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A One-pot-synthesized Double-layered Anticoagulant 
Hydrogel Tube 

SUN Di1,2#, GAO Wenqing3,4#, WU Peng3,4, LIU Jie5, LI Shengmei2,  
LI Shilin2, YU Meili3,4, NING Meng3,4, BAI Ru2, LI Tong3,4,  
LIU Ying1,2 and CHEN Chunying1,2 

xtracorporeal membrane oxygenation(ECMO) has emerged as 
a viable treatment in severe cases of acute respiratory distress 
syndrome, acute respiratory failure, and adult respiratory 

distress syndrome. However, thromboembolic events stemming 
from the use of ECMO devices results in significant morbidity and 
mortality rates; the inner surface of the ECMO tubing comes into 
contact with the blood and can readily initiate coagulation. In 
addition, the tubing needs to be continually replaced due to 
thromboses on the inner tube wall, which not only increases the risk 
of infection but also the economic burden. Despite considerable 
effort, a surface modification strategy that effectively addresses 
these challenges has not yet been realized. In this study, we 
developed an integrated hollow core-shell-shell hydrogel tube of 
gelatin/alginate/acrylamide-bacterial nanocellulose(GAA) that 
meets the anticoagulant requirements for the inner tubing layer as 
well as the highly elastic soft material needed for the outer layer. 
Using static blood from healthy volunteers, we confirmed that the 
platelets or coagulation is not stimulated by the GAA tubing. 
Importantly, experiments with dynamic blood also demonstrated 
that the inner layer of the tubing does not elicit blood clotting. The 
one-pot-synthesized process may provide guidance for the design of 
anticoagulation tubes used clinically. 

Keywords Hydrogel; Extracorporeal membrane oxygenation(ECMO) 
tube; Coagulation; Core-shell-shell 
 

1 Introduction 
Extracorporeal membrane oxygenation(ECMO) is an 
extracorporeal lung assist technique used to partially or 
completely replace the cardiopulmonary function of patients 

and gain valuable time for the treatment of primary disease. 
During the COVID-19 pandemic, ECMO played an important 
role in the treatment of severe cases of acute respiratory 
distress syndrome[1], systemic inflammatory response 
syndrome[2], acute respiratory failure[3], adult respiratory 
distress syndrome[4], sepsis[5], and multiple organ failure[6]. The 
anticoagulation activity and biocompatibility of the blood 
extracorporeal circulation circuits are critical factors in the 
treatment’s success. Coating technologies can improve the 
impact of the surface on coagulation[7,8] and mitigate systemic 
inflammatory response after surgery[9―11]. Nonetheless, the 
inner surface of the coated ECMO tubing differs considerably 
from the surface of the vascular endothelium. When the ECMO 
tubing contacts a blood vessel, it will trigger both coagulation 
and inflammatory cascades because of desquamation and 
thrombus formation at the coating, objectively limiting 
widespread application of ECMO tubing.  

In consideration of the above limitations, development of 
the following key features is critical to improvement of EMCO: 
(1) generation of an inner surface with a stronger 
anticoagulation effect; (2) effectively preventing the 
desquamation of the inner layer. Blood coagulation is a 
complex cascade of processes, by which blood clots form 
through the activity of coagulation factor proteins[12]. To 
prevent clotting, a coating of the artificial anticoagulant, 
heparin, is widely used on the inner wall of ECMO tubing. 
Certain polysaccharides exhibit a similar anti-coagulatory 
mechanism to heparin and have the potential to be developed 
into natural anticoagulant drugs and substitutes for heparin[13]. 
Sodium alginate is chosen for a non-toxic natural 
polysaccharide material, combining with calcium(coagulation 
factor IV) being an important component in clotting for 
anticoagulant function[14]. Thus, an inner layer of calcium 
alginate when the sodium alginate solutions are extruded  
into a calcium chloride to produce the egg-box model  
hydrogel may be a viable, low-cost strategy. In addition,     
a method of sacrificial core materials can be used to   
construct a hollow core, calcium alginate hydrogel[15], as 
acrylamide-calcium alginate hydrogels have been shown    
to possess excellent mechanical properties and 
biocompatibility[16]. 
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In the present study, we prepared double layer, hollow 

