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Abstract

Haemodialysis is life sustaining but expensive, provides limited removal 
of uraemic solutes, is associated with poor patient quality of life and has a 
large carbon footprint. Innovative dialysis technologies such as portable, 
wearable and implantable artificial kidney systems are being developed 
with the aim of addressing these issues and improving patient care. An 
important challenge for these technologies is the need for continuous 
regeneration of a small volume of dialysate. Dialysate recycling systems 
based on sorbents have great potential for such regeneration. Novel 
dialysis membranes composed of polymeric or inorganic materials are 
being developed to improve the removal of a broad range of uraemic 
toxins, with low levels of membrane fouling compared with currently 
available synthetic membranes. To achieve more complete therapy 
and provide important biological functions, these novel membranes 
could be combined with bioartificial kidneys, which consist of artificial 
membranes combined with kidney cells. Implementation of these 
systems will require robust cell sourcing; cell culture facilities annexed 
to dialysis centres; large-scale, low-cost production; and quality control 
measures. These challenges are not trivial, and global initiatives involving 
all relevant stakeholders, including academics, industrialists, medical 
professionals and patients with kidney disease, are required to achieve 
important technological breakthroughs.
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miniaturize home haemodialysis devices are currently underway23, 
including the development of dialysis membranes to enable longer 
and more effective blood purification, systems to mimic selective ion 
transport in the nephron24 and sorbents and membranes for dialysate 
regeneration25. Such regeneration reduces the amount of water that 
is required for each treatment session and could thereby reduce the 
ecological impact of dialysis26.

Despite these important advances, few portable artificial kidney 
(PAK) and wearable artificial kidney (WAK) devices are being devel-
oped25. Most of the current devices are fairly bulky (10–30 kg including 
the dialysate) and further miniaturization and/or the development of 
implantable devices will require several challenges to be overcome, 
such as the development of more compact and efficient dialysate regen-
eration systems, improved toxin removal and long-term maintenance 
of membrane patency. In this Review, we discuss the current efforts 
aimed at overcoming these challenges as well as future perspectives 
for achieving miniaturized dialysis.

Dialysate regeneration
A single 4-h haemodialysis session generally uses 120–150 l of dialysate. 
The miniaturization of dialysis machines to create an efficient portable 
or even wearable device will require the development of strategies to 
enable continuous regeneration of a small volume of dialysate in a 
closed-loop system (Fig. 1).

Removal of organic solutes and ions
Dialysate regeneration systems commonly use cation exchangers (e.g. 
zirconium phosphate27 or polystyrene-based resins28) to exchange 
potassium for other cations (primarily Na+ or H+). Dialysate electrolyte 
concentrations are kept within an acceptable range through various 
strategies, such as dilution with sodium-free dialysate (to prevent Na+ 
release to the patient) and the use of basic anion exchangers that neu-
tralize H+ and release bicarbonate or hydroxide ions (OH−). Ca2+ and 
Mg2+ depletion is prevented by replenishment from a reservoir or by 
preloading the cation exchanger with Ca2+ and Mg2+ (ref. 28). Phosphate 
is removed by anion exchangers such as (hydrous) zirconium oxide27 
or polystyrene-based resins with immobilized metal ions such as lan-
thanum (La3+) or iron ions (Fe2+ or Fe3+)29 that exchange phosphate 
for a base. This approach may correct metabolic acidosis, which is a 
common complication of kidney failure owing to impaired excretion 
of non-volatile acids. Removal of organic uraemic solutes is mainly 
accomplished by physisorption to activated carbon with a surface 
area commonly within the range 500–1500 m2/g30. Activated carbon 
has been reported to adsorb 81% of the organic uraemic solutes that 
are identified in spent dialysate, including protein-bound solutes31.

Removal of urea
Urea removal is one of the main challenges for dialysate regeneration32. 
During conventional single-pass haemodialysis, urea is easily removed 
from the blood to the dialysate compartment via diffusion. By con-
trast, removal of urea from closed loop dialysate circuits in WAK sys-
tems is difficult32. The affinity of activated carbon for urea is fairly low 
(0.1–0.2 mmol/g at uraemic concentrations32) and urea is fairly unre-
active (uncharged at physiological pH and neither very nucleophilic 
nor electrophilic). Moreover, the daily molar production of urea — the 
primary nitrogenous waste product — is higher than that of other waste 
solutes (240–470 mmol per day, depending on protein intake33). Several 
urea removal methods are available, including enzymatic hydrolysis, 
electrochemical decomposition and adsorption.

Key points

 • Haemodialysis is expensive and is associated with high patient 
mortality and poor quality of life; portable, wearable and implantable 
artificial kidney systems are being developed to improve patient care.

 • An important challenge for designing portable or wearable artificial 
kidney systems is the continuous regeneration of a small volume of 
dialysate; recycling systems based on sorbents have great potential 
for dialysate regeneration.

 • Novel dialysis membranes composed of polymeric or inorganic 
materials are being developed to improve the removal of uraemic 
toxins, with low levels of membrane fouling.

