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Abstract Microvascular anastomosis is a fundamental technique in microsurgery, and the development of suitable cuff tubes is crucial for im-
proving the surgical efficiency and long-term vascular patency. Polyimide, a high-performance polymer, offers excellent thermal stability, chemi-
cal resistance, and biocompatibility, making it a promising candidate for microvascular applications. In this study, we employed a dry-jet wet-
spinning method using P84 polyimide to fabricate polyimide (PI) cuff tubes. The effects of bore fluid flowrate, dope flowrate, and take-up speed
on the structural morphology and mechanical properties of the tubes were systematically investigated. Heat treatment was applied to optimize
the mechanical performance. Heat treatment above the glass transition temperature significantly enhances the solvent resistance and mechani-
cal strength without altering the chemical structure. The PI cuff tubes demonstrated negligible cytotoxicity and hemolysis, no genotoxic or im-
munogenic effects, and no systemic organ toxicity. In vivo implantation showed sustained vascular patency and no local inflammatory response
for up to 90 days post-operatively. The fabricated Pl cuff tubes possessed high structural integrity, tunable flexibility, ideal mechanical properties,
excellent biosafety, and outstanding in vivo performance, suggesting their strong potential for future clinical translation in microvascular anasto-

mosis and vascular graft applications.
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INTRODUCTION

Vascular anastomosis is an important part of microsurgery, and
the timing and patency of vascular anastomosis have a great
impact on the success of surgery."” The cannula technique is
usually used for anastomosis of microvessels with a diameter of
less than 2.0 mm, and different microvessels require the appro-
priate diameter of the cannula for surgery to facilitate intraoper-
ative operation, improve vascular patency, and shorten the du-
ration of the surgery.F=) Owing to the delicate operation of mi-
crosurgery, mechanical properties of small-diameter cannulae
are required. Meanwhile, cannula instability may cause an in-
flammatory reaction and the formation of foreign body granu-
loma in and around the inner wall of the vessel after cannula im-
plantation. Therefore, the material stability, mechanical proper-
ties, size, and biosafety of the trocars are the keys to enabling
them to be widely used in animal experiments and even in clini-
cal practice, and the use of some highly stable polymers is more
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likely to achieve the desired results.

Polyimide (PI) is flexible, lightweight, heat-resistant, and
chemically resistant compared to other resistant materials
(polytetrafluoroethylene (PTFE), polypropylene (PP), and
polyethylene (PE), etc.), which makes it a promising polymer
for medical applications.®-9! Its biocompatibility has been
evaluated for use in the fabrication of implantable medical
devices, construction of flexible neuroelectrode arrays, and as
a coating for neuroprostheses.l'>=12] |n the field of wearable
medicine, Pl has been processed into ultra-thin and flexible
films to monitor various physiological parameters of the hu-
man body in real time, providing data support for personal
health management and early warning of diseases.['34) In or-
thopaedic repair, Pl has been compounded with bioactive ce-
ramics to create bone repair scaffolds, thereby accelerating
the repair process of bone damage.l'>'¢ Importantly, Pl has
also shown potential for applications in the field of artificial
blood vessels and endovascular catheters. Anastomosis and
repair of the retinal veins in living porcine eyes have been
performed using Pl tubes as artificial blood vessels.['”] In addi-
tion, when used as intravascular catheters, solutions contain-
ing target agents can be precisely manipulated for injection
into arteries that supply target tissues through intravascular
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catheters.l'8191 Although Pl have demonstrated excellent sta-
bility and performance in many applications, current studies
do not provide an in-depth analysis of the processing and
specific implantation properties of micron-sized Pl cuff tubes.

Pl exhibits extremely high molecular chain rigidity and
strong intermolecular forces, resulting in a high glass transi-
tion temperature, melting point, and melt viscosity. This
makes melt extrusion challenging, and it is difficult to main-
tain the structural stability and mechanical properties of the
material during processing. To investigate the mechanical
properties of Pl and its potential use in microvascular anasto-
mosis, this study employed a dry-spray wet-spinning process
to prepare Pl cuff tubes using P84 as the raw material and N-
methylpyrrolidone as the solvent. By adjusting the spinning
conditions such as bore fluid flowrate, dope flowrate, and
take-up speed, the microstructure and size of the cuff tubes
were modified. Following thermal setting, cuff tubes with
varying degrees of stiffness were obtained to investigate the
influence of thermal treatment conditions on their morpholo-
gy and mechanical properties, and to determine the optimal
cuff tubes for surgical operability. The vascular sleeve tech-
nique was used to anastomose the arteries of the hind limbs
of rats, and the blood flow rate and pathological changes at
the anastomosis site were observed within one month post-
surgery to assess its convenience and safety, with the aim of
meeting the needs of clinical physicians.

EXPERIMENTAL

Materials

Polyimide (PI, Grade: P84) was supplied by Zeshancheng New
Materials (Wuhan) Co., Ltd., N-methylpyrrolidone (NMP), ethanol
(EtOH), tetrahydrofuran (THF), and N-hexane were of analytical
grade, and polydimethylsiloxane (Sylgard 184) of industrial
grade, imported from the United States, was purchased from
Sinopharm Chemical Reagent Co., Ltd. Deionized water was
then prepared. PTFE tubes (inner diameter of 0.6 mm and outer
diameter of 0.8 mm) were obtained from Guangdong
Dechuang New Materials Co., Ltd.

