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ABSTRACT: Chronic kidney disease affects one in six people worldwide. Due to the
scarcity of donor kidneys and the complications associated with hemodialysis (HD), a cell-
based bioartificial kidney (BAK) device is desired. One of the shortcomings of HD is the
lack of active transport of solutes that would normally be performed by membrane
transporters in kidney epithelial cells. Specifically, proximal tubule (PT) epithelial cells play
a major role in the active transport of metabolic waste products. Therefore, a BAK
containing an artificial PT to actively transport solutes between the blood and the filtrate
could provide major therapeutic advances. Creating such an artificial PT requires a
biocompatible tubular structure which supports the adhesion and function of PT-specific
epithelial cells. Ideally, this scaffold should structurally replicate the natural PT basement
membrane which consists mainly of collagen fibers. Fiber-based technologies such as
electrospinning are therefore especially promising for PT scaffold manufacturing. This
review discusses the use of electrospinning technologies to generate an artificial PT scaffold
for ex vivo/in vivo cellularization. We offer a comparison of currently available electrospinning technologies and outline the desired
scaffold properties required to serve as a PT scaffold. Discussed also are the potential technologies that may converge in the future,
enabling the effective and biomimetic incorporation of synthetic PTs in to BAK devices and beyond.
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1. INTRODUCTION

Kidney function can be summarized as the homeostatic
regulation of the water volume and solute content in the
blood. This is achieved through three processes (filtration,
secretion, and reabsorption) all of which are executed in the
nephrons (Figure 1a).1 Solute exchange between the blood
and the filtrate consists of passive and active transport. The
latter is executed by membrane transporters of epithelial cells
located in the tubules of the nephron (Figure 1b). In the case
of end stage renal disease (ESRD), these processes are
disrupted and unable to maintain homeostatic solute levels and
fluid volume, resulting in major health complications. Recent
technological advancements have the potential to reintegrate
renal tubular functions to ESRD patients without using a
donor kidneys.
Just in 2016 alone, over half a million Europeans received

renal replacement therapy due to end stage kidney disease
(ESKD). While kidney transplantation is the preferred
treatment, the majority of ESKD patients receive hemodialysis
(HD) or peritoneal dialysis due to a scarcity of donor kidney
grafts.2 Patients who receive HD have a 5 year survival
probability below 50%, which is significantly less than patients

who received a kidney transplant (>90%).2 An important
factor responsible for this high mortality is that HD does not
include excretion of large lipophilic and protein bound
solutes,3−8 leading to the accumulation of large protein-
bound uremic toxins (Figure 1b), which are associated with an
increased risk of cardiovascular disease.9−12

A bioartificial kidney (BAK) device could offer a promising
solution to the complications seen in current dialysis
methods.3−5,13 Essentially, the BAK could further expand on
the existing dialysis techniques by incorporating kidney tubule
epithelial cells that would also enable the active transport of
solutes, including some of the human serum albumin-bound
uremic toxins such as indoxyl sulfate and kynurenic acid,
between the blood and the dialysate, thereby facilitating their
removal.14 Although the ideal solution would be to grow
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transplantable kidney tissue in the laboratory,15 the bioartificial
approach seems a more readily achievable solution and has
already been studied in clinical trials.16 Given the complexity of
the kidney and its many functional roles, it is likely that a BAK
device would incorporate multiple synthetic functional units in
order to address the current shortcomings in treatment
options.16,17 Each functional unit may be derived from
different fabrication methods in order to cater to specific
cellular and/or metabolic needs.
Over a decade ago Humes et al. showed the beneficial effects

of using renal tubular cells on polymeric scaffolds in
combination with dialysis in patients with acute kidney
injury.18,19 More recent iterations of this approach have
successfully incorporated a bioartificial renal epithelial cell
system (BRECS) in a continuous flow peritoneal dialysis
circuit.20 The BRECS consists of a bioreactor that houses
porous, niobium-coated carbon disks on which adult human
renal epithelial cