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Abstract: The artificial kidney, one of the greatest medical inventions in the 20th century, has saved
innumerable lives with end stage renal disease. Designs of artificial kidney evolved dramatically in
decades of development. A hollow-fibered membrane with well controlled blood and dialysate flow
became the major design of the modern artificial kidney. Although they have been well established
to prolong patients’ lives, the modern blood purification system is still imperfect. Patient’s quality of
life, complications, and lack of metabolic functions are shortcomings of current blood purification
treatment. The direction of future artificial kidneys is toward miniaturization, better biocompatibility,
and providing metabolic functions. Studies and trials of silicon nanopore membranes, tissue engi-
neering for renal cell bioreactors, and dialysate regeneration are all under development to overcome
the shortcomings of current artificial kidneys. With all these advancements, wearable or implantable
artificial kidneys will be achievable.

Keywords: artificial kidney; nanopore silicon membrane; REDY system; cell bioreactor; wearable
artificial kidney; implantable artificial kidney

1. History of the Artificial Kidney

The artificial kidney, also known as a dialyzer, is an unreplaceable part of current
renal replacement therapy. Without dialysis and kidney transplantation, end stage renal
failure meant the termination of a patient’s life in the past. The technology of dialysis has
been developed for decades since the early 20th century. In 1928, Haas used a cellulose
membrane to treat six patients with dialysis with the anticoagulant of hirudin [1,2]. It
ended with no patient survival because of the immature technique.

In 1943, Dutch physician Willem Kolff invented the first practical dialyzer [3], the
rotating drum kidney, which was composed of a 20-m-long rotating cellophane tube
wrapped around a 2 m horizontal drum as the semipermeable membrane. A 67-year-old
patient with acute kidney failure in the course of an exacerbated bile duct infection was
treated with the rotating drum kidney successfully without subsequent renal impairment.
This device could remove uremic toxins but not excessive body fluid, mainly because the
transmembrane pressure produced by gravitation is not sufficient to provide ultrafiltration.
Thus, renal failure with fluid-overload, such as pulmonary edema or hypertension, was
still untreatable with the rotating drum kidney.

After the first successful use of dialysis, the artificial kidney developed rapidly. A
modified dialyzer withstanding higher transmembrane pressure allowed excessive fluid re-
moval [4], a parallel plate dialyzer [5] for lower blood flow resistance and more controllable
ultrafiltration, subtractions of heparin [6] as anticoagulant for dialysis, and advanced shunt
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for steady blood vessel assessment [7] all contributed significantly to the development of
renal replacement therapy. In 1960, the first chronic dialysis facility was established in
Seattle, and end stage renal disease became no longer a fatal disease.

Nowadays, hemodialysis is a standard treatment all over the world for millions of
patients with various diseases from acute kidney injury to end stage renal disease. The
hollow-fibered dialyzer and more efficient machines replaced the old giant rotating drum
kidney. The healthcare industry keeps making new dialyzers to improve patients’ lives.

2. Designs of the Modern Artificial Kidney

Although the new blood purification system is much better in terms of performance,
efficiency, and biocompatibility, the basic idea of blood purification is not different from the
first-generation rotating drum kidney. The primary goals of dialyzers are removing solutes
and excessive fluid from the blood of the patients. To achieve these goals, the designs of
dialyzers are based on four fundamental aspects: structure, performance, biocompatibility,
and membrane material.

2.1. Structure

Modern artificial kidneys are hollow-fibered dialyzers composed of a blood compart-
ment, dialysate compartment, and semipermeable hollow fibers (Figure 1). Structures
of each part of dialyzers influence the fluid mechanism significantly [8]. Theoretically, a
high clearance could be achieved by reduced fluid resistance, membrane thickness, and
expanded surface area.
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Figure 1. Modern design of the artificial kidney: the geometric designs of the modern artificial
kidney are predominantly hollow-fibered. Low fluid resistance and expanded surface area facilitated
the efficiency of dialysis. However, the complicated structure creates multiple dead spaces and
turbulence within both compartments.