 • Bioartificial kidney systems can provide important biological 
functions and thereby potentially improve patient outcomes; however, 
their implementation has manufacturing, feasibility and logistics 
challenges.

 • Important technological breakthroughs can be achieved via global 
initiatives involving relevant stakeholders including academics, 
industrialists, medical professionals and patients.

Introduction
Kidney failure is an increasing public health care problem, with 
~4.7 million patients worldwide receiving kidney replacement therapy 
(KRT) in 2021 (refs. 1–3). The growing number of patients is the result 
of several factors, including an increased number of people at risk, for 
example, owing to hypertension4 and/or diabetes mellitus5, an ageing 
population and events such as the COVID-19 pandemic6. Kidney trans-
plantation is the only curative form of KRT but is often not available or 
patients are not eligible. Hence, many patients with kidney failure rely 
on haemodialysis or peritoneal dialysis.

Despite its life-sustaining nature, dialysis results in a considerable 
burden for patients and is associated with a low quality of life7–9 and high 
morbidity and mortality10. Haemodialysis is expensive, invasive and 
offers low patient mobility and autonomy compared with peritoneal 
dialysis; however, the efficacy of peritoneal dialysis is lower than that 
of haemodialysis and technique failure is often unavoidable after a 
few years11. Home dialysis, both home haemodialysis and peritoneal 
dialysis, offers patients more flexibility, mobility and autonomy than 
in-centre dialysis and may improve their well-being12,13. In addition, 
home haemodialysis enables the use of intensive treatment protocols 
(e.g. 6x2h or 6x8h per week) that are associated with improvements 
in survival and uraemic symptoms14–16 compared with less intensive 
protocols (3x4h per week)17, but are difficult to attain with conventional 
in-centre haemodialysis. Home haemodialysis is also cost-effective 
when compared with conventional in-centre haemodialysis18, although 
reimbursement policies vary among countries.

The COVID-19 pandemic and resulting requirement for self-
isolation as well as the advent of small, easy-to-use haemodialysis 
machines that do not require modification of the home to provide 
a purified water source have led to a resurgence in interest in home 
haemodialysis. Several devices, including the Physidia S3 (ref. 19), 
Quanta SC20 and NxStage21, are in clinical use and the DIMI22 device 
is undergoing clinical testing. Various initiatives to improve and/or 
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Enzymatic hydrolysis. Urease-catalysed hydrolysis of urea into ammo-
nium and bicarbonate is very efficient. In theory, <1 g of active urease 
is sufficient for complete urea removal from the dialysate during a 4-h 
dialysis session in a patient with uraemia32. In practice, urease needs 
to be immobilized to a solid support and sterilized before use; there-
fore, ~30–50 g of immobilized urease is typically needed for a dialysis 
session32. Unfortunately, urea hydrolysis results in the production of 
ammonium, which is much more toxic than urea. A urea removal strat-
egy based on urease should therefore be complemented by a strategy 
to remove ammonium.

The first system for dialysis regeneration was the Recirculating 
Dialysis (REDY) sorbent system, which uses zirconium phosphate to 
bind ammonium34. However, zirconium phosphate also completely 
removes calcium, magnesium and potassium ions from the dialysate. 
These ions need to be re-infused from a separate reservoir, which 
enables personalization of calcium, magnesium and potassium con-
centrations in the dialysate but increases the size and weight of the 
device. The adsorbed cations are exchanged for hydrogen and sodium 
ions. The released protons (partially) react with bicarbonate gener-
ated during urea hydrolysis to form water and carbon dioxide, which 
can be effectively removed from the dialysate circuit via a degasser. 
However, sodium release is a concern as higher dialysate sodium con-
centrations are associated with hypertension and weight gain between 
dialysis sessions35. To prevent a rise in dialysate sodium concentration, 
a sodium-free dialysate reservoir could be used to dilute the released 
sodium, but this approach would be at the expense of miniaturization32. 
Alternative methods for ammonium capture that minimize Ca2+ and 
Mg2+ removal and Na+ and H+ release should be explored, such as use 

of a gas-permeable hydrophobic coating for zirconium phosphate to 
enable binding of ammonia (NH3)32,36.

Electrochemical decomposition. Electrochemical decomposition 
of urea into compounds that can be outgassed from the dialysate can 
be achieved using a compact, lightweight and durable device with 
reusable electrodes32. During direct oxidation, urea is converted at the 
anode into N2 and CO2. During indirect oxidation, oxidizing chlorine 
species such as hypochlorite (OCl−) are generated at the anode and 
subsequently convert urea into N2 and CO2. To date, no material has 
been found that is selective for urea oxidation over chloride oxida-
tion at neutral pH; therefore, indirect oxidation of urea occurs under 
these conditions. The direct oxidation of urea at neutral pH requires 
large overpotentials37, which is the additional voltage required for 
the reaction to occur that exceeds the theoretical value. With a higher 
overpotential, additional reactions are also more likely to occur. For 
example, reactive chlorine species such as chloramines and chlorine 
can be formed owing to the abundant presence of readily oxidizable 
Cl− ions in the dialysate. Other unwanted by-products include nitrite, 
nitrate, ammonium and cyanate32.

