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Abstract: Despite limited organ availability and post-transplant complications, kidney transplantation
remains the optimal treatment for End-Stage Kidney Disease (ESKD). However, innovative dialysis
technologies such as portable, wearable, and implantable bioartificial kidney systems are being
developed with the aim of addressing these issues and improving patient care. An ideal implantable
device could combine bioreactors and blood ultrafiltration to replicate key native cell functions for
solute reabsorption, secretion, and endocrinologic activities. Today, the feasibility of an implantable
bioreactor for renal cell therapy opens the challenge of developing a fully implantable bioartificial
kidney based on silicon nanopore membranes to ensure immunological isolation, cell viability, and
the possibility of maintaining a blood substrate for metabolic activities. Current technology is not
sufficient to obtain an efficient artificial bioreactor to reach physiological blood purification, which
requires a more complex system to produce an ultrafiltrate from the blood that can be processed by
cells and eliminated as urine. The number of cells in the bioreactor, endocrine activity, immunological
cell isolation, solute and fluid secretion/reabsorption, cell viability, blood and ultrafiltration flow
control, and thrombogenicity are fundamental issues that require a new technology that today
appears to be a challenge for the design of an implantable artificial kidney. This review aims to
analyze the state of the art in this particular field of kidney replacement therapy to highlight the
current limitations and possible future technology developments to create implanted and wearable
organs capable of treating ESKD with artificial organs that can replicate all native kidneys functions.

Keywords: end-stage renal disease; chronic kidney disease; kidney transplant; implantable bioartificial
kidney; bioreactor

1. Introduction

End-Stage Kidney Disease (ESKD) represents the final, irreversible stage of chronic
kidney disease, where the kidneys lose their ability to sustain the essential life-supporting
functions due to significant and permanent damage. At this stage, kidney replacement
therapies become essential for survival. The primary modalities of treatment include dialy-
sis and kidney transplantation. Dialysis, which can be performed as either hemodialysis
or peritoneal dialysis, involves mechanically removing waste products and excess fluid
from the blood when the kidneys can no longer perform these tasks. Hemodialysis is
typically performed in a clinic setting several times a week (usually three times per week),
while peritoneal dialysis can be performed at home but requires daily treatment. Kidney
transplantation, on the other hand, involves the surgical replacement of the kidney function
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with a healthy kidney from a donor, living or deceased. Transplantation generally offers
better quality of life and survival rates compared to dialysis but requires immunosuppres-
sive medications to prevent organ rejection. Each of these therapies has its indications,
advantages, and limitations, and the choice of therapy is individualized based on patient-
specific factors including the underlying cause of ESKD, patient’s overall health, lifestyle
considerations, and personal preferences. This article reviews the state of the art of existing
technologies for replacing the kidney function through the use of wearable and implanted
artificial organs by analyzing their current limitations and possible future developments.

1.1. The End-Stage Kidney Disease and the History of Kidney Replacement Therapy

The total number of patients affected by End-Stage Kidney Disease (ESKD) saved
by the artificial kidney can hardly be estimated, but it is surely very high. The history of
dialysis technology evolution has one of its milestones in 1943, as the first practical dialyzer
composed of a 20 m long rotating cellophane tube wrapped around a 2 m horizontal drum
serving as a semipermeable membrane was realized by a Dutch physician, Doctor Willem
Kolff [1]. The major limitation of this device, without considering the large extracorporeal
volume required, was inappropriate body fluid removal, which is one of the most important
issues during fluid overload in renal dysfunction. In fact, in this system, gravitation gener-
ates a transmembrane pressure that was not adequate to effectively achieve ultrafiltration
as required by the patient’s clinical status. Therefore, conditions characterized by fluid
overloads, such as pulmonary edema or hypertension, could not be effectively treated by
this device.

The opening success of this prototype was followed by the implementation of a
modified dialyzer that was enabled to bear higher transmembrane pressure to ensure fluid
removal [2]. Subsequent development of precise ultrafiltration control systems using scales
and flow control have made fluid removal precise and safe making the fluid balance control
an achievable and customizable clinical goal for each individual clinical setting. As the
very first chronic dialysis facility was founded in Seattle in 1960, renal failure was no longer
a fatal disease.

1.2. Current Extracorporeal Purification between Limitations and New Perspectives

Current hemodialysis techniques include hollow-fibered dialyzers that replaced the
original giant rotating drum kidney and represent today essential therapeutical options
for patients admitted to hospitals with acute kidney injury (AKI) or ESKD. Although these
devices have been shown to extend the lives of patients, the existing blood purification
technology is still not perfect, being based only on processes of removing molecules from
the patient’s blood.

New technology is needed to overcome the shortcomings represented by the patient’s
quality of life, intra-hemodialysis issues, and the still unmatched replacement of kidney
metabolic functions. Although the available blood depuration system has improved in
terms of effectiveness, efficiency, and biocompatibility, the principles of blood purification
have not changed from the first generation of artificial kidneys. From this point of view,
the main targets of dialyzers are solute clearance and fluid removal from the patient
without providing molecule reabsorption, catabolism, and endocrine function which are
active functions that can be performed by a more complex system than the dialysis filter.
Bioengineering has developed a specific blood purification technology to achieve the
removal of molecules retained during ESKD based on the specific dialyzer structure,
performance, biocompatibility, and membrane material. Thus, research in this area is
directed toward finding devices that are increasingly efficient in removing target molecules
but without finding viable solutions in the area of reabsorption and secretion of specific
molecules. Artificial kidneys and semipermeable membranes for blood purification are still
a current matter of research. Due precisely to their future characteristic of being bioartificial,
artificial kidneys could significantly implement extracorporeal purification by introducing
the activities of secretion, reabsorption, and metabolic activity. The advances in synthetic



Appl. Sci. 2024, 14, 491 3 of 13

membranes, nanotechnology, and experience in dialysis have contributed to the potential
of forthcoming dialyzer development; in fact, it took decades to develop the system of
blood purification currently in use. Nowadays, such development allowed the move from
regular dialysis for ESKD to Continuous Kidney Replacement Therapy (CKRT) in the
Intensive Care Unit (ICU). The ability to have advanced and safe software and hardware to
perform CKRT allows us replacement of renal function in a continuous way especially in
highly critical and unstable patients that require continuous adjustment of renal metabolic
compensation to their clinical needs. Despite these technological implementations, a lot
of work is still to be conducted in order to improve the three major drawbacks of current
hemodialysis techniques: patients’ quality of life, technical problems that may occur during
dialysis treatment, and the impossibility of replacing the kidney’s metabolic functions [3].

The most important aspect that should lead the development of the new generation
of artificial organs is that natural kidneys are not mere organs of filtration. As a matter of
fact, they are also in charge of several metabolic functions, such as the synthesis of 1,25-
dihydroxyvitamin D (1,25(OH)2 D) [4], ammonia genesis [5,6], glutathione metabolism [7],
erythropoietin production [8], and immunoregulatory support [9]. Thus, to truly fulfill
every kidney function, the renal metabolic role is to be taken into consideration. In fact,
modern designs of artificial kidneys put much emphasis on the efficiency of dialysis and
fluid removal but not on its metabolic functions. From a clinical point of view, this lack
of metabolic activity requires the use of specific drugs that must be administered to the
patient according to a biochemical feedback that has to be regularly checked with blood tests.
Therapeutic adjustments are therefore subject to a constant delay due to the inability to have
continuous online feedback as is the case with the metabolic activities of the natural kidney.
Typical examples are changes in the dose and frequency of erythropietin administration
to maintain a constant hemoglobin in the patient, or the administration of vitamin D
analogs to maintain proper bone metabolism. At present, the most effective approach to
replacing organ function is the utilization of transplanted organs. Despite the limited organ
availability and possible post-transplant complications, kidney transplantation remains
the optimal treatment for ESKD. On the other hand, dialysis—both extracorporeal and
peritoneal—is only life-sustaining and provides limited removal of uremic toxins. Despite
the advances in technology, hemodialysis (HD) is still expensive, burdened by higher
mortality, vascular access complications, and lesser quality of life and patient satisfaction
compared with peritoneal dialysis, which, however, presents lower efficacy and a high risk
of infections, which are the primary reason for transfer to HD [10]. Home hemodialysis
(HHD) is believed to be more physiological and better tolerated by patients than in-center
hemodialysis. Moreover, it has a number of advantages, including improved survival
and quality of life (QOL), flexibility, and potential for employment compared to in-center
hemodialysis [11–14]. Technological research has moved towards the improvement and
miniaturization of home hemodialysis services in order to overcome the constraints of
standard HD with the development of new purification devices, such as novel dialyzers
that mimic active processes of ultrafiltration and secretion in the native kidneys [15],
membranes, wearable technology and sorbents for regenerating dialysate. These advances
represent the first step towards the development of implanted devices capable of fully
replacing natural renal function.

The miniaturization of hemodialysis machines requires the development of advanced
technologies that involve a multidisciplinary effort, including multiple clinical and techni-
cal elements such as vascular access, blood flow in the circuit, purification techniques, and
catabolic and synthetic activity. Considering that at least 120 L of dialysate is required in a
hemodialysis treatment, the regeneration of the waste fluid is necessary in order to allow
the system downscaling into a portable device. The aim is to provide the elimination of
substances through chemical breakdown and ion exchange [16,17] or adsorptions to main-
tain electrolyte concentration within the normal range. Commonly, prolonged treatments,
especially CKRT, can clinically result in excessive removals of ions that require their external
supplementation as is the case for phosphate and potassium. This is reflected in an overload
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of work for nurses and a need for customization of treatments in terms of prescription, type
of fluids used, and prescribed depurative dose. In a wearable/implantable device, this issue
should be solved by intrinsic solutions in the device used minimizing external interventions
by the physician, nurse, and patient. Specific devices can have an important role in this field
not only to remove substances from dialysate, but also to exchange ions. The sorbent most
commonly considered for this purpose is activated carbon. Historically, activated carbon
was used in a home dialysis system that recirculated a 6 L batch of dialysate. Currently,
the processing of spent dialysate by activated carbon (AC) is being considered to reduce
the dialysate requirement for both hemodialysis and peritoneal dialysis. However, there is
remarkably little research into the ability of activated carbon to remove different uremic
solutes [18], in particular urea, that, in contrast to other organic waste compounds, binds
poorly to sorbents (affinity for AC∼0.1 mmol/g). In addition, its amount is consistent,
ranging from 240 to 470 mmol/day, making it the primary nitrogenous waste product of
the metabolism [19]. The need to tailor the purifying dose to the individual metabolic
needs of the patient plays an important role and represents a challenge for new implantable
devices. According to the technology available for wearable miniaturized devices, urea
removal can be obtained by the use of urease-catalyzed hydrolysis into bicarbonate and
ammonium, which is more toxic than urea. In this case, zirconium phosphate may be used
to remove ammonium by the dialysate; the bicarbonate released by hydrolysis, instead,
reacts with protons to generate water and carbon dioxide, effectively removed from the
dialysate closed-loop system [20]. Urea removal at the rate of 16 mmol/h is also possible,
taking advantage of its electrochemical decomposition into N2 and CO2, which can be
outgassed from the dialysate by using a device with reusable graphite electrodes [21].
Cartridge uptake could be another solution to urea removal in an effective, simple, and safe
way. Sorbents can remove urea from dialysate either by forming covalent or coordination
bonds (chemisorption) or by non-covalent bonds (van der Waals forces, dipole interactions,
and hydrogen bonds, i.e., physisorption). However, in physisorption, even if the process is
faster, the resulting bonds are weaker with sorbent-bound urea in equilibrium with urea
dissolved in the dialysate, resulting in a lower removal efficiency [22]. Recent developments
have shown the potential of sorbents for the effective removal of urea from the dialysate,
among which are silicon dioxides (silica) and zeolites; however, aluminum leaching from
zeolites is a potential hazard for the patient. All these solutions, although very interesting
and fascinating from a technical point of view, still pose a whole series of limitations
that make their use strictly experimental in prototypes that are unlikely to evolve into
implanted and indomitable purification systems in the near future, although the wearable
artificial kidney (WAK) could be a very promising way to provide a practical solution to the
needs of patients. However, at present, only a few technical proposals have tried and are
trying to achieve a realization of the WAK system to be used in clinical practice [15]. Gura
et al. demonstrated that treatment with the wearable artificial kidney was well tolerated,
resulting in the maintenance of electrolyte and fluid homeostasis with effective uremic
solute clearance. However, of the seven enrolled subjects, only five completed the planned
24 h treatment study. In fact, the trial was stopped because of device-related technical
problems, such as excessive carbon dioxide bubbles in the dialysate circuit [16]. One of
the most critical elements for extracorporeal purification in wearable devices is the ability
to regenerate dialysate for long periods. Sorbent-based dialysate regeneration system has
been effectively applied to the treatment of acute and chronic kidney failure patients for
many years, and now it seems to have great potential in this research field. However, there
are issues associated with the use of sorbents and resins to maintain the pH and electrolytic
composition of the dialysate in the range required by the patient’s clinical condition. In
their preliminary report, Gura et al. [16] demonstrated that patients tolerated this treatment
very well and were allowed eating and drinking, as about 1 L of water was removed by
ultrafiltration, with no significant change in blood pressure. Moreover, they demonstrated
patient feedback in terms of a lack of interdialytic symptoms and a minimal to zero recovery
time post treatment; patients were equally positive in their perception of the therapeutic
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potential of this device in terms of facilitating treatment flexibility, freedom, and improved
lifestyle. The clinical subjective impact of such technology appears to be positive, with
patients’ perception that the system is safe and easy to use in daily life. These findings
confirm that by redesigning to address the identified technical issues, a wearable artificial
kidney can be successfully created as an innovative and feasible alternative to traditional
dialysis technology. An ideal implantable bioartificial kidney could overcome the problem
of dialysate regeneration by mimicking the full renal function. This could be achieved
by combining bioreactors and blood ultrafiltration to replicate key native cell functions
for solute reabsorption, secretion, and endocrinologic activities (1,25-OH-vitamin D and
erythropoietin production). In order to mimic the complex renal functions and to achieve
fluid balance and waste removal [23] by filtration and secretion, the implantable bioreactor
needs to be combined with an ultrafiltration system. This ensures the reabsorption of useful
molecules such as bicarbonate, amino acids, glucose, and phosphate.