The geometric designs have evolved greatly since the first rotating drum kidney,
which was a 20-m-long cellophane tube wrapped around a 2 m horizontal drum and
soaked in a tank of dialysate. In contrast, modern dialyzers are hollow-fibered and much
smaller. The hollow-fibered structures provide better membrane surface area and less fluid
resistance [8,9]. The hollow-fibered design also makes it easier to control pressure in the
blood compartment to achieve precise ultrafiltration [9,10].

There are, however, several drawbacks of hollow-fibered dialyzers. The hollow-fibered
structure creates complicated space in the dialysate compartment, which produces turbu-
lence and dead space [8] and impairs the dialysis efficiency and decreases the predictability
of each dialyzer’s performance. In clinical practice, the hollow-fibered structure requires
careful deaeration before dialysis treatment to prevent air bubbles from staying in the
blood compartment [11]. Considering the advantages of hollow-fibered dialyzers, modern
artificial kidneys are still mostly hollow-fibered.
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2.2. Performance

The performance of each dialyzer depends on its ability to remove solutes and excessive
fluid from the patient’s blood. In regard to blood purification, solutes in the plasma could
be classified based on their molecular weights [12]. In healthy human bodies, small molec-
ular weight solutes (less than 500 Daltons), such as glucose, electrolytes, lipids, urea, and
creatinine, are removed by the kidney through ion channels or diffuse across the cell mem-
brane directly. Middle molecular weight solutes (500-15 k Daltons), such as hemoglobulin,
2-microglobulin, and bilirubin, metabolize in human bodies through various pathways.
Large molecular weight solutes (greater than 15 k Daltons) cannot pass through most
membranes, which create oncotic pressure across semipermeable cell membranes.

To replace the function of the kidney, dialyzers are designed specifically for solutes
with different molecular weights. The semipermeable membrane creates the boundary
between blood and dialysate. Solutes with different molecular weights behave differently
across the membrane on the basis of three main types of clearance: diffusion, convection,
and adsorption.

2.2.1. Diffusion

Diffusion is the random movement of particles from a region of high concentration
to a region with low concentration. Dialyzer efficiency, the permeability of small molec-
ular weight solutes, is determined by membrane surface area, physical characteristics of
the membrane, and temperature [13]. Since the efficiency remains the same for a spe-
cific artificial kidney under fixed temperature. Diffusion is mainly determined by the
concentration gradient across the membrane, which is influenced by blood and dialysate
flow rates. Diffusion predominantly affects small molecular weight solutes such as elec-
trolytes and creatinine. Clearance of middle molecular weight solutes via diffusion is
usually unachievable.

2.2.2. Convection

Convection describes the movement of particles within fluid. The convective clearance
or beta-2-microglobulin clearance of a dialyzer, commonly referred to as membrane flux,
represents the water flux or permeability of middle molecular weight molecules. In an
artificial kidney, the major determinants are ultrafiltration triggered by transmembrane
pressure [14].

Ultrafiltration is a milestone for the development of dialysis, which allows the removal
of excessive fluid in uremic patients. Moreover, solutes are also transported through the
membrane during ultrafiltration. This phenomenon is called solvent drag. Most middle
molecular weight solutes are removed through this mechanism.

2.2.3. Adsorption

Adsorption occurs with the deposition of proteins on the membrane during dialysis,
which creates a biofilm over the inner surface of hollow fibers. The involved particles are
mostly ranged from middle to large molecular weight solutes. Adsorption clearance would
be affected by membrane porosity and charge-dependent selective permeability [15].

2.3. Biocompatibility and Systemic Effects

During dialysis, interactions between blood and the inner surface of hollow fibers
might trigger systemic effects including inflammation [16,17], coagulation [18,19], erythro-
poietin resistance [20], and protein malnutrition [21].

Adsorption during dialysis creates a biofilm which triggers coagulation and inflam-
mation reactions. Coagulation, induced by adsorbed fibrinogen, increases the risk of
intra-dialyzer clotting and post-dialysis thrombocytopenia [19]. Inflammation, triggered by
adsorbed C3b and the activated complement pathway [16], would induce cytokine release,
create oxidative stress, and result in epithelial cell injury, arthrosclerosis, and transient
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granulocytopenia after dialysis [22,23]. Erythropoietin resistance and protein malnutrition
are also induced by similar interactions.