Preparation of Pl Cuff Tubes

Before preparing the P84 solution, first dry the P84 in an oven at
150 °C for 4 h, and then the P84 particles were dissolved in NMP.
Swelling was performed at 40 °C for 30 min, followed by stirring
and dissolution at 80 °C for 3 h to obtain a P84 solution with a
mass fraction of 30 wt%. The solution was then left to stand
overnight to remove bubbles. Subsequently, the P84 spinning
solution was injected into a metering pump under nitrogen
pressure of 0.3 MPa. A peristaltic pump was activated to adjust
the bore fluid flow rate. The bore fluid content was fixed at
NMP/H,0 volume ratio of 90/10. The spinning solution is slowly
extruded through a single-hole spinneret with an outer diame-
ter of 1.0 mm and an inner diameter of 0.4 mm, forming a cuff
stream. The stream passes through a 5 cm air gap (at 25 °C and
65% relative humidity) into a coagulation bath (30 wt% NMP
aqueous solution at 20 °C), where it solidifies and forms a tube.
The tubes were then drawn, washed, rolled, and collected. The
newly formed cuff tubes were removed from the rollers and im-
mersed in a deionized water bath, and the water was changed
every 6 h to remove residual solvents and non-solvents. After

soaking for 2 days, the cuff tube was subjected to solvent ex-
change using ethanol/hexane. The tube was first immersed in
ethanol for 30 min, with fresh ethanol replaced every half hour,
which was repeated three times. The same procedure was re-
peated three times using hexane, after which the tube was
hung to dry in a fume hood.

The bore fluid flowrate was varied between 0.5 mL/min
and 1.2 mL/min, while the dope flow rate and take-up speed
were fixed at 1.12 mL/min and 5.90 m/min, respectively, to in-
vestigate the effect of the bore fluid flowrate on the dimen-
sions of the cuff tubes. The dope flowrate was varied be-
tween 0.67 mL/min and 1.35 mL/min, while the bore fluid
flow rate and take-up speed were fixed at 0.5 mL/min and
5.90 m/min to investigate the effect of dope flowrate on the
performance of cuff tubes. The take-up speed was varied
within the range of 3.53-9.44 m/min, while the bore fluid
flowrate and dope flowrate were fixed at 0.5 and 1.12
mL/min, respectively, to investigate the effect of take-up
speed on the performance of cuff tubes.

Heat treatment was performed on the tubes to improve
their mechanical properties of Pl cuff tubes. The heat treat-
ment temperature was varied between 240 and 440 °C, and
the treatment duration was set to 2, 5, or 10 min depending
on the temperature.

Characterization

FESEM (Hitachi, Model S-4800, Japan) was used to observe the
morphologies of the as-prepared and thermally annealed PI cuff
tubes. The samples were fractured in fluid nitrogen and sput-
tered with gold before the SEM analysis. XRD analysis was per-
formed using an X'pert Pro diffractometer with CuKa radiation
(A=0.154 nm) to investigate the aggregation structures, with a
26 scanning range of 10°-60°. FTIR-ATR measurements were
conducted using a Nicolet iS 50 spectrometers to analyze chem-
ical functional groups, collecting spectral data in the 400-4000
cm™! wavenumber range.

DSC-TG: the thermal stability and thermal decomposition
behavior of the cuff tube were tested using a German NET-
ZSCH STA 449 F5. An appropriate amount of the sample
(5-10 mg for conventional samples) was uniformly placed in
an alumina crucible. The temperature was increased from
room temperature to 800 °C at a heating rate of 10 °C/min un-
der a nitrogen atmosphere (flow rate: 50-100 mL/min), and
the heat flow curve (DSC) and weight loss data (TG) were
recorded synchronously.

Different Pl cuff tubes were tested by room-temperature
gel permeation chromatography (Agilent GPC50, column:
PLgel 10 ym, MIXED-B). The samples were dissolved in DMAC
at a concentration of 1.0 mg/mL. Polymethyl methacrylate
(PMMA) with an average molecular weight of 1.0-30.0 kg/mol
was used as the standard to obtain the standard curve. A
DMAC/0.5% LiCl solution served as the mobile phase (1.0
mL/min), the column temperature was 50 °C, and the injec-
tion volume was 100 pL.

Mechanical Properties of Pl Cuff Tube

Axial tensile properties test: referring to the test method for the
axial tension of artificial blood vessels (ISO 7198:1998), measure-
ments were made using a fiber jig. The test conditions were as
follows: a tensile speed of 100 mm/min, clamp spacing of 20
mm, and specimen length of 50 mm. All samples were mea-
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sured at a relative temperature and humidity of 25 °C and 50%,
respectively. During the stretching process, the cuff tube was
not tilted or twisted.

A KES-FB2 pure bending tester was used to evaluate the
bending properties of the PI cuff tubes. To reduce the effect
of gravity, the test was carried out in a vertical horizontal
plane with a clamping distance of 10 mm. During the experi-
ment the moving collet drove one end of the specimen along
a fixed trajectory within a certain angle, moving upwards to
reach the ultimate curvature, and when the ultimate curva-
ture reached the collet drove the end of the specimen; when
the ultimate curvature reached the collet, it drove the end of
the specimen, and when the ultimate curvature reached the
collet drove the end of the specimen. During the test, the two
fixed ends of the PI cuff tubes were clamped with two collets
(fixed and mobile) and the specimen was free to bend be-
tween the two collets. The bending stiffness of the cuff tubes
was calculated for the test curvatures of 0.3, 0.7, and 1.

A KES-FB3 tester was used to test the Pl Hollow tubes for
120 cN Radial compression property tests, and the compres-
sion elasticity indices of the Pl tube were obtained by measur-
ing the change in specimen thickness under both light and
heavy loads and after removal of the load.

In vitro Cytotoxicity Evaluation

Preparation of the Pl material extracts

The PI particles were ultrasonically cleaned with ultrapure water
for 15 min, dried naturally, and sterilized in an autoclave at 120
°C for 30 min. RPMI-1640 culture medium (G4535, Servicebio,
Wuhan, China) was used as the extraction medium for the cellu-
lar experiments, whereas 0.9% NaCl solution was used for the
other experiments. Pl was dissolved in the solvent at a propor-
tion of 0.2 g/mL and placed in a cell culture incubator at 37 °C,
5% CO, for 72 h to obtain Pl extracts. According to the mass-to-
extracting medium ratio of 0.4, 0.2, and 0.1 g/mL, the extracts
were prepared at concentrations of 2, 1, and 0.5 times the stan-
dard concentration, respectively. They were then filtered
through a 0.22 ym bacterial filter (BD Falcon, USA) and stored at
4 °Cfor later use.

