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Abstract
Hemodialysis, the most common modality of renal replacement therapy, is critically required to remove uremic toxins from 
the blood of patients with end-stage kidney disease. However, the chronic inflammation, oxidative stress as well as throm-
bosis induced by the long-term contact of hemoincompatible hollow-fiber membranes (HFMs) contribute to the increase in 
cardiovascular diseases and mortality in this patient population. This review first retrospectively analyzes the current clini-
cal and laboratory research progress in improving the hemocompatibility of HFMs. Details on different HFMs currently in 
clinical use and their design are described. Subsequently, we elaborate on the adverse interactions between blood and HFMs, 
involving protein adsorption, platelet adhesion and activation, and the activation of immune and coagulation systems, and 
the focus is on how to improve the hemocompatibility of HFMs in these aspects. Finally, challenges and future perspectives 
for improving the hemocompatibility of HFMs are also discussed to promote the development and clinical application of 
new hemocompatible HFMs.

Keywords  Hemodialysis · Hollow fiber membranes · Hemocompatibility · Surface modification · Hemocompatibility 
characterization

Introduction

The prevalence of end-stage renal disease (ESKD) has 
been increasing over the past two decades and is associ-
ated with increased medical costs, decreased quality of 
life, and severe adverse health outcomes such as cardio-
vascular diseases, infection, depression, and mortality 
[1–4]. Renal replacement therapy (RRT), including kidney 
transplantation, peritoneal dialysis and hemodialysis, is 
essential to maintain homeostasis by removing metabolic 
waste accumulated in the body of ESKD patients [5, 6]. 
By 2030, the worldwide use of RRT is projected to be 
more than 5.4 million and remains a public health chal-
lenge [5]. Hemodialysis, the most prevalent modality of 
RRT, removes solutes and water utilizing diverse mass 
separation mechanisms involving diffusion, convection, 
and ultrafiltration [1, 2, 6]. Currently, approximately 300 
million hollow-fiber hemodialyzers are used annually to 
administer chronic hemodialysis to 2.6 million ESKD 
patients worldwide [6].

Conventionally, HFMs are classified into cellulose (nat-
ural) and synthetic membrane groups based on their mate-
rial composition [7, 8]. Unmodified cellulose membranes, 

Haifeng Ji and Yupei Li are contributed equally to this work.

 *	 Weifeng Zhao 
	 zhaoscukth@163.com

 *	 Jayachandran N. Kizhakkedathu 
	 jay@pathology.ubc.ca

 *	 Changsheng Zhao 
	 zhaochsh70@163.com

1	 College of Polymer Science and Engineering, State Key 
Laboratory of Polymer Materials Engineering, Sichuan 
University, Chengdu 610065, People’s Republic of China

2	 Department of Nephrology, West China Hospital, Sichuan 
University, Chengdu 610041, China

3	 Institute for Disaster Management and Reconstruction, 
Sichuan University, Chengdu 610207, China

4	 Department of Pathology and Lab Medicine & Center 
for Blood Research & Life Science Institute, 2350 
Health Sciences Mall, Life Sciences Centre, The School 
of Biomedical Engineering, University of British Columbia, 
Vancouver, BC V6T 1Z3, Canada

http://crossmark.crossref.org/dialog/?doi=10.1007/s42765-023-00277-5&domain=pdf


	 Advanced Fiber Materials

1 3

the first generation of hollow-fiber hemodialyzers, were 
used extensively in the last century. However, their use 
has gradually dropped during the past two decades because 
of their poor hemocompatibility and limited permeabil-
ity [8–10]. Synthetic membranes, such as polymethyl-
methacrylate (PMMA), polyacrylonitrile (PAN), poly-
ester polymers, polysulfone (PSF), and polyethersulfone 
(PES) have been developed for dialysis applications to 
address the limitations of cellulose-based membranes for 
over 40 years [7]. Among them, the HFMs based on PSF 
and PES show lower mortality and better hemocompat-
ibility than other membranes and have gradually become 
the dominant choice for clinical dialysis [11]. However, 
adverse blood-membrane interactions (including protein 
fouling, leukocyte activation, complement activation and 
surface-induced thrombosis) still occur when these syn-
thetic membranes come in contact with blood [12–14]. 
For instance, chronic inflammation and oxidative stress 
induced by synthetic membranes further contribute to an 
increased risk of cardiovascular events, anemia, malnutri-
tion, and mortality in patients receiving long-term dialysis 
[15, 16]. Although heparin administration to prevent blood 
clotting in extracorporeal circuits and dialyzers is still of 
great importance, systemic heparization during hemodi-
alysis sessions inevitably increases the risk of bleeding in 
ESKD patients [17, 18].

Modifications of HFMs by bioactive substances such 
as heparin and vitamin E were thus initiated to enhance 
the hemocompatibility of conventional HFMs [15]. Repre-
sentative commercial products such as AN69ST membrane 
and Excerbrane® membrane (vitamin E-coated cellulose 
membrane) came into the market based on these improve-
ments. There have been several attempts to improve the 
hemocompatibility of HFMs in the last two decades, 
including antithrombotic, antifouling, and antiadhesion 
properties [19]. Diverse modification and characterization 
methods have been developed, and significant improve-
ments in our understanding of blood-membrane interac-
tions have been made [19–22]. However, the performance 
of commercially available hemocompatible HFM has not 
been systematically reviewed, which makes it challenging 
to propose the gap between current clinical requirements 
and laboratory development. In addition, although there 
have been a few excellent review papers on blood-material 
interactions as well as hemocompatibility enhancement of 
dialysis membranes [19, 21, 23], the practical significance 
of these publications decreases partially because of miss-
ing discussions on either translational value or in-depth 
exploration of underlying mechanisms.

In this review, we first retrospectively analyzed the 
current clinical research progress in improving the hemo-
compatibility of HFMs. Then, we elaborate on the adverse 

blood-membrane interactions, involving protein adsorp-
tion, platelet adhesion and activation, and the activation of 
immune and coagulation systems, and focus our effort on 
how to improve the hemocompatibility of HFMs regarding 
these aspects. Finally, we highlight the challenges in this 
field and perspectives to promote the development and clini-
cal application of hemocompatible HFMs.

Rationale, History, Basic Characteristics, and Clinical 
Evaluation of Contemporary HFMs

Rationale of Hemodialysis with HFMs

As shown in Fig. 1a, b, hemodialysis leverages the extra-
corporeal exchange process between blood and dialysate 
through semi-permeable HFMs which is driven by a dif-
fusion- and/or convection mechanism [24]. Modern dia-
lyzers vary greatly not only in membrane microstructure, 
including pore radius and wall thickness (see Fig. 1c), but 
also in solute permeability, surface area, and hemocompat-
ibility in particular. HFMs per se can also induce adverse 
protein adsorption and denaturation and the activation of 
other blood components, such as blood cells, complement 
proteins and coagulation factors when they come in con-
tact with blood as illustrated in Fig. 1d. It has been well 
established that semi-permeable HFMs play a pivotal role in 
routine hemodialysis because their solute removal efficacy 
and hemocompatibility can remarkably affect the clinical 
outcomes of ESKD patients.

History, Basic Characteristics, and Clinical 
Evaluation of Contemporary HFMs

Since the 1960s, progress in both material technologies and 
polymer chemistry has enabled the development of HFMs 
with higher permeability, hydrophilicity and better hemo-
compatibility, which significantly contributed to the sig-
nificant improvement in the welfare and quality of life of 
chronic dialysis patients [6, 24]. A brief history of the evolu-
tion of modern hemodialyzers is shown in Fig. 2. Tradition-
ally, dialysis membranes have been divided into cellulosic 
and synthetic groups based on their material composition.

Cellulosic Membranes

In general, cellulose membranes have symmetric struc-
tures and favorable properties for removing small solutes. 
Application of Cuprophane® membranes made of cellu-
lose resulted in poor outcomes for hemodialysis patients, 
triggering further investigations intended to optimize their 
biocompatibility. The poor hemocompatibility (e.g., comple-
ment activation and leukopenia) of unmodified Cuprophane® 
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membranes is due to the presence of free hydrophilic 
hydroxyl groups in the regular linear chain structure of 
cellulose [24]. Since the1980s, improved performance of 
cellulose membranes has been achieved through strategic 
chemical masking of hydroxyl groups that contribute to the 
complement activation through the alternative pathway [15]. 
The conversion of hydroxyl groups to acetates is correlated 
with an increase in membrane porosity, with the most pro-
nounced effect on the permeability of water and small solute 
molecules [7]. Among them, cellulose triacetate membranes 

demonstrate the lowest complement activation and are the 
most biocompatible of all existing cellulose membranes 
[25]. Cellulose triacetate membranes are also manufac-
tured with a variety of permeability properties, from low 
to ultra-high-flux performance (the standard definition of 
high-flux hemodialyzers is not readily available. However, 
based on various high throughput dialyzers from different 
commercial vendors, the hemodialyzers with ultrafiltration 
coefficients higher than 40 mL/mmHg per hour are defined 
as high-flux hemodialyzers) and can thus be used for the 

Fig. 1   A brief introduction to hemodialysis procedures and adverse 
membrane-blood interactions. a Schematic diagram for hemodialysis 
procedures. Hemodialysis is performed by an extracorporeal method 
where blood is pumped through a semi-permeable hollow hemodi-
alysis membrane (also termed a dialyzer or hemodialyzer) and then 
instilled into the intracorporeal blood circulation. Anticoagulants are 
usually administered to preserve the patency of the dialyzer and the 
blood flow. b Classical mechanism of solute exchange by diffusion 
during hemodialysis. Uremic toxins are transported across the dia-
lyzer under the driving force of their concentration gradients between 
blood and dialysate. c Representative digital photographs of commer-
cial polyethersulfone high-flux dialyzer (the upper) and polysulfone 

low-flux dialyzer (the lower) manufactured by NephroCan Inc. (i) and 
the cross-section scanning electron microscope (SEM) morphologies 
of polysulfone (ii), polyethersulfone (iii), and cellulose triacetate (iv) 
hollow-fiber hemodialysis membranes. d Adverse membrane-blood 
interactions when HFMs come into contact with blood. HFMs per se 
can induce protein adsorption and denaturation, as well as the acti-
vation of diverse blood cells, complement and coagulation systems, 
which finally result in unexpectedly decreased membrane diffusive 
permeability, increased serum albumin/protein loss, inflammatory 
cytokine release and oxidative stress and promote thrombus forma-
tion in the extracorporeal blood circuit, occlusion of hollow fibers and 
early termination of dialysis treatment in the worst situation
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clearance of medium-molecular-weight solutes, including 
β2-microglobulin [25].

Unmodified cellulose membranes have been widely used 
over the last century. Nevertheless, their use has declined 
dramatically in recent decades and has practically disap-
peared from the market. The primary manufacturers of 
cellulose dialysis membranes (Wuppertal, Germany, the 
manufacturer of Cuprophan® and Hemophan®, Membrana 
GmbH) even halted production in 2006. Although some 
modern (modified) cellulose membranes have performance 
and functional attributes similar to those of synthetic mem-
branes, their use is still declining. This steep reduction in 
the clinical use of cellulose membranes may be primarily 
attributed to an improved understanding of uremic toxic-
ity, hemocompatibility challenges, and the need to further 
enhance the survival rate of dialysis patients.

Synthetic Membranes

Dialyzers made of synthetic membranes are the essential 
part of modern hemodialysis [26]. Synthetic membranes 
were initially developed more than 40 years ago for use 
in dialysis, to solve the problems of poor hemocompat-
ibility and limited permeability of unmodified cellulose 
membranes [6]. The early synthetic membranes had a wall 
thickness of 100 μm, which was not permeable enough to 
allow diffusion-based separation, and thus limited in use in 
hemofiltration (purely convection-based). However, subse-
quent modifications, particularly the significant reduction 
in wall thickness, enable the synthetic membrane to be suit-
able for high-flux hemodialysis and hemofiltration [6]. As 

shown in Table 1, modern synthetic membranes typically 
have 20–50 μm wall thickness.