In addition to coagulation and inflammation, other systemic effects such as intra-
dialysis hypotension, hemodialysis induced amyloidosis, and residual renal function loss
are all undesirable complications of blood purification treatment. Improved biocompatibil-
ity is one of the most important goals in future dialyzer development.

2.4. Membrane Material and Characteristics

As an essential part of the artificial kidney, the hollow fiber membrane divides blood
and dialysate compartments with different filtration characteristics. The membrane ma-
terials used in artificial kidneys include cellulose derivatives, polysulfone derivatives
(PSU), polyacrylonitrile (PAN), polymethylmethacrylate (PMMA), and ethyl vinyl-acetate
copolymer (EVAL) [24]. The initial hollow-fibered membranes were mostly built with
cellulose derivatives, but synthetic polymer gradually became the major material because
of better biocompatibility and performance. The hydrophilicity of membranes is a major
determinant of biocompatibility. Hydrophobic synthetic polymer membranes increase the
risk of platelet adhesion [18], Nevertheless, various addictive materials have been doped in
the synthetic materials to improve the biocompatibility [25].

The semipermeable properties of membranes are mostly determined by pore size,
porosity distribution, and thickness, which can be investigated with various methods, such
as electron microscopy, gas adsorption, X-ray diffraction, etc. [26,27]. At present, various
membranes for biomedical engineering such as artificial lungs, plasma exchange therapy,
hemofiltration membranes, and hemoadsorption membranes are contributing to medical
treatment around the world. Extracorporeal membrane oxygenation (ECMO) and the
artificial liver or pancreas are all possible applications of membranes [28].

3. Room for Improvement

The development of artificial kidneys and semipermeable membranes for blood
purification is still ongoing. The advanced synthetic technique, nanotechnology, ac-
cumulated data, and experience of dialysis all contributed to the potential of future
dialyzer development.

The current system of blood purification became mature after decades of development.
From regular dialysis for end-stage renal disease to continuous venovenous hemofiltration
(CVVH) for acute kidney injury in intensive care units, various indications are widely used
clinically all over the world. However, there is still plenty of room for improvement. There
are three main aspects of problems for the current artificial kidneys: patient’s quality of life,
complications of artificial kidneys, and lack of metabolic functions.

3.1. Patient’s Quality of Life

The restriction of life is one of the most unbearable side effects of long-term dialysis.
Renal replacement therapy requires three 4-h-long dialysis courses every week. The time-
consuming course, frequent hospital visiting, water and food restrictions all reduce the
patient’s quality of life, joy of tasting, and freedom of scheduling [29].

To improve patient’s quality of life, the system of dialysis must be modified greatly.
Home dialysis, wearable devices, and even implantable artificial kidneys are all possible
solutions. To achieve this goal, the source of dialysate, fresh water supply, energy sup-
plement, the size of the artificial kidney, and financial costs are all challenges on the path
toward artificial kidneys that provide better patient quality of life.

3.2. Complications of Artificial Kidneys

The problems of biocompatibility and systemic effects are usually accompanied with
hemodialysis. Multiple dialysis-associated complications, such as intra-dialysis hypotension,
dialysis-related amyloidosis, and erythropoietin resistance, reflect the fact that the current
designs of artificial kidneys require further modification and membrane engineering [30].
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The material compositions of hollow-fibered membranes evolved from the original
cellophane to modern synthetic polymer materials or cellulose. Water affinity, a significant
determinant of membrane biocompatibility, is one important difference between cellophane
and synthetic materials. Hydrophilic materials, such as cellophane, induces the comple-
ment pathway more easily. Whereas intra-dialysis coagulation is more common with the
hydrophobic inner surface of hollow-fibered membranes [18]. Hollow-fibered membranes
with better biocompatibility could be created by modifying hydrophilicity with modern
synthetic technology.