One approach to urea electro-oxidation that substantially reduced 
chlorine by-product formation involved optimizing the electrode 
distance and current density using a graphite electrode system38,39. 
This approach resulted in a urea removal rate of 16 mmol/h. However, 
glucose degradation products were still formed, compromising the 
biocompatibility of the system40. The application of an aquaporin-
based biomimetic membrane that is permeable for urea but blocks 
other solutes has also been proposed41. This membrane adds an 
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Fig. 1 | Dialysis technologies. a, Single-pass haemodialysis is the most common 
modality of kidney replacement therapy, but requires very large volumes of 
dialysate, which limits the portability of the system. b, Portable and/or wearable 
haemodialysis devices use dialysate regeneration systems based on chemical 
sorbents, urease, electro-oxidation, photo-oxidation or combinations of these 
approaches. c, Haemodialysis can also be performed using an implantable dialysis 
filter (typical Si-wafer based) with an external regenerative dialysate circuit. 

d, Fully implantable artificial kidneys are also being developed. These systems use 
a silicon-wafer filter as an artificial glomerulus in combination with an artificial 
tubule module (which might be a bioreactor or a fully technological approach) 
that has a urine outlet to the bladder. e, Single-pass peritoneal dialysis also 
uses large volumes of dialysate (image shows typical tidal peritoneal dialysis). 
f, Peritoneal dialysis can also be miniaturized using dialysate regeneration 
systems. This approach is suitable for continuous flow peritoneal dialysis.
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additional loop to the dialysate circuit that enables urea to reach the 
electrodes but blocks glucose molecules. The mass transfer coef-
ficient for urea through the membrane was reportedly 3 orders of 
magnitude larger than that of glucose. Furthermore, a urea removal 
rate of 0.32 mg cm−2 h−1 was achieved, suggesting that an electrode 
area of 0.2 m2 would be required for the removal of 15 g urea per day41.

Light assisted photo-electrocatalytic oxidation of urea has 
been investigated using titanium dioxide (TiO2) as both the photo-
active material and the electrocatalytic material for urea oxidation 
at neutral and alkaline pH41–43. At neutral pH, a urea removal rate of 
2.7 μg cm−2 h−1 was achieved. This finding suggests that a total electro-
catalytic electrode area of 0.23 m2 would be sufficient for targeted 
removal of 15 g of urea per day44. This device is reported to be selective 
for urea at neutral pH based on comparison of the Faradaic current 
(six electrons are necessary to remove 1 urea molecule) and the amount 
of removed urea. However, selectivity of direct urea oxidation over 
indirect oxidation via chlorine by-products generated at the electrode 
has not yet been proven. The study also reported an increase in reac-
tive chlorine species to almost 1.0 mg/l in the first hour. This increase 
equilibrates to ~0.6 mg/l until the end of the experiment after 4 h. As the 
measured chlorine species also react with urea, whether urea removal 
was via direct oxidation at the electrode surface or indirect oxidation 
via the formation of active chlorine species is not clear44.

To date, selective and direct urea oxidation rather than chloride 
oxidation has only been achieved in an alkaline environment with 
mostly nickel (Ni)-based catalysts37,42,43. Anodic oxidation of urea over 
these catalysts is energetically favourable compared with the oxygen 
evolution reaction when generating hydrogen at the cathode (0.37 V 
versus 1.23 V). Ni-based catalysts are already used for wastewater treat-
ment and hydrogen storage and generation technologies. Advances in 
the removal of urea via electrolysis and photo-electrocatalytic oxida-
tion have also enabled the development of direct urea fuel cells37,42,43. 
Although early studies using NiOOH catalysts reported that urea is 
mostly converted into N2 and CO2, data published in the past few years 
suggest that urea is mostly converted into nitrite (up to ~80%) as well as 
small amounts of cyanate and other by-products45–47, which are highly 
toxic. Both the selectivity towards N2 over nitrite and the require-
ment for a high alkaline solution would have to be solved to enable an 
Ni-based catalytic system to be used for dialysate regeneration. The 
addition of Cu atoms or polymer coatings to the Ni catalyst has been 
shown to increase the amount of N2 versus nitrite that is produced 
during urea electrolysis45,46.