Scratch assay

L929 cells were inoculated in six-well plates (Corning, USA) at a
density of 3x10° cells/well and cultured until the cell density ex-
ceeded 90%. Scratches were made on a vertical plate using a
200 pL pipette (Corning, USA), and the detached cells were
washed with phosphate-buffered saline (PBS). The culture
medium was replaced with a normal culture medium (negative
control group) or Pl extract (experimental group), and the cul-
ture was continued for 24 h. Scratched areas of the two groups
were photographed at 0 and 24 h under an inverted micro-
scope (Olympus IX73, Japan). The scratched area was statistical-
ly analyzed using ImageJ software.

Genotoxicity test

The genotoxicity and oncogenicity of the Pl cuff tubes were
evaluated using the Ames Test Kit (0211021, IPHASE, Bioscience
Co., LTD., China) and the in vitro Mammalian Chromosomal
Aberration Test Kit (0221015, IPHASE Bioscience Co., LTD., Chi-
na). The experimental group was treated with various concen-
trations of Pl extracts, the negative control group received ster-
ile water treatment, and the positive control group was includ-

ed in accordance with the manufacturer’s protocol for sample
addition. The samples were prepared based on the stoichiome-
tries presented in Table S1 (in the electronic supplementary in-
formation, ESI).

In the Ames test, TA98 and TA100 strains (0211021, IPHASE
Bioscience Co., LTD., China) were proportionally added to the
culture medium to form the growth mixture. Each group was
mixed and distributed into 96-well plates (48 wells per group,
190 pL/well) and placed in an incubator at 37 °C for 24 h.
Twenty microliters of a growth indicator were added to each
well, and the reverted colonies in each group were recorded
after 48 h of incubation.

For the mammalian chromosome aberration assay, CHL
cells (Cell Bank of the Chinese Academy of Science, Shanghai,
China) were selected and adjusted to a density of 1x10°
cells/mL. The cells were spiked and cultured according to the
spiking method described in Table S2 (in ESI). In each group,
0.05 mL of 50 pg/mL colchicine (ST1173, Beyotime, China)
was added to 5 mL of the culture solution and incubated for 3
h. Then, cells were collected and counted, and cell suspen-
sions received hypotonic treatment with 0.075 mol/L KCI so-
lution (DB1001, Fuzhou wabcan Biotechnology Co., LTD.). The
suspensions were fixed, titrated, stained, and sealed with
neutral gum. Chromosomal aberrations were observed and
photographed using an Olympus Microscope (Model BX40).

Hemocompatibility test

The hemocompeatibility of the Pl material was assessed using
coagulation, hemolysis, platelet adhesion, and platelet activa-
tion assays. In the coagulation test, 50, 100, and 200 mg of can-
nula particles were added to the normal mixed plasma. The
thrombin coagulation time (TT), international normalized ratio
(INR), prothrombin time (PT), and partial thromboplastin time
(APTT) were determined.

In the hemolysis test, 5 mL of saline, distilled water, and
standard extract were placed in a centrifuge tube (Corning,
USA), with three parallel controls for each group, and pre-
heated for 30 min at 37 °C. The normal saline group was used
as the negative control ((-) control), the distilled water group
was used as the positive control ((+) control), and the stan-
dard extract group was used as the experimental group. Di-
luted rabbit erythrocytes (0.2 mL) were added to the samples
and shaken. Subsequently, the samples were placed in a wa-
ter bath at 37 °C for 50 min and centrifuged to obtain the su-
pernatant. The absorbance at 545 nm was measured, and
hemolysis rates were calculated using 6 replicate wells for
each group. The hemolysis rate was calculated using the fol-
lowing formula:

Hemolysis rate =

(ODvaIue of sample — ODvalue of negative control)

X 100

(ODvaIue of positive control — ODvalue of negative control)

The OD values of absorbance of each group were mea-
sured at 545 nm with a microplate reader.

Fresh rat blood was collected in a vacuum tube containing
sodium citrate and centrifuged at 1500 r/min for 15 min to
obtain platelet-rich plasma. Plasma was incubated with PI or
PTFE samples at 37 °C for 2 h. The samples were washed 3
times with normal saline, and the adhered platelets were
fixed with 2.5% glutaraldehyde, dehydrated with gradient
ethanol, and observed by SEM. In the platelet activation as-
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say, P-selectin (CD62p) expression in platelets treated with PI
or PTFE was evaluated by flow cytometry to determine the
level of activated platelets (CytoFLEX, Beckman Coulter, USA).

Cytotoxicity assay

A CCK-8 kit (CK04, Doijndo, Japan) was used to evaluate the cy-
totoxicity of the PI. L929 cells (CL-0137, Wuhan Pricella Biotech-
nology Co. Ltd) were inoculated into 96-well plates
(5x10%well) (Corning, USA) for 24 h, and then culture medium
was replaced with normal RPMI-1640 medium (negative con-
trol group), 1% phenol (Thermo Fisher, USA) (positive control
group), or different concentrations of extracts (experimental
groups), respectively. After 1, 2, 3, and 4 days of culture, the
CCK-8 assay was performed. The absorbance OD values of each
group were measured with a microplate reader (Biotek, Syner-
gy H1, USA) at 450 nm after 2 h of treatment, and the relative
growth rate (RGR) was calculated using the following formula:

oD
RGR = value of sample % 100 (2)

ODvaIue of negative control

Vascular smooth muscle cells (CD5004, Shanghai QiDa
Biotechnology Co., Ltd.) were seeded into 96-well plates
(5%103 cells/well) and the CCK-8 assay was conducted after 1,
3 and 5 days of co-culture as described previously. On Day 2,
the cells were stained with a live/dead cell staining kit (C0021,
Applygen Technologies Inc., China) and cell viability was eval-
uated under a fluorescence microscope (Olympus CKX53,
Japan).