Another method of improving biocompatibility is by adjusting the inner membrane
surface with coating materials, such as heparin or vitamin E. Theoretically, heparin can
reduce coagulation reaction and vitamin E is able to improve oxidative stress induced by
inflammation. Parameters of oxidative stress, erythropoietin resistance, and nutritional
status were improved with vitamin E coated membranes in some studies [31-33]. However,
the significance of those coating materials remains debatable [34,35].

Other modifications, such as membrane porosity and geometric designs, can all
influence the biocompatibility of hollow-fibered membranes. Although being reduced,
complications of artificial kidney still limit the capability of hemodialysis after decades
of development.

Rapid fluid removal three times a week, hemodynamic change, oxidative stress, and
blood vessel calcification all contribute to the high cardiovascular risk in patients with
end stage renal disease. Prolonged dialysis duration with nocturnal hemodialysis has
been proved to improve cardiac hypertrophy, blood pressure, and heart function [36,37].
However, nocturnal hemodialysis is practical only if home dialysis or wearable artificial
kidneys are easily available for every suitable patient.

3.3. Lack of Metabolic Functions

Natural kidneys are not just organs of filtration, they are also responsible for several
metabolic functions, such as synthesis of 1,25-dihydroxyvitamin D (1,25(0OH)2 D) [38],
ammoniagenesis [39,40], glutathione metabolism [41], erythropoietin production [42], and
immunoregulatory support [43]. Modern designs of artificial kidneys put much emphasis
on the efficiency of dialysis and fluid removal but not these metabolic functions. To fully
replace renal function, the metabolic functions of the kidney must not be neglected in
future developments.

4. Direction of Future Artificial Kidney Development

Although the system of hemodialysis with hollow-fibered membranes is well estab-
lished, the designs of artificial kidneys are still evolving. There are two major trends of
future development: miniaturization and restoration of metabolic functions.

Miniaturization of artificial kidneys is one of the major goals of recent dialyzer devel-
opment, which enables much easier manipulation of dialysis and allows further wearable
or implantable designs of artificial kidneys. To achieve miniaturization, membrane en-
gineering for more efficient membranes is essential. Many projects are currently under
development [44-53]. With the convenience of wearable or implantable artificial kidneys,
patients can have frequent and prolonged dialysis to reduce hemodynamic impact during
dialysis courses, which have been proven to improve survival, hospitalization rates, bone
mineral metabolism, and medication burden [36,37,54-56].

Metabolic functions of natural renal tubular cells are not provided by current artificial
kidneys, such as biosynthesis of 1,25-dihydroxyvitamin D (1,25(OH)2 D) [38], ammoniagen-
esis [39], glutathione metabolism [57], and immunoregulatory support [43]. Erythropoietin
production is provided by renal interstitial cells. Without those metabolic functions, abnor-
mal calcium metabolism, ectopic calcification, and oxidative stress significantly increase
morbidity and mortality in end-stage renal disease patients [43].
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5. Key Considerations for Future Dialyzer Membrane Development

Multiple projects and innovative designs for artificial kidneys and membranes are still
evolving. To reach the goals of miniaturization and restoration of renal metabolic functions,
several technologies could be the key for future dialyzers.

5.1. Nanotechnology

Nanotechnology is widely used in the fields of medicine, consumer products, energy,
materials, and manufacturing. However, the application of nanotechnology to blood
purification treatment was relatively late compared to other industries.

Microelectromechanical systems (MEMS) are a form of fabrication technology that
originated from the microelectronic industry [58]. Silicon, polymers, or metals could all be
fabricated precisely to the scale of nanometers by deposition, lithography, etching process,
and sputtering. Conventional artificial dialyzers mostly consist of semipermeable hollow
fibers with wide pore size distribution. The pore size variation limits the selectivity and
permeability of conventional semipermeable membranes. With microelectromechanical
systems, semipermeable membranes with identical pore size could be manufactured. Mi-
croelectromechanical systems also allow chemistry modification of membranes to adjust
electrostatic charge and further prevent platelet adhesion or protein adsorption [59-62],
which improves the biocompatibility of membranes significantly. The silicon nanopore
membranes modified with polyethylene glycol (PEG) and polyvinylamine (PVAm) poly-
mers showed excellent hemocompatibility in the aspects of surface coagulation, comple-
ment and platelet activation, and adhesion [63], which makes silicon nanopore membranes
an option for implant applications.

