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1st Generation
portable devices

10-20 kg

Wearable devices

<3 kg

Implantable
idney

Transportable

23-34 kg

Continuous dialysate regeneration

Alternative 

urea removal

Biohybrid systems  

NxStage Physidia

No fixed water supply

Technology Roadmap for RRT

Low dialysate volume

Short daily 

hemodialysis
REDY

technology

KHI_RRT_Roadmap1.0_FINAL_102318_web.pdf (asn-online.org)

https://www.asn-online.org/g/blast/files/KHI_RRT_Roadmap1.0_FINAL_102318_web.pdf


Wearable/ implantable  dialysis

Wearable monitoring tools



Wearable dialysis: concept based on 
dialysate regeneration 

Miniature artificial kidney

<1L≥25L

DOI: 10.1080/17434440.2018.1462697

https://doi.org/10.1080/17434440.2018.1462697


In partnership with: 



Portable hemodialysis device

➢ ~10kg

➢ Per treatment ~4.5L dialysate + ~1.5/2kg cartridge

➢ 6x2h per week

➢ Dialysate flow 300 mL/min; blood flow (150 – 300 mL/min)

➢ No grounded outlet required

➢ FIH trial in 2024, pivotal trial in 2024/25

➢ CE certificate in 2026
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The WAKTM 
Victor Gura

Clinical trial in 7 patients

➢ 24h/ day via double lumen CVC

➢ REDY technology

➢ Time-averaged clearances compared 

favorably to conventional IHD (3x/week 4h)

➢ Early termination due to device-related 

technical problems, a.o. excessive CO2 

bubble formation

  Gura et al, JCI Insight, 2016;2:1

➢ March ‘21: patent granted for WAK 3.0

US10933183

5 Kg

1 Kg Rechargable battery



New Miniaturized Device for Extracorporeal Ultrafiltration 
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➢ 1.3 kg (with battery)
➢ Polysulfone mini-filter (0.15m2, 

MWCO 50kDa)
➢ Blood flow 10-60 mL/min
➢ UF flow depending on blood flow 

and gravity (height of collection)

In vivo validation
➢ 3 Anesthesized pigs ~50kg
➢ CVC
➢ Blood flow 30 mL/min
➢ Target UF value (1.5L in 6h) 

reached

DOI: 10.1159/000530382
DOI: 10.1159/000529613  



 Clearance

Large concentration gradient between
dialysate and plasma is maintained

 MTAC

➢  Exchanges

➢  Glucose

➢  Peritonitis?

➢  Membrane failure?

➢  Technique survival? 

Peritoneal dialysate regeneration 

DOI: 10.1111/sdi.13097
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https://doi.org/10.1111/sdi.13097


AWAK PD

▪ Tidal mode via single lumen PD catheter

▪ Wearable (3 kg), 3 cartridges per day (à 7h)

▪ Initial fill 0.9-2L, flow 2L/h, tidal volume 250 mL

▪ 24 h/ day, (1-)3 exchanges per day

▪ Modified REDY technology

Results from FIH trial in 14 patients (3 days)

Pre-AWAK Post-AWAK 1 Month FU P-value

Urea (mM) 21 (18-22) 15 (13-15) 21 (19-24) 0.001

Creatinine (µM) 976 (727-1058) 668 (540-827) 964 (751-1092) 0.001

Phosphate (mM) 1.7 (1.5-1.8) 1.5 (1.3-1.7) 1.9 (1.4-2.0) 0.03

Data are presented as median (interquartile range)

Weekly Kt/V 3.0 (IQR 2.2-4.8)
60%: Abdominal discomfort

Htay et al, PDI, 2021, 
DOI: 10.1177/08968608211019232

➢ Currently pre-pivotal trial

https://doi.org/10.1177/08968608211019232


CORDIAL
COntinuous Regeneration of DIALysate 

CORDIAL

Portable nighttime system

2.3 kg

2 kg + dialysate



Low risk system

➢ Continuous rapid cycling (& regeneration) of dialysate 
➢ Flow 100-200 mL/min, ~35-40L in 8h
➢ Tidal volume 300 mL
➢ 1 Exchange per day (icodextrin)
➢ Proof of concept in uremic pigs
➢ First in human trial in 2024