Antibacterial test

The antibacterial properties of the Pl material were evaluated
using the colony-counting method. Gram-negative Escherichia
coli and Gram-positive Staphylococcus aureus were used as
bacterial models. Each group was analyzed three times after 24
h of co-culture. The antibacterial rate was calculated using the
following equation:

Antibacterial rate (%) =
cell count of control group — cell count of PI group <100 (3)
cell count of control group

Preclinical Assessment

Rat orthotopic hindlimb transplantation

Male 10- to 12-week-old Lewis rats and male 6- to 8-week-old
BALB/c mice were purchased from Sino-British SIPPR/ BK Lab
Animal Co,, Ltd. (Shanghai, China). All animals were housed in a
pathogen-free facility at a standard temperature (24+ 2 °C) with
a 12 h light/dark cycle. All protocols were approved by the Ninth
People’s Hospital, affiliated with the Shanghai Jiao Tong Univer-
sity School of Medicine Animal Care and Use Committee) (ap-
proval No. SH9H-2021-A983-SB). To assess the biostability of the
Pl cuff tube, ultrasonic Doppler was employed to detect the in
vivo degradation of the implants. The cuff tubes were implant-
ed subcutaneously in mice, and their length and diameter were
monitored at postoperative days (POD) 7, 14, 30, and 90 to illus-
trate the degradation of cuff tubes. All the mice were exposed
to isoflurane. With the assistance of Pl cuff tubes, rat orthotopic
hind limb transplantation was performed from one Lewis donor
to another Lewis recipient, as described elsewhere (n=6).*% In
the control group, microvascular anastomosis was performed
using the hand-sewn technique (n=6). The recipients received a
subcutaneous injection of meloxicam (2 mg/kg) before and af-

ter the surgery to provide analgesia and prevent inflammation.
The recipients were regularly monitored for at least 4 h before
returning to the housing facility.

Histopathology and immunofiuorescence analysis of peri-
tube tissues

Peri-tube muscle tissues from the homografts and hind limbs of
naive rats were obtained at PODs 30 and 90. All specimens were
fixed in 4% paraformaldehyde for 24 h. Tissue sections were
stained with hematoxylin and eosin after paraffin embedding,
and the local inflammatory response was observed.

For immunofluorescence staining, complement C3 deposi-
tion in peri-tube tissues was detected at PODs 30 and 90 us-
ing an anti-C3c rabbit pAb (GB114734-100, Servicebio,
Wuhan, China) primary antibody. Anti-rabbit immunoglobu-
lin G (IgG) (GB111738, Servicebio, Wuhan, China) and anti-
rabbit immunoglobulin M (IgM) (GB112040, Servicebio,
Wuhan, China) were used to detect the deposition of IgG and
IgM, respectively. The nuclei were counterstained with 4',6-di-
amidino-2-phenylindole (DAPI). Finally, the sections were
sealed and photographed using a fluorescence microscope
(Leica DMI4000B, Germany). DAPI-stained nuclei are blue, and
the positive structures are represented as green light labeled
with fluorescein. All images were captured using CaseViewer
2.4 (3DHISTECH. Ltd., Hungary), and the mean fluorescence
densities were measured using the Image) software.

Detection of cytokine levels in plasma and peri-tube tissues
On PODs 30 and 90, Lewis recipients and naive rats were sub-
jected to withdrawal of plasma and peri-tube muscle tissue
samples, which were then maintained at -80 °C until further
use. The levels of interleukin (IL)-2, IL-10, tumor necrosis factor
(TNF)-q, and interferon (IFN)-y were measured using an enzyme-
linked immunosorbent assay kit (ELISA kit; R2000, R1000, RTA0O,
and RIF00, R&D Systems, Minneapolis, MN, USA) in compliance
with the manufacturer’s instructions.

Evaluation of renal and hepatic function

The levels of indicators of hepatological function such as aspar-
tate aminotransferase (AST) and alanine aminotransferase (ALT),
renal function (creatinine and urea), aspartate aminotransferase
(AST), and alanine aminotransferase (ALT), were determined and
compared between recipients and naive rats at PODs 30 and 90.
The liver and kidney tissues of Pl and control groups were biop-
sied on POD 90, fixed in 4% paraformaldehyde for 24 h, then
embedded in paraffin, sectioned, and stained hematoxylin and
eosin (H&E) staining to evaluate pathological inflammations and
organ lesions.

Statistical Analysis

Data are expressed as the mean + SD (at least three or more in-
dependent samples) and compared between groups using the
unpaired Student'’s t-test. The normality of each dataset was as-
sessed using the Shapiro-Wilk test. All statistical tests were per-
formed using GraphPad Prism 8.0 software (La Jolla, California,

USA)."p < 0.05, “p <0.01, ™ p <0.001, *p <0.0001, ns: not signif-
icant.
RESULTS AND DISCUSSION

Cuff Technique for Microvascular Anastomosis
Microvascular anastomosis is an indispensable foundational
technique in tissue transplantation, trauma repair, organ re-
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plantation, and the treatment of vascular diseases and is, partic-
ularly important in the field of microsurgery. Its primary objec-
tive is to rapidly and stably restore blood flow, ensuring ade-
quate blood supply to the graft or distal tissue. However, mi-
crovascular diameters typically measure less than 1 mm, result-
ing in extremely limited surgical space, which imposes strin-
gent demands on the surgeon's microsurgical suturing skills.
Fig. 1(a) illustrates the surgical procedure used for microvascu-
lar anastomosis. The surgical site was located in the thigh, with
the femoral artery and femoral vein exposed for manipulation.
The anastomosis process involves the following steps: first, the
vessel is cut, and one end is inserted into a microtube with a
flange. The vessel wall was everted using a flanging operation
to cover the opening of the microtube. Subsequently, the other
end of the vessel was aligned and inserted into the microtube
and fixation was achieved through suture ligation, thereby es-
tablishing an end-to-end connection between the vessel ends.
The anastomosis tube was made of Pl material to achieve
an efficient and reliable anastomosis process. Pl has excellent
mechanical strength, flexibility, and thermal stability, as well
as good dimensional machinability and biocompatibility, en-
abling it to meet the dual requirements of wall support and
tissue safety in microvascular anastomosis. Additionally, its
low surface energy properties help inhibit the adhesion of
proteins and cells in the blood, reduce the risk of thrombosis
and improve post-anastomosis vascular patency. Fig. 1(b)
shows an in vivo image of a rat femoral artery anastomosis

Femoral artery

Microvascular Fempral vein

repair

Anastomosis process

Flanging
s
E
¢

Fig. 1  Cuff technique for microvascular anastomosis. (a) Surgical
diagram of microvascular repair of the femoral artery/femoral vein
in rats. Basic principles of the cuff technique involve pulling the
vessel through a polyamide cylinder and everting the vessel,
thereby exposing the endothelial surface. For anastomosis, the
vessel and cuff can then be inserted into the donor vessel and
secured with a tie. (b) Intraoperative images of femoral artery
anastomosis surgery in rats. (c) Microscopic photograph of Pl cuff
tube.

surgery. The magnified area shows the detailed procedure at
the anastomosis site, demonstrating the feasibility of using Pl
microtubes for vascular connections. In addition, Fig. 1(c)
presents a microscopic image of the microvascular anastomo-
sis tube made from Pl material, with an outer diameter of ap-
proximately 600 um, designed to facilitate mechanical-assist-
ed microvascular anastomosis.