Although some synthetic membranes, such as sulfonated 
polyacrylonitrile (AN69) and PMMA membranes, are 
structurally symmetric with a homogeneous composition 
throughout, the most contemporary synthetic membranes 
for hemodialysis have an asymmetrical structure, with a thin 
inner 'skin' layer at the membrane-blood interface (approxi-
mately ≤ 1 µm in width) being the main size differentiating 
factor for solute removal [6, 27, 28]. The remainder of the 
wall (the 'matrix') provides a large surface area as a support 
structure for removing molecules by adsorption as well. The 
structure of the matrix is more macroporous than that of the 
‘skin’ layer, as the ‘matrix’ has a spongy or finger-shaped 
structure [6].

In 1969, Rhône-Poulenc SA, a French chemical and 
pharmaceutical manufacturer, started the development of 
AN69 membranes for hemodialysis. The AN69 membrane 
is symmetric and homogeneous with a high density of 
medium-sized pores, making it highly permeable not only 
to large solutes but also to the fluid. Uniquely, the AN69 
membrane is able to remove low/medium-molecular-weight 
β2-microglobulin and inflammatory cytokines by membrane 
adsorption through electrostatic binding with negative sul-
fonic groups as well as by transmembrane transport [29]. 
Owing to these unique membrane characteristics, the latest 
surface-treated AN69 membrane, namely the oXiris mem-
brane, has been widely used for RRT of critically ill patients 
with sepsis or COVID-19 [29].

Among all dialysis membranes made from synthetic 
polymers, 93% are derived from the parent polyarylsulfone 
family, including 71% from PSF and 22% from PES. PSF 

Fig. 2   A brief history of the evolution of modern hemodialyzers
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and PES are amorphous polymers that contain a sulfone 
group in their structure and exhibit excellent chemical and 
thermal stability. Compared to all synthetic polymers avail-
able for dialysis, PSF and PES are unique in that they can 
be sterilized by all the main modes of sterilization (steam, 
ethylene oxide and gamma radiation). This characteristic is 
critical, as steam sterilization of medical devices is becom-
ing of increasing importance given the clinically significant 
hypersensitivity reactions associated with ethylene oxide and 
the adverse effects of irradiation on polymer and membrane 
structures [24]. PSF and PES dialyzers also fulfill the solute 
and fluid removal requirements of all therapeutic modali-
ties (low- and high-flux dialysis, online hemodiafiltration, 
and hemofiltration), as well as other demands of contempo-
rary dialysis therapies, such as effective endotoxin retention 
capacity, intrinsic biocompatibility and low cytotoxicity [26, 
30]. As per the literature, PSF and PES membranes have 
demonstrated superior performance over other synthetic 
types in terms of solute removal and biocompatibility [26].

Most recently, advances in the membrane manufactur-
ing have led to the development of a novel class of dialy-
sis membranes with a molecular weight cut-off close to the 
molecular weight of albumin called medium cut-off (MCO) 
membrane (Theranova hemodialyzer) [31]. The MCO mem-
brane has medium apertures, uniform distribution of pores, 
a steep sieve curve close to the native kidney, and unique 
internal filtration–backfiltration mechanism [32]. Growing 
clinical evidence collectively suggests that expanded hemo-
dialysis with the MCO membrane shows greater capacity to 
remove middle-molecular weight toxins than conventional 
high-flux dialysis, and the MCO membrane may alleviate the 
status of micro-inflammation and oxidative stress, and may 
partly improve quality of life in patients receiving chronic 
hemodialysis [33–35]. However, the removal of protein-
bound and large-molecule uremic toxins is not solved by 
expanded hemodialysis with the MCO membrane [36].

Bioactive Membranes

Despite the technological improvements in membrane man-
ufacturing over the past decades, the most biocompatible 
membranes cannot avoid unwanted complement activation, 
release of pro-inflammatory cytokines and reactive oxygen 
species (ROS) during prolonged contact with blood dur-
ing dialysis. The increased inflammatory status can greatly 
contribute to the long-term comorbidities of ESRD patients 
[37]. Thus, innovative approaches for improving the bio-
compatibility and bioactivity of HFMs are needed. The main 
focus is to endow the current HFMs with antithrombotic and 
antioxidant properties using bioactive heparin- or vitamin 
E-coatings, which can significantly reduce the bleeding risk 
of systemic heparization and oxidative stress in traditional 
dialysis sessions, respectively.

Chronic hemodialysis usually requires systemic antico-
agulation to prevent thrombosis in the dialyzers and extra-
corporeal circuits [17, 38, 39]. However, the use of heparin 
can increase the risk of bleeding [38] and is thus generally 
contraindicated in dialysis patients with fatal active bleed-
ing, such as severe gastrointestinal bleeding and cerebral 
hemorrhage [40]. An alternative dialysis option in patients 
at high risk of bleeding is heparin-free dialysis with heparin-
grafted HFMs to prevent thrombosis. However, the efficacy 
and safety of heparin-free hemodialysis with heparin-grafted 
HFMs in such patients remains contradictory. Clinical trials 
of heparin-coated PSF dialyzers showed that these dialyz-
ers reduced heparin requirements in patients on continu-
ous RRT [41]. Nevertheless, Wright et al. found that hep-
arin-grafted cellulose membranes did not alleviate heparin 
requirements in dialysis patients in contrast to conventional 
Cuprophan® membranes [42]. These early explorations have 
greatly fueled the development and application of heparin-
grafted AN69 membranes (including AN69ST and HeprAN 
membranes) during the last two decades [27]. AN69ST is 
a modified AN69 membrane whose surface electronega-
tivity has been neutralized by layering polyethyleneimine 
[43]. Compared with native AN69, PSF, and triacetate 
membranes, the AN69 ST membrane binds significant 
amounts of heparin with an equilibrated adsorption capac-
ity of 1000 ± 200 IU/m2 within 3–5 min [43]. HeprAN (the 
membrane of Evodial® dialyzer) uses improved AN69ST 
technology where heparin is grafted to the membrane during 
the manufacturing process, thereby eliminating the need for 
heparin priming at the dialysis center [27].

In 2014, the HepZero study showed that dialysis ses-
sions with Evodial® membranes had significantly higher 
success rate than those with current standard-of-care such 
as intermittent saline flushes and predilution in patients 
receiving heparin-free dialysis (68.5 vs 50.4%) [44]. How-
ever, the higher success rate in the Evodial® group did not 
reach the prespecified superiority threshold. Similar results 
were obtained in a later study in which Evodial® membrane 
was used with a modified anticoagulation protocol with 
combined heparin/albumin priming with citrate-containing 
dialysate, and showed much better performance than heparin 
saline priming in PSF membrane [45]. In another prospec-
tive randomized study, the anticoagulation performance of 
the heparin-grafted membrane was found to be inferior to 
that of routine regional citrate anticoagulation [46]. The suc-
cess rate of dialysis sessions with AN69ST membrane and 
heparin saline priming was significantly lower than those 
with PSF membranes and regional citrate anticoagulation 
(61% vs 87%). Most recently, the EvoCit study evaluated the 
performance of the Evodial® membrane during hemodialy-
sis with and without systemic anticoagulation. The results 
suggest that hemodialysis using the Evodial® membrane 
combined with a 1.0 mmol/L citrate-enriched dialysate is 
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non-inferior to that combined with systemic heparinization 
with respect to solute clearance. However, this protocol 
results in a greater number of shortened treatments, more 
membrane clotting, and greater thrombin generation [47]. 
These findings suggest that the advantage of heparin-grafted 
membranes in lowering heparin dose in high-bleeding risk 
patients is at the cost of increasing unexpected clotting 
events in extracorporeal circuits, making it challenging to 
utilize these heparin-grafted membranes in conventional 
dialysis sessions.

Oxidative stress and chronic inflammation are also 
prevalent in dialysis patients and have been implicated in 
increased cardiovascular diseases, anemia, and malnutrition 
[16, 48]. As early as 1984, Giardini et al. first described evi-
dence for increased oxidative stress in hemodialysis patients 
[49]. During the process of oxidative stress, red blood cells 
are subject to membrane lipid peroxidation and are suscepti-
ble to destruction [50]. Vitamin E is a lipophilic antioxidant 
and can be coated on HFMs to reduce the generation of ROS 
[48]. In 2006, Yang et al. showed that a vitamin E-coated 
Excerbrane EE18 membrane (Terumo Co., Shibuyaku, 
Japan) per se is effective in reducing lipid peroxidation and 
protecting RBCs from oxidative stress in dialysis patients 
[51]. The use of the Excerbrane membrane also resulted 
in significant (50%) decrease in ROS formation in whole 
blood. Similar results were found in another prospective, 
controlled, observational cohort study, in which the vita-
min E-coated Clirans® E hollow-fiber dialyzer (Terumo Co., 
Shibuyaku, Japan) resulted in a significant increase in total 
antioxidant status (TAS) and a decrease in thiobarbituric 
acid reactive substances (TBARS, a sensitive marker of oxi-
dative stress) and oxidant low-density lipoprotein (ox-LDL, 
a sensitive marker of oxidative stress) [52]. After the use 
of the Clirans® E dialyzer for 6 months, pro-inflammatory 
cytokines such as C-reactive protein (CRP) and interleukin-6 
(IL-6) markedly decreased compared to baseline, suggesting 
the anti-inflammatory effect of the vitamin E-coated mem-
brane. Another study investigated the protective effect of 
vitamin E-coated PSF membranes on the levels of genomic 
and DNA oxidative damage [53]. After 6 months of follow-
up, 29 patients treated with vitamin E-coated membranes 
showed lower levels of oxidative DNA damage (assessed by 
lower levels of oxidized DNA bases) than those treated with 
conventional PSF membranes. In 2022, Zhang et al. dem-
onstrated that hemodialysis with vitamin E-coated Excer-
brane EE15 membrane effectively restored the imbalance of 
redox metabolism, and improved the oxidative phosphoryla-
tion [54]. A recent meta-analysis in which 15 studies were 
included also showed that vitamin E-coated HFMs were 
capable of decreasing oxidative stress biomarkers such as 
TBARS and ox-LDL and pro-inflammatory cytokines such 
as CRP and IL-6 [55]. However, it should be noted that there 
is no solid clinical evidence showing the protective effect 

of vitamin E-coated HFMs on patient-centered outcomes 
including mortality and major cardiovascular events and 
therefore. Accordingly, clinical studies with larger sample 
size and longer follow-up period are still required to deter-
mine whether the use of vitamin E-coated HFMs is asso-
ciated with the long-term protection of dialysis patients. 
Table 1 further summarizes detailed information on the 
basic membrane structural characteristics, major advantages, 
and limitations of diverse contemporary HFMs.

Concept and Principles of Hemocompatibility of HFMs

Blood-contacting devices are widely used in clinical prac-
tice, and hemocompatibility is recognized as one of the 
most crucial properties of blood-contacting devices such 
as HFMs. The developmental history of HFMs was also 
linked to the process of enhancing their hemocompatibility. 
However, currently used synthetic polymer membranes (e.g., 
made of PSF and PES) still have insufficient hemocompat-
ibility and show activation of complement, protein adsorp-
tion and denaturation, immune cell activation, inflammation 
and so forth [27]. Although there has been some progress, 
such as the development of vitamin E-coated and heparin-
modified membranes (see “Rationale, History, Basic 
Characteristics, and Clinical Evaluation of Contempo-
rary HFMs”), these advances only partly addressed the 
challenges associated with the hemocompatibility of mem-
branes. In addition, new advances in hemodialysis and the 
emergence of new hemodialysis technologies, such as micro-
fluidic devices, wearable dialyzers and human nephron fil-
ters, advocate for higher hemocompatibility profiles [73–76].