In the context of nephrology, and specifically in the field of extracorporeal blood
purification, a bioreactor can be defined as a specialized device designed to support the
growth, maintenance, and function of renal cells or tissues in a controlled environment to
mimic the physiological kidney function to provide a platform for blood purification to
improve dialysis technology development with metabolic and molecule reabsorption and
secretion activities.

In a nutshell, the future of artificial kidneys aims at miniaturization and implantability,
better biocompatibility, and metabolic function combining all available technology. It is
undoubted that membranes are the fulcrum of extracorporeal treatment, and technological
advances in membrane design, chemical composition, and sterilization methods lead to
enhanced performance with the reduction of dialysis “unphysiology”. Modifications of the
composition of HD membranes have improved their biocompatibility and improved patient
quality of life. Specifically, membranes composed of polymeric or inorganic material appear
to be more efficient for the removal of uremic toxins compared to synthetic membranes.
However, membranes utilized for hemodialysis are efficient in the removal of small water-
soluble solutes and toxins, but their efficiency decreases proportionally for middle to
large molecules and toxins. Protein-bound uremic toxins are also hard to remove. Ideally,
membranes have to mimic glomerular filtration [24] with molecular weight cut-offs up to
~66 kDa [25]. The prolonged use of these membranes, while mimicking the continuous
kidney filtration, leads to issues such as biocompatibility and filter patency, becoming
a further challenge for the development of implantable devices. In order to implement
biological functions and purification efficacy, the novel membranes could be combined
with bioartificial kidneys, where artificial membranes are combined with kidney cells in
bioreactors. To overcome the shortcomings of current devices for artificial kidneys, studies
and trials of silicon nanopore membranes, tissue engineering for renal cell bioreactors, and
dialysate regeneration are under development. With future advancements, wearable or
implantable artificial kidneys will be soon achievable [26]. The feasibility of an implantable
bioreactor for renal cell therapy was demonstrated by Kim et al. [27], opening the challenge
to the development of a completely implantable bio-artificial kidney (iBAK). Such a device
is based on silicon nanopore membranes that ensure immunological isolation, cell viability,
and the possibility of maintaining a blood substrate for metabolic activities.

Research in the field of membranes is developing new materials to overcome the limi-
tation of blood purification in wearable and implanted devices due to the actual structural
limitation of classical dialyzers. The new synthetic dialysis membranes are composed of
hydrophobic polymers blended with Polyvinylpyrrolidone (PVP) or other additives to
improve biocompatibility, although the long-term use and sterilization process can elute
them, reducing compatibility [28,29]. To resolve this problem, polyvinylidene fluoride
membranes are coated with polyvinyl alcohol and chitosan. This improves biocompati-
bility [30] and can determine white cells, complement activation, and filter clotting. The
issue of filter clotting can be reduced by using membranes with grafted argatroban onto the
surface of polysulfone membrane [31], achieving a good anti-thrombogenic effect. Despite
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all these implementations, the potential miniaturization of this new type of membrane
is limited [32] due to permeability limitations caused by fiber geometry and hydraulic
resistance, which requires bulky devices. Another membrane limitation is its relatively
broad pore size distribution that limits filtration selectivity, which is now overcome by
silicon-based nanoporous membranes (SNMs) presenting uniform nanopores with a de-
viation between pore sizes of less than 1% [32–34]. In order to enhance permeability due
to their low porosity, these SNMs have been fabricated with arrays of nanoslits (10 nm
wide and 4.5 µm long) [34], presenting uniform nanopores suitable for hemodialysis and
hemofiltration. Their limitation in clinical use concerns the poor silicon hemocompatibility,
which requires a hydrophilic coating with polyethylene glycol (PEG) to prevent activation
of macrophages, innate immunity dysregulation, and inflammation. This technological
solution is not definitive [34], as in an implantable artificial kidney, the PEG can quickly
degrade, so much longer-lasting alternatives are needed. The combination of a hemocom-
patibility inner porous layer based on polyethersulfone/polyvinylpyrrolidone (PES/PVP)
and an outer layer of activated carbon dispersed within a matrix of PES/PVP in contact
with the dialysate can determine low cell adhesion with improved hemocompatibility,
associated with enhanced toxin removal by diffusion/convection and inner membrane
layer adsorption by activated carbon particles, which leads to a high toxin concentration
gradient across the membrane, thus stimulating the further dissociation of protein-bound
toxins from plasmatic proteins. This process can enable the application of lower amounts of
dialysate than conventional hemodialysis membranes. Additionally, this membrane struc-
ture can protect the patient from bacterial pyrogen contamination from the dialysate [35].
It seems that the development of such membranes introduces important advantages for
implantable systems, where a low quantity of dialysate is required for prolonged applica-
tion. The permanence of such implanted devices for a prolonged period could result in the
deterioration of dialysate characteristics, including bacterial contamination, and any form
of patient protection could be helpful. To mimic the glomerular filtration, the characteristics
of current membranes had to be implemented in the WAK, and the system supplied with a
closed-loop dialysate regeneration system. Otherwise, to mimic the tubular reabsorption of
water, ions, glucose, and amino acids from the filtrate, it is necessary to imply a specific
technology based on ion exchange resin combination, ion exchange membranes, and an
externally applied voltage to achieve selective ion reabsorption.