Silicon nanopore membranes for artificial kidneys have been developed for decades [64-66].
Scientists have developed a silicon nanopore membrane with an array of rectangular
pore slits measuring 2.3 um x 11 nm with an effective diffusion length of 100 um [64].
The rectangular pore was designed to mimic the slit between natural kidney podocytes,
which enables higher hydraulic permeability compared with conventional hollow-fibered
membranes [66-68]. Compared with current dialyzers, the silicon nanopore membrane
provides a comparable urea clearance under 1/20th of the blood flow rate [64]. The
extremely low requirement of blood flow allows blood purification without a mechanical
pump as the patient’s nature circulation is sufficient to drive the system. With an 8 h daily
dialysis course and the target of a standard Kt/V(K: urea clearance, t: time of dialysis,
V: volume distribution of urea) of 2.0 per week, only 0.17 m? of silicon nanopore membrane
surface area is required, which is 10 times less than current dialysis membranes [64].
Uniform pore size also provides strict molecular weight cut-off values [64] and better
middle molecular weight solutes clearance. The nanopore membrane has a 18% beta-2-
microglobulin clearance rate, which is much higher than current high-flux dialyzers [64].

With the aid of nanotechnology, membranes with uniform pore size and extremely
thin silicon structures provide better clearance under extremely low blood flow rates.
Biocompatibility and clearance of middle molecular weight solutes are also improved.
With these improvements, the development of wearable or implantable artificial kidneys
is possible.

5.2. Tissue Engineering

Tissue engineering combines the use of cells and materials to create artificial structures
with specific bioactivity [69]. Selective cells are attached to designed scaffolds and further
implanted to animal or human bodjies. Liver parenchyma, blood vessels, skin, and nerves
are all practical targets for mimicking [70-73].

The physiological functions of the natural human kidneys include numerous metabolic
and endocrinological functions. Erythropoietin generation [20], vitamin D synthesis [38],
ammoniogenesis [39,40], glutathione metabolism [57], immunoregulatory support, and
cytokine homeostasis [43] are all crucial for human physiology and potentially associ-
ated with elevation of mortality and morbidity of patients under long-term hemodialysis.
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Many clinical trials are ongoing for the practice of bioartificial kidneys produced by renal
tubule cells cultured on semipermeable hollow fiber membranes. Some of them showed
promising results such as reduced septic shock [74,75], appropriate inflammatory cytokine
response [43], acceptable safety [75,76], and improved vitamin D metabolism [77].

To achieve good cell adhesion, different extracellular matrices, including laminin,
pronectin, gelatin, collagen IV, or L-3,4-dihydroxyphenylalanine, are coated on the outer
surfaces of hollow-fibered membranes [78-81], nevertheless, the coated materials could
block the dialyzer membrane pores and impair the hemodialysis efficiency. Various ad-
dictive materials in synthetic membranes have been used in an attempt to overcome this
problem. Graphene oxide (GO) or d-a-Tocopheryl polyethylene glycol 1000 succinate
(TPGS) doped hollow-fibered membranes showed excellent cell adhesion and dialysis
performance [82-85].