Protein Adsorption

Protein adsorption is widely recognized as the initial event 
occurring when blood comes into contact with foreign sur-
faces such as HFMs [77]. The knowledge and research on 
protein adsorption on material surfaces have been exten-
sively investigated, and there are many excellent reviews 
reported to summarize this aspect [21, 78]. In the case 
of hemodialysis, the membrane matrices used in current 
clinical practice are poorly resistant to protein adhesion 
and denaturation. Thus, low protein fouling is particularly 
important and needs to be resolved urgently. Protein adsorp-
tion on HFM surfaces is known to affect their toxin clear-
ance [79, 80], promote cell adhesion and activation, induce 
inflammation and thrombogenesis [81, 82]. In this section, 
the progress in protein interactions on HFM surfaces and 
subsequent downstream reactions are introduced.
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Driving Forces for Protein Adsorption on Membrane 
Surfaces

When HFMs come in contact with blood, non-specific 
plasma protein adsorption on the surface is inevitable and 
can occur within a few seconds [83, 84]. Plasma consists 
of thousands of proteins with different molecular sizes and 
surface characteristics, including charge and hydrophobicity. 
Due to the surface structure of HFMs and proteins, many 
interactions of proteins with the HFM surface are possible. 
Non-specific protein adsorption occurs mainly via van der 
Waals forces, hydrogen bonding, electrostatic interactions, 
and hydrophobic dehydration on the HFM surface [15, 
78]. The initial adsorption can be reversible or irreversible 
depending on the surface characteristics. In most cases, 
smaller proteins with higher concentrations and low surface 
affinity in blood quickly build a layer on the interface; the 
composition of this initially attached layer, however, may 
change over time as these proteins are substituted by large 
proteins with high surface affinity.

Most proteins show extremely rapid and essentially 
irreversible adsorption on HFM surfaces, which remain 
attached even after extensive rinsing with buffers. Irrevers-
ible protein adsorption is typically modeled in a series of 
multi-steps that follow a path to a lower Gibbs free energy 
(G), ΔG = ΔH-TΔS. The minimum value of G can be 
obtained by decreasing the enthalpy (H) and/or increasing 
the entropy (S) at a fixed temperature [85]. Blood proteins 
are stabilized through interactions between amino acid res-
idues, including hydrogen bonds, ionic bonds and hydro-
phobic-hydrophobic interactions. Their surfaces exposed 

to water are usually hydrophilic, with bound water mol-
ecules and associated small counter ions. When proteins 
come into contact with HFM surfaces, they tend to liberate 
these water molecules and the bound small counterions, 
leading to an entropy increase. Subsequent conformational 
changes with weakened internal stabilizing interactions 
result in the exposure of hydrophobic regions to the aque-
ous environment, leading to the adsorption of proteins to 
the HFM surface. The formation of new bonds/interactions 
on the surface with net positive enthalpy change is due to 
the adsorption and denaturation of proteins on the HFM 
surface. In this process, the increase in entropy due to the 
release of water molecules and counterions is sufficient to 
offset the detrimental enthalpy of adsorption, giving rise 
to a net reduction in Gibbs free energy [21].

Vroman Effect and Protein Denaturation

Reversible protein adsorption from blood can occur 
through interactions between HFM membrane surfaces 
and proteins [86] and can be explained by the “Vroman 
effect” [87]. The conformational change of many pro-
teins occurs upon non-specific adsorption to the interface 
[88, 89] (Fig. 3). Surface protein contact areas induce an 
increase in free energy, so proteins tend to maximize their 
footprint through conformational recombination, as shown 
in numerous experimental reports [90]. Structural reor-
ganization of proteins on a surface is driven by conducive 
protein-surface interactions, resulting in an increase in 
entropy due to loss in ordered protein structures and the 

Fig. 3   Protein adsorption process on the HFM surface. Small pro-
teins that are present at higher concentrations and low surface affin-
ity in blood, such as albumin, are rapidly and reversibly adsorbed and 
may subsequently be replaced by larger proteins with a higher sur-
face affinity. The adsorbed proteins tend to maximize their footprint 

through conformational reorganization since surface-protein contact 
induces a gain in free energy. The adsorbed and denatured proteins 
trigger the activation of coagulation, immune and inflammatory 
responses at the HFM surface during dialysis
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release of water molecules or counter ions [91]. As a con-
sequence, conformational changes during the adsorption 
process lead to macroscopically measurable effects, such 
as reduction in the amount of adsorbed proteins, changes 
in secondary structure and increased elution resistance 
[92, 93].

Significant conformational changes in proteins are usually 
a slow process. Many proteins bind loosely on the surface 
initially and then increase their surface affinity with time by 
structural reorganization due to the unfolding of proteins. As 
a result, the desorption kinetics of the protein layers on HFM 
strongly depended on the elapsed time due to the adsorption 
event. This means that the freshly established protein layer 
is easily eluted from the HFM membrane surface; however, 
the protein layers that are already adsorbed early in the event 
(ranging from a few minutes to several hours) might be dif-
ficult to remove by elution. Of note, conformational change 
after adsorption also affects the biological function of 
absorbed proteins and can further trigger cellular responses. 
For example, fibrinogen or vWF is known to expose more 
binding domains to platelets and leukocytes after conforma-
tional changes [94–97]. The adsorbed proteins on HFM can 
also lose their biological activity due to the change in their 
native conformation [98]. In addition, it is worth noting that 
the HFM surface properties also closely affect protein dena-
turation, an important topic for further studies [99, 100].

Protein Adsorption and Its Consequences

The antifouling properties of HFMs are critical for several 
reasons. The protein contaminants adsorbed on the HFM 
surface not only reduce the efficacy of clearance of solutes 
but also trigger a series of subsequent contact reactions, pos-
sibly due to the conformational changes of adsorbed proteins 
[77, 94]. It is widely recognized that adsorbed and denatured 
proteins can initiate coagulation activation and immune-
inflammatory responses [101, 102]. Therefore, avoiding 
and controlling protein adsorption may greatly improve the 
hemocompatibility of current HFMs. The adverse contact 
reactions induced by plasma protein adsorption from blood 
on HFM are briefly introduced here, and details on how pro-
tein adsorption induces these reactions will be explained in 
the subsequent sections.

The adsorption of fibrinogen and vWF can trigger further 
conformational changes exposing binding domains for inter-
acting blood cells [94–97]. For instance, platelets bind to 
adsorbed vWF via the GPIb-V-IX complex and to fibrinogen 
via the αIIbβ3 receptor [95, 103]. Neutrophils are known to 
bind to fibrinogen by the CD11b/CD18 receptor, and eryth-
rocytes can be aggregated with platelets by adhesive mol-
ecules (fibrinogen with aIIbβ3 and ICAM-4) [96, 104]. Such 
events play important roles in inflammatory and immune 
responses to HFM, and the coagulation activation results in 

thrombogenesis [105, 106]. For instance, FXII binding to a 
fiber surface gives rise to a conformational change, which 
initiates the intrinsic coagulation pathway [107]; βFXIIa 
cleaved from FXII can initiate the formation of kallikrein 
(KK) cleaved from prekallikrein, and KK cleaves high-
molecular weight kininogen (HK) and releases bradykinin 
(BK), a non-peptide with pro-inflammatory and angio-active 
properties [108].

In another example, the binding of ficolin-2 and C3b to 
the membrane surfaces, which can trigger complement acti-
vation through the lectin pathway (LP) and the alternative 
pathway (AP), could result in inflammation activation [109]. 
These cascades of events, the activation of hemocytes, the 
immune system and the coagulation system, are very closely 
related to providing a potent amplification loop of further 
activation [110]. Thus, studying these events as standalone, 
although informative, may not result in proper understanding 
of the influence of membrane properties on hemocompatibil-
ity and our ability to innovate membrane surface chemistry.

Platelet Adhesion, Aggregation and Activation

Platelet adhesion and activation are important contributing 
factors on the performance and the hemocompatibility of 
HFMs. A plethora of biomolecules and cytokines can be 
released by the activated platelets, which can trigger the 
intrinsic and extrinsic coagulation pathways, inflammation 
and immune responses [111, 112]. These activated plate-
lets can also form aggregates with erythrocytes via fibrino-
gen [95, 104]. There are approximately 250,000 platelets 
per microliter of blood in circulation. Platelet quiescence 
is maintained in part by the action of signals in the blood 
including prostaglandin I2 (PGI2), nitric oxide (NO), prosta-
glandin E2 (PGE2) and ecto-nucleoside triphosphate diphos-
phohydrolase (CD39) [113, 114]. In the quiescence state, 
platelets are about 1 to 2 μm in size [115]. The platelet sur-
face has a fuzzy proteo-glycan layer composed of membrane 
glycoproteins, glycolipids and mucopolysaccharides [116]. 
The platelet surface is negatively charged, which can prevent 
the resting platelets from adhering to other platelets or the 
vascular endothelial surface through electrostatic repulsion. 
In addition, platelets have ion channels, and studies have 
shown that these channels are continuous with the depres-
sion of the platelet membrane surface. These channels can 
provide pathways for both inside-out and outside-in sign-
aling. After platelet activation, these channels can also be 
modified as surface membranes [117, 118].

When blood comes into contact with HFMs, the adsorbed 
proteins facilitate the adhesion and activation of platelets. In 
this case, platelets are preprogrammed to respond quickly 
to surface-bound and soluble protein signals, initiating a 
sequence of events essential to blood clotting and inflam-
mation [119]. Platelet activation can occur in fractions of a 
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second, leading to the formation of a clot in less than five 
minutes. Compared with quiescence conditions, the hemo-
dialysis process is often accompanied by higher shear stress 
[120], which will not only affect the adsorption and denatur-
ation of proteins, but also induce platelets to undergo defor-
mation and thus increase their binding domains with the 
adsorbed proteins [121, 122]. It is clearly documented that 
shear and flow have an influence on platelet adhesion and 
activation [123, 124]. Thus, in this section, we will elaborate 
on how platelets adhere to the HFM surface, how they are 
activated, and their interactions between the coagulation and 
immune systems.

HFM‑Induced Platelet Adhesion and Aggregation

Initial binding of platelets to the surface can be intermedi-
ated by cell surface glycoproteins [119]. Fibrinogen, vWF, 
collagen, etc., play important roles in platelet adhesion 
[125–127], as illustrated in Fig. 4. vWF is a large, multim-
eric adhesive glycoprotein synthesized by endothelial cells 

and megakaryocytes. Adsorption and denaturation of vWF 
on the HFM surface revealed the vWF-A1 structural domain 
with a positive charge, which binds to the ligand binding 
domain on GP1bα with a negative charge [128]. GPIbα is 
the only receptor on a nonactivated platelet with a signifi-
cant affinity for surface-bound vWF. In normal conditions, 
no interaction between native vWF and GPIbα is present 
as GPIbα binding sites are hidden on the vWF-A1 domain. 
Nevertheless, the immobilization of vWF and/or high shear 
forces (e.g., under hemodialysis conditions) eliminate the 
shielding effect of other vWF domains, permitting platelets 
to bind and activate [129].

After platelet activation, platelet adhesion mediated by 
fibrinogen plays a major role, and αIIbβ3 is recognized as 
the most abundant receptor on the platelet surface [21]. 
Under resting conditions, the low affinity of integrin αIIbβ3 
for its ligands, fibrinogen and vWF, increases dramatically in 
response to platelet activation [126], as illustrated in Fig. 4. 
Lower affinity conformation is sustained by interactions 
between the proximal cellular regions of the α and β subunits 

Fig. 4   Illustration of HFM-induced platelet adhesion and activation. 
a-b Platelet binding to a surface can be mediated by cell surface gly-
coproteins, and platelets can be activated via different signal trans-
duction pathways, including tyrosine kinase activation and G-protein 
coupled receptors. c When platelets are activated by strong agonists, 
the negatively charged phospholipids are redistributed to the outer 
leaflets of platelet membranes, and platelet activation also leads 
to the formation of microparticles and the release of highly anionic 

biomolecules such as polyP, thereby promoting the activation of the 
coagulation pathway. d In addition, the platelet-leukocyte interaction 
is mainly initiated by P-selectin expressed on the surface of activated 
platelets and P-selectin glycoprotein ligand-1 on the surface of neu-
trophils and monocytes. Abbreviations: vWF von  Willebrand  fac-
tor, ADP adenosine diphosphate, PS phosphatidylserine, PC choline 
phospholipids, PSGL-1 P-selectin glycoprotein ligand-1, PAR1/4 pro-
tease activated receptor-1 or -4
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of the platelet membrane, stabilized by a salt bridge between 
Arg995 of αIIb integrin and Asp723 of β3 integrin as well as 
the N-terminal hydrophobic residues immediately adjacent 
to the arginine and aspartate residues [130]. It is worth not-
ing that platelet adhesion on a membrane surface is medi-
ated by factors related to adsorption-induced conformational 
changes in fibrinogen rather than adsorption concentration.

In addition, platelet adhesion and aggregation on HFM 
surfaces are also related to the shear rate, which is also an 
important hemodynamic parameter in hemodialysis sessions 
[95]. In-depth knowledge of the platelet aggregation process 
has resulted in three distinct routes. Under low shear rates 
(below 1000 s−1), the aggregation of platelets is mainly regu-
lated by αIIbβ3-fibrinogen interactions [131]. In contrast, 
when the shear rate is between 1000 and 10,000 s−1, plate-
let aggregation occurs in 2 steps [132]. A preliminary step 
relies on the adhesive function of GPIbα and αIIbβ3, and 
is regulated by reversible platelet aggregate development. 
In the second step, the irreversible activation of αIIbβ3 and 
generation of platelet agonists result in the development of 
stable platelet aggregates. Under shear rates greater than 
10,000 s−1, platelet aggregation is fully regulated by GPIbα-
vWF interactions and can arise in the absence of platelet or 
αIIbβ3 activation [133].

HFM‑Induced Platelet Activation

Platelets can be activated by different signal transduction 
pathways, including tyrosine kinase activation and G-protein 
coupled receptors, as illustrated in Fig. 4a, b. For activa-
tion of the tyrosine kinase cascade, some evidence suggests 
that such signals are generated in response to vWF occupy-
ing GPIb [134], the antibody complexes occupying FcRγII 
receptor, the GAS6 occupying receptors Axl and Mer [135], 
the collagen occupying GPVI-FcRγ [136] and podoplanin 
occupying CLEC-2, which equally result in platelet aggrega-
tion [137]. For the activation of a cascade of transmembrane 
G-protein coupled receptors, evidence is available that such 
signals are generated upon the occupancy of thromboxane 
receptor (TP) by TXA2 [138], of protease activated recep-
tor-1 (PAR-1) and protease activated receptor-4 (PAR-4) by 
thrombin [139], of P2Y1 and P2Y12 by adenosine diphos-
phate (ADP) [114, 140], and of αIIbβ3 by fibrinogen.

Once platelets are activated, they can rapidly change their 
shapes through cytoskeletal rearrangement [95]. The activa-
tion of platelets is distinguished by a shift in morphology 
from a disk shape (inactivated) to a spherical shape and the 
appearance of appendages, called pseudopods, promoting 
both platelet contact and adhesion [21]. Partially activated 
platelets exhibit short or long dendrites, whereas fully acti-
vated platelets are flat and spread over the surface of HFMs. 
Activated platelets can defect their granules to the external 
membrane, vacating the contents to enrich the local context 

with a large number of bioactive molecules [141]. The par-
acrine or/and autocrine properties allow the initial signal to 
feedback rapidly into the process, increasing the activation 
of nearby platelets in number and extent, thus inducing sec-
ondary secretion and leading to a dramatic amplification of 
platelet activation.

Platelets and Coagulation

In the resting state, negatively charged phospholipids con-
taining phosphatidylserine (PS) and phosphatidylethanol-
amine (PE) are mostly stored in the inner leaflets of cell 
membranes, while neutral phosphocholine dominates the 
outer leaflets (Fig. 4c) [142]. When platelets are activated 
by strong agonists, the negatively charged phospholipids 
are redistributed to the outer leaflets of platelet membranes, 
thereby promoting the activation of the intrinsic coagulation 
pathway [142]. This negatively charged surface also acts as a 
template to assemble coagulation factors toward further gen-
eration of factor Xa and downstream generation of thrombin, 
leading to clot formation. Platelet activation can also release 
negatively charged polyphosphate (polyP), an accelerator of 
blood coagulation, from dense granules, leading to further 
thrombin generation and clot formation [141, 143]. PolyP 
is a linear polymer of inorganic phosphate units that can 
aggregate as nanoparticles on the activated platelet surface, 
further activating the coagulation system. PolyP affects the 
coagulation process in multiple stages, and it can accelerate 
the activation of FXII, FXI, and FV and change the structure 
of the fibrin clot [143].

The rise in the concentration of intracellular calcium ions, 
the activation of calpain, the rearrangement of the cytoskel-
eton, the phosphorylation of proteins and the translocation 
of phospholipids are all related to the formation of platelet-
derived procoagulant microparticles. In vitro, the micro-
particles released by activated platelets can be realized by 
stimulation of collagen, thrombin, tissue factor (TF), com-
plement C5b-9 or a high shear rate [144]. The microparticles 
can induce contact activation, bind FVIII, FVa and FXa, and 
finally form FXa and prothrombin complexes. They can also 
bind protein S to promote the inactivation of FVa and FVIIIa 
and thus inhibit the coagulation cascade [95, 145]. In addi-
tion, the microparticles can activate platelets by supplying 
arachidonic acid.

In summary, there is irrefutable evidence that platelet 
activation on HFM surfaces can accelerate thrombin gen-
eration: (1) activated platelets can induce contact activa-
tion, (2) platelets accelerate FX activation through FIXa and 
VIIIa and prothrombin activation through FXa and Va, (3) 
the binding of activated coagulation factors to the platelet 
membrane surface can protect them from inactivation caused 
by inhibitors from plasma, (4) platelets can help the reaction 
between fibrinogen and thrombin, enhance the positioning of 
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coagulation factors through vWF, accelerate the activation 
of FXI by thrombin, and release FXIII to promote the cross-
linking of fibrinogen [95, 146], and (5) activated platelets 
can release polyP, which accelerates thrombin generation, 
resulting in the amplification of clot generation [143, 147].

Platelets and Leukocytes

The participation of platelets in the inflammatory response 
can be achieved through the synergistic effect on leukocytes 
[148, 149]. The platelet-leukocyte interaction is mainly ini-
tiated by P-selectin expressed on the activated platelet sur-
face and P-selectin glycoprotein ligand-1 on the leukocyte 
surface, as illustrated in Fig. 4d. In addition to P-selectin 
glycoprotein ligand-1, CD24 on the surface of leukocytes 
can also bind P-selectin [148]. These instantaneous interac-
tions mediated by P-selectin can be stabilized by subsequent 
contact mediation mainly by activated leukocyte β2 integ-
rin [150]. In addition, platelets can synthesize and release 
platelet active factors to activate αMβ2 of leukocytes [151], 
which interacts with platelet GPIbα and platelet-bound 
fibrinogen.

The tight complementary relationship between leuko-
cytes and platelets leads to the subsequent inflammatory 
response, including the release of leukocyte chemokines 
[152], the release of platelet-derived growth factor that can 
affect fibroblasts and smooth muscle cells [153], the release 
of transforming growth factor that can stimulate and inhibit 
cell growth [154], the release of platelet factor 4 (PF4) that 
can activate neutrophils and have anti-angiogenic activity 
[155], and the release of cytokine IL-1B that irritates lym-
phocytes [156]. Platelets also contain FcγIIA receptors that 
can bind immunoglobulin G (IgG) and immune complexes 
[157], which in turn affects complement activation. In addi-
tion, platelets express CD40 ligands on their membrane 
surfaces after being activated, which can bind to the CD40 
factor located on leukocytes [158]. This combination leads 
to the activation of leukocytes and the synthesis of many 
inflammatory molecules. Meanwhile, the platelet-leukocyte 
interaction can promote the generation of ROS, leading 
to oxidative stress [159]. Thus, activated platelets on the 
HFM surface play a key role in inflammatory and immune 
responses associated with hemodialysis.

HFM‑Induced Inflammation

The life expectancy of uremic patients is significantly 
decreased as a result of compounding factors such as arte-
riosclerosis and partly due to the prevailing chronic systemic 
inflammatory condition triggered by the underlying renal 
disease, comorbidities, and the bioincompatibility of HFMs 
[160, 161]. Based on these considerations, the inflammatory 
response during hemodialysis sessions has always been the 

focus of medical staff. For example, cellulose-based mem-
branes which are known to cause complement activation, 
result in the activation of mononuclear leukocytes and the 
release of pro-inflammatory cytokines. Activated leukocytes 
are more prone to undergo apoptosis, which may lead to 
leukopenia in this patient group [15]. Therefore, cellulose-
based membranes were replaced by synthetic polymer mem-
branes such as PSF and PES in clinical use, which signifi-
cantly reduced the inflammatory response. However, these 
membranes still do not have satisfactory anti-inflammatory 
properties, possibly due to their poor hemocompatibility [79, 
80]. In this section, HFM-induced inflammation activation 
and inflammation-associated side effects are discussed.

The Contact/Kallikrein System

The proteins in the contact activation system that circulate as 
zymogens are FXII, FXI, and prekallikrein (PK), while HK 
acts as a cofactor in the cleavage of PK and FXI [81]. The 
conformational change of FXII is induced by the binding 
or contact of FXII with HFMs, triggering the unprotected 
autoactivation of the moiety into α-FXIIa, which cleaves 
FXII to activate β-FXIIa enzymatically.

β-FXIIa can be initiated by two pathways. In the first 
pathway, PK cleaves to KK, with HK as a cofactor. Then, 
KK activates FXII to β-FXIIa, which in turn produces more 
KK, offering an efficient amplification cycle. Additionally, 
HK can be cleaved by KK and release BK, a potent vasodi-
lator, vascular permeability inducer and pro-inflammatory 
peptide. In the second pathway, FXI is activated to FXIa, 
which again uses HK as a cofactor, initiating the intrinsic 
coagulation pathway and ultimately leading to thrombin 
generation [162], as illustrated in Fig. 5a. The generated 
proteases FXIIa, FXIa, and KK can be suppressed by the 
C1 inhibitor (serine protease inhibitor) and antithrombin 
(AT), which are ubiquitous in plasma [21]. A direct rela-
tionship was reported between the electronegativity of the 
membrane assessed by its zeta potential and the activation 
of the contact system during the first five minutes of plasma 
circulation [163].

Complement Activation

Before diving into HFM-induced complement activation, 
the pathways leading to complement activation should be 
first retrospectively reviewed. Activation of complement can 
occur via three different pathways, including the classical 
the classical, lectin and alternative pathway [164]. Irrespec-
tive of the pathways, complement activation leads to the 
formation of C3 convertase, which catalyzes the cleavage 
of C3 into split products C3a and C3b. C3b plays an impor-
tant role in forming a C3 convertase when bound to Factor 
B cleaved by Factor D (C3bBb complex), which magnifies 
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C3b generation. After the local concentration of C3b attains 
a cut-off threshold, the C3 convertase shifts the substrate 
specificity to C5.

C5 convertase cleave C5 into C5a and C5b [165]. C5a is 
released as an anaphylatoxin, and C5b activates the terminal 
pathway of the complement system. C5b rapidly conjugates 
to C6 and forms the transferable C5b,6 complex. In rapid 
sequence, the C5b,6 complex binds rapidly and tightly to C7 
(C5b-7), C8 (C5b-8) and multiple copies of C9 (C5b-9) that 
form a membrane attack complex (C5b-9), causing osmotic 
lysis of the cell [166]. The number of complement-derived 
mediation molecules shows the important role of comple-
ment in acute inflammation [164].

The principal mechanism leading to complement activa-
tion on HFMs is the binding of ficolin-2 and MBL to these 

membranes, resulting in the activation of the Lectin path-
way [109]. It is also found that properdin and/or C3b bind 
to the surfaces of HFMs and thus activate the alternative 
pathway [167], as illustrated in Fig. 5b. Surface function-
alities such as hydroxyl groups and primary amine groups 
are also known to activate the alternative pathway [168]. A 
mechanism that modulates complement activation during 
hemodialysis is the adsorption of complement inhibitors 
onto HFMs. In hemodialysis, PSF or PES membranes are 
shown to absorb factor H (the main regulator of alterna-
tive pathway) and clusterin (an inhibitor of terminal path-
way activation), thereby stopping the formation of C5a and 
C5b-9 [169, 170].