Sorbents

− Activated carbon

− FeOOH

Dialysate 

CORDIAL

Nanofilter

Van Gelder, AJPRenal, 2020;319:F162-170

Van Gelder, Physiol Reports, 2020;8:e14593

~Stable glucose concentration



Tidal 
volume

Glucose 

2x Increase in UF efficiency

CJASN: 1–9, 2023. doi: https://doi.org/10.2215/CJN.0000000000000342

➢ Currently pre-market, multicenter, 
crossover study in 25 patients



Towards implantable - Silicon nanopore membranes

Roy,  Kidney week 2023

SiliconOrganic polymer

➢ High molecular selectivity
➢ Low flow resistance
➢ Batch manufacturing

[C. Cummins et al., Adv. Mater., 2016, 28, 5586–5618]

Silicon

Self-assembled block-copolymer 
patterning masks



Towards implantable

Implantable hemofilter – ‘HD without needles’ Implantable artificial kidney

doi.org/10.1038/s41581-023-00726-9

https://doi.org/10.1038/s41581-023-00726-9
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Wearable 
monitoring tools
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Chip that holds 

electronics for:

• Medical Monitor
• ECG

• Hematocrit/SpO2

• Bio-impedance spectroscopy

• Temperature

• Processor & Memory

• Wireless Charging

• Wireless Data

• PBUT removal?

Utrecht University

https://www.kidneyx.org/PrizeCompetitions/IMEC

Extreme On-Chip
Miniaturization

0.5 cm

https://www.kidneyx.org/PrizeCompetitions/IMEC


Wearable Bio-Impedance

with IMEC Chip

ρ (bioimpedance signal vs UFV = 0.76 (0.66-0.83) 
(66 pts, 133 HD sessions)

R2 = 0.982 within 1 sessionSchoutteten et al, BMC, 2020
Lindeboom et al, NDT, 2022



Pillarwave technology for blood pressure sensing

22

➢ Flexible ultrasound transducer-on-foil 
technology based on use of a piezoelectric 
polymer

➢ Piezoelectric materials generate an electric 
charge when they are mechanically deformed 
(and vice versa)

➢ Use as flexible skin patches for cuffless blood 
pressure measuremenet  

https://doi.org/10.1038/s41467-024-47074-1 



Medical Management Center

➢ Remote monitoring (e.g. blood pressure) + streaming with EPD

➢ First triage by MMC team → limited consultation of specialist 

How to manage all data?
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Further miniaturization

2 Major challenges

➢ Urea removal from dialysate

➢ High clearance with low dialysate volume/ flow



Challenge 1 
Urea removal 

Organic compounds → activated carbon

Potassium and phosphate → ion exchangers

Urea is difficult to adsorb!

- Primary waste product of nitrogen metabolism

- Large daily production 400 mmol/day

- High uremic concentration 20-30 mmol/L

- Toxic at high concentrations!

Urea removal strategies

➢ Enzymatic hydrolysis

➢ Electrochemical decomposition

➢ Sorbents with urea reactive groups

➢ Nanofiltration membranes
DOI: 10.1016/j.biomaterials.2019.119735

https://doi.org/10.1016/j.biomaterials.2019.119735


➢ Large amount of cation exchanger

➢ Postcartridge Ca2+/ Mg2+/ (K+) infusion

➢ Dialysate reservoir to attenuate

electrolyte fluctuations

Urease

(NH2)2CO + 2H2O → HCO3
- + NH4

+ + NH3

Activated carbon

Urease

Zirconium 
phosphate

Zirconium oxide

Binds Releases

Phosphate Hydroxide
Bicarbonate

Ammonium
Potassium
Calcium
Magnesium

Hydrogen
Sodium

Nothing 
(converts urea)

Ammonium
Bicarbonate

Non-urea 
organic 
compounds

Nothing

Several kgs for urea removal!

(Modified) REDY technology

Jack bean

Ash,  Kidney week 2023



Electrocatalyic urea oxidation

Urea + H2O → N2 + CO2 + 3 H2

Scan rate 50 mV/s

WE: NiOOH/hematite CE: AgCl

e-

e-

e-

Sorbents/ membrane

➢ Chemisorption

Filtration

Jong et al, ACS Appl Polym Mater. 2020 

Jong et al, Macromol Biosci. 2020 

Jong et al, ACS Omega. 2019 

Jong et al, ChemistrySelect, 2018

Geremia et al, J Sep Pur, 2021 

US 16/769,264/ EP 18812164.4

PCT/EP2020/082897

PCT/EP2020/082895 

Wester et al, AJPRenal, 2018

Wester et al, Art Org, 2014

Vollenbroek et al., Catalysis Today, 2023



➢ Diffusion + adsorption

Kim, J Mem Sci, 2020

Pavlenko, Sci Rep, 2016

➢ High clearance with low dialysate flows

➢ Improved protein bound uremic toxin removal

WO2006019293

Dual layer hollow fiber mixed matrix membranes

➢ Rodent studies 2024

Porous hemocompatible

particle‐free inner layer

Outer layer embedded with

sorbent particles

Challenge 2 

 Dialysate

Prof Stamatialis



Proof of concept 
in vitro & in vivo 

Van Gelder, AJPRenal, 2020;319:F162-170

Van Gelder, Physiol Reports, 2020;8:e14593

Peritonitis 4h Dwell

(n=28)