In addition to extracorporeal hollow-fibered bioartificial kidneys, implanted cell biore-
actors are also under development. Cell source is a major challenge for cell bioreactors.
Autologous and non-autologous renal cells are both reasonable choices theoretically. Autol-
ogous renal cells eliminate the issue of rejection induced by host immunity. However, the
individualized cell incubation process increases the costs and unpredictability of bioartifi-
cial kidney performance. Non-autologous renal cells allow more standardized production
after stable cell line establishment. To protect the implanted renal cells from host immunity,
a barrier to prevent host immunity is necessary. The barrier needs to be a semipermeable
membrane, which is crossable for oxygenation, nutrients, cytokines, or substances metabo-
lized by the implanted renal cells. Meanwhile, antibodies and immune cells from patients
must be blocked out of the cell bioreactor. Cell encapsulation with ultrathin synthetic
membranes to prevent entry of antibodies and immune cells is a possible solution, but the
encapsulation also limited the long-term cell viability [86]. Short-term renal cell therapy
with hollow-fibered bioreactors is used in some clinical projects [43,87]. Silicon nanopore
membranes fabricated with microelectromechanical systems also provide good protection
from host immunity [88]. Except cell protection and cell sources, the challenge of uniform
and steady cell production, good cell adhesion, and nutritional support of cells are all
focuses of future development.

5.3. Dialysate Regeneration

To achieve miniaturization of blood purification systems, the large volume of dialysate
is the most important challenge. In a 4 h hemodialysis course, up to 120 L of dialysate
is needed. Requirement of mechanical pumps for high dialysate flow, stable source of
dialysate, and large amount of clean water limits the possibility of miniaturization of the
blood purification system.

To reduce the dialysate volume requirement in hemodialysis, dialysate regeneration
is a crucial part for the miniaturization of blood purification systems. The REcirculation
of DialYsate (REDY) system was first introduced in 1970 [89-91] to regenerate dialysate
and reduce the required volume of water during dialysis. The water-efficient and portable
features made the REDY system a promising dialysis mode.

During dialysis, dialysate and blood pass through artificial kidneys in a counter current
pattern. When dialysate leaves the artificial kidney, multiple uremic toxins and excessive
fluid from the blood compartment are withdrawn with dialysate. In a conventional single
pass dialysis, the waste fluid is usually abandoned directly. Compared to single pass
dialysis, the REDY system recirculates the waste fluid to an exchangeable sorbent cartridge
to remove excessive solutes and regenerate dialysate (Figure 2). The sorbent cartridge
contains materials such as charcoal, urease, or zirconium phosphate to eliminate the
substance through chemical break down, ion exchange, or adsorptions [92]. The dialysate
regeneration reduces the water requirement from 120 to 6 L per treatment [92,93].
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Figure 2. Comparison of the single pass system and the REDY system: dialysis with the single pass
system requires a steady water source and used dialysate is abandoned after dialysis. In comparison,
the REDY system regenerates fresh dialysate with sorbent cartridge.

The REDY system is not a new idea. Early versions of the REDY system were aban-
doned because of aluminum release, ammonia spill over, slow increase in sodium concen-
tration of dialysate, and expensive cost of the system [92]. However, with the introduction
of zirconium as ion exchangers and sorbent material, the adjusted size of sorbent cartridge,
and modified dialysate components, these disadvantages could be overcome. In combina-
tion with the utility of nanotechnology, the dialysate requirement could be reduced to a
greater extent.

Nanotechnology, tissue engineering, and dialysate regeneration encompassed the three
key components for future artificial kidneys. With nanotechnology, artificial kidneys could
be much smaller, more efficient, and driven by blood circulation without mechanical pumps.
Combined with the REDY system, the fluid requirement for dialysis could be reduced
significantly. Tissue engineering with renal tubule cells provides bioactivities which are
essential to human bodies but can never be provided by conventional hemodialysis.

6. Next Generation Artificial Kidneys
6.1. Wearable Artificial Kidneys

After decades of development, the system of hemodialysis evolves gradually to a
routine treatment. However, the limitation of a patient’s lifestyle and frequent visits to
dialysis facilities still bother patients greatly. Thus, home dialysis was developed and
improved patient quality of life significantly [94,95].

Compared to home dialysis, wearable artificial kidneys put dialysis treatment to an-
other level with more convenience and less hemodynamic impacts. To be truly wearable,
the artificial kidney must be light and small. In addition to miniaturization, the require-
ment of steady blood vessel access, better biocompatibility (including cytocompatibility,
immunocompatibility, and hemocompatibility), and patient education are all barriers for
the development of wearable artificial kidneys. When being wearable, the dialysis device
needs to be operated by the patients themselves. During the dialysis treatment, a patient’s
activity might lead to disconnection of the device from blood vessels and monitoring for
blood leakage is required for safety concerns.