Fig. 5   Illustration of HFM-induced inflammation. The membrane 
first induces autoactivation of FXII to FXIIa. FXIIa activates HK-
bound PK to K, which cleaves HK to BK and induces an inflamma-
tory response. a The contact activation of coagulation and comple-
ment activation can lead to leukocyte activation, and the activated 
leukocytes can secrete ROS, TF, pro-inflammatory cytokines, and 
enzymes. b The principal mechanism leading to complement activa-
tion on HFM is the binding of ficolin-2 and MBL to the membrane, 
resulting in LP activation. Simultaneously, properdin and/or C3b 
bind to the membrane, resulting in AP activation. Surface functional 

groups on HFM, such as hydroxyl group, can also contribute to AP 
activation. c) Frustrated phagocytosis is thought to be the primary 
initiator of macrophage fusion, leading to the formation of multinu-
cleated FBGCs, which are characteristic of the foreign body reaction. 
Abbreviations: PK prekallikrein, K kallikrein, HK high-molecular-
weight kininogen, BK bradykinin, FBGC foreign body giant cells, 
TF tissue factor, IgG immunoglobulin G, ROS reactive oxygen spe-
cies, RNS reactive nitrogen species, LP lectin pathway, AP alternative 
pathway
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Immune Cells

Growing evidence suggests that adhesion of neutrophils to 
HFM may be facilitated by the adsorbed fibrinogen [96]. 
Following surface adhesion, neutrophils alter the context 
by releasing proteases, ROS and TF [171], as illustrated 
in Fig. 5, contributing significantly to thrombogenesis and 
other complications. Neutrophils also release pro-inflam-
matory cytokines including macrophage chemoattractants 
and inflammatory proteins, as well as interleukin (IL) IL-8 
[172]. Notably, activated neutrophils also release neutrophil 
extracellular traps (NETs), which promote thrombus forma-
tion and immune activation, as reviewed recently [173, 174].

Monocytes can be recruited to sites of inflammation 
through chemoattractant signals [175]. Some of their activity 
on the surface of HFMs is associated with the chronic phase. 
Monocytes differentiate into macrophages; they may pro-
mote inflammation or contribute to resolution, depending on 
local microenvironmental cues [176]. The phagocytic action 
of macrophages on HFMs leads to a state called “frustrated 
phagocytosis” [177], as illustrated in Fig. 5c. Frustrated 
phagocytosis is believed to be the primary initiator of mac-
rophage fusion, leading to the formation of multinucleated 
foreign body giant cells (FBGCs), a feature of the foreign 
body response. Such cells subsequently produce ROS reac-
tive nitrogen species (RNS) and enzymes that can alter the 
surface chemistry of HFMs [178].

Surface‑Induced Thrombosis

The development of antithrombotic surface characteristics of 
HFMs is recognized as an important research focus. Hemo-
dialysis sessions are often accompanied by the use of anti-
coagulants, which effectively inhibit coagulation activation 
induced by HFMs. To avoid thrombosis during hemodialy-
sis, Nephrologists tend to use high-dose anticoagulants to 
ensure the progress of these sessions [17, 179]. However, 
the excessive use of anticoagulants can lead to bleeding 
risk in patients [180]. In addition, it is difficult for medi-
cal staff to determine the accurate dose of anticoagulants 
for each patient because of their individual disease status 
and clearance [181]. HFMs with sufficient antithrombotic 
properties can potentially reduce the use of anticoagulants 
[182]. Recent investigations have indicated that new hemo-
dialysis technologies, such as wearable artificial kidneys, 
could greatly improve the quality of life of dialysis patients. 
However, these new technologies require an urgent need 
for HFMs with good hemocompatibility. This will not only 
reduce the weight of the entire device by eliminating the 
need for heparin pumps but also significantly diminish the 
risk of bleeding [74].

As discussed in previous sections, reducing the adsorp-
tion of proteins may effectively inhibit the activation of 

HFM-induced coagulation. However, evidence suggests 
that antifouling fouling surfaces alone may not be sufficient, 
as such surfaces can still activate the intrinsic coagulation 
pathway. To date, there are no successful studies that show 
anticoagulant-free hemodialysis using HFM membranes 
with only antifouling properties. In recent years, the hep-
arin-grafted AN69 membrane [183] and the recent discov-
ery of a blood-thinning device (pseudohemophilia model) 
without the need for anticoagulants from our group may 
lead to anticoagulant-free hemodialysis in the future [18]. 
In this section, the coagulation pathways altered by HFMs 
are discussed.

The blood coagulation system consists of a series of pro-
enzyme molecules [184]. The coagulation cascade can be 
activated through either the “extrinsic pathway” (Fig. 6a) or 
the “intrinsic pathway” (Fig. 6b) [185]. These two pathways 
converge upon FX activation. The activated FX (FXa) and 
the subsequent steps constitute the “common pathway”. In 
this pathway, prothrombin is cleaved to thrombin, which in 
turn cleaves fibrinogen into fibrin. Fibrin polymerizes into 
a cross-linked network of fibrin fibers forming the primary 
structure of blood clots, as illustrated in Fig. 6c. The fibrin 
network can promote platelet aggregation by providing adhe-
sive links. Besides, thrombin can provide positive feedback 
to both pathways.

In addition, there are other proteins in blood that can 
regulate coagulation and avoid excessive coagulation [186, 
187]: (1) FIXa, FXa and thrombin can be inhibited by AT, 
which acts as a natural inhibitor of these activated factors, 
and the presence of heparin will greatly catalyze the action 
of AT [188]; (2) thrombomodulin can bind with thrombin, 
and the bound thrombin loses its ability to cleave fibrino-
gen; and (3) thrombin can also activate protein C, thereby 
inactivating FVa and FVIIIa. Activated protein C can 
also form a complex with protein S, inactivating FVa and 
FVIIIa; (4) the complex of serine protease inhibitor and 
protein Z will inactivate FXIa and FXa; the serine protease 
inhibitor C1 is also the main factor of FXIIa inhibitors; (5) 
the TF pathway inhibitor can inhibit the TF/FVIIa complex 
and inhibit the hydrolysis ability of FXa [189]; and (6) 
subsequent to the blood clot formation, the fibrinolytic 
system can dissolve thrombus. Fibrin is finally degraded 
by plasmin to produce soluble fibrin degradation prod-
ucts [190]. The amount of thrombin generated during the 
clotting process also dictates the clot structure, which can 
alter the ability of the fibrinolytic system to degrade the 
clot [191].

During the hemodialysis process, the activation of the 
intrinsic coagulation (contact activation) pathway may be 
the main reason inducing the initial clotting process. Impor-
tant considerations are (1) membrane-induced thrombosis is 
mainly triggered by the contact activation pathway; (2) the 
use of FXIIa antagonists can effectively avoid thrombosis 
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during extracorporeal blood therapy [192], and the poten-
tial of FXIa inhibitors should also be investigated; and (3) 
the concentration of TF during hemodialysis shows limited 
change [193]. However, in the case of anticoagulant-free 
hemodialysis, this argument needs to be reconsidered.

Fabrication and Modification Approaches of HFMs

Fabrication Approaches of HFMs

The process of converting polymers into fibers is recognized 
as spinning. Spinning technology governs the structure of 
the membrane. HFM spinning involves consecutive fiber 
production by extrusion through a spinneret and then revert-
ing it to the solid state. Depending on the parameters and 
processes used, fibers are produced with different properties.

The early HFMs were manufactured by melt extrusion, a 
solvent-free technique in which the polymer is heated above 
the melting point and extruded into a thin sheet, which is 

then stretched to make it porous [194]. This technique is 
suitable for highly crystalline polymers. Typically, stretch-
ing is conducted in two steps, first cold stretching and then 
hot stretching. In this process, the physical properties (such 
as crystallinity, melting point, tensile strength, etc.) and the 
applied processing parameters control the final porous struc-
ture and properties of the membranes. The HFMs fabricated 
by this approach are symmetrical, and the flux is low. In 
addition, only a specific substrate can be applied in this way, 
resulting in the recent discontinuation of this method for the 
fabrication of HFM.

For solution spinning, a professional apparatus containing 
at least a spinneret and a take-up unit are needed, as shown in 
Fig. 7. HFMs are prepared by a dry‒wet spinning technique 
(the wet-spinning technique is seldom used) based on phase 
inversion. In this process, the polymer solution is extruded 
through the spinneret and then immersed in a coagulation 
bath containing a nonsolvent, where an exchange of solvent 
and nonsolvent takes place, and finally the asymmetric HFM 

Fig. 6   Illustration of HFM-induced thrombosis. Coagulation can 
be activated through either the “extrinsic pathway” or the “intrinsic 
pathway”. a In the intrinsic pathway, FXII adsorbs to a surface and 
becomes activated. b In the extrinsic pathway, activated cells express 
TF, which forms a complex on the surfaces of cells with activated 
FVII. These two pathways converge upon FX activation. c The acti-
vated FX (FXa) and the subsequent steps constitute the “common 
pathway”. In this pathway, prothrombin is cleaved to thrombin which 
in turn cleaves fibrinogen into fibrin. Abbreviations: MPs microparti-

cles, TF tissue factor, TFPI tissue factor pathway inhibitor, HK high 
molecular weight kininogen, PS phosphatidylserine, AT antithrombin, 
TB thrombin, C1 serine protease inhibitor C1, PC protein C, APC 
activated protein C, APC/PS complex of activated protein C and pro-
tein S, ZPI Z-dependent protease inhibitor, TAFI thrombin-activatable 
fibrinolysis inhibitorase inhibitor, TAFIa activated thrombin-activat-
able fibrinolysis inhibitor, Fb fibrinogen, Fbn fibrin, AP activated 
platelets
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is formed [195]. To date, various approaches, such as the 
selection of polymers, solvents and non-solvents, additives, 
precipitation time, bath temperature and other parameters 
during immersion precipitation, can be applied to control 
the pore structure of HFMs. Different casting conditions and 
post-treatments were proposed to improve the water flux and 
salt rejection of the cellulose membranes. Currently, solution 
spinning dominates the fabrication of HFMs.

Modification Approaches for HFMs

Based on the characteristics and fabrication process of these 
polymeric membranes, three main strategies are commonly 
used: bulk modification, blend modification, and surface 
modification.

Bulk Modifications

The bulk modification directly modifies the polymer sub-
strate itself through chemical means, and the modified mem-
branes can be directly prepared and shaped by the modified 
polymer substrate via phase inversion. This method can 
endow the polymer matrix with functional groups to improve 
hemocompatibility. For example, carboxylic PES can be pre-
pared by controlled acetylating and oxidizing reactions using 
acetyl chloride as the acetylating reagent and KMnO4 as the 
oxidant [196], as illustrated in Fig. 8a. Tang et al. prepared 
sulfonated PES using chlorosulfonic acid [197] as shown 
in Fig. 8b. Additionally, PES can be directly modified with 
zwitterions via bulk modification using chlorosulfonic acid 
and dimethylaminoethanol [198] as shown in Fig. 8c. In 

addition, PES membranes modified with both carboxyl and 
sulfonic acid groups via bulk modification have also been 
reported [199] as shown in Fig. 8d.

Moreover, amino acids can also be used to modify 
HFMs via bulk modification. Shi et  al. used a 1-ethyl-
(3–3-dimethylaminopropyl)-carbodiimide hydrochloride 
EDC and NHS coupling reaction to modify PAN substrates 
with amino acids (glycine, serine, and lysine) [200]. In 
fact, in addition to directly improving the antifouling per-
formance, bulk modification can also endow the polymer 
substrate with functional groups for further modification. 
Tripathi et al. first prepared sulfonated PES and then modi-
fied the sulfonated PES with aminated PEG using 1,1′-car-
bonyldiimidazole. Xiang et al. initially prepared an azido-
PSF membrane by chloromethylation and azide conversion 
reactions and then modified the membranes with zwitterions 
via a click chemistry-enabled layer-by-layer assembly [201]. 
The advantage of bulk modification is that the modification 
effect is relatively stable, but complex and rigorous modi-
fication conditions are usually needed. Meanwhile, chain 
breakage of the polymer substrates is easily induced during 
the modification process, which may lead to a decrease in the 
mechanical properties of the modified membranes.

Blending Modifications

Compared to bulk modification, blending modification is 
much easier and more suitable for industrial production. 
By blending polymer substrates with functional modi-
fiers, the functionalization of the substrates can be eas-
ily improved. However, there are two critical aspects of 

Fig. 7   Flat sheet and hollow fiber membrane preparation via phase inversion. Represented with permission from ref. [195]. Copyright (2014) 
Royal Society of Chemistry
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blending modification that need to be addressed. The first 
point is that the hydrophilic nature of blends will lead to the 
“elution” (the hydrophilic modifiers may be dissolved out 
by water) of the blend components during HFM preparation, 
storage and use, thereby reducing the modification perfor-
mance. The second aspect is that many hydrophilic blends 
do not have good miscibility with HFM matrices, leading to 
poor integrity or insufficient mechanical properties of the 
blending-modified HFMs.