Effect of Spinning Process on Microstructure and
Properties of the Pl Cuff Tube

To meet the requirements for microvascular anastomosis, it is
necessary to comprehensively investigate the effects of bore
fluid flow rate, dope flowrate, and take-up speed on the size
structure and mechanical properties of the Pl cuff tube during
the dry-jet-wet-spinning process (Fig. 2a). The morphology of
the PI cuff tube spun at different bore fluid flow rates is shown
in Fig. 2(b) and Fig. S1(a) (in ESI). As the bore fluid flowrate in-
creased, the flowrate ratio of the dope to the bore fluid de-
creased, and both the inner and outer diameters of the cuff tube
increased, with the inner diameter showing a more pro-
nounced increase, while the thickness gradually decreased.
When the bore fluid flowrate was 1.2 mL/min, the inner and
outer diameters of the cuff tube were (564.20+1.27) and
(686.65+7.54) um, respectively. When the flowrate exceeded 1.2
mL/min, the tube wall became too thin, resulting in poor self-
supporting performance and preventing proper formation. This
is because the bore fluid, as the internal filling fluid, increases
the pressure on the inner wall of the tube when its flow rate in-
creases, preventing the tube from maintaining its shape. More-
over, changes in the bore fluid flow rate affect the mass transfer
process between the cuff's interior and exterior, thereby influ-
encing the cuff's coagulation rate and structural formation.
Higher bore fluid flow rates accelerated the coagulation rate
within the tube, while the external coagulation rate remained
relatively slower, leading to a thinner wall thickness (Fig. 2c). Ad-
ditionally, as the bore fluid flow rate increased, the mechanical
properties of the Pl cuff tube decreased (Fig. 2d). This is primari-
ly because the higher bore fluid flow rates accelerate the sol-
vent diffusion within the tube. During coagulation, the molecu-
lar chains cannot fully orient and align, resulting in a loose inter-
nal structure with numerous defects and voids. This reduced the
ability of the tube to resist tensile forces, thereby decreasing the
tensile strength.

The dope flow rate has a significant impact on the dimen-
sional structure of the PI cuff tubes, particularly in terms of di-
ameter uniformity and cross-sectional shape. Under constant
spinning conditions, maintaining an air gap of 5 cm, bore flu-
id flowrate of 0.5 mL/min, and bore fluid concentration of
NMP/H,0 at 90/10, the effects of different dope flow rates on
the PI cuff tube were investigated. The cross-sectional mor-
phologies of the PI cuff tubes at different doping flow rates
are shown in Fig. 2(e) and Fig. S1(b) (in ESI). As the dope flow
rate increased, the structure of the cuff tube became more
compact, with a slight increase in the outer diameter and wall
thickness, whereas the inner diameter remained largely un-
changed (Fig. 2f). As shown in Fig. 2(g), the mechanical prop-
erties and elongation of the tubes decreased when the dop-
ing flowrate exceeded 0.9 mL/min. The strength decreased
significantly when the dope flowrate was over 1.12 mL/min.
This may be the reason why the relatively low shear stress on
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properties of Pl cuff tube.

the spinning solution at the exit of the spinneret was relative-
ly low, allowing the spinning solution to distribute more uni-
formly around the spinneret. Upon entering the coagulation
bath, the coagulation process became more stable, which
was conducive to the formation of uniform diameters and
regular cross-sectional shapes. Conversely, when the dope

flow rate increased, the shear stress on the dope at the spin-
neret exit increased, and the dope flowrate became more
complex, leading to fluctuations and unevenness. This un-
evenness is transmitted to the coagulation bath, causing dif-
ferent coagulation rates in different parts of the tube, there-
by affecting the uniformity of the diameter and cross-section-
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al shape. In addition, at higher dope flow rates, the contact
time between the dope and coagulation bath was reduced,
resulting in insufficient mass transfer and heat transfer pro-
cesses. Upon further increasing the bore fluid/dope flow rate
ratio to 3.6, the wall thickness no longer decreased signifi-
cantly. However, excessively thin walls would reduce the self-
supporting capability of the tube, making it prone to collapse.
Therefore, a dope flowrate of 1.12 mL/min was selected to en-
sure that the outer diameter of the tube remained below 500
Mm while maintaining a good self-supporting performance.

Take-up speed is another important parameter that influ-
ences the structure of the Pl cuff tube during the spinning
process. As the take-up speed increases, the structure of the
cuff tube becomes more compact. Increasing the take-up
speed also resulted in a decrease in the wall thickness, inner
diameter, and outer diameter of the PI cuff tube (Figs. 2h and
2i, Fig. S1c in ESI), while the strength of the tube increased
and the elongation at break decreased (Fig. 2j). Increasing the
take-up speed causes the Pl polymer chains to become more
tightly packed, reducing the free volume between polymer
chains. This could partially resist water ingress and lower the
double-diffusion rate, thereby reducing the formation of
tubular pores and resulting in smaller tube diameters. These
results indicate that precise control of the spinning parame-
ters could optimize the dimensions and structure of the cuff
tube to suit microvascular applications, establishing a solid
foundation for the application of Pl cuff tubes in vascular
anastomosis.