1.3. Bioreactors for Artificial Kidneys

Bioreactors may in the future provide metabolic support to the filtration and absorp-
tion activities determined by current dialysis filters. Combined plasmatic water filtration
systems and ultrafiltrate and blood reprocessing devices are the basis of more complex
devices directed at blood purification (Figure 1). The use of cultured proximal cells on
artificial membranes in the implantable Bioartificial Kidney (iBAK) aims at mimicking
proximal tubule function. However, cell source availability, distribution, storage, and the
following reconstruction represent a challenge. The chance to design an experimental
bioartificial renal epithelial cell system in niobium-coated carbon disks covered with renal
epithelial cells from adult progenitor kidney cells discloses the possibility of cryopreserve
and cryostorage this device so that it can be carried and thawed at the end-use location [36].
The combination of immortalized proximal tubule epithelial cells on functionalized hollow
fibers with conventional hemodialysis filters makes this technology able to mimic glomeru-
lar filtration, tubular secretion, and reabsorption, thus allowing the most “physiologic”
and complete replacement of kidney functions [37,38]. The availability of such technology
has enabled the realization of an animal iBAK prototype consisting of an SNM hemofilter
with sub-10 nm wide slit pores in series with a porcine renal cell (LL-CPK1) bioreactor unit
cultured on as SNM.
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Figure 1. iBAK and nephron, integration of nephron activities into a modular and complex device.
In red, blood entering the device; in blue, blood leaving the device. In yellow, the dialysate and
ultrafiltrate processed by the filter and bioreactor. The functions of filtration, reabsorption from the
ultrafiltrate, secretion into the ultrafiltrate, regeneration of the dialysate, production of hormones,
and modulation of water reabsorption/excretion are handled by different devices combined with the
bioreactor in a more complex device.

Currently, the only device with relevant clinical results for the future development of
an iBAK appears to be the WAK designed by Gura [16,39]. The WAK has been tested only
in three small clinical trials so far in two different hemodialysis duration regimens, shorter
(up to eight hours) and longer (24 h), respectively. Ultrafiltration and clearances of urea,
creatinine, and phosphorus have been revealed to be effective. The major criticalities of this
system concern the formation of bubbles, coagulation of the filter and lines, and the need
for continuous treatment in order to achieve an effective and clinically relevant middle
molecule clearance in a diffusive modality. The combination of diffusion and convection
can increase purification efficiency, but in wearable and implanted devices, it is limited
by the low volumes of dialysate and the inability to regenerate ultrafiltrate. This problem
may be partially overcome by the implementation of a “push–pull” pump, a process that
produces an alternating transmembrane pressure with a small volume of dialysate back
and forth across the dialyzer, thus generating a convective force that improves middle
molecule clearance. The integration of this system with microvalves and standard silicon
and microelectronics technology would allow the opening and closing of fluidic channels
and fluid pumping, rendering it available for wearable devices [40].

2. Future Perspective beyond Current Technical Limitations

It is evident that the current technology was developed to overcome individual techni-
cal problems [41] but did not lead to real integrations in the artificial kidney development,
as modern devices cannot mimic all kidney functions. The experimental results obtained
so far have opened up the future for the design of prototypes to be used in clinical trials.
Individually, these experimental achievements are not enough to obtain an efficient artificial
bioreactor to reach physiological blood purification. To reach this objective, a new type of
implantable iBAK is necessary. The iBAK may be inserted into a more complex system able
to provide a ultrafiltrate from the blood to be processed by cells and eliminated as “artificial
urine” through a stoma or bladder. At the same time, the contact between blood and the
bioreactor should be able to provide nutritional substrates to renal cells and guarantee their
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endocrine activity (Figure 1). While the use of silicon nanopore membranes looks very
promising for the realization of a future iBAK [27], some technical aspects appear to limit
its use. The number of renal cells in the bioreactor (1.2 × 107 cells vs. 5 × 109 proximal
tubular cells in a human kidney) [42], compared to a physiological nephron mass, is too
low to guarantee physiological solute secretion, reabsorption, and hormone production.
Immunological isolation may no longer be effective as the number of cells increases, ex-
posing them to damage and death. Cell viability could be limited in time, clearly opening
the problem of a faster frequency of cell replacement in the bioreactor, which is not ideal
for an implantable device whose functioning should last for several months. Another key
point is the control of the blood flow and the regulation of ultrafiltration for fluid removal.
Indeed, the blood flow in the iBAK should be based on the arteriovenous gradient with safe
flow-pressure feedback to ensure continuous bioreactor perfusion, maintaining stable fluid
ultrafiltration for continuous artificial urine production. Such a control mechanism also
requires an engineering challenge in terms of fluid removal, which should rely on patient
hematocrit and blood protein levels to maintain the patient euvolemic state. In the event
of patient hypovolemia, fluid reabsorption from the artificial urine is a major engineering
challenge. This is due to its physical and biochemical complexity in terms of simultane-
ous reabsorption of sodium and water in relation to plasma osmolality [43]. This issue
requires the use of advanced technology that allows the regulation of plasma osmolarity
with complex feedback, including algorithms for the management of ultrafiltration [44],
blood flow, and fluid reabsorption or elimination. The synergy of these ultrafiltration mech-
anisms becomes essential in anuric patients in whom a correct fluid balance is essential
to avoid hypervolemia and its complications, such as acute pulmonary edema. On the
other hand, the ability to concentrate on the device becomes essential in patients with
preserved diuresis in order to avoid states of dehydration. The lack of bioreactor ability
to regenerate bicarbonates and eliminate hydrogen ions could have repercussions on the
maintenance of the acid–base balance. Likewise, the lack of feedback for aldosterone could
indicate a deficiency in potassium secretion and sodium reabsorption, while the lack of
ADH target cells could lead to clinically significant variations in plasma osmolality. All
such activities cannot be recreated through bioreactors containing a single cell line, requir-
ing different cell types for these specific functions. Concentrating multiple cell lines in a
single bioreactor is currently unthinkable. This is due to the different interactions between
blood and ultrafiltrate depending on the specific functions that must be performed. An
additional problem comes from the thrombogenicity of the device, which may be overcome
by using extremely biocompatible materials to minimize the thrombogenic effect of blood
contact. Furthermore, in the quest for miniaturization for implantability, the geometry of
the ultrafiltration device must provide an adequate and uniform distribution of the blood
flow for an ideal ultrafiltration profile [45]. This configuration allows maximization of the
blood flow, obtaining the best ultrafiltration in relation to the utmost miniaturized filtering
surface to guarantee its implantability. Wearable ultrafiltration devices (WUF) and WAK
have already been tested in humans [46] with encouraging clinical results. However, their
technical limitations have discouraged their further development; such barriers concern
the vascular access provided by a Central Venous Catheter (CVC), the need for systemic
anticoagulation, the weight of the device (1.1 Kg), its wearable and non-implantable nature,
and the low battery life [47]. All the above restraints may be solved with innovations in the
field of artificial kidneys through the utilization of new disciplines such as nanotechnology,
materials physics, materials engineering, miniaturization, and microfluidics [48], leading
to a new era of dialysis in which the new challenge is the development of the iBAK that
could eventually save millions of lives [49].