There are many reports on improving the hydrophilicity of 
HFMs by blending hydrophilic polymers such as PVP [202], 
PAA [203], PHEMA [204], polyurethane (PU, as shown in 
Fig. 9a) and so forth, but the immiscibility of hydrophilic 
polymers with hydrophobic membrane materials and elu-
tion of hydrophilic polymers limits the modification effect. 
Due to the poor performance of such an approach, an in-situ 

cross-linking strategy was proposed. By directly initiating 
the cross-linking polymerization of the hydrophilic mono-
mers in the polymer substrate solution, a semi-interpene-
trating network structure is formed, which can effectively 
reduce the elution of hydrophilic polymeric components (as 
shown in Fig. 9b). Although the in-situ cross-linking method 
can effectively prevent the elution of blend components, its 
modification effect is still not satisfactory due to the poor 
miscibility between blends and substrates.

In this decade, large 3D or 2D modifiers that were shown 
to have good miscibility with the membrane substrates were 
investigated (Fig. 9c). For example, Wang et al. blended car-
bon nanotubes (CNTs) modified with sulfonic groups into a 
membrane matrix [23]. In addition, hydrophilic microgels 
have been used to modify HFMs. Xia et al. prepared polyeth-
ylene glycol methacrylate microgels and blended them into 

Fig. 8   Bulk modification for HFMs. a The process for the fabrication 
of carboxylic PES. b The process for the fabrication of sulfonic PES. 
c The process for the fabrication of zwitterionic PES. d The process 
for the fabrication of heparin-mimicking PES. a is represented with 

permission from ref. [196]. Copyright (2011) Elsevier, b and d are 
represented with permission from ref. [199]. Copyright (2013) Else-
vier, c is represented with permission from ref. [198]. Copyright 
(2008) Elsevier
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a membrane substrate [205]. However, the elution of micro-
gels cannot be prevented even though the size of microgels 
is larger than that of the pores under hydrostatic pressures 
relevant to filtration [206]. Therefore, networked submicro-
gels were prepared and blended into a membrane matrix. As 
a result, the submicrogels linked by PES chains effectively 
prevented them from eluting from the membrane matrix 
[207]. However, one of the challenges associated with the 
blending method is controlling the balance between the sur-
face segregation and the elution of hydrophilic components 
of the blends. The high entanglement between the blend 
components and substrates will lead to insufficient surface 
enrichment of functional groups. Conversely, the problem 
of elution is likely to occur. The use of amphiphilic poly-
mers may be a strategy to solve this problem (see Fig. 9d. In 

addition, blending methods can endow the membrane matrix 
with active functional groups for further chemical modifi-
cation [204]. Figure 9 summarizes the different blending 
methods for the modification of HFMs.

Surface Modifications

Compared with blending modification, the effect of surface 
modification is generally better because it can enrich more 
functional groups on the membrane surface. In addition, a 
large number of strategies can be applied to realize surface 
modification, such as hydrogen bonding, surface self-assem-
bly, host–guest interactions, hydrophilic-hydrophobic inter-
actions, click chemistry, mussel-inspired coatings, surface-
initiated atom-transfer radical polymerization (SI-ATRP), 

Fig. 9   Blending modification methods for HFMs. a Preparation of 
modified PES membranes by blending heparin-mimicking PU. b 
Preparation of modified PES membranes by the in-situ cross-link-
ing method. c Preparation of modified PES membranes by blending 
functionalized nanogels. d Preparation of modified PES membranes 
by blending amphiphilic polymers. a is represented with permission 

from ref. [208]. Copyright (2014) Elsevier, b is represented with per-
mission from ref. [209]. Copyright (2014) Elsevier, c is represented 
with permission from ref. [210]. Copyright (2016) Royal Society of 
Chemistry, d is represented with permission from ref. [211]. Copy-
right (2018) Royal Society of Chemistry
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surface click chemistry, and other surface grafting methods. 
The effect of surface modifications is more controllable and 
diversified due to the abundant modification methods. For 
traditional surface modification methods, membranes can 

be modified with reaction sites to attach diverse functional 
groups over the membrane surface. Then, different biocom-
patible materials are cross-linked or immobilized on the 
membrane surface. For example, polyglycidyl methacrylate 

Fig. 10   Surface modification methods for HFMs. a Illustration of the 
fabrication of PAA-AMPS-modified PES membranes via a surface 
ring-opening reaction. b Illustration of the fabrication of PSBMA-
NaSS-modified PSF membranes via SI-ATRP. c Illustration of the 
fabrication of PSA-, PEG- and PMT-modified PSF membranes via 
host–guest interactions. d Construction of a sodium alginate sulfate 
coating through the immersed LbL self-assembly method and SEM 

image of the modified membrane surface. a is represented with per-
mission from ref. [79]. Copyright (2019) Elsevier, b is represented 
with permission from ref. [212]. Copyright (2014) Elsevier, c is rep-
resented with permission from ref. [213]. Copyright (2015) American 
Chemical Society, d is represented with permission from ref. [215], 
Copyright (2018) American Chemical Society
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(PGMA) was first prepared in PES solution by in situ cross-
linking polymerization, after which PAA-AMPS was grafted 
onto the HFM surface via an in situ ring-opening reac-
tion (Fig. 10a) [79]. Additionally, SI-ATRP is also a good 
approach to control the effect of surface modification. Xiang 
et al. first prepared chloromethylated PSF membranes, after 
which block zwitterionic copolymers of P(SBMA-b-SSNa) 
were synthesized via consecutive SI-ATRP (Fig. 10b) [212].

Host–guest interactions are another method for surface 
modification. Deng et al. first prepared PES-cyclodextrin 
host membranes and an adamantane-PEG guest modifier, 
and then the post-functionalization of the membranes was 
realized (Fig. 10c) [213]. In addition, surface self-assembly 
is also reported to realize the surface modification of the 
membrane (as shown in Fig. 10d). Xia et al. first prepared 
positively charged membranes by immersing the mem-
branes in a positively charged polyethyleneimine solution, 
after which negatively charged nanogels and PSSNa were 
assembled onto the membrane surface [214]. Figure 10 

summarizes the commonly used surface modification meth-
ods for HFMs.

A mussel-inspired strategy is also used to modify the 
hemodialyzer. Although many studies are based on flat mem-
branes, a mussel-inspired strategy can be applied in HFMs 
theoretically; thus, a summary is provided here. As illus-
trated in Fig. 11. Shao et al. prepared PAMPS-g-catechol, 
PSBMA-g-catechol, and poly(dimethylaminoethyl meth-
acrylate methyl chloride)-g-catechol and then coated them 
onto PES membranes (Fig. 11a) [23]. Although the above 
methods are relatively simple in the membrane modification 
process, complex synthesis is required to prepare modifiers. 
In recent years, many simple dopamine-based modification 
methods have been developed, such as free-radical polymeri-
zation initiated by dopamine self-polymerization (Fig. 11b) 
or grafting to polydopamine-provided sites (Fig. 11c). In 
addition, co-immobilization of polydopamine and the 
designed polymer is also a convenient method to enhance 
the antifouling property of the membranes (Fig. 11d).

Fig. 11   Metal-inspired modification of HFMs. a Modification of PES 
membranes via dopamine-triggered surface free-radical polymeriza-
tion. b Schematic procedure to modify the PES membrane with hepa-
rin or heparin-mimicking polymer via mussel-inspired self-coating. c 
Process of chemically attaching the hydrogel thin layer onto the PES 
membrane with the assistance of N-(3,4-dihydroxyphenethyl) acryla-
mide. d The one-pot method for preparing PDOPA coatings utilizes a 

precursor solution containing a mixture of dopamine and molecules 
to be co-immobilized with PDOPA. a is represented with permission 
from ref. [23]. Copyright (2018) Wiley, b is represented with permis-
sion from ref. [216]. Copyright (2014) Royal Society of Chemistry, 
c is represented with permission from ref. [217]. Copyright (2017) 
American Chemical Society and d is represented with permission 
from ref. [218]. Copyright (2018) American Chemical Society
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Hemocompatibility Modification Strategies 
for HFMs

Antifouling Modification Strategies

Endowing HFMs with antifouling properties can be achieved 
by a series of physical or chemical methods to control their 
surface wettability, charge, and topology. Of all the param-
eters available, hydrophobicity and hydrochemical forces 
mediated by water are regarded as the main contributors 
to protein adsorption. A surface is considered hydrophilic 
if its water contact angle 'θ' is lower than a critical value of 
approximately 65°, where proteins may not displace water 
on the surface and be adsorbed. Whereas for hydrophobic 
surfaces, the opposite behavior is expected. However, the 
observation of strong protein adsorption on many types of 
hydrophilic surfaces is a clear contrast to the abovemen-
tioned rules. Four types of molecular-level characteristics 
of protein-resistant monolayers have been proposed, and 
are now recognized as the “Whitesides rules”: 1) the pres-
ence of polar functional groups, 2) the presence of hydro-
gen bond acceptor groups, 3) the absence of hydrogen bond 
donor groups, and 4) the absence of net charge [219, 220]. 
Membranes that fulfill all of these rules could provide an 
additional hydration layer that prevents protein adsorption. 
Recently, with the development of bionics, it has also been 
found that bioinspired superhydrophobic surfaces (self-
cleaning coatings) or lubricant surfaces can effectively cre-
ate an energy barrier to prevent liquid from penetrating into 
the pores, thereby blocking contamination from the proteins 
present in the blood and endowing the surface with anti-
fouling properties [221]. However, these general principles 
cannot be fully applied to HFMs. It is currently unrealistic 
to ensure the superhydrophobicity and flux of the membrane 
simultaneously. Therefore, hydrophilic modification of the 
membranes to achieve antifouling properties is mainly dis-
cussed here.

To date, several modifiers that can be used to achieve 
the antifouling properties in membranes have been inves-
tigated. These include polyethylene glycol (PEG) or poly-
ethylene oxide (PEO), zwitterionic polysaccharides, poly-
mers such as poly(N,N-dimethylacrylamide) (PDMA), 
poly(hydroxyethylmethacrylate) (PHEMA), and PVP [222]. 
In addition, negatively charged polymers (e.g., poly(acrylic 
acid) (PAA)) are also commonly used for enhancing the anti-
fouling property of membranes [79]. These modifiers can 
be directly used to modify HFMs (e.g., blending) or they 
can also be grafted onto HFMs [23, 207]. Figure 12 sum-
marizes the chemical structures of polymeric modifiers used 
to achieve the antifouling characteristics of HFMs.

Currently, most of the experiments to determine the 
antifouling performance of HFMs are mostly conducted 
in static environments. However, the use of HFMs is often 

accompanied by high shear force [223] which may lead to 
the denaturation of the protein. This process can expose 
more binding sites on proteins to facilitate tighter binding 
to HFMs. Recent studies from our group using proteomic 
studies on hydrophilic surfaces under dynamic conditions in 
blood plasma and whole blood demonstrated that the protein 
composition on surfaces that underwent a high shear rate 
was different from those adsorbed under static conditions 
[123]. Therefore, it is highly relevant to investigate protein 
binding in relevant shear conditions especially in the case 
of HFMs.

Most common examples of protein binding of HFMs are 
performed using fibrinogen (the most important protein that 
affects the coagulation system and hemocyte adhesion) and 
albumin (the most abundant protein in the blood). However, 
in real world conditions, these high binding proteins could 
be replaced by other proteins in blood due to competitive 
binding over time (Vroman effect) on the HFM surface. 
Therefore, new research should include other relevant pro-
teins, such as HK, vWF, and complement proteins in addi-
tion to fibrinogen and albumin.

Exploring the protein adsorption process on HFMs is 
still quite difficult at present, mainly because the surface 
of HFMs is much rougher and more porous than other sub-
strates (e.g., silicon wafers or controlled substrates used in 
most studies). Therefore, achieving more precise modifica-
tions on the membrane surface such as controllable surface 
topology and surface charge density, may provide a powerful 
approach to alter the protein adsorption process on the mem-
brane surface. As mentioned previously, unbiased proteom-
ics approaches are also highly relevant here.