hydrogels, as illustrated in Scheme 1. A hydrogel core 
undergoes gelation with CaCl2, which forms a scaffold at 4 °C 
and then melts at 60 °C to form a hollow tube. We used calcium 
alginate as the inner tube so as to provide anticoagulant 
properties via the alginate chelate calcium in the blood to the 
double-layer gelatin/alginate/acrylamide-bacterial nanocellulose 
(GAA) hydrogel tube. Acrylamide/bacterial nanocellulose was 
used to enhance the stiffness of the multilayer hydrogel tube 
by atom transfer radical polymerization. The one-pot-
synthesized GAA hydrogel tube in the inner layer is a suitable 
candidate not only for ECMO tubing but also other tubing that 
requires anticoagulant properties, such as artificial blood 
vessels and stents. 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 
 
 
          
Scheme 1 Schematic illustration of the synthesis(A) and use 
of the anticoagulant ECMO tube 
 

2 Experimental 

2.1 Materials  

Sodium alginate was purchased from Lyntech, Beijing, China. 
Acrylamide was purchased from Aladdin, Shanghai, China. 
N,N′-Methylenebisacrylamide(97%) was purchased from Alfa 
Aesar, China. Calcium chloride was purchased from Beijing 
Chemical Reagent Company, China. N,N,N′,N′-Tetramethyl-
ethylenediamine(TEMED) was purchased from J&K Scientific, 
China. Phosphate buffered saline(PBS) was purchased from 
Biotopped Company, China. Dulbeccoʹs modified Eagle 
medium(DMEM) and penicillin-streptomycin were purchased 

from Gibco, USA. Fetal bovine serum was purchased from 
Hyclone, USA. 
 

2.2 Preparation of the GAA Hydrogel Tube 

Gelatin and 0.05 mol/L CaCl2 were dissolved in 100 mL of 
deionized water at 60 °C. Next, the solution was transferred 
into tubular molds. After gelation at 4 °C for 30 min, the gelatin 
was removed from the mold. The obtained gelatin core was 
then immersed in different alginate solutions with different 
concentrations[0.5%(mass fraction) alginate, GAA 0.5 
hydrogel tube; 0.75% alginate, GAA 0.75 hydrogel tube; 1% 
alginate, GAA 1.0 hydrogel tube; 1.25% alginate, GAA 1.25 
hydrogel tube; 1.5% alginate, GAA 1.5 hydrogel tube]. After  
20 min, the core-shell tubular hydrogels were obtained. Next, 
4.2 g of acrylamide(AA), 2.3 g of bacterial cellulose(BC), 0.006 
g of N,N′-methylenebisacrylamide(BIS), and 0.02 g of 
potassium persulfate(KPS) were added to 10 mL of demonized 
water and mixed by a magnetic bar until all components fully 
dissolved as a pre-solution. In order to form a flexible outer 
layer of AA-BC, the core-shell tubular hydrogel tube was put 
in the pre-solution for 10 min. Finally, the geltin/alginate/AA-
BC hydrogels were placed into a 60 °C oven to remove the 
gelatin core, yielding the two-layer hydrogel tube. 
 

2.3 Compatibility of the GAA Hydrogel Tube 

Human umbilical vein endothelial cells(HUVECs) were 
obtained from the American Type Culture Collection(ATCC) 
and cultured with DMEM containing 10%(volume fraction) 
fetal bovine serum and 1%(volume fraction) penicillin-
streptomycin at 37 °C with 5% CO2. The cytocompatibility of 
the hydrogels was determined by a direct contact method 
between the hydrogels and HUVECs. HUVECs were seeded 
on the inner surface of 0.1 g of GAA hydrogel tubes at a density 
of 5×104 cells/cm2 in 24-well plates and incubated for 1 d. The 
cell counting Kit-8(CCK-8) was used to evaluate cell viability. 
Briefly, solutions of 2 mmol/L propidium iodide(PI) and     
4 mmol/L fluorescein diacetate(FDA) in PBS were used to treat 
the samples for 30 min at 37 °C, after which the samples were 
washed with PBS and then analyzed using a multi-beam laser 
confocal imaging system(UltraVIEW VoX, PE, Germany),  
with excitation wavelengths of 561 nm for PI and 488 nm for 
FDA[17]. 
 

2.4 Properties of the GAA 1.0 Hydrogel Tube 

The internal and external morphologies of the samples were 
detected after complete lyophilization for 12 h using a 
scanning electron microscope(SEM, HITACHI SU8010, 
HITACHI, Japan). Micro-CT images of the GAA hydrogel tube 
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were acquired using X-ray phase contrast imaging with a 128-
channel TFT array(Carl Zeiss X-ray, Zeiss Xradia 520, Zeiss, 
Germany). The tube voltage of the Zeiss Xradia 520 Versa was 
set to 80 kV. After scanning, the acquired radiography images 
were reconstructed into a 3D volume using the ZEISS XMR 
Reconstructor software. The storage modulus and loss 
modulus were measured using a Rheometer(Rheometer, 
Malven Kinexus Pro+, UK) with a flat plate sensor system 
(radius, 10 mm) to investigate the rheological properties of the 
GAA 1.0 hydrogel tube. 
 

2.5 Animals 

Large-eared white rabbits were acquired from the Animal 
Experimental Center of Nongnong(Beijing) Life Science & 
Technology Company(Beijing, China). All experimental 
protocols were approved by the Animal Care and Use 
Committee of the Animal Experimental Center of Nongnong 
(Beijing) Life Science & Technology Company(202006001). All 
animals were housed in a temperature-controlled, ventilated, 
and standardized disinfected animal room, and were allowed 
to acclimatize, without handling, for a minimum of 1 week 
before the start of experiments. 
 

2.6 Skin Irritation Test  

The backs of rabbits were used as the test region, and then 
were shaved, skinned, and disinfected with 75% ethanol. The 
extract solution of the GAA 1.0 hydrogel tube in saline or 
sesame oil was dripped onto a 0.5 mL/(2.5 cm×2.5 cm) gauze 
block. The histology of the skin was observed after HE staining 
on days 1, 2, and 3 after treatment. 
 

2.7 In vivo Transplantation 

Rabbits were initially anesthetized by intramuscular injection 
with ketamine(30 mg/kg). Tracheal intubation and assisted 
ventilation were performed. Peripheral vein access was 
established in the left ear vein, and the fluid drip rate was 

maintained at 10 mL‧kg‧h‒1. An arteriovenous extracorporeal 

circulation was established through the left carotid artery of 
the rabbit. The right carotid artery was exposed and 
completely dissociated. A GAA 1.0 hydrogel tube(2 cm-long) 
with the same inner diameter as the rabbit carotid artery  
(about 1.5 mm) was connected via two carotid artery cannulas. 
The blood was allowed to circulate through the in GAA     
1.0 hydrogel tube for 5 min. After the experiment, the animals 
are euthanized with intravenous pentobarbital(130 mg/h).  
The activated partial thrombin time(APTT), thrombin time 
(TT), prothrombin time(PT), and fibrinogen content(Fg) of  

the platelet-poor plasma(PPP) were measured three times 
before and after experiment with an automated blood 
coagulation analyzer(Diagnostica Stago, STA-R Evolution, 
France). 
 

2.8 Thrombus Adhesion  

A drop of fresh whole rabbit blood was deposited onto a     
1 cm×1 cm control ECMO tube or GAA 1.0 hydrogel tube and 
held for 5 min at 37 °C. The sample was washed 3 times with 
PBS and fixed using glutaraldehyde(2.5%, mass fraction). After 
ethanol gradient treatment and drying under vacuum, the 
surfaces of the tubes were examined by SEM[17]. 
 

2.9 Blood Compatibility Assessment of Human 
Blood  

Fresh whole blood was obtained from Tianjin Third Central 
Hospital, China using standard vacuum blood collection tubes. 
The procedure was approved by the Hospital’s Human Ethics 
Committee(IRB-2020-025-01). The blood was centrifuged at 
3000 r/min for 10 min. The lower layer of supernatant, PPP, 
was used to assess blood clotting time. And 0.5 cm×0.5 cm 
pieces of GAA 1.0 hydrogel tubes in 24-well plates were 
washed three times with distilled water, equilibrated with PBS 
for 30 min at 37 °C, and then incubated with 200 µL of PPP for 
1 h at 37 °C. After the incubation, the APTT, TT, PT, and Fg of 
the PPP were measured three times with an automated blood 
coagulation analyzer(Diagnostica Stago, STA-R Evolution, 
France). 
 