Effect of Heat Treatment on the Performance of Pl
Cuff Tube

To select a cuff tube with better surgical operability, it must be
sufficiently flexible to facilitate manipulation during surgery,
while also being sufficiently robust to withstand the mechanical
forces encountered within the body. By subjecting the cuff tube
to relaxation heat treatment, the molecular chains within the PI
could rearrange and adjust, forming a more stable structure. As
shown in the TG-DSC curve of the P84 raw material (Fig. S2 in
ESI) and the glass transition temperature (Tg) was 320 °C. Ther-
mal treatment was performed at temperatures below, equal to,
and above the T, As the heat treatment temperature increased,
the color of the cuff tubes gradually darkened (Fig. 3a). The sol-
ubility test of the cuff tube could reflect its structure to some ex-
tent. As shown in Fig. 3(a), when the original and heat-treated
cuff tubes were immersed in NMP solvent at a concentration of
0.5% for 30 min, the original and those heat-treated at 240 and
320 °C completely dissolved, whereas those heat-treated at 400
°C showed no significant changes and did not dissolve even af-
ter 12 h, demonstrating excellent solvent resistance. This indi-
cates that the chemical structure of the polymer undergoes
changes at high temperatures. As the temperature and dura-
tion of heat treatment gradually increased, the structure of the
Pl cuff tubes became more compact (Fig. S3 in ESI), with re-
duced inner and outer diameters and thinner walls. The inner
and outer diameters remained almost unchanged at 380 °C (Ta-
ble S3 in ESI). When the temperature of heat treatment was be-
low the T, the tensile strength and elongation at break de-
creased significantly, reaching 8.02 MPa and 11.17%, respec-
tively (Table S4 in ESI). Compared with untreated samples, these
values decreased by 22.8% and 28.2%, respectively. This may be

due to water adsorption and hydrolysis of the PI cuff tube dur-
ing processing below Ty, resulting in a decrease in the molecu-
lar weight (M,,) (Fig. 3b). When the temperature was further in-
creased above Ty, the mechanical properties of the Pl cuff tube
gradually improved, which may be attributed to an increase in
M,,, as higher temperatures induced further cross-linking or re-
arrangement of the polymer chains. At temperatures above 400
°C, the mechanical properties slightly decreased (Table S4 in
ESI). This may be due to the excessive temperature causing
thermal degradation or carbonization of Pl, leading to a de-
crease in mechanical strength.

To better understand these changes, FTIR spectroscopy
and XRD patterns were used to elucidate potential chemical
transformations and microstructural evolution. Fig. 3(c)
shows the FTIR spectra of the PI cuff tubes after 10 min of
heat treatment at different temperatures. The FTIR spectra of
the tubes remained largely consistent before and after heat
treatment. The peaks at 721, 1099, 1366, 1727, and 1780 cm™!
corresponded to the C=O0 bending vibration of the imide
ring, the C—N—C stretching vibration, the C—N stretching
vibration, and the C=0 symmetric and asymmetric stretch-
ing vibrations, respectively, indicating that heat treatment
did not affect the main chain structure of the tubes.2" In the
XRD patterns (Fig. 3d), all Pl cuff tube samples exhibit broad
peaks, characteristic of an amorphous structure. The Bragg
peak intensity increased as the heat treatment temperature
increased. According to Bragg's law: A = 2dsinf (where d is the
average interchain distance of the polymer segments, A is the
X-ray diffraction wavelength, and 6 is the Bragg angle).l2!. 221
The average interchain distance gradually decreases. This in-
dicates that during the heat treatment, the Pl polymer chains
undergo movement, resulting in a more compact chain struc-
ture. Fig. 3(e) shows the weight loss of the untreated and
heat-treated Pl cuff tubes at different temperatures. For Pl
cuff tubes with heat treatment temperatures below 240 °C,
the weight loss rate of the samples was approximately 2.41%.
For PI cuff tubes with heat treatment temperatures above 240
°C, the weight loss rate of the samples decreased to below
0.96%, which was primarily due to the significant removal of
adsorbed moisture during the heat treatment process.?3!
Overall, the heat treatment enhanced the mechanical proper-
ties, and PI cuff tubes with different hardness levels could be
obtained by controlling the temperature and duration of the
heat treatment (Table S5 in ESI).

The primary performance characteristics of microvascular
anastomosis tubes are the ability to maintain a certain level of
strength or hardness, durable resistance to mechanical fa-
tigue, and ability to withstand the impact of strong blood
flow over an extended period without rupturing or deform-
ing. Based on the experimental results obtained under the
aforementioned spinning conditions, we selected a bore flu-
id flowrate of 1.2 mL/min, a dope flowrate of 1.12 mL/min,
and a take-up speed of 3.53 m/min as the spinning parame-
ters. The material was then subjected to a 10-min heat treat-
ment at 380 °C to produce a PI cuff tube with optimal com-
prehensive performance. The bending and compression
properties were tested (Fig. 3f and Fig. S4 in ESI) and com-
pared with those of commercial medical sleeves (polypropy-
lene, PP; polytetrafluoroethylene, PTFE) and elastic tubes (sili-
ca gel). The PI cuff tube demonstrated a bending resistance
comparable to that of commercial sleeves under a high curva-
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Fig.3 Effect of heat treatment on the performance of Pl cuff tube. (a) Colour changes and dissolution properties of Pl cuff tubes at different heat
treatment temperatures; (b) Molecular weight (M,,), (c) FTIR spectra, (d) XRD patterns and (e) TG curves of Pl cuff tubes at different heat treatment
temperatures; (f) Photos of bending and compression tests; (g) Comparison of bending and (h) compression properties of medical-grade PP, PTFE
sleeves, silica gel tube, and Pl cuff tube. WC represents compression specific work, RC represents compression recovery rate.

ture (Fig. 3g and Table S6 in ESI). Furthermore, the PI cuff tube
exhibited superior compression resistance compared to PP
and maintained an optimal compression recovery perfor-
mance (Fig. 3h and Table S7 in ESI). In short, the prepared PI
cuff tube possessed excellent structural stability and surgical
operability, fully meeting the mechanical requirements for
supporting the microvasculature.