Daytime

system (n=3)

Daytime system 

vs CAPD

P-value Nighttime 

system 

(n=15)

Nighttime 

system vs 

CAPD

P-value

Urea
NO 5.4 ± 1.6 6.8 ± 1.7 ×1.3 0.051

YES 5.6 ± 1.9 8.6 ± 3.6 ×1.5 0.029

Creatinine
NO 3.4 ± 0.7 3.9 ± 0.5 ×1.2 0.161

YES 4.0 ± 1.6 10.7 ± 2.0 ×2.7 0.040 6.6 ± 3.9 ×1.7 0.054

Phosphate
NO 2.7 ± 0.8 3.3 ± 0.8 ×1.2 0.242

YES 3.2 ± 1.5 7.2 ± 1.4 ×2.2 0.053 4.9 ± 3.7 ×1.5 0.158

Clearance in pigs

~Stable glucose concentration

CORDIAL



• Primary objective – To assess clinical safety & technical safety

• Secondary objective – To assess efficacy

12 Patients

First in human trial - 2024

CORDIAL

MREC approval obtained

Computational modeling
Design optimization
➢ Dialysate volume
➢ Sorbent mass
➢ Flow rate
➢ Tidal volume
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Creatinine

Urea

Phosphate

▪ Wearable (<5 kg)

▪ CFPD via 2 single lumen PD catheters

▪ Sorbent cartridge: ion exchangers + activated 

carbon; life-time: 4 h

▪ FIH in 5 patients, 8h/session

doi:10.1093/NDT/GFY104.SUO014, 2018



Further miniaturization

2 Major challenges

➢ Urea removal from dialysate

➢ High clearance with low dialysate volume/ flow



Challenge 1 
Urea removal 

Organic compounds → activated carbon

Potassium and phosphate → ion exchangers

Urea is difficult to adsorb!

- Primary waste product of nitrogen metabolism

- Large daily production 400 mmol/day

- High uremic concentration 20-30 mmol/L

- Toxic at high concentrations!

Urea removal strategies

➢ Enzymatic hydrolysis

➢ Electrochemical decomposition
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https://doi.org/10.1016/j.biomaterials.2019.119735


➢ Large amount of cation exchanger

➢ Postcartridge Ca2+/ Mg2+/ (K+) infusion
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Electrocatalyic urea oxidation

Urea + H2O → N2 + CO2 + 3 H2

Scan rate 50 mV/s

WE: NiOOH/hematite CE: AgCl
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➢ Diffusion + adsorption

Kim, J Mem Sci, 2020

Pavlenko, Sci Rep, 2016

➢ High clearance with low dialysate flows

➢ Improved protein bound uremic toxin removal

WO2006019293

Dual layer hollow fiber mixed matrix membranes

➢ Rodent studies 2024

Porous hemocompatible

particle‐free inner layer

Outer layer embedded with

sorbent particles

Challenge 2 

 Dialysate

Prof Stamatialis



Active secretion of protein
bound uremic toxins

Tubular cell

Masereeuw, et al. Sem. Nephrol, 2014; Jansen, et al., Clin. Sci., 2017



Dialysis 
Filter

Tighter fit

PBUTs: 

too big if bound

only free 

fraction

PBUTs “stick to” 

albumin

Toxins 

in blood:
Small

Challenge 3

Protein bound uremic toxin (PBUT) removal



Dialysate

Effluent  

CRRT machine

2-3x Increase in MTAC

Freida et al. PDI 2003 Vol. 23, pp. 348–355

5 Pediatric patients 0-2.5 yrs

Raaijmakers et al. DOI: 10.2215/CJN.00330110



2-3x Increase in clearance 

Dialysate

Effluent  

CRRT machine

Study 1, 2, 5, 6

 Dialysate

Effluent  

CRRT machine

Study 3, 4

Two single lumen catheters

DOI: 10.1111/sdi.13097

https://doi.org/10.1111/sdi.13097


Does it work with single lumen PD catheter? 

➢ Recirculation
➢ Dead volume

Dialysate

Effluent  

CRRT machine
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