Adsorption. Urea sorption relies on the formation of covalent or coor-
dination bonds with urea acting as the nucleophile (chemisorption) or 
hydrogen bond formation and dipole interactions (physisorption). 
To remove daily urea production during a 2–8-h dialysis session with 
a reasonable amount of sorbent (<0.5 kg), both high binding capacity 
and fast sorption kinetics are required. In general, chemisorption is an 
exothermic process in which strong, practically irreversible covalent 
bonds are formed. However, the kinetics of urea chemisorption are 
relatively slow. Urea physisorption is a faster process than chemisorp-
tion, but the resulting bonds are weaker and sorbent-bound urea is in 
equilibrium with urea dissolved in the dialysate, resulting in a decrease 
in the amount of urea bound per time unit when the dialysate urea 
concentration decreases during a dialysis session. As mentioned above, 
most types of activated carbon have relatively low urea-binding capac-
ity (UBC), approximately 0.2 mmol/g at an equilibrium urea concentra-
tion of 20 mM, which can be enhanced by cooling and increasing the 

number of functional oxide groups48–53. Silicon dioxides (silica) and 
zeolites seem to be attractive urea sorbents with reported UBCs of 
0.2–8 mmol/g at an equilibrium urea concentration of 20 mM48,49,53; 
however, aluminium leaching from zeolites is a potential hazard.

Two-dimensional metal carbide nanosheets known as MXenes 
bind urea via hydrogen bonds and dipole interactions54. The UBC of 
MXenes of titanium carbide (Ti3C2Tx with Tx representing terminal 
surface groups O−, OH− and F−) was relatively low at 37 °C (0.12 mmol/g). 
A computational chemistry study showed that MXenes of Cd2C and 
Mn2C may be most appropriate for urea sorption55. Chitosan, a lin-
ear polysaccharide composed of randomly distributed β-1,4-linked 
d-glucosamine and N-acetyl-d-glucosamine units, is capable of bind-
ing urea via hydrogen bonds, albeit with fairly low binding capacity 
(<0.2 mmol/g)56. Complexation of chitosan with metal ions (e.g. Cu2+) 
could increase urea binding (up to 4.4 mmol/g at a urea concentration 
of 30 mM) via coordinate bonds between urea and metal ions57–59.

Several studies have investigated the use of molecularly imprinted 
polymers (MIPs) for urea adsorption. Urea is used as a template during 
the synthesis of the polymer and recognition of urea by the polymer is 
based on hydrogen bonding. These studies have reported high UBCs of 
the MIPs; a UBC of 6.3 mmol/g was reported for a MIP based on meth-
acrylic acid as the functional monomer (unfortunately [urea] was not 
reported)57 and a UBC of 0.4 mmol/g (at [urea] 16.7 mM) was reported 
using ethylene-co-vinyl alcohol as a functional monomer60,61. Chitosan 
has also been used to design urea-imprinted polymers but the resulting 
UBC was very low (0.16 ± 0.003 mmol/g)62.

Our studies using methacrylic acid, acrylic acid, sorbitol di-meth-
acrylate and allyl urea as functional monomers resulted in low UBCs 
of the MIPs (<0.1 mmol/g) (K.G., unpublished work). However, when 
urea was dissolved in an organic solvent, we found that the UBCs of 
the MIPs were close to the theoretical maximums based on the number 
of imprinting sites. We obtained high UBCs (up to 3.2 mmol/g) with 
macromolecular compounds using phenyl glyoxaldehyde and nin-
hydrin as functional units that contain adjacent highly electrophilic 
(hydrated) carbonyl groups that covalently bind the nucleophilic 
sites of urea (nitrogen atoms) by formation of an energy-favourable 
5-membered ring. However, the urea sorption kinetics were relatively 
slow (~0.6 mmol/g in 8 h at 37 °C)63,64. To improve the kinetics and 
total urea removal, we incorporated polystyrene ninhydrin particles 
in a polyethersulfone (PES)/polyvinylpyrrolidone (PVP)-based mixed 
matrix membrane (MMM)65 (Fig. 2). At 70oC, the UBC of this MMM was 
higher and the binding kinetics were faster than that of the particles 
alone. These differences were probably due to increased accessibility 
of the sorbent and low particle aggregation within the MMM. We found 
that urea removal by the MMM was due not only to chemisorption 
(owing to interaction with the Nin functional groups, which comprised 
the highest percentage of urea binding) but also to physisorption 
(probably owing to urea–urea hydrogen bonding)65. Further studies 
are required to optimize the sorbent and MMM to achieve high urea 
removal at 37oC.

In our opinion, dialysate recycling systems based on sorbents have 
great potential for implementation in PAK and WAK systems. However, 
the potential ecological benefit of such systems related to low dialysate 
water consumption needs to be weighed against the ecological foot-
print of sorbent production and recycling26. Notably, ninhydrin sorb-
ents can be regenerated using strong acid (K.G., unpublished work). 
This technique is probably too complex and/or hazardous for the home 
setting so should be performed at a central location after return of the 
used sorbent cartridges, which would entail a logistical challenge.
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Membranes for artificial kidneys
Current haemodialysis membranes can provide high removal of small 
water-soluble uraemic solutes and toxins (molecular weight <500 Da, 
e.g. urea and creatinine), but fail to provide sufficient removal of 
middle and large solutes and toxins (molecular weight >500 Da, e.g. 
β2-microglobulin and parathyroid hormone) and of protein-bound 
uraemic toxins (PBUTs, e.g. indoxyl sulfate or p-cresol sulfate). To 
achieve more effective removal of uraemic solutes, the membranes 
should mimic kidney glomerular filtration66 and have high molecular 
weight cut-offs close to, but lower than that of albumin (~66 kDa)67. 
During conventional haemodialysis, the removal of uraemic toxins 
takes place in an intermittent manner, typically for 4 h, three times 
per week. Longer and/or continuous KRT with PAK or WAK devices 
would more closely mimic the continuous nature of kidney filtration 
and likely improve patient outcomes68–70. However, longer operational 
times pose additional challenges for membrane dialysers, including 
long-term haemocompatibility and minimization of blood clotting.