2.10 Platelet Adhesion Assay  

Anticoagulated blood of patients(20 mL) was centrifuged at 
1250 r/min for 5 min at room temperature. The upper layer of 
the supernatant, i.e., the platelet-rich plasma(PRP), was 
collected, and the number of platelets was enumerated. Then 
0.5 cm×0.5 cm pieces of GAA 1.0 hydrogel tubes in 24-well 
plates were washed three times with distilled water, 
equilibrated with PBS for 30 min at 37 °C, and then incubated 
with a 200 µL sample of PRP for 1 h at 37 °C, following which 
the number of adhered platelets was counted[18]. 
 

2.11 Protein Adsorption  

Pieces of GAA 1.0 hydrogel tubes(0.5 cm×0.5 cm) were 
immersed in a 24-well culture plate of PPP containing 3 mg/mL 
human serum albumin(HSA) or human protein fibrinogen 
(HPF) for 60 min at 37 °C. The GAA 1.0 hydrogel tubes were 
gently removed from the plate and rinsed three times with   
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PBS. A protein analysis kit, based on bicinchoninic acid   
(BCA), was used to determine the concentration of the   
proteins. The absorbance of the solution was measured at    
562 nm by means of UV-Vis spectroscopy and the amount of 
protein was calculated from calibrations curve of free HSA and 
HPF[19].  
 

2.12 Statistical Analysis  

Values were presented as the mean with standard deviation 
(SD). Statistical significance among the different groups was 
calculated using SPSS statistical software. The statistical tests 
conducted in this study were indicated in the figures as follows: 
* P<0.05, ** P<0.01, *** P<0.001.  
 

3 Results and Discussion 

3.1 Preparation and Characterization of the GAA 
Hydrogel Tube 

The process we developed for preparing the hollow core-shell-
shell GAA hydrogel tube is shown in Fig.1(A) and (B). We used 
this method to produce a series of hydrogel tubes with 
different concentrations of alginate(0.5%, 0.75%, 1.0%, 1.25%, 
1.5%) in the inner layer as well as in the sacrificial core. Of 
these, only the GAA 1.0 hydrogel tube(1.0% alginate) exhibited 
a smooth inner surface with no cell adhesion(Fig.S1, see the 
Electronic Supplementary Material of this paper). As shown in 
Fig.1(A), before the final molding, the wall thickness of the 
hydrogel tube is about 1.18 mm[(6.70 mm‒4.35 mm)/2]. 
However, the hydrogel will undergo slight shrinkage during 
the free radical polymerization reaction at high temperatures. 
The wall thickness of the final synthetic hydrogel tube is about 
1.22 mm[(6.69 mm‒4.25 mm)/2]. The cross section, 
longitudinal section, and three-dimension morphology of the 
GAA hydrogel tube have a uniform and stable structure,    
as revealed by X-ray phase contrast imaging[Fig.1(C) and 
Video 1 in the Electronic Supplementary Material of this 
paper]. As shown in Fig.1(D), the GAA hydrogel tube has a 
vessel-like structure consisting of a dense inner layer, with a 
smooth surface, and a porous outer layer, with a rough surface. 
For each layer of the GAA 1.0 hydrogel tube, the storage 
modulus is greater than the loss modulus, thus the material 
exhibits the behavior of a solid. The Young’s modulus of the 
outer layer and the entire hydrogel tube is nearly 12000 kPa 
without frequency[Fig.1(E)]. The fracture stress of the inner 
layer is only 0.5 kPa, while that of the GAA hydrogel tube 
including the outer layer reaches 0.22 kPa[Fig.1(F)]. The outer 
layer contributes more to the mechanical strength of the entire 
hydrogel tube, which is important for the double-layer 
hydrogel tube structure. The hydrogel tube has good stability,  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 Characterization of the GAA 1.0 hydrogel tube 
(A) Diameter of the tube at each step during the formation process, with the 
diameter of the core is 4.35 mm; (B) photograph of the GAA 1.0 hydrogel tube; 
(C) cross section(left), longitudinal section(middle), and 3D microscopic 
images(right) of the GAA 1.0 hydrogel tube as detected by X-ray imaging;       
(D) SEM images of the cross section(left), the internal surfaces(middle), and the 
external surfaces(right) of the GAA 1.0 hydrogel tube; (E) rheological properties 
of the GAA 1.0 hydrogel tube with the internal layer, external layer, and entire tube 
wall at 37 °C(ε=1%); (F) tensile curves of the internal layer, external layer, and 
entire tube. 
 

and the swelling rate is less than 10% from 1 h to 10 h    
(Fig.S2, see the Electronic Supplementary Material of this 
paper). 
 