Improving the protein resistance of the surface is now 
recognized as one of the important parameters to improve 
hemocompatibility. However, increasing evidence also 
shows that protein adsorption is not the only condition for 
the protein-induced activation of downstream pathological 
events. This evidence suggests that we should reconsider 
protein contamination on the material surface. Defining pro-
tein adsorption as a process that leads to protein restriction 
within an interfacial region (soft protein corona) separating 
bulk solution from the adsorbed surface should also be taken 
into consideration.

Prevention of Platelet Adhesion and Activation 
on HFMs

The adhesion and activation of platelets on the membrane 
surface is inseparable from the participation of proteins 
such as fibrinogen and vWF. It has been widely reported 
that improving the antifouling performance of HFMs can 
also improve their performance against platelet adhesion and 
activation. Therefore, improving the antifouling property of 
HFMs is recognized as a convenient and effective strategy 
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to prevent platelet adhesion on HFM surfaces [224, 225]. 
Heparinization and heparin-mimicking modification on the 
membrane surface are also shown to effectively improve the 
platelet adhesion resistance of HFMs. For example, Wang 
et al. prepared a blood-compatible PES membrane by blend-
ing heparin-mimicking polyurethanes (containing carboxyl 
and sulfonic acid groups) with PES. It was shown that the 
number of adhered platelets on the modified surface was 
reduced by nearly 96% [226].

Albumin coating on the membrane surface can also 
inhibit platelet adhesion and activation as platelets do not 
have receptors that bind to albumin. Xie et al. decorated 
PSF membranes with bovine serum albumin. The platelet 
adhesion resistance of modified membrane was signifi-
cantly improved by this modification [227]. As described 
previously, in a complex environment such as in blood, the 
adsorbed albumin can be replaced by other proteins with 
high affinity. Thus, the long-term effect of this modification 

needs to be further evaluated. Inspired by the phenomenon 
that platelets maintain a quiescent condition in blood ves-
sels, endothelialization of membranes was also tested to 
inhibit platelet adhesion and activation [228, 229]. However, 
the current sterilization process could significantly restrict 
the application of endothelialized HFMs.

In blood vessels, the platelet activation is inhibited by 
NO, a molecule released by the endothelium. Thus, the 
incorporation of NO release modification was considered 
as another strategy to improve the platelet adhesion resist-
ance on material surfaces. Modifying blood contact materi-
als with NO-donating groups or catalytic systems were used 
to inhibit platelet activation [230, 231]. The strategies that 
might be used to inhibit platelet adhesion and activation on 
HFM surface are illustrated in Fig. 13.

Most of the platelet activation and adhesion studies on 
HFM surface were performed by incubating the membranes 
in platelet-rich plasma (PRP) containing anticoagulants such 

Fig. 12   Polymers used for HFM modification. Chemical struc-
tures of common polymers used to enhance the antifouling prop-
erty of HFMs. Abbreviations: PEG Poly(ethylene glycol), PHEMA 
Poly(hydroxyethylmethacrylate), PVP Poly(vinylpyrrolidone), 
PSBMA Poly(sulfobetaine methacrylate), PMPC Poly(2-methacry-

loyloxyethyl phosphorylcholine), PAM Poly(acrylamide), PDMA 
Poly(N,N-dimethylacrylamide), PAA Poly(acrylic acid), PSSNa 
Poly(sodium 4-styrenesulfonate), PAMPS Poly(2-acrylamido-2-me-
thyl-1-propanesulfonic acid), PMA Poly(methyl acrylate), PGMA 
Poly(glycidyl methacrylate), PU Poly(urethane)
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as citrate or heparin. After a period of incubation, platelets 
were fixed on HFM surfaces and scanning electron micros-
copy was used to observe platelet adhesion and activation 
on the surface. To a certain extent, this method can reflect 
the platelet adhesion resistance of HFMs. However, there are 
other factors that need to be considered for studying platelet 
adhesion resistance by HFMs. Studies under relevant shear 
conditions of HFM operation should be included in these 
studies to generate realistic performance of platelet adhesion 
resistance of the membranes. As explained previously shear 
force can induce the denaturation of the adsorbed proteins 
and the shape change of the platelets. Such factors can lead 
to tighter binding between platelets and proteins [96]. It is 
also known that shear conditions can expose more binding 
sites on adsorbed vWF which can increase the adhesion and 
activation of platelets.

In addition to platelet activation and adhesion, the HFM 
surfaces can also induce immune response as well as throm-
bin generation. These can lead to further activation of plate-
lets and other immune cells in circulating blood [101, 109]. 
Although these activated platelets may not be bound to the 
membrane surface, they can still release platelet micropar-
ticles or other molecules to enhance the amplification loop.

Material scientists tend to consider platelet adhesion first 
and then platelet activation. However, when platelets are 
activated, their ability to adhere to the surface is magnified 
several times due to the more exposed binding sites, as dis-
cussed in Sect.  3.2. Platelets have a large number of recep-
tors that can be activated by various signals, especially those 
derived from immune activation or coagulation activation. 
It is worth noting that uremic patients who require hemodi-
alysis are often in a state of hyperinflammation as described. 
Therefore, including studies using blood from these patients 
may be more effective in obtaining relevant results.

For platelet adhesion resistance analysis, PRP is used 
with blood-thinning agents (e.g., sodium citrate), thus the 
coagulation pathways are largely blocked. The removal of 
calcium from the blood by citrate can also inhibit many 
calcium-dependent enzymatic reactions in the blood. Thus, 

studies that mimic relevant conditions, such as recalcified 
PRP or recalcified PRP with minimal amount of heparin or 
other anticoagulants (enable experiments without unwanted 
clotting), should be considered to better understand platelet 
adhesion or activation resistance of HFMs.

Antithrombotic Modification Strategies for HFMs

The current strategies used for enhancing the antithrombotic 
property of blood-contacting materials can be divided into 
the following categories: (1) modifying the surfaces with 
heparin, heparin-mimicking polymers, and anticoagulants 
that inhibit specific coagulation activators such argatroban or 
hirudin (argatroban and hirudin can inhibit thrombin activ-
ity); (2) complexing calcium ions in blood to stop coagula-
tion activation by the key enzymes that require calcium as 
a cofactor; (3) combining or inactivating blood factors to 
stop the coagulation pathway; and (4) modifying the surfaces 
with active proteins that can inhibit coagulation activation 
or enhance clot lysis [232].

Heparin coatings to improve the hemocompatibility of 
surfaces have been in clinical application for over 30 years. 
Heparin binds ATIII through an active pentasaccharide 
sequence and inhibits FXIa, FIXa, FXa and FIIa, thereby 
inhibiting blood clot formation [233]. According to clinical 
reports, the success rate of heparin-grafted membranes is 
far from the requirements for safe blood purification without 
systemic anticoagulation [44]. To circumvent these issues, 
many approaches are provided based on the knowledge that 
the anticoagulant function of heparin is due to its functional 
groups, such as sulfonic groups and carboxyl groups. For 
example, heparin-mimicking polymers with sulfonic acid 
and carboxyl groups were proposed [18, 79]. However, the 
anticoagulation mechanism of heparin-mimicking polymers 
with only sulfonic acid groups and carboxyl groups is not 
similar to that of heparin. These polymers cannot effectively 
bind ATIII to inhibit thrombin (FIIa) activity, thus reducing 
the potency.

Fig. 13   Schematic illustration of different strategies for enhancing the platelet adhesion resistance and activation on HFMs
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Another strategy is endowing the membranes with the 
ability to sequester calcium ions from blood to achieve anti-
coagulant function. Calcium ions play indispensable roles 
in blood coagulation pathways. In clinical practice, regional 
citrate anticoagulation has been widely used and is effec-
tive in reducing the bleeding risk in patients [234]. Inspired 
by this, the introduction of negatively charged groups on 
HFMs to bind calcium ions has also become an option. Liu 
et al. modified PSA-AA hydrogel onto PSF membranes, 
and the modified membrane delayed the coagulation time 
in platelet-poor plasma (PPP). More importantly, successful 
heparin-free hemodialysis in animals was achieved using 
self-anticoagulation HFMs, although the duration was 
only one hour [20] (Fig. 14). However, this strategy has an 
important challenge, as the dialysis process continuously 
replenishes the calcium ions, and the modified membranes 
will reach adsorption saturation and lose their anticoagula-
tion function with time resulting in clot formation. In addi-
tion, if the surface realizes its anticoagulant function only 
by complexing calcium ions, the coagulation time of the 
co-incubated plasma may not change significantly because 
the calcium ions will be continuously replenished during the 
run. Therefore, approaches that improve and provide long-
acting calcium sequestration to achieve anticoagulant func-
tion still need to be explored.

Inhibiting the activity of blood factors is another strategy 
for endowing HFMs with anticoagulant properties. It has 
been reported that the half-life of blood factors in our body 
is short; thus, the consumed blood factors can be quickly 
replenished, and therefore, the patient can recover the bal-
ance of coagulation and anticoagulation [235]. A large num-
ber of studies have demonstrated that targeting blood FXII 
seems to be a safer option. Animal experiments have shown 
that it is possible to effectively avoid clot formation without 
the additional risk of bleeding by inhibiting FXII activity 
[192, 236]. For membrane-induced coagulation activation, 
FXII can be directly activated to trigger the intrinsic coagu-
lation pathway. However, the TF released by HFM induced 
activation of immune cells first triggers the extrinsic coag-
ulation pathway to generate thrombin, and thrombin can 
bypass FXII and directly activate FXI, thereby triggering 
the intrinsic coagulation pathway. Thus, the combination of 
inhibitors of these factors and HFMs is expected to reduce 
the bleeding risk in hemodialysis patients.

Some proteins in blood, such as protein C, TF pathway 
inhibitor, thrombomodulin, and tissue plasminogen acti-
vator (tPA), can prevent excessive coagulation reactions. 
Therefore, researchers have attempted to bind these proteins 
onto material surfaces to endow them with antithrombotic 
properties. Among these proteins, using tPA to activate the 

Fig. 14   Representation of a dialysis session using a self-anticoagulant 
dialyzer. a Schematic illustration of the anti-coagulant dialyzer via 
hydrogel skin modification. SEM micrographs of b inner surfaces and 
c outer surfaces of pristine dialyzer H-0 and self-anticoagulant dia-

lyzer H-1. d Digital photos of the H-1 and H-0 shell sides and ports 
after a 1 h dialysis session. e SEM micrographs of hollow fiber inner 
surfaces after dialysis. Represented with permission from ref. [20]. 
Copyright (2020) Elsevier
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fibrinolysis system to dissolve thrombi is the most studied 
strategy [237, 238]. However, this strategy cannot effectively 
inhibit the generation of thrombin, which can still induce 
a series of side effects, such as immune activation, coagu-
lation factor consumption, and platelet activation. Other 
surface modification strategies using anticoagulant proteins 
have also been investigated [239]; however, these proteins 
often cannot withstand routine sterilization methods used for 
HFMs. Therefore, this may not be an ideal strategy to impart 
antithrombotic properties to HFMs.

In hemodialysis, administered anticoagulants such as 
heparin remain in the patient’s body and continue to exert a 
blood-thinning effect even after treatment. This may increase 
the risk of bleeding in patients. Compared with systemic 
administration of anticoagulants, the use of self-antithrom-
botic HFMs can effectively prevent blood clotting on the 
membrane surface and avoid the use of anticoagulants. 
Although many studies on HFMs with self-anticoagulation 
function have been reported [208, 240], most of them are 
still far from clinical application.

To date, there is no clear definition of standard parameters 
that need to be achieved for the self-antithrombotic proper-
ties of HFMs. Many studies have reported on membrane 
preparations with self-anticoagulant/antithrombotic prop-
erties as these membranes can delay the coagulation time 
in plasma or in whole blood [241, 242]. However, blood 
coagulation is a complex process and is inseparable from the 
activation of the immune system and different blood cells. In 
addition, blood fluid dynamics, changes in blood cell com-
position, etc., could have a significant impact. Therefore, 
the conclusions drawn from performing only coagulation 
time measurements are sometimes unreliable. Thus, there 
is an urgent need to reach a consensus on how to evaluate 
the self-anticoagulation function of membranes in clinically 
relevant conditions.