Biosafety Assessment of the Pl Cuff Tube

The in vitro biosafety of the Pl was evaluated. In the hemocom-
patibility evaluation, the plasma coagulation function indicators
were within the normal range after treatment with different
concentrations of Pl particles (Fig. 4a). Hemolysis test revealed
that the Pl material did not induce obvious hemolysis of ery-
throcytes, even at high concentrations. The hemolysis rate of
the Pl material was 0.96%, which is less than 5% and meets the
requirement of the hemolysis rate of biomedical materials
(Table S8 in ESI). The adhesion of platelets on cuff tubes was
qualitatively characterized using SEM images. After co-incuba-
tion of the Pl or PTFE samples with platelet-rich plasma for 2 h, a
large cluster of platelets adhered to the PTFE surface (Fig. S5a in

ESI). However, the number of platelets adhered to the Pl surface
decreased significantly compared to that of PTFE. In the platelet
activation assay, the level of activated platelets in the Pl group
was significantly lower than that in the PTFE group (positive
control), illustrating the anti-thrombogenic properties and
hemocompatibility of the Pl material. (Figs. S5b and S5c in ESI).
The reduction in platelet adhesion and activation further con-
tributes to the long-term patency of the anastomosed vessels.
For the CCK-8 assay, cells were cultured with varying concentra-
tions of Pl extract, and the optical density (OD) values in the ex-
perimental groups at various time intervals showed significant
differences, compared to those in the positive control group (p
<0.05) (Fig. 4b). As the concentration increased, there was no
significant difference compared with the negative control
group (p>0.05). Considering that the relative cell growth rates
were maintained over 95% in the experimental groups, the cy-
totoxicity of the Pl material was evaluated as grade 0-1, illus-
trating the ideal biocompatibility of Pl material (Fig. 4c). The
live/dead assay of VSMCs also demonstrated that cells prolifer-
ated well after treatment with Pl extract compared to the con-
trol group (Figs. S6a and S6b in ESI). A similar result was found in
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Fig. 4 Biosafety assessment of the Pl cuff tube. (a) Coagulation function of TT, INR, PT and APTT of plasma receiving different concentrations of Pl
particles treatments. (b) Proliferation of L929 cells upon various concentrations of Pl extract treatments. (c) Relative growth rates of L929 cells in
positive control group and experimental groups of different concentrations. (d) Migration area of L929 cells receiving normal RPMI-1640 medium
and Pl extract treatments. (e) Aberration rates of CHL cells after 3 h incubation with different concentrations of Pl materials in the culture medium.
(f) Images of L929 cells migration after treatment with normal RPMI-1640 medium and Pl material extract. Scale bar, 200 ym. (g) Chromosome
aberrations after the action of the extract on CHL cells. Scale bar, 10 ym. W-@® show normal chromosomes, with typical chromosome number,
morphology and structure. @-(©) show aberrated chromosomes: @ the arrow presents double-stranded aberrations in chromosomes after the
action of Pl material extract; ® arrow presents ring chromosome after the action of the positive control group; ® arrow presents chromosome
defects after the action of the positive control group. (h) Macroscopic images of hindlimb homografts and microscopic images of the PI cuff tubes.
Data were presented as the mean + SD (n=3 independent samples), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns: not significant. CHL cells,
Chinese Hamster Lung cells; TT, thrombin coagulation time; INR, international normalized ratio; PT, prothrombin time; APTT, partial thromboplastin
time.

the CCK-8 assay, which showed no obvious cytotoxicity in the PI cell migration in the scratch area between the experimental
group after 1, 3, and 5 days of culture (Fig. S6c in ESI). The good and control groups. This confirmed that PI did not affect cell
cytocompatibility of the PI material with VSMCs may also en- migration, which is critical for angiogenesis in the biological
hance vessel patency. processes of blood vessel healing and vascular network for-

As shown in Figs. 4(d) and 4(f), scratch test results showed mation. The Ames and in vitro mammalian chromosome aber-
no significant difference ("p>0.05) in the percentage of L929 ration assays were conducted to assess the genotoxicity of PI

https://doi.org/10.1007/510118-026-3661-2


https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2
https://doi.org/10.1007/s10118-026-3661-2

Su, H. et al./ Chinese J. Polym. Sci. 2026, 44, 1898-1911 1907

the material. As shown in Table S9 (in ESI), the number of re-
vertant colonies of the TA98 and TA100 strains, with and
without the metabolic activation system, was less than twice
that of the negative control group, demonstrating a negative
Ames test for the Pl material. The chromosome aberration
rate of CHL cells after Pl extract treatment was similar to that
of the negative control group ("p>0.05) (Figs. 4e and 4q).
These results indicated that the Pl material possessed no
genotoxicity or oncogenicity, providing an important basis
for its application in microsurgery. As for the antibacterial
test, no significant difference in the inhibition rates for
Escherichia coli and Staphylococcus aureus was observed be-
tween the Pl and control groups, suggesting that the Pl cuff
tube was not pro-bacterial and would not induce post-im-
plant infections (Fig. S7 in ESI).

Regarding the in vivo stability of the PI cuff tube, ultra-
sound evaluations on Days 7, 14, 30, and 90 after surgery sug-
gested that the echo intensity of cuff tubes was stable, and
no obvious changes in the length and diameter were found
throughout the follow-up period (Fig. S8 in ESI). These results
indicated that the PI cuff tube could maintain a stable struc-
ture in vivo.

Rat orthotopic hindlimb homotransplantation was per-
formed using the cuff technique to investigate the efficacy of
Pl cuff tubes in facilitating vascular anastomosis during micro-
surgery. The cuff tubes were implanted between the donor
and recipient femoral vessels, and no occlusion of the termi-
nal blood flow in the transplanted hind limb was observed
seven days after surgery. It was found that all the microves-
sels (100%) anastomosed with the Pl cuff tubes remained
patent with intravascular flow upon open exploration at POD
90, indicating a long-term survival of the homografts (Fig. S9
in ESI). In contrast, the 90-day occlusion rate in the hand-sewn
group was 33.3% (4/6). The higher vascular patency rate in
the PI group suggests that the Pl cuff tube can effectively pre-
vent occlusion at the anastomosis site. In addition, no signs of
degradation were observed at any time during gross observa-
tion, further demonstrating the good stability of the tube
structure (Fig. 4h). With a complete vascular healing time of
90 days, the PI cuff tube could serve as a long-term im-
plantable device, that provides continuous mechanical sup-
port for the anastomosed vessel and ensure long-term paten-
cy.24]

Evaluation of Cuff-related In vivo Immunity and
Inflammation

To investigate whether the application of the Pl cuff tube in-
duced inflammation in vivo, muscle samples around the cuff

Control No.1 No.2

POD30

POD90

tube were collected on postoperative days (PODs) 30 and 90 for
histological analysis by hematoxylin and eosin (H&E) staining.
Diffuse mononuclear cell infiltration was not observed, and
there was no notable difference between the Pl and naive rats
at any time point (Fig. 5a). The H&E staining results suggested
that the PI cuff tube did not evoke an inflammatory response
and possessed good biosafety.