The technological process of transition from in-center to home hemodialysis requires
the miniaturization of devices and the introduction of technological innovations that enable
their progressive use toward wearability. Current technology is limited, as hemodialysis
therapy removes a limited range of uremic toxin discontinuously and requires large vol-
umes of dialysate, thus limiting the portability and patient quality of life and autonomy.
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The first issue to be addressed concerns the reduced volume of dialysate needed and its
regeneration in wearable and implanted devices. The use of different types of sorbents for
this purpose has an impact on the ecological footprint of sorbent production and recycling.
The reduced removal of uremic toxins resulting from the reduced volume of dialysate in
wearable/implanted devices is compensated for by the use of polymeric or inorganic mate-
rials in novel dialysis membranes. Such innovative membranes can improve the removal
of a broad range of molecules by filtration and adsorption, thus ensuring high efficiency
and low levels of membrane fouling compared with currently available membranes for
classical hemodialysis. The function of seemingly simplistic uremic toxin removal has to
be coupled with biological functions to replace every function of the kidney, such as the
production of erythropoietin and vitamin D. This requires the combination of artificial
kidneys with bioreactors able to ensure not only the production of hormones but also
the catabolism of drugs and the reabsorption of useful molecules from the ultrafiltrate
processed in the system (Figure 1). In this way, the physical diffusive and convective
processes can be exploited to the fullest to achieve a purification target that maintains
the metabolic balance in the patient without leading to the loss of useful molecules in the
purification process. In this scenario, the synthetic metabolic demand and the reabsorption
process have to be ensured by the use of kidney cells capable of surviving and maintaining
metabolic functions for long periods while reducing maintenance interventions on the
device. The biggest problem concerns the kidney cell source, their culture facilities attached
to dialysis centers, and finally the large-scale low cost. The complexity of such a system
raises a number of issues concerning manufacturing, feasibility, and logistics. A complex
implantable artificial kidney would have much lower blood flow resistance than an extra-
corporeal device. Using natural blood pressure as a driving force would avoid the need for
an artificial blood pump and reduce the energy supply requirements. This configuration
can be achieved by the connection of iliac vessels, but anastomosis, blood compatibility, and
surface thrombogenicity can represent critical issues of implanted devices. To overcome
these problems, heparin-coated surfaces can be used even though their stability, in the
long run, is not optimal, and alternative solutions with polyethylene glycol have limited
effects. Certainly, vascular access becomes a key topic for implanted devices that have to
be maintained in place for months/years. These vascular accesses have to ensure easy and
rapid replacement of attached devices, adequate blood flow, and reduced risk of clotting
even during relative hypotension or hypovolemia due to concomitant acute and chronic
diseases. A promising solution is the coating of silicon membranes with sulfobetaines [50].
The implanted device requires a balance between dimension and membrane surface to
guarantee the filtration and the possibility of increasing the number of renal cells in the
bioreactor in order to provide physiological solute secretion, reabsorption, and hormone
production. If this device were to be implanted with invasive surgery, it would require a
product safety level and mean time between failure and lifetime like that of a Ventricular
Assistance Device in order to make the patient not dependent on continuous maintenance
interventions or surgery.

Finally, the complexity of renal physiology requires the development of a composite
iBAK, which should be the result of the collaboration of multiple disciplines for the devel-
opment of a technology to artificially reproduce all kidney functions. The possibility of
introducing complex iBAKs could allow the development of distinct modular devices the
replacement of every single renal function (ultrafiltration, hormone production, reabsorp-
tion, molecule secretion, metabolism, fluid balance, etc.). The integration and progressive
miniaturization [51] of these modules will allow the development of devices the ability
to replace renal functions more effectively than current therapeutic options, which focus
on solving individual problems rather than integrating functions. The chance to adopt
a modular device composed of individual units will also empower better maintenance
management of the device by making it possible to replace or repair a single part instead of
the entire device. The real challenge of the future to guarantee the replacement of renal
function through an artificial organ, therefore, lies in the development of a complex iBAK or
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artificial transplantable kidneys from organoids [52,53]. Table 1 shows the available blood
purification devices with their limitations and possible future uses in iBAK, while Table 2
shows the limitations of blood purification devices compared to natural kidney functions.

Table 1. Available blood purification devices with their limitations and possible future use in iBAK.

Device Type of Device Mechanism of
Purification Limits Future Developments Integration in IBAK

Implantable

Battery Source of electric
power

device pumps
support time-limited duration long-lasting durability Yes

Pumps Peristaltic pumps
or other pumps

maintaining the flow
of fluids involved in

purification

energy consumption,
range of fluid flows

achievable

improved energy,
mechanical, and
miniaturization

efficiency

Yes

Bags of fluids Fluid for
hemodiafiltration

diffusion and/or
convection

limited usable
volume in

implantable devices

on-line fluid
regeneration systems

No, required closed
dialysate circuits or

closed
ultrafiltration/reinfusion

circuits after fluid
regeneration

Filter for HD Filter for diffusion diffusion of
molecules

range of molecules
removed (molecular

weight below
albumin)

greater selectivity for
molecules with

possible adsorption on
the membrane surface

Yes, with limitations for
the spectrum of diffusible

molecules and the
generation of fresh

dialysate

Filter for HF Filter for
ultrafiltration

convection of
molecules

range of molecules
removed (molecular

weight below
albumin)

greater selectivity for
molecules with

possible adsorption on
the membrane surface

Yes, with limitations for
the generation of infusion

fluids

Filter for HDF Filter for
hemodiafiltration

diffusion and
convection of

molecules

range of molecules
removed (molecular

weight below
albumin)

greater selectivity for
molecules with

possible adsorption on
the membrane surface

Yes, with limitations for
the generation of infusion

and dialysate fluids

Cartridge for
adsorption

Adsorption on
blood

physisorption,
chemisorption

hemocompatibility,
saturation, selectivity

greater selectivity,
haemocompatibility,

and durability;
combination of several

cartridges

Yes, with limitations for
device lifetime and

selectivity

Bioreactor Bioreactor with
kidney cells

metabolic
mechanism,

endocrine function,
possible reabsorption

and processing of
useful molecules

from the ultrafiltrate

reduced number of
usable cells, limited
cell life, limited total

device lifetime

immortal cell lines,
longer overall life of the

implanted device

Yes, with a limitation for
device lifetime

Reinfusion of
electrolytes fluids

correction of
electrolyte and

acid-base disorders

limited usable
volume in

implantable devices

regeneration systems
based on absorption

and chemical reactions

Very difficult for
high-volume
requirements

HD: hemodialysis, HF: hemofiltration, HDF: hemodiafiltration.

Table 2. Available blood purification devices have their limitations compared to natural kidney
functions.