In theory, the use of HFMs with self-anticoagulation 
properties can effectively reduce the bleeding risk in 
patients. Thus, to ensure that HFM can effectively achieve 
its self-anticoagulation function, many researchers hypothe-
sized that membranes that can significantly extend the blood 
clotting time can function as self-anticoagulant membranes. 
For instance, some reports have shown that modified mem-
branes can extend the APTT by more than 600 s (greater 
than the detection limit of this assay) [203]. Although, such 
a delay in clotting may be beneficial, it also poses a hidden 
danger of increasing the bleeding risk.

Negatively charged polymers have been widely used to 
increase the surface negative charge to improve the self-
anticoagulant performance of HFMs. However, it is rec-
ognized that negatively charged surfaces can promote the 
contact activation of FXII [243]. For example, glass can 
activate coagulation [244]. Negatively charged heparin can 
also promote the activation of FXII [245]. Despite its ability 

to activate FXII, heparin functions as an anticoagulant by 
its ability to enhance the activity of ATIII. However, most 
negatively charged polymers cannot perform in this fashion 
[18]. PolyP and nucleic acids with multiple negative charges 
are also known activators of coagulation [243]. Therefore, 
it is necessary to explore the anticoagulant mechanism of 
HFM modified with negatively charged polymers, as it might 
pose a thrombotic risk in patients.

Modifications which Suppress the Immune 
Activation by HFMs

The pathways in which the membrane induces immune 
activation can be divided into the following categories. 
The immune response triggered by complement activation 
and immune cell activation and the immune activation trig-
gered by blood coagulation (e.g., contact activation) path-
ways. Uremic patients themselves are in a state of immune 
activation due to the membrane-induced activation during 
the hemodialysis. The enhancement of the anti-inflamma-
tory property of HFMs can also be realized via multiple 
approaches as illustrated in Fig. 15.

The immune activation induced by contact activation can 
be inhibited by preventing the activation of FXII on mem-
brane surface. Negatively charged surfaces are more likely 
to activate FXII. Hydrophilic surfaces are known to inhibit 
the contact activation of FXII. However, recent evidence 
has shown that hydrophilic surfaces can activate FXII by 
collisional activation [246]. In contrast, some hydrophobic 
surfaces can also inhibit the contact activation on material 
surface due to the competitive effect. The influence of sur-
face properties of HFMs on contact activation needs to be 
explored further. Similarly, reducing the coagulation activa-
tion induced by the membrane, in general, can also reduce 
immune activation. For example, grafting heparin onto the 
membrane surface can effectively reduce the immune activa-
tion triggered by HFMs [101].

To reduce complement activation induced by the HFM 
surface, the following principles are recommended for 
designing HFMs. First, the surface of the membrane should 
have only a limited number of hydroxyl or primary amine 
groups as these groups can form covalent bonds with com-
plement proteins (e.g., C3b), which could lead to comple-
ment activation by the alternate pathway. Second, surfaces 
with good resistance to protein fouling are recommended; 
these surfaces can effectively reduce the adhesion of com-
plement proteins thereby preventing the activation of the 
complement system. However, this principle may not be gen-
eralizable. It is worth noting that highly protein-resistant 
hydrophilic surfaces can trigger the activation of comple-
ment proteins [247]. In contrast, some relatively hydropho-
bic surfaces have less complement activation. This is mainly 
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due to the protein adsorption competition and the adsorption 
of complement inhibitory proteins. In addition, proactively 
recruiting inhibitory proteins such as factor H and C1INH 
on material surfaces can also inhibit complement activation 
[248]. By conjugating the 5C6 peptide, a molecule that has 
strong binding affinity toward factor H without modifying its 
inhibitory activity, is shown to be effective [249].

By inhibiting the immune factors generated by the ure-
mic patients themselves or due to hemodialysis treatment, 
immune activation can be prevented from being aggravated. 
For example, vitamin E-coated membranes are currently 
the most mature HFM that can suppress immune activation 
[250]. The use of vitamin E-coated membranes can decrease 
oxidative stress and improve inflammatory status and anemia 
but cannot suppress complement activation [251]. In addi-
tion, immobilization of the superoxide dismutase/catalase 
enzyme combination, tannic acid, resveratrol, alpha-tocoph-
erol and alpha-lipoic acid are used to generate antioxidative 
surfaces [252–257].

In the process of pursuing HFMs with self-anticoagulant 
properties, the immune activation is particularly worthy of 
attention. Since the anticoagulant function of HFMs may 
not be as strong as that of systemic anticoagulants, there 
is a greater risk of coagulation during hemodialysis due to 
immune activation, which can result in thrombosis.

Many studies have explored the phenomenon of immune 
activation on the surface of nanoparticles [168]. Due to the 
difficulty in characterization, the investigation of immune 

activation by HFMs has not been systematically studied 
but we can still learn from the experience of nanoparticles. 
In terms of complement activation, simply by improving 
the material’s protein fouling resistance, we may not be 
able to lower complement activation by HFMs. In contrast, 
there is evidence that the graft density, molecular weight, 
and even molecular weight pairing of the same modifier 
can have large influences on complement activation levels 
[247, 258]. Similarly, in terms of contact activation, the 
curvature of the material can even force the FXII to appear 
in two forms: lying down or standing [259, 260]. It can 
be argued that modification with different polymers and 
the architecture of the polymer on the HFM surface, can 
lead to greater differences in immune activation. These 
thoughts need to be systematically explored in the future. 
The rapid development of computer simulations may pro-
vide convenient avenues for future exploration.

Although many studies have explored the adsorption 
and denaturing of immune-related proteins on mate-
rial surfaces, it is worth noting that studying single pro-
teins may lead to incorrect interpretation. This is mainly 
because many immune-related proteins exist in the form 
of complexes or act in a complex manner. For the mate-
rial surface, the adsorption of immune-related proteins 
may lead to the activation or adsorption of other proteins 
[168]. For example, the adsorption of immunoglobulins 
can determine the complement opsonization efficiency of 

Fig. 15   Schematic illustration of different strategies for endowing HFMs with resistance to immune activation
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materials [261]. These complex situations also pose chal-
lenges for future mechanism exploration.

Current State of the Art on Laboratory‑based 
Hemocompatibility Modifications on HFMs

The reported hemocompatibility modification methods for 
HFMs are summarized in Table 2. As shown in Table 2 
(in order of publication date), a large number of surface 
modification methods are applied on diverse substrates 
and membranes. These modified membranes can mini-
mize protein fouling and inhibit coagulation, complement 
activation, and platelet adhesion and activation to a cer-
tain extent. As shown in Table 2, in addition to explor-
ing the antifouling property of the membrane, the most 
explored aspect is the effect of membrane on coagulation 
which indicates that improving the anticoagulant property 
of membrane is one of the current research focuses [20, 
23]. There are only a handful of reports on the influence 
of HFMs on the activation of immune system including 
the activation of the immune cells [262]. Although this 
information is very important in the design of improved 
hemocompatible HFMs, it is clearly overlooked. Further 
research is needed in this direction to improve the perfor-
mance of HFMs. Another important information gained 
from the summary is that a large number of HFM modi-
fication methods reported are not suitable for HFMs or 
large-scale production. This points to the challenges in the 
adoption of laboratory research into industrial manufac-
turing and clinical practice. Finally, it is worth noting that 
the interaction of HFMs with blood is multifaceted but the 
currently used methods to characterize such interactions 
are relatively incomplete. This can affect the quality of the 
data generated and the assessment of the hemocompatibil-
ity of HFMs. Therefore, it is necessary to adopt more com-
prehensive, holistic and specific characterization methods 
to assess the hemocompatibility of HFMs.

Conclusions and Outlook

Great progress has been made in altering the surface prop-
erties of HFMs to improve their hemocompatibility. HFMs 
have evolved from the original cellulose-based membranes 
to the current high-flux synthetic polymer-based membranes. 
HFMs have been further modified to improve their hemo-
compatibility (e.g., heparin-coated and vitamin E-coated 
HFMs) and are currently used in clinics. Many modifica-
tion methods have also emerged to improve the hemocom-
patibility of HFMs, and some of these methods are simple 
and efficient for HFM modification. These emerging new 
methods undoubtedly provide convenient ways to further 
improve the hemocompatibility of HFM.

Recent developments in surface modification approaches 
and self-anticoagulant materials have demonstrated signifi-
cant improvements in the antifouling and antithrombotic 
performances of HFMs. These modified membranes are 
expected to play an important role in heparin-free hemo-
dialysis in the future, which may reduce the bleeding risk. 
Importantly, the demonstration of such heparin-free hemo-
dialysis using self-anticoagulation HFMs has been reported 
recently using animal models. Although the duration of such 
experiments is only one hour, it undoubtedly demonstrates 
the outlook of such technologies and the future heparin-free 
hemodialysis model.

Although great progress has been achieved in improving 
the antifouling and antithrombotic properties of HFMs, these 
evaluations also need to be further combined with assays 
that mimic clinical conditions. For instance, the inclusion of 
flow and shear conditions in the analysis should be impor-
tant. In addition, the analysis and approaches to prevent 
immune activation by HFMs are also important, as uremic 
patients are in a state of hyperinflammation, which is pos-
sibly caused by exposure to HFMs. Many of the developed 
modification techniques for HFMs are demonstrated on flat 
sheet membranes, however, these methods may not be suit-
able for hollow fibrous membranes due to the complexity of 
dialyzer manufacturing. Thus, new methods that are suitable 
for use with hollow fibrous membrane dialyzers should be 
developed.

In addition, the mechanistic understanding of blood inter-
actions with the surface of HFMs is not deep enough cur-
rently. This has further limited our ability to develop novel 
modification strategies to improve the hemocompatibility 
of HFMs. Many modification strategies are available; how-
ever, due to the lack of deeper understanding of the blood 
interaction with HFMs, it is difficult to adopt such meth-
ods to improve the performance of HFMs. For example, a 
large number of convenient chemical tools have been devel-
oped for surface modification of HFMs; however, there 
are not enough data available currently on how to control 
the adsorption behavior of proteins on HFM surfaces and 
how the protein adsorption behavior relates to the surface 
properties.

To obtain these advanced guidelines, interdisciplinary 
collaboration will be essential. For example, developing 
techniques of gene editing and recombinant protein tech-
nology are time-consuming for material-based groups, but 
these techniques are essential for exploring the function of 
proteins on the material's surface; thus, collaboration is man-
datory. The exploration of the development of guidelines on 
hemocompatibility is challenging for material-based groups, 
including the requirement for significant R&D funds, low 
near-term rewards, the risk of disclosing research results, 
and the difficulty of establishing links with expert groups. 
Thus, materials scientists must step out of their comfort 
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zones to make this happen. Other future perspectives include 
collaboration with the hematology group to develop practi-
cal methods for blood interaction characterization methods 
and investigating the impact of materials on the blood sys-
tem. Work with immunology experts to develop practical 
strategies for immune-response characterization and inves-
tigation of the impact of materials on the immune system. 
Further collaboration with pathology experts to develop 
practical animal models of renal failure, etc.

To gain a deeper understanding of the interaction between 
blood and HFMs, more comprehensive and professional 
characterization methods that mimic clinical conditions are 
necessary. The common methods currently used to charac-
terize the hemocompatibility of HFMs are not sufficient to 
allow us to conduct a targeted analysis of the interaction 
between the blood and the HFMs. Therefore, a systematic 
hemocompatibility evaluation process and holistic process 
urgently need to be established.

In addition, HFMs can also be used in the treatment of 
other diseases, but these applications put forward higher 
requirements for the hemocompatibility of HFMs. Taking 
the treatment of sepsis as an example, HFMs can bind endo-
toxins through electrostatic interactions, but such HFMs tend 
to have severe protein adsorption and platelet activation. It 
is also worth noting that some advanced treatment models 
have emerged for efficient and convenient blood purification, 
such as microfluidic hemodialysis, artificial nephron filters, 
and active dialyzers. In addition, the application of other 
adjunctive blood contact materials, such as self-anticoagu-
lant materials instead of direct administration of heparin, can 
potentially reduce the bleeding risk suffered by patients and 
will be a future investigational area of interest.
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