Polymeric membranes
Most currently available synthetic dialysis membranes are composed 
of hydrophobic polymers such as PES or polysulfone blended with 
hydrophilic additives, such as PVP to improve biocompatibility. How-
ever, these additives could be eluted from the membrane during steri-
lization or long-term use71–73. To solve this problem, various methods 
of grafting and/or coating of hydrophilic additives to the membrane 
have been proposed. One such approach involved modifying polyvi-
nylidene fluoride membranes by coating them with polyvinyl alcohol 
and chitosan to improve biocompatibility74.

Researchers have also grafted argatroban, a direct thrombin inhib-
itor, onto the surface of a polysulfone membrane, to reduce thrombo-
sis75. Similar antithrombogenic results were obtained by immobilizing 
argatroban and mPEG-NH2 onto a PES membrane surface76. We have 
developed membranes based on blends of PES and SlipSkin, which 

have very good haemocompatibility (e.g. low cell adhesion and low 
complement system activation) and provide high removal of uraemic 
toxins77,78. SlipSkin is a random copolymer consisting of hydrophilic 
N-vinylpyrrolidone and hydrophobic N-butylmethacrylate) moieties 
that does not elute from the membrane within 24 h of filtration78.

Silicon-based membranes
Despite their broad implementation, polymeric membranes have limi-
tations that could decrease their potential for further miniaturization79. 
They often have long tortuosity, which limits permeability, and rela-
tively high hydraulic resistance requiring application of rather large 
blood pumps. Their pore-size distribution is also relatively broad, which 
limits filtration selectivity. Silicon-based nanoporous membranes 
(SNMs) can have very uniform nanopores (<1% deviation between pore 
sizes) within the size range required for haemodialysis and haemofil-
tration (5–10 nm)79–81. However, the porosity of these membranes is 
low (≤1%). To improve permeability, SNMs have been fabricated with 
arrays of nanoslits79–81 (10 nm wide and 4.5 μm long). However, these 
nanoslits have to be spaced 100 nm to 2 μm apart owing to photolitho-
graphic limitations; hence, the membrane porosity remains relatively 
low. Nanoporous membranes have also been developed from silicon 
nitride (SiN) with a porosity of up to 40%82. However, their pore sizes 
(40–80 nm) are far too large for haemodialysis applications. Impor-
tantly, owing to the poor haemocompatibility of silicon, a hydrophilic 
coating is crucial to prevent protein deposition, platelet aggregation 
and thrombosis. Polyethylene glycol (PEG) brushes are often applied 
to improve haemocompatibility but these degrade over time81. Hence, 
for application in an implantable artificial kidney, much longer lasting 
alternatives are needed.

The Kidney Project researchers utilize a SNM in their bioarti-
ficial kidney (BAK)83. Studies of this SNM have demonstrated that 
0.17 m2 of membrane surface (10× less than that of current dialysers) 
would be required for 3× 8-h dialysis at a standard targeted Kt/V of 
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is pumped through a mixed matrix membrane (MMM) hollow fibre device 
consisting of polystyrene ninhydrin particles within a polyethersulfone (PES)-
based polymer matrix. Ninhydrin contains highly electrophilic carbonyl groups 
that covalently bind to the nitrogen atoms of urea and thereby remove  

it from dialysate solution. b, Urea removal by the MMM at 70°C under static 
(stirring) and dynamic (filtration and recirculation) conditions. Urea removal 
is estimated per grams of particles incorporated into the membrane matrix. 
Adapted from ref. 65, CC BY 4.0 (https://creativecommons.org/licenses/ by/4.0/).

http://www.nature.com/nrneph
https://creativecommons.org/licenses/by/4.0/


Nature Reviews Nephrology | Volume 19 | August 2023 | 481–490 486

Review article

2.0 per week84–86. In 2022, a small-scale, arteriovenous, coated silicon 
nanopore membrane haemodialyser was successfully implanted in 
pigs87. After showing patency of the modules for up to 32 days, the 
researchers performed three haemodialysis sessions in 7 days, achiev-
ing blood flow via the arterial venous pressure differential only. Creati-
nine and urea clearance were comparable with traditional fibre-based 
dialysers but at 1/20th of the blood flow rate, which could facilitate 
function via natural blood pressure and potentially eliminate the need 
for a blood pump. An attractive feature of silicon-wafer-based filters 
is that electronics, sensors and micro-actuators (microelectrome-
chanical systems) can potentially be directly integrated onto the SNM, 
enabling further miniaturization. For example, just 5 × 5 mm2 of silicon 
chip surface can hold a complete multiparameter medical monitor, 
including microprocessor, memory and wireless communication88.