3.2 Anticoagulant Performance of the GAA Hydro-
gel Tube to Rabbit Dynamic and Static Blood 

We used the GAA 1.0 hydrogel tube as ECMO tubing in the 
collateral circulation of rabbits to assess the material’s 
anticoagulant properties with dynamic blood. As shown in 
Fig.2(A), few blood cells and proteins adhered to the inner 
surface of the hydrogel tube after the blood circulated in the 
GAA 1.0 hydrogel tube for 1 min, presumably because of the 
anticoagulation properties of the alginate[20]. Furthermore, 
the  APTT, an index of coagulation, was slightly increased 
(Fig.S3, see the Electronic Supplementary Material of this 
paper). Sodium alginate can form calcium alginate precipitates 
from the calcium ions in the blood, thereby preventing blood 
clotting.  
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Fig.2 Anticoagulant performance of the GAA 1.0 hydrogel tube 
with dynamic and static blood 
(A) SEM of the inner surface of the GAA 1.0 hydrogel tube after the rabbit veno-
venous extracorporeal circuit test; (B) SEM images of the inner surface of the 
control ECMO tube and the GAA 1.0 hydrogel tube after repeated passage of 
rabbit blood through the tube; (C) SEM images of the inner surface of a control 
ECMO tube and a GAA 1.0 hydrogel tube after a 0.5 mL of blood drop was 
incubated on the inner surface for 1 min; (D) quantify of the blood cellson the 
inner surfaces(**P < 0.01). 

 
In another experiment, we placed rabbit blood into the 

GAA 1.0 hydrogel tube after flowing blood through the tubing 
repeatedly for 5 cycles in vitro[Fig.2(B) and Video 2 in the 
Electronic Supplementary Material of this paper]. Any blood 
proteins accumulated on the material surface are expected to 
alter the intercellular interaction pathways[21] and enter 
the blood circulation system[22]. We found no apparent thrombi 
adhering to the inner wall of the GAA 1.0 hydrogel tube by 
SEM. Since material from dynamic blood may not easily 
adhere to the inner wall of the GAA hydrogel tube, we 
performed a static blood experiment, in which 0.5 mL of rabbit 
blood was placed onto the surface of hydrogel tube, which was 
incubated for 1 min prior to inducing blood flow through the 
tubing. Thrombus formation begins with a layer of adsorbed 
protein after the blood contacts the surface of the tube, 
followed by platelet adhesion. We observed platelets and 
thrombi in the control ECMO group, while no adherent 
thrombi or platelets were detected in the GAA 1.0 hydrogel 
tube[Fig.2(C)]. The GAA 1.0 hydrogels has excellent 
anticoagulant performance compared with ECMO tube 
regardless of static blood or dynamic blood test[Fig.2(D)]. The 
quantity of adhered platelets on the inner surface of the tubing 
is shown in Fig.3(A), and the platelet adsorption went from 
(167.43±3.59) mg/cm2 in the control group to (12.58±0.73) 

mg/cm2 in the GAA 1.0 hydrogel tube. Two plasma proteins, 
human serum albumin(HSA) and human protein fibrinogen 
(HPF), were also significant components of the adhered 
material on the inner tubing. Consistent with the platelet 
adsorption results, the adsorption of these proteins onto the 
GAA hydrogel tube was markedly lower than that in the 
control ECMO tube group[Fig.3(B) and (C)]. Taken together, 
these results show that the inner surface of the GAA 1.0 
hydrogel tube confers significantly improved anticoagulant 
effects and blood compatibility.  
 