Because of prolonged dialysis, the importance of biocompatibility also increases. Blood
clotting and complement pathway activation caused by membranes would increase com-
plications after prolonged dialysis. Membrane engineering for excellent biocompatibility
is crucial. The Center for Dialysis Innovation (CDI) at the University of Washington, WA,
USA, are developing two possible solutions for biocompatibility [96]. Fluoropolymer, a
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material used in blood content devices, can bind fibrinogen in an inactive form and albumin
tightly to avoid further clotting and immune reaction. Another solution is to create surfaces
with super non-fouling properties that repel proteins so that protein fouling and coagula-
tion do not occur [97]. Modification of the membrane surface with microelectromechanical
systems to prevent protein fouling is also ongoing [59].

A wearable hemodialysis device is under development by Gura and his colleagues at
the University of California, Los Angeles (UCLA) [46]. A hollow-fibered dialyzer with a
surface area of 0.2 m?, dialysate regeneration system, heparin and electrolyte reservoirs,
and 375 mL of dialysate are all contained in a wearable dialysis device (Figure 3) with a
weight of less than 4.5 kg.

\\
.i
Safety System " Bicarbonate Infusion
Bubble detector
Blood-leak detector
R I Electrolyte Infusion

( Peritoneal Cavity ]
( 7Y Durable Part
Cyclers
Controller A
Pumps Disposable Part
Battery
Enrichment Module
Storage Modul Sorbent Cartridge ’
[ Ultrafiltration Bag ]

Figure 3. Basic concepts of a wearable hemodialyzer and a peritoneal-based wearable artificial
kidney: within a wearable hemodialyzer (upper), the pumps, battery, safety system, and REDY
system are all installed in a vest. During dialysis, the REDY system regenerates dialysate and reduces
the requirement of water. A bubble detector, blood leak detector, and flowmeter monitor all fluid
compartments and shut off the system in the case of an emergent condition. The peritoneal-based
wearable artificial kidney (lower) is connected to the patient’s peritoneal cavity and regenerates
dialysate fluid. The disposable part of the device is exchanged after dialysis.
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In 2016, Gura conducted an FDA-approved human trial of the wearable artificial
kidney. A 24 h dialysis with the wearable device was performed successfully in five patients
without adverse effects. Mean urea, creatinine, and phosphorus clearances over 24 h were
17 £ 10,16 £ 8, and 15 £ 9 mL/min, respectively. Mean (32-microglobulin clearance was
5 £ 4 mL/min [98]. Although the trial was discontinued due to device-related technical
problems, including excessive carbon dioxide bubbles in the dialysate circuit and variable
blood and dialysate flows, the trial still proved the possibility of wearable artificial kidneys.

Another design of wearable artificial kidneys is a modification based on the treatment
with peritoneal dialysis. Although peritoneal dialysis is associated with less life-style
restriction for patients compared with hemodialysis, storage and transportation of dialysate
are still an issue for patients and limit their daily activities. Several peritoneal dialysis-based
wearable devices are under development currently including the AWAK project by AWAK
Technologies (Singapore) [53], the WEAKID project by Nanodialysis Inc (Oirschot, The
Netherlands) [52,99], and CarryLife project by Triomed (Lund, Sweden) [51].

Peritoneal dialysis-based wearable artificial kidneys are composed of portable a sor-
bent cartridge and a dialysate reservoir (Figure 3). When connected to the filled peritoneal
cavity, wasted dialysate flows into the sorbent cartridge and regenerates fresh dialysate
intermittently. Without complicated parts needed for hemodialysis, the peritoneal dialy-
sis based wearable artificial kidney could be miniaturized to purse size. Several human
trials for peritoneal dialysis-based wearable devices are still under study. Current pub-
lished research revealed sufficient dialysis clearance without severe adverse events [53,99].
Abdominal discomfort is the most common side effect [53].

