or the failure to properly reendothelialize after implantation.
The presence of a confluent and healthy layer of endothelial cells on the
material's surface is generally a positive indicator of the anti-throm-
bogenic nature [8]. Porous films helped HUVECs attachment and
spreading. The observed divergence between PU and Gastrodin/PU
groups is likely related to the hydrophilicity and stimulation effect of
Gastrodin [41]. Cells spread effectively and a confluent endothelial
layer was formed on 2Gastrodin/PU (Fig. 8C and G). The higher Gas-
trodin release from 2Gastrodin/PU facilitated cell proliferation. This
effect of Gastrodin in a dose-dependent manner was also evidenced by
Lin et al. [87]. These findings suggest a strong influence from optimal
Gastrodin content in PU, as in this condition the anti-coagulant was

largely enhanced.
Inflammation is another important issue for the implantation of

vascular grafts [7,18]. Failure to resolve the foreign inflammatory re-
sponse typically leads to granulation (formation of connective tissue)
and fibrotic capsule formation around the implant [88]. Moreover, in-
flammation has been generally associated with pro-oxidative environ-
ments and cardiovascular diseases. At the sites of implantation several
factors (e.g., healing response of the diseased artery, biomaterial-in-
duced inflammatory response, and effects of the surgical wound) could
contribute to the accumulation of reactive oxygen species (ROS) and
thus induce high levels of oxidative stress, which is one of the most
important contributors to destruction of the anti-oxidant defense
system [89–91]. Once oxidative stress has been restrained, inflamma-
tion can be suppressed. Gastrodin has also been shown to reduce ROS of
ECs induced with H2O2, and up-regulate HO-1 and Nrf2 protein ex-
pression to protect H2O2-induced oxidative injury [92]. Therefore, in-
corporation of Gastrodin into PU in this study has been developed to
enhance anti-oxidant properties. Our results demonstrate that Gas-
trodin released from materials maintained its inherent anti-oxidant
activity (Fig. 4I), and radical scavenging ability was positively corre-
lated with the release rate of Gastrodin. Additionally, Gastrodin/PU
groups had obvious free radical scavenging activity when compared to
PU, and thus effectively up-regulated HO-1 and Nrf2 expressions
against oxidative stress to protect HUVECs from oxidative apoptosis
(Fig. 6). Specially, there was a clear indication of strong anti-oxidant
activity in 2Gastrodin/PU.

Fig. 9. Histological analysis of host response to the Gastrodin/PU films following 2-week subcutaneous implantation. Retrieved tissue samples (A–D) and Masson's
Trichrome-stained histological sections (E–L) of PU (A, E, I), 1Gastrodin/PU (B, F, J), 2Gastrodin/PU (C, G, K) and 5Gastrodin/PU (D, H, L). (M) Analysis of the
thickness of fibrotic capsules surrounding the implants. (N) Representative high magnification images of the stained 2Gastrodin/PU sample. “F” denotes films and the
dashed lines mark the tissue-material implant interface. Arrows indicate blood vessels; two-way red arrows mark the span of the fibrotic capsule at the film-tissue
interface. (Error bars represent standard deviation from the mean (n = 3). ***p < 0.001, **p < 0.01; *p < 0.05; ns: no significant difference.).
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The inflammatory activation of macrophages is normally associated
to morphological changes. Pro-inflammatory macrophages exhibit flat
and many synaptic structures morphology accompanied with an en-
largement of the spreading area [93,94]. When cultured with films,
cells kept their original round shape without being activated, especially

for Gastrodin/PU (Fig. 7 (H-J)), compared to control (Fig. 7 F). Further,
the inflammatory response induced by Gastrodin/PU was evaluated in
terms of specific pro-inflammatory cytokines released from adherent
RAW 264.7 cells (TNF-α and IL-1β). Inflammation and blood coagula-
tion are intimately linked; with inflammation promoting the

Fig. 10. Histological analysis of host response to the Gastrodin/PU films following 6-week subcutaneous implantation. Retrieved tissue samples (A–D) and Masson's
Trichrome-stained histological sections (E–L) of PU (A, E, I), 1Gastrodin/PU (B, F, J), 2Gastrodin/PU (C, G, K) and 5Gastrodin/PU (D, H, L). (M) Analysis of the
thickness of fibrotic capsules surrounding the implants. (N) Representative high magnification images of the stained 2Gastrodin/PU sample. “F” denotes films and the
dashed lines mark the tissue-material implant interface. Arrows indicate blood vessels; two-way red arrows mark the span of the fibrotic capsule at the film-tissue
interface. (Error bars represent standard deviation from the mean (n = 3). ***p < 0.001, **p < 0.01; *p < 0.05; ns: no significant difference.).