3.3 Anticoagulation Properties of the GAA Hydro-
gel Tube to Human Blood 

We examined the anticoagulant activity of the GAA hydrogel 
tubes using the hemostasis indices, APTT, TT, PT, and Fg[23]. 
Wasted blood samples from healthy blood coagulation of 
patients were obtained using standard vacuum blood 
collection tubes at Tianjin Third Central Hospital. Compared 
with those of the control ECMO tube, the APTT and TT in the 
GAA 1.0 hydrogel tube group were significantly increased by 
1.87- and 5.70-fold, respectively[Fig.3(D) and (E)], indicating 
improved anticoagulation abilities with static blood in the 
GAA hydrogel tube with the inner layer. No significant 
differences were observed in the PT(80%―120%) and Fg(2―4 
g/L)[Fig.3(F) and (G)]. 
 

3.4 Cyto-compatibility of the GAA Hydrogel Tube  

We assessed the cytotoxicity of the GAA hydrogel tube using 
the CCK-8 assay. As shown in Fig.4(A), the viability of 
HUVECs cultured directly on the GAA hydrogel was 
unaffected after 24 h. Additionally, we observed a larger 
number of cells proliferating on the hydrogel when the surface 
was rough(Fig.S1); as the percentage of calcium alginate 
increased, fewer cells adhered to the surface of the GAA 
hydrogel tube.  

Skin irritation is another important possible effect factor 
of the GAA hydrogel tube. This occurrence can be assessed as 
per the National Standards in China(GB/T 16886.10-2017/ISO 
10993-10:2010). We therefore performed histopathological 
analysis using hematoxylin and eosin(HE) staining of   
sections from skin harvested from rabbits after a 72 h exposure 
to the tubing materials. The score of the skin irritation test was 
0 and the HE staining showed no untoward effects or 
infiltration   of the skin layers, including the epidermis and 
subcutaneous layer [Fig.4(B)]. Together, these data 
demonstrate that the GAA hydrogel tube has a favorable 
biocompatibility. 
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Fig.3 Coagulation function and adhesion of platelets on the inner surface of control ECMO and GAA 1.0 hydrogel tubes 
a. ECMO; b. GAA 0.5; c. GAA 0.75; d. GAA 1.0; e. GAA 1.25; f. GAA 1.5. (A) Surface adsorption of platelets from human blood; (B) surface protein adsorption of HAS; 
(C) surface protein adsorption of HPF; (D―G) after control ECMO tubes and GAA 1.0 hydrogel tubes were expose to human blood, the activated partial thrombin 
time(APTT, D), thrombin time(TT, E), prothrombin time activity(F), and fibrinogen amount(Fg, G) were measured using an automated blood coagulation analyzer 
(***P<0.001; **P<0.01; *P<0.05; NS, not significant). 

 
 
 
 

 

 

 

 

 

 

 
 
Fig.4 Bicompatibility of the GAA 1.0 hydrogel tube 
(A) 24 h after seeding HUVECs on the inner surface of 0.1 g of GAA 1.0 hydrogel tube pieces, the cell viability evaluated using the CCK-8 assay; (B) histological 
examination of skin samples, showing the skin(scale bars=2.5 mm), and epidermis and subcutaneous layers(scale bars=100 μm), with the current standard-of-care 
ECMO tubing being considered to have an excellent biocompatibility. 

 
 

4 Conclusions 
Here we describe a one-pot synthesis of hollow polymeric 
hydrogels with anticoagulants. Our strategy led to the 
successful fabrication of GAA hydrogels with anticoagulant 
layers. The inner layer of the GAA hydrogel tube is highly 
hemocompatible and antithrombotic, as evidenced by no 
thrombus formation in a rabbit model of dynamic blood flow 
as well as with static blood. Compared with the current 
standard-of-care ECMO tubing, APTT and TT of human blood 
in the GAA 1.0 hydrogel tube were significantly increased by 
1.87- and 5.70-fold, respectively. The use of a double-layered 
blood vessel-like structure of the hydrogel may reduce the 

mortality of ECMO patients and avoid the risk of 
inflammatory and coagulation cascades. In addition, the 
strength of the outer layer of the GAA hydrogel tube can be 
improved in future versions of the tubing. Further, this simply 
method may have promising applications in other blood-
contacting materials, such as bioartificial vessels and 
hemodialysis. 
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