Device
Filtration

Function of
Glomerulus

Molecules
Reabsorption by
Tubular Nephron

Cells

Molecule
Secretion by

Tubular Nephron
Cells

Endocrine
Function

Water
Reabsorption by
Distal Nephron

Uremic Toxins
Purification

Filter for HD NO NO NO NO NO narrow spectrum

Filter for HF NO NO NO NO NO broadened
spectrum

Filter for HDF NO NO NO NO NO broadened
spectrum
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Table 2. Cont.

Device
Filtration

Function of
Glomerulus

Molecules
Reabsorption by
Tubular Nephron

Cells

Molecule
Secretion by

Tubular Nephron
Cells

Endocrine
Function

Water
Reabsorption by
Distal Nephron

Uremic Toxins
Purification

Cartridge for
adsorption NO NO NO NO NO broadened

spectrum

Bioreactor YES YES YES NO NO

Bioreactor
combined with

filtration system
YES YES YES YES NO broadened

spectrum

3. Summary

The kidney comprises numerous complex functions that, until now, have been re-
placed by extracorporeal purification techniques aimed at removing a narrow spectrum
of molecules through diffusion and convection. Metabolic (reabsorption and secretion of
specific molecules) and endocrine functions have not yet been specifically and completely
reproduced by the purification techniques available for clinical use. The feasibility of im-
plantable bioreactors for renal cell therapy opens the challenge of developing a completely
implantable bio-artificial kidney (iBAK) based on silicon nanopore membranes that ensure
immunological isolation, cell viability, and the possibility of maintaining a blood substrate
for metabolic activities. The development of specific technologies for keeping renal tubular
cells alive for long periods in complex devices is of particular interest, as it forms the basis
for achieving the metabolic and catabolic functions of artificial kidneys. The possibility of
having separate modules for the management of individual kidney functions (filtration,
molecules diffusion, reabsorption of water and solutes, endocrine and catabolic activity
of drugs, and immunomodulation) will make it possible in the future to build complex,
implantable devices, the lifetime of which will allow patient treatment without the need
for continuous invasive maintenance. The challenge for the future is to miniaturize the
individual modules and integrate them into complex devices that can be implanted in
patients with ESKD while ensuring acceptable lifetime.

The complexity of iBAKs requires a multidisciplinary effort with the support of
regulatory agencies such as the FDA, the EMA, and EU-notified bodies, as well as standards-
issuing organizations, to promote innovation and expedite access to the new technology in
this field.
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12. Filipčič, T.; Bogataj, Š.; Pajek, J.; Pajek, M. Physical Activity and Quality of Life in Hemodialysis Patients and Healthy Controls: A
Cross-Sectional Study. Int. J. Environ. Res. Public Health 2021, 18, 1978. [CrossRef] [PubMed]

13. Mathew, A.; McLeggon, J.A.; Mehta, N.; Leung, S.; Barta, V.; McGinn, T.; Nesrallah, G. Mortality and Hospitalizations in Intensive
Dialysis: A Systematic Review and Meta-Analysis. Can. J. Kidney Health Dis. 2018, 5, 2054358117749531. [CrossRef] [PubMed]

14. Kjellstrand, C.M.; Buoncristiani, U.; Ting, G.; Traeger, J.; Piccoli, G.B.; Sibai-Galland, R.; Young, B.A.; Blagg, C.R. Short daily
hemodialysis: Survival in 415 patients treated for 1006 patient-years. Nephrol. Dial. Transplant 2008, 23, 3283–3289. [CrossRef]
[PubMed]

15. Groth, T.; Stegmayr, B.G.; Ash, S.R.; Kuchinka, J.; Wieringa, F.P.; Fissell, W.H.; Roy, S. Wearable and implantable artificial kidney
devices for end-stage kidney disease treatment: Current status and review. Artif. Organs 2023, 47, 649–666. [CrossRef] [PubMed]

16. Gura, V.; Rivara, M.B.; Bieber, S.; Munshi, R.; Smith, N.C.; Linke, L.; Kundzins, J.; Beizai, M.; Ezon, C.; Kessler, L.; et al. A wearable
artificial kidney for patients with end-stage renal disease. JCI Insight 2016, 1, e86397. [CrossRef]

17. Wester, M.; Gerritsen, K.G.; Simonis, F.; Boer, W.H.; Hazenbrink, D.H.; Vaessen, K.R.; Verhaar, M.C.; Joles, J.A. A regenerable
potassium and phosphate sorbent system to enhance dialysis efficacy and device portability: A study in awake goats. Nephrol.
Dial. Transplant 2017, 32, 951–959. [CrossRef]

18. Lee, S.; Sirich, T.L.; Blanco, I.J.; Plummer, N.S.; Meyer, T.W. Removal of Uremic Solutes from Dialysate by Activated Carbon. Clin.
J. Am. Soc. Nephrol. 2022, 17, 1168–1175. [CrossRef]

19. Weiner, I.D.; Mitch, W.E.; Sands, J.M. Urea and Ammonia Metabolism and the Control of Renal Nitrogen Excretion. Clin. J. Am.
Soc. Nephrol. 2015, 10, 1444–1458. [CrossRef]

20. Blumenkrantz, M.J.; Gordon, A.; Roberts, M.; Lewin, A.J.; Pecker, E.A.; Moran, J.K.; Coburn, J.W.; Maxwell, M.H. Applications of
the Redy sorbent system to hemodialysis and peritoneal dialysis. Artif. Organs 1979, 3, 230–236. [CrossRef]

21. van Gelder, M.K.; Jong, J.A.W.; Folkertsma, L.; Guo, Y.; Blüchel, C.; Verhaar, M.C.; Odijk, M.; Van Nostrum, C.F.; Hennink, W.E.;
Gerritsen, K.G.F. Urea removal strategies for dialysate regeneration in a wearable artificial kidney. Biomaterials 2020, 234, 119735.
[CrossRef] [PubMed]

22. Ooi, C.H.; Cheah, W.K.; Sim, Y.L.; Pung, S.Y.; Yeoh, F.Y. Conversion and characterization of activated carbon fiber derived from
palm empty fruit bunch waste and its kinetic study on urea adsorption. J. Environ. Manag. 2017, 197, 199–205. [CrossRef]
[PubMed]

23. Ramada, D.L.; de Vries, J.; Vollenbroek, J.; Noor, N.; Ter Beek, O.; Mihăilă, S.M.; Wieringa, F.; Masereeuw, R.; Gerritsen, K.;
Stamatialis, D. Portable, wearable and implantable artificial kidney systems: Needs, opportunities and challenges. Nat. Rev.
Nephrol. 2023, 19, 481–490. [CrossRef] [PubMed]