Mixed matrix membranes
PBUTs are poorly removed by haemodialysis because their free frac-
tion in plasma is rather low. To improve PBUT removal from plasma, 
we proposed the application of MMMs that combine filtration and 
adsorption89. These MMMs consist of a haemocompatible inner porous 
layer based on PES/PVP90 that is in direct contact with blood plasma, 
and an outer layer composed of activated carbon dispersed within a 
PES/PVP matrix in contact with the dialysate. The inner porous layer 
has hydrophilic and hydrophobic polymer patches, particularly on the 
membrane surface, to ensure low cell adhesion and improve haemo-
compatibility. Toxins that are removed by diffusion and/or convec-
tion through the inner membrane layer are adsorbed to the activated 
carbon particles. This approach leads to a high toxin concentration 
gradient across the membrane, which stimulates further dissociation 
of protein-bound toxins from the proteins, resulting in an increase 
in the free fraction of toxins in plasma. In ex vivo studies, the MMMs 
achieved higher PBUT removal than the membranes of standard dia-
lysers89,91. Moreover, the high adsorptive properties of the membrane 
could enable the application of lower amounts of dialysate than con-
ventional haemodialysis membranes. MMMs can also act as an adsorp-
tive barrier to protect the patient against bacterial pyrogens from the 
dialysate92. These advantages could be important assets for PAK and 
WAK systems where a low amount of dialysate is needed for prolonged 
application. As discussed above, we have also developed an MMM for 
urea removal by adsorption65.

Outside-in filtration
Standard haemodialysis uses the ‘inside-out filtration’ mode in which 
the blood flows in the lumen of the hollow fibre and the dialysate flows 
in the inter-fibre space (IFS). Thrombi can be deposited and blood 
clots can form at the inlet of the fibre, blocking the blood flow through 
the entire fibre and consequently lowering blood clearance and filter 
life93. In the ‘outside-in filtration’ (OIF) mode, the blood flows in the 
IFS while the dialysate flows in the intraluminal space. Thus, thrombi 
that are deposited in the IFS will have minimal effect on membrane 
function because blood can flow around and bypass them without any 
marked reduction in membrane surface area93. Commercial dialysers 
that were designed for standard inside-out haemofiltration can operate 
for more than 100 h when applied in the OIF mode, without a significant 
increase in extracorporeal blood volume94. This advantage of the OIF 
mode could be beneficial for PAK and WAK systems in which a pro-
longed blood filtration time with low membrane fouling and no mem-
brane clogging is needed. We have developed a MMM for OIF mode95 
with an outer membrane layer of PES/PVP and an inner layer of PES/

PVP/activated carbon. This OIF MMM had superior toxin removal from 
human plasma in vitro compared with commercial membranes and to 
an MMM designed for inside-out filtration. These promising results 
warrant further investigation of these membranes under clinically 
relevant experimental conditions.

Activated wafer electro-deionization
The membrane concepts described above are aimed at mimicking glo-
merular function. To use them in a WAK, the system should be equipped 
with a closed loop dialysate regeneration system as described above. 
Alternatively, a technology that reabsorbs water, ions, glucose and 
amino acids from the filtrate could be used to mimic tubular reab-
sorption. Activated wafer electro-deionization (AWEDI) based on a 
combination of ion exchange resins, ion exchange membranes and an 
externally applied voltage has been used to accomplish selective ion 
rebsorption24. The filtrate is flushed through a column or wafer that 
is packed with ion exchange beads. The walls of the column consist 
of an anion exchange membrane on one side and a cation exchange 
membrane on the other. When an external voltage is applied, cations 
move from the dilute stream through the cation exchange membrane 
and anions move through the anion exchange membrane towards a 
concentrated stream surrounding the resin column. The type of ion 
that is exchanged is determined by the resin that is used. Selective 
reabsorption of Na+, K+, Mg2+ and Ca2+ has been demonstrated using the 
AWEDI system24. The researchers equipped their artificial kidney system 
with a nanofilter to retain glucose. However, this approach hampers 
optimal clearance of uraemic toxins with a molecular weight >180 Da.

Another challenge for the AWEDI system is improving the efficiency 
of ion transport and water splitting24. The ion transport efficiency is 
limited by the power density, which is reported to be 25–35 mA/cm2 for 
a typical electro-deionization system. Ion transport is mostly driven by 
water splitting, which generates oxygen and hydrogen gas bubbles and 
a local acidic and alkaline region around the electrodes. Furthermore, 
different wafers can have large variability in ion selectivity (up to 42%) 
depending on their age, bead size and the concentration and pH of the 
feed solution24.