Peri-tube muscle tissues were collected at PODs 30 and 90
to investigate the potential immune response induced by im-
plantation of the PI cuff tube. The deposition of immunoglob-
ulin G (IgG), IgM and complement C3c was analyzed by im-
munofluorescence (Fig. 5b). The mean fluorescence densities
of 1g9G, IgM, and complement C3c in PI recipients and naive
rats were quantified using the ImageJ software. The analysis
revealed no notable differences in mean IgG or IgM densities
between the Pl and control groups at each time point. Fur-
thermore, the deposition of complement C3c¢ was not signifi-
cant in either group (Fig. 5¢). Therefore, these results indicate
that the PI cuff tube did not upregulate the level of antibody
expression, and no immune response was evoked after de-
vice implantation.

Pro- and anti-inflammatory cytokines play critical roles in
maintaining local and systemic homeostasis following injury
and immune activation. To investigate whether the Pl cuff
tubes could induce inflammation in vivo, the levels of the pro-
inflammatory cytokines IL-2, TNF-a, and IFN-y, and the anti-in-
flammatory cytokine IL-10 in peri-tube muscle tissues and
plasma samples were quantified at PODs 30 and 90. The re-
sults of the Pl and control groups demonstrated no signifi-
cant differences in the cytokine levels of IL-2, IL-10, TNF-q,
and IFN-y in tissue samples (Fig. 5d). In addition, the plasma
concentrations of these cytokines in Pl recipients were com-
parable to those in naive rats (Fig. 5e). These findings suggest
that no local or systemic inflammatory responses were in-
duced by the implantation of the PI cuff tube, which further
confirmed its biosafety in microvascular anastomosis.

The histological responses of liver and kidney tissues were
investigated to assess the systemic influence of the Pl cuff
tube. Liver and kidney tissues were harvested on POD 90 for
histological examination. The results showed no signs of
pathological inflammation or systemic immune response,
such as abnormal mononuclear cell infiltration (Fig. S10a in
ESI). Moreover, the plasma levels of aspartate aminotrans-
ferase and alanine aminotransferase as indicators of liver
damage, and creatinine and urea as indicators of kidney dam-
age were determined in the Pl and control groups. In general,
all results were within the normal range after the implanta-

No.3 No.4 No.5 No.6
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Fig. 5 Evaluation of cuff-related in vivo inflammation and immunity. (a) Representative photomicrographs of the hematoxylin and eosin (H&E)
staining of the peri-tube muscles of the control and Pl groups. Scale bars, 100 pm. (b) Depositions of IgG, IgM, and C3c in peri-tube muscles are
shown with immunofluorescence staining. Scale bars, 50 um. (c) Mean density of peri-tube muscles IgG and, IgM and C3c deposition; (d) Levels of
tissue IL-2, IL-10, TNF-a, and IFN-y at different time points; (e) Levels of plasma IL-2, IL-10, TNF-a and IFN-y at different time points. Data were
presented as the mean + SD (n=6 independent samples) (NS: not significant). Pl, polyimide; POD, postoperative days.

tion of the cuff tube, and no abnormality was found in the
two groups at each time point (Fig. S10b in ESI). Therefore,
the H&E staining results and blood biochemical examination
illustrated the high biosafety of the Pl cuff tube, and there
were no functional disorder or organic lesions induced by the
tube. Previous studies have reported that Pl promising as a
safe material for long-term implantation.l2>-291 Qur findings
also confirmed that the PI cuff tube exhibited good in vivo
biocompatibility and high mechanical strength, and was suit-

able for use in clinical studies as a long-term implantable de-
vices.

Finally, we systematically compared the operation difficul-
ty, surgical time, vascular injury, patency rate, and target ves-
sel of the hand-sewn suture and several existing mechanical
anastomosis devices (Table S10 in ESI). The review results
demonstrated that the PI cuff tube is an ideal microvascular
anastomotic device for microvessels <1 mm in diameter,
which provides a low surgical threshold, reduced anastomo-
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sis time, minimized injury, and stable patency rate.30-401

CONCLUSIONS

In this study, we successfully fabricated highly stable Pl mi-
crovascular cuff tubes using the dry-jet wet-spinning method.
Through systematic control of the spinning parameters and
thermal annealing, the structural and mechanical properties of
the tubes were finely tuned to meet the stringent demands of
microsurgical vascular anastomosis. The optimized Pl cuff tubes
demonstrated excellent tensile strength, bending resistance,
and compressive recovery, thus outperforming commercial
sleeve materials. Extensive in vitro and in vivo evaluations con-
firmed their favorable biosafety profiles, including negligible cy-
totoxicity, genotoxicity, and immunogenicity. Importantly, in a
rat hindlimb transplantation model, Pl cuff tubes maintained
vascular patency and structural stability for at least 90 days post-
surgery without inducing local or systemic inflammatory re-
sponses. These results validate the PI cuff tube as a robust and
biocompatible device for microvascular applications and pave
the way for its potential clinical application in microsurgical re-
construction and vascular interventions.
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High-performance Polyimide Cuff Tube with Tunable Mechanics and Long-term Biocompatibility for
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P84 polyimide cuff tubes fabricated via dry-jet wet-spinning exhibit enhanced mechanical properties after heat treat-

ment and 90-day in vivo vascular patency and biosafety.
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