24. Storr, M.; Ward, R.A. Membrane innovation: Closer to native kidneys. Nephrol. Dial. Transpl. 2018, 33, iii22–iii27. [CrossRef]
25. Geremia, I.; Stamatialis, D. Innovations in dialysis membranes for improved kidney replacement therapy. Nat. Rev. Nephrol. 2020,

16, 550–551. [CrossRef] [PubMed]
26. Gura, K.M.; Mulberg, A.E.; Mitchell, P.D.; Yap, J.; Kim, C.Y.; Chen, M.; Potemkin, A.; Puder, M. Pediatric Intestinal Failure-

Associated Liver Disease: Challenges in Identifying Clinically Relevant Biomarkers. JPEN J. Parenter. Enteral. Nutr. 2016, 42,
455–462. [CrossRef] [PubMed]

27. Kim, E.J.; Chen, C.; Gologorsky, R.; Santandreu, A.; Torres, A.; Wright, N.; Goodin, M.S.; Moyer, J.; Chui, B.W.; Blaha, C.; et al.
Feasibility of an implantable bioreactor for renal cell therapy using silicon nanopore membranes. Nat. Commun. 2023, 14, 4890.
[CrossRef]

28. Zawada, A.M.; Melchior, P.; Erlenkötter, A.; Delinski, D.; Stauss-Grabo, M.; Kennedy, J.P. Polyvinylpyrrolidone in hemodialysis
membranes: Impact on platelet loss during hemodialysis. Hemodial. Int. 2021, 25, 498–506. [CrossRef]

29. Namekawa, K.; Matsuda, M.; Fukuda, M.; Kaneko, A.; Sakai, K. Poly(N-vinyl-2-pyrrolidone) elution from polysulfone dialysis
membranes by varying solvent and wall shear stress. J. Artif. Organs 2012, 15, 185–192. [CrossRef]

30. Zhang, Q.; Lu, X.; Yang, S.; Zhang, Q.; Zhao, L. Preparation of anticoagulant polyvinylidene fluoride hollow fiber hemodialysis
membranes. Biomed Tech. 2017, 62, 57–65. [CrossRef]

31. Fu, X.; Ning, J.P. Synthesis and biocompatibility of an argatroban-modified polysulfone membrane that directly inhibits thrombosis.
J. Mater. Sci. Mater. Med. 2018, 29, 66. [CrossRef] [PubMed]

32. Ghosh, A.; Thodi, F.V.; Sengupta, S.; Kannan, S.; Krishnan, L.; Bhattacharya, E. Correction to: Effective clearance of uremic toxins
using functionalised silicon Nanoporous membranes. Biomed. Microdevices 2021, 24, 6. [CrossRef] [PubMed]

https://doi.org/10.1016/S0021-9258(17)42562-2
https://doi.org/10.1113/jphysiol.2010.195057
https://doi.org/10.1159/000046986
https://doi.org/10.1007/s40258-020-00614-4
https://doi.org/10.1016/j.xkme.2019.11.005
https://www.ncbi.nlm.nih.gov/pubmed/32734235
https://doi.org/10.3390/ijerph18041978
https://www.ncbi.nlm.nih.gov/pubmed/33670745
https://doi.org/10.1177/2054358117749531
https://www.ncbi.nlm.nih.gov/pubmed/29348924
https://doi.org/10.1093/ndt/gfn210
https://www.ncbi.nlm.nih.gov/pubmed/18458034
https://doi.org/10.1111/aor.14396
https://www.ncbi.nlm.nih.gov/pubmed/36129158
https://doi.org/10.1172/jci.insight.86397
https://doi.org/10.1093/ndt/gfw108
https://doi.org/10.2215/CJN.01610222
https://doi.org/10.2215/CJN.10311013
https://doi.org/10.1111/j.1525-1594.1979.tb01054.x
https://doi.org/10.1016/j.biomaterials.2019.119735
https://www.ncbi.nlm.nih.gov/pubmed/31958714
https://doi.org/10.1016/j.jenvman.2017.03.083
https://www.ncbi.nlm.nih.gov/pubmed/28384613
https://doi.org/10.1038/s41581-023-00726-9
https://www.ncbi.nlm.nih.gov/pubmed/37277461
https://doi.org/10.1093/ndt/gfy228
https://doi.org/10.1038/s41581-020-0293-6
https://www.ncbi.nlm.nih.gov/pubmed/32322085
https://doi.org/10.1177/0148607116671781
https://www.ncbi.nlm.nih.gov/pubmed/29443401
https://doi.org/10.1038/s41467-023-39888-2
https://doi.org/10.1111/hdi.12939
https://doi.org/10.1007/s10047-012-0629-5
https://doi.org/10.1515/bmt-2015-0149
https://doi.org/10.1007/s10856-018-6054-4
https://www.ncbi.nlm.nih.gov/pubmed/29744595
https://doi.org/10.1007/s10544-021-00605-9
https://www.ncbi.nlm.nih.gov/pubmed/34932166


Appl. Sci. 2024, 14, 491 13 of 13

33. Fissell, W.H.; Dubnisheva, A.; Eldridge, A.N.; Fleischman, A.J.; Zydney, A.L.; Roy, S. High-Performance Silicon Nanopore
Hemofiltration Membranes. J. Memb. Sci. 2009, 326, 58–63. [CrossRef] [PubMed]

34. Kensinger, C.; Karp, S.; Kant, R.; Chui, B.W.; Goldman, K.; Yeager, T.; Gould, E.R.; Buck, A.; Laneve, D.C.; Groszek, J.J.; et al. First
Implantation of Silicon Nanopore Membrane Hemofilters. Asaio J. 2016, 62, 491–495. [CrossRef]

35. Geremia, I.; Bansal, R.; Stamatialis, D. In vitro assessment of mixed matrix hemodialysis membrane for achieving endotoxin-free
dialysate combined with high removal of uremic toxins from human plasma. Acta Biomater. 2019, 90, 100–111. [CrossRef]
[PubMed]

36. Buffington, D.A.; Pino, C.J.; Chen, L.; Westover, A.J.; Hageman, G.; Humes, H.D. Bioartificial Renal Epithelial Cell System
(BRECS): A Compact, Cryopreservable Extracorporeal Renal Replacement Device. Cell Med. 2012, 4, 33–43. [CrossRef] [PubMed]

37. Schophuizen, C.M.; Wilmer, M.J.; Jansen, J.; Gustavsson, L.; Hilgendorf, C.; Hoenderop, J.G.; van den Heuvel, L.P.; Masereeuw, R.
Cationic uremic toxins affect human renal proximal tubule cell functioning through interaction with the organic cation transporter.
Pflug. Arch. 2013, 465, 1701–1714. [CrossRef] [PubMed]