Bioartificial kidney systems
The BAK is aimed at mimicking proximal tubule function by employ-
ing “living membranes” comprising renal proximal tubule cells with 
transport, metabolic and endocrine activity, cultured on artificial mem-
branes. The first BAK applied a commercial haemofilter connected in 
series with a renal assist device96. The renal assist device consisted of 
hollow fibre membranes with a luminal renal epithelial cell monolayer 
(108–109 cells per device). Studies in patients with acute kidney injury 
suggested that the device could improve patient survival, mainly as 
a result of reducing their pro-inflammatory status97. However, these 
studies identified several challenges related to cell source availability, 
storage, distribution and reconstruction at point-of-care facilities. To 
circumvent these issues, the researchers developed a bioartificial renal 
epithelial cell system (BRECS), consisting of niobium-coated carbon 
disks in a perfused housing that were loaded with renal epithelial cells 
derived from adult progenitor cells98. BRECS can be cryopreserved, 
cryostored, shipped and thawed at the end-use location.

To produce an extracorporeal wearable BRECS, the BAK design 
was adapted to support a continuous flow peritoneal dialysis regime. 
The wearable BRECS was tested in anephric sheep for 7 days99,100. Cell 
viability and activity were maintained in the system with extracor-
poreal peritoneal fluid circulation. This study raises the possibility of 
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providing a prolonged and continuous use wearable BRECS without 
the need for an anticoagulated blood circuit.

In the past decade, we have developed a small-scale BAK consist-
ing of conditionally immortalized proximal tubule epithelial cells 
(ciPTECs) on functionalized hollow fibres101,102 (Fig. 3). This BAK can 
be connected in-series with a conventional dialysis filter to enable 
easier integration and compatibility with existing dialysis equipment 
and duration, making it a more feasible option for widespread use in 
clinical settings. This approach enables glomerular filtration, tubular 
secretion and reabsorption to be concomitantly reproduced, provid-
ing a more comprehensive treatment for patients. We demonstrated 
active PBUT secretion by the ciPTECs in vitro through the concerted 
action of basolateral influx and apical efflux transporters expressed 
by these cells as well as reabsorption and subsequent activation of 
vitamin D103–105. In addition, after an inflammatory insult (exposure to 
lipopolysaccharide and IFN-γ), we found increased, polarized secre-
tion of pro-inflammatory cytokines into the extra luminal (filtrate) 
space compared with the intraluminal (blood) space, indicating the 
immunological safety of the system103. We also showed that ciPTECs do 
not exhibit tumorigenic and/or oncogenic potential in vitro or in vivo106. 
Current challenges for this system are upscaling the BAK to a clinically 
relevant size and developing a production process that would make the 
device affordable for maintenance dialysis.

The Kidney Project researchers developed a prototype implant-
able BAK by connecting their biomimetic SNM haemofilter with sub-
10-nm-wide slit pores in series with a bioreactor unit with porcine renal 
cells (LL-CPK1) cultured on an SNM107,108. The system is powered by 
blood pressure and the first operational feasibility study in a healthy 
pig model showed promising results without the use of anticoagulants 
or immune suppressants108.

To support the development of BAKs, experimental studies can 
be complemented by mathematical models that provide a critical 
assessment of factors that are relevant for BAK implementation. For 
example, we developed a 3D mathematical model of our ciPTEC-based 
BAK and used this model to simulate the transport and reaction mecha-
nisms that are associated with the removal of PBUT109. Another study 
developed a model for cell-transport-aided dialysis that incorporates 
the effect of wall-shear stress on the cell monolayer and estimates its 

influence on toxin transport. The researchers concluded that hollow 
fibres with a wavy design would outperform those with a flat surface110; 
however, experimental studies should be performed to calibrate and 
validate these results.

PAK and WAK devices
Several PAKs and WAKs are currently under development. Modified ver-
sions of the REDY system are being used in sorbent-based miniaturized 
haemodialysis and peritoneal dialysis devices. The best known is the 
WAK (~5 kg) developed by Gura and colleagues, which was evaluated 
in three small clinical trials applying shorter (4–8 h) and longer (24 h) 
haemodialysis sessions27,111,112. The system provided effective ultrafiltra-
tion and urea, creatinine and phosphorus clearances of 17 ± 10, 16 ± 8 
and 15 ± 9 ml/min, respectively, over 24 h. However, adverse events 
such as excessive carbon dioxide bubbles in the dialysate and clotting 
of the extracorporeal circuit prompted early termination of the 24-h 
haemodialysis session trial27. The researchers showed that clinically 
relevant (diffusive) middle molecule clearance could only be achieved 
by near-continuous operation of the WAK.