Fig. 11. Histological analysis of inflammatory response and angiogenesis within the Gastrodin/PU films. H&E-stained histological sections of PU (A, E), 1Gastrodin/
PU (B, F), 2Gastrodin/PU (C, G) and 5Gastrodin/PU (D, H) following 2-week (A–D) and 6-week (E–H) subcutaneous implantation. “F” denotes films and the dashed
lines mark the tissue-material implant interface. Black arrows indicate blood vessels.
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development of cardiovascular disease and tipping the hemostatic
balance towards thrombosis and DIC (Disseminated intravascular coa-
gulation) [95,96]. At the molecular level, TNF-α and IL-1β are major
players in inflammation-induced activation of the coagulation system
[97]. As expected, the levels of TNF-α and IL-1β secreted by macro-
phages were significantly down-regulated after exposure to 2Gastrodin/
PU. These results aligned with our observations in anti-oxidant testing.
In vitro 2Gastrodin/PU maximally limits their activation resulting in a
modification of their oxidant and inflammatory activity. Yang et al.
[98] reported that Gastrodin significantly attenuated the inflammatory
response in cardiomyocytes as increased Gastrodin content, which

could be up to 10 mM. Our in vivo studies further suggested that
2Gastrodin/PU induced a thinner fibrotic capsule manifested by loose
collagen fibers (Figs. 9 and 10 (G, K)), fewer infiltrated inflammatory
cells (Fig. 11(C, G)) and decreased pro-inflammatory cytokine IL-1β and
TNF-ɑ expression (Fig. S5(i)).

An ideal replacement vascular graft would result in functional re-
modeling that leads to the formation of neo-vessels. As the first step
toward this, we evaluated adhesion and proliferation of HUVECs seeded
onto films. 2Gastrodin/PU had cell spreading over a large area (Fig. 8C,
G). Cell adhesion onto a biomaterial surface is of particular importance
for subsequent events [88]. Following subcutaneous implantation,

Fig. 12. Angiogenesis within the
Gastrodin/PU films in subcutaneous
implantation. (A) Immunofluorescence
staining of VE-Cadherin at 2 weeks; (B,
C) Immunofluorescence staining of
CD31 at 2 weeks (B) and 6 weeks (C):
(a–c) PU, (d–f) 1Gastrodin/PU, (g–i)
2Gastrodin/PU and (j–l) 5Gastrodin/
PU. VE-Cadherin was stained red, CD31
was stained green and cell nuclei was
stained blue with DAPI. White dashed
lines indicate the interface between the
film and tissue interface. (D–F)
Quantitative analysis (fluorescence in-
tensity) of VE-Cadherin expression at 2
weeks (D), CD31 expression at 2 weeks
(E) and 6 weeks (F). (Error bars re-
present standard deviation from the
mean (n = 3). ***p < 0.001,
**p < 0.01; ns: no significant differ-
ence.).
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more cells from the host tissue were found to infiltrate into pores of
2Gastrodin/PU than other groups (Fig. 9K). Moreover, abundant col-
lagen fibers were visual by Masson's trichrome staining at the 6-week
time point (Fig. 10K).

Vascularization of implanted grafts may also be very helpful for
cellularization and neotissue formation. Cells infiltrating into thick
grafts face nutrient- and metabolic starvation if there is a paucity of
blood vessels or capillary-like networks in the scaffold material
[99–101]. Therefore, strategies focused on enhancing neovasculariza-
tion are of considerable importance. Lin et al. [102] reported that
Gastrodin can enhance vascularization in regenerated tissue and facil-
itate wound healing. Accordingly, 2Gastrodin/PU film promoted the
regeneration of significant numbers of blood vessels after 6 weeks
(Fig. 12, Fig. S6), manifested by positive CD31 and VE-Cadherin ex-
pression. The secretion of CD31 and VE-Cadherin from EC is related to
the angiogenesis of EC and is well known to not only participate in the
maintenance of normal EC phenotype activity (migration and pro-
liferation), but also wound healing, neo-vascularization, and angio-
genesis [100,103]. These results reveal that our developed films can
promote direct secretion of angiogenetic factors and can induce an-
giogenesis. The combined anti-coagulation, anti-inflammation and an-
giogenesis effects of 2Gastrodin/PU make it an excellent candidate for
vascular grafting in future studies.

5. Conclusions

The present study fabricated Gastrodin/PU scaffolds prepared by a
solvent casting/salt-leaching process, aiming at better anti-coagulation
and anti-inflammatory performance for small-diameter vascular bio-
materials. The inter-connected pores, mechanical properties, degrada-
tion rate and Gastrodin release testing confirmed the 2Gastrodin/PU
sample was distinct in comparison with other Gastrodin containing
samples, which further led to their distinct bioactivity. 2Gastrodin/PU
proved to be anti-hemolytic, with minimal adhesion/activation of BSA,
fibrinogen and platelets, and prolonged coagulation times, suggesting
attenuation of coagulation. It also elicited a better anti-inflammatory
response in terms of up-regulated anti-oxidant factor Nrf2 and HO-1
expressions, as well as decreasing pro-inflammatory cytokine (TNF-α
and IL-1β) levels in vitro, perhaps owing to improved material hydro-
philicity and sustained Gastrodin release. In vivo subcutaneous im-
plantation resulted in minimal inflammatory cell infiltration and for-
mation of thinner fibrotic capsules. HUVECs culture results indicated
that the 2Gastrodin/PU significantly enhanced cell growth and cov-
erage, suggesting better recruitment of host cells. When implanted into
a subcutaneous pocket, collagen fibers and neo-vessels were visible
within scaffolds. 2Gastrodin/PU exhibited both anti-coagulation and
anti-inflammatory properties, justifying its application as a blood-con-
tacting anti-thrombotic material. However, further studies at in vivo
level are needed to ascertain clinical applicability.
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