38. Nieskens, T.T.; Peters, J.G.; Schreurs, M.J.; Smits, N.; Woestenenk, R.; Jansen, K.; van der Made, T.K.; Röring, M.; Hilgendorf,
C.; Wilmer, M.J.; et al. A Human Renal Proximal Tubule Cell Line with Stable Organic Anion Transporter 1 and 3 Expression
Predictive for Antiviral-Induced Toxicity. AAPS J. 2016, 18, 465–475. [CrossRef]

39. Castro, A.C.; Neri, M.; Nayak Karopadi, A.; Lorenzin, A.; Marchionna, N.; Ronco, C. Wearable artificial kidney and wearable
ultrafiltration device vascular access-future directions. Clin. Kidney J. 2019, 12, 300–307. [CrossRef]

40. Liu, X.; Li, S. An electromagnetic microvalve for pneumatic control of microfluidic systems. J. Lab. Autom. 2014, 19, 444–453.
[CrossRef]

41. Kim, J.C.; Garzotto, F.; Nalesso, F.; Cruz, D.; Kim, J.H.; Kang, E.; Kim, H.C.; Ronco, C. A wearable artificial kidney: Technical
requirements and potential solutions. Expert Rev. Med. Devices 2011, 8, 567–579. [CrossRef] [PubMed]

42. Humes, H.D.; Buffington, D.A.; MacKay, S.M.; Funke, A.J.; Weitzel, W.F. Replacement of renal function in uremic animals with a
tissue-engineered kidney. Nat. Biotechnol. 1999, 17, 451–455. [CrossRef] [PubMed]

43. van Gelder, M.K.; Mihaila, S.M.; Jansen, J.; Wester, M.; Verhaar, M.C.; Joles, J.A.; Stamatialis, D.; Masereeuw, R.; Gerritsen, K.G.F.
From portable dialysis to a bioengineered kidney. Expert Rev. Med. Devices 2018, 15, 323–336. [CrossRef] [PubMed]

44. Bonello, M.; House, A.A.; Cruz, D.; Asuman, Y.; Andrikos, E.; Petras, D.; Strazzabosco, M.; Ronco, F.; Brendolan, A.; Crepaldi, C.;
et al. Integration of blood volume, blood pressure, heart rate and bioimpedance monitoring for the achievement of optimal dry
body weight during chronic hemodialysis. Int. J. Artif. Organs 2007, 30, 1098–1108. [CrossRef] [PubMed]

45. Ronco, C.; Kim, J.C.; Garzotto, F.; Galavotti, D.; Bellini, C.; Brolgli, M.; Nalesso, F. Hydrodynamic analysis of the miniaturized
hemofilter for a wearable ultrafiltration device. Blood Purif. 2013, 35, 127–132. [CrossRef] [PubMed]

46. Gura, V.; Ronco, C.; Nalesso, F.; Brendolan, A.; Beizai, M.; Ezon, C.; Davenport, A.; Rambod, E. A wearable hemofilter for
continuous ambulatory ultrafiltration. Kidney Int. 2008, 73, 497–502. [CrossRef] [PubMed]

47. Davenport, A.; Ronco, C.; Gura, V. From wearable ultrafiltration device to wearable artificial kidney. Contrib. Nephrol. 2011, 171,
237–242. [CrossRef]

48. Nahak, B.K.; Mishra, A.; Preetam, S.; Tiwari, A. Advances in Organ-on-a-Chip Materials and Devices. ACS Appl. Bio Mater. 2022,
5, 3576–3607. [CrossRef]

49. Huff, C. How artificial kidneys and miniaturized dialysis could save millions of lives. Nature 2020, 579, 186–188. [CrossRef]
50. Li, L.; Marchant, R.E.; Dubnisheva, A.; Roy, S.; Fissell, W.H. Anti-biofouling Sulfobetaine Polymer Thin Films on Silicon and

Silicon Nanopore Membranes. J. Biomater. Sci. Polym. Ed. 2011, 22, 91–106. [CrossRef]
51. Armignacco, P.; Lorenzin, A.; Neri, M.; Nalesso, F.; Garzotto, F.; Ronco, C. Wearable devices for blood purification: Principles,

miniaturization, and technical challenges. Semin. Dial. 2015, 28, 125–130. [CrossRef] [PubMed]
52. Fransen, M.F.J.; Addario, G.; Bouten, C.V.C.; Halary, F.; Moroni, L.; Mota, C. Bioprinting of kidney in vitro models: Cells,

biomaterials, and manufacturing techniques. Essays Biochem. 2021, 65, 587–602. [CrossRef] [PubMed]
53. Nishinakamura, R. Advances and challenges toward developing kidney organoids for clinical applications. Cell Stem Cell 2023,

30, 1017–1027. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.memsci.2008.09.039
https://www.ncbi.nlm.nih.gov/pubmed/20054402
https://doi.org/10.1097/MAT.0000000000000367
https://doi.org/10.1016/j.actbio.2019.04.009
https://www.ncbi.nlm.nih.gov/pubmed/30953798
https://doi.org/10.3727/215517912X653328
https://www.ncbi.nlm.nih.gov/pubmed/24575327
https://doi.org/10.1007/s00424-013-1307-z
https://www.ncbi.nlm.nih.gov/pubmed/23812163
https://doi.org/10.1208/s12248-016-9871-8
https://doi.org/10.1093/ckj/sfy086
https://doi.org/10.1177/2211068214531760
https://doi.org/10.1586/erd.11.33
https://www.ncbi.nlm.nih.gov/pubmed/22026622
https://doi.org/10.1038/8626
https://www.ncbi.nlm.nih.gov/pubmed/10331803
https://doi.org/10.1080/17434440.2018.1462697
https://www.ncbi.nlm.nih.gov/pubmed/29633900
https://doi.org/10.1177/039139880703001210
https://www.ncbi.nlm.nih.gov/pubmed/18203072
https://doi.org/10.1159/000346098
https://www.ncbi.nlm.nih.gov/pubmed/23343557
https://doi.org/10.1038/sj.ki.5002711
https://www.ncbi.nlm.nih.gov/pubmed/18059456
https://doi.org/10.1159/000327172
https://doi.org/10.1021/acsabm.2c00041
https://doi.org/10.1038/d41586-020-00671-8
https://doi.org/10.1163/092050609X12578498982998
https://doi.org/10.1111/sdi.12346
https://www.ncbi.nlm.nih.gov/pubmed/25639167
https://doi.org/10.1042/ebc20200158
https://www.ncbi.nlm.nih.gov/pubmed/34096573
https://doi.org/10.1016/j.stem.2023.07.011

	Introduction 
	The End-Stage Kidney Disease and the History of Kidney Replacement Therapy 
	Current Extracorporeal Purification between Limitations and New Perspectives 
	Bioreactors for Artificial Kidneys 

	Future Perspective beyond Current Technical Limitations 
	Summary 
	References