For effective clearance of middle molecules with intermittent 
use of the WAK, the addition of convection may be required, which 
is challenging in a closed-loop system with a small dialysate volume. 
To accomplish such convection, ‘push-pull’ techniques may be used 
based on alternating transmembrane pressure and half-cycle differ-
ences in dialysate volume (created by moving a small volume of liquid 
back and forth across the dialyser within seconds)113. The compact 
Physidia home dialysis system actively uses ‘push-pull’ technology 
for ‘self-convective haemodialysis’19. This technology could be utilized 
in wearable systems using microvalves, which can be integrated into 
standard silicon and microelectronics technology and used to open 
and close fluidic channels and to pump fluid114,115.

The automated WAK (AWAK) is a small (<2 kg) peritoneal dialysis 
device that uses modified REDY technology for continuous (24 h) 
regeneration of dialysate. In 2022, this WAK was evaluated in a first-
in-human clinical trial in 14 patients who were receiving peritoneal 
dialysis116. Treatment with the automated WAK for >10.5 h per day 
for 3 days resulted in significant decreases in the median serum con-
centrations of urea, creatinine and phosphate, from 20.8 to 14.9 mM 
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Final spent dialysate
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Protein-bound uraemic toxin

Small moleculesAlbumin
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Fig. 3 | A bioartificial kidney. Schematic 
representation of a bioartificial kidney integrated 
with a conventional dialysis filter in a series 
configuration. First, the patient’s blood flows 
through a dialysis filter, which removes small 
molecules and medium-sized molecules (up to 
45 kDa) and excess fluid. The blood then enters the 
bioartificial kidney, which consists of immortalized 
proximal tubule cells cultured on polymeric 
hollow fibre membranes. These cells take up 
protein-bound uraemic toxins from the blood 
after release of the molecules from the plasma 
protein (predominantly albumin) to the free solute, 
owing to the higher affinity of the solutes for the 
basolateral influx transporters, which can then be 
secreted into the dialysate via the actions of apical 
efflux transporters. The blood is then returned to 
the patient.
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(P = 0.001), 976 to 668 μM (P = 0.001) and 1.7 to 1.5 mM (P = 0.03), 
respectively, and a weekly peritoneal Kt/V urea of >1.7. No serious 
adverse events were reported, although 73% of the patients experi-
enced abdominal discomfort, which resolved after dialysate drainage 
or bowel movement. Four other PAK devices (>10 kg) are approaching 
first-in-human clinical trials: a home haemodialysis system from Mozart 
Medical, formerly Medtronic, which uses sorbent-based regeneration 
of dialysate23; NeoKidney, which uses modified REDY technology for 
dialysate regeneration117; Diality, which uses a novel sorbent dialysis 
system118; and Qidny, which uses an organic polymer hydrogel for 
urea removal119.

Conclusions and outlook
Current haemodialysis therapy removes a limited range of uraemic 
toxins, is discontinuous and requires large volumes of dialysate, which 
limits portability and patient autonomy. The application of PAK or WAK 
systems requires the development of strategies to enable continuous 
regeneration of a small volume of dialysate. Dialysate recycling sys-
tems based on sorbents have great potential, but their benefits need 
to be weighed against the ecological footprint of sorbent production 
and recycling. Novel dialysis membranes composed of polymeric or 
inorganic materials could potentially provide improved removal of a 
broad range of uraemic toxins via filtration and/or adsorption, with 
low levels of membrane fouling compared with currently available 
synthetic dialysis membranes.

To achieve more complete therapy, such as effective removal of 
PBUTs, and to provide important biological functions, such as pro-
duction of erythropoietin and vitamin D, the new artificial kidney 
systems could be combined with BAKs. However, such an approach 
requires several manufacturing, feasibility and logistics challenges 
to be resolved, including stable and robust cell sourcing, cell culture 
facilities annexed to dialysis centres, large-scale low-cost production 
and quality control measures. Transition of therapy from the dialysis 
centre to the home could be facilitated by equipping (bio)artificial 
systems with smart, unobtrusive miniaturized sensing technologies to 
enable the provision of individualized treatments to improve patient 
outcomes120. For example, body composition (e.g. fluid load, lean mass 
and fat), respiratory rate and haemoconcentration can be estimated 
by bioimpedance spectroscopy121, whereas optical122, ion-selective123 
and electrical conductivity sensors124 can be used to monitor the 
composition of blood and dialysate.

We strongly believe that to achieve important technological break-
throughs that improve haemodialysis, innovators in academia and 
industry and other stakeholders including doctors, nurses and patients 
with kidney disease, need to work together within global initiatives. An 
important example of such a collaboration is the technology roadmap 
for innovative approaches to KRT that was published by the Kidney 
Health Initiative in 2018 (ref. 125). This roadmap has already been 
adopted by many innovators, including the American Association 
of Kidney Patients, the European Kidney Patient Federation and the 
European Kidney Health Alliance, who have developed an initiative — 
The Decade of the Kidney — that actively involves patient associations 
in steering innovations for kidney diseases126–128. Regulatory agencies 
such as the FDA, the EMA and EU-notified bodies as well as standards 
issuing organizations also have a large role in promoting innovation 
and expediting access to new technologies to improve the survival and 
quality of life of patients with kidney failure.

Published online: 5 June 2023
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