6.2. Implantable Artificial Kidney

Among all renal replacement therapies, kidney transplantation offers the best quality
of life, total financial costs, and survival rate [100-102]. However, the supplies of donated
kidneys are far less than the demands. Most patients with end stage renal disease therefore
sustain their lives with hemodialysis or peritoneal dialysis.

The implantable artificial kidney is a promising and challenging idea that emerged
with the development of renal replacement therapy. The artificial kidney needs to fit several
properties to be implantable and replace the function of human kidneys.

First, the requirement of energy supply needs to be as low as possible. An experiment
in pigs revealed that the high efficiency of the silicon nanopore membrane allows the
dialysis to be performed without mechanical pumps for blood compartments [64]. Blood
circulation is one of the most sustained power sources in human bodies. If the artificial
kidney is still depending on a battery for energy supply, the battery should be able to
function for years to avoid frequent surgery to exchange the batteries.

Second, hemofiltration should be the modality of renal replacement rather than
hemodialysis. Without the demand of dialysate, the implantable artificial kidney could be
designed without mechanical pumps for dialysate. The requirement of a steady supply
of dialysate, implanted inlet for dialysate, and large amount of fresh water will not exist
anymore, then the artificial kidney could be truly implantable.

Third, the device should be extremely biocompatible. The replacement therapy with
implantable artificial kidneys performed continuously all day after implantation. Coagu-
lation and complement activation would be more severe than conventional intermittent
hemodialysis. Continuous infusion of heparin is also impractical. Modification of the
membrane surface should be done to absolutely prevent such reaction. Fluoropolymer
material or membranes with super-non-fouling properties are possible solutions [59,96,97].

Last but not least, metabolic functions of natural renal cells have long been ignored in re-
nal replacement therapy. The lack of metabolic function leads to multiple comorbidities in pa-
tients with end stage renal disease. Bioreactors with renal cells protected by nano-structured
materials have been built for implantable artificial kidneys [103]. Moreover, the excellent
protection from host immunity eliminates the requirement for immunosuppressants.
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With these four properties, a truly implantable artificial kidney could be manufactured.
The Kidney Project led by Shuvo Roy at the University of California San Francisco (UCSF)
is currently developing a fist-sized implantable artificial kidney [50]. The artificial kidney
consists of a bioreactor and a hemofilter connected to blood circulation with the common
iliac vein and artery (Figure 4). The waste fluid is drained to the patient’s bladder as
urination. The driving force of hemofiltration is based on the pressure difference between
arterial and venous systems. After implantation, patients could theoretically live without
any further hemodialysis.

Blood in

~

Blood out

/
\‘. ’l \\ = I’ E ‘ /
+ Waste fluid

A

Figure 4. Implantable kidney: driven by the pressure difference in the artery and vein, blood passes
through the implantable kidney, which is composed of a hemofilter and cell bioreactor. With a
nanopore silicon membrane, waste fluid (yellow) created by hemofiltration flows into the patient’s
urinary bladder. Dialyzed blood is transferred to the cell bioreactor after hemofiltration. Natural
kidney metabolic function is restored by protected renal tubule cells in the cell bioreactor.

7. Conclusions

The design of artificial kidneys has developed dramatically over decades after inven-
tion in the early 20th century. Hollow-fibered dialyzers overwhelmingly replace other
artificial kidneys currently for the advantages of less fluid resistance and better surface
area. However, patient’s quality of life and complications of artificial kidneys remain
challenges of modern dialyzers. However, the time-consuming treatment course limits the
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patient’s quality of life significantly. Hemodialysis-related complications also highlight
the unmet need for better biocompatible dialyzers. Multiple attempts, such as geometric
designs and modified synthetic materials, have been made to overcome these challenges;
nevertheless, there is still plenty of room for improvement. Miniaturization and restoration
of kidney metabolic functions are the goals of new artificial kidneys. With the introduction
of nanotechnology, tissue engineering, and the REDY system, the designs of modern arti-
ficial kidneys have changed dramatically. Although many technical problems still exist,
wearable and implantable artificial kidneys are the next promising milestones in blood
purification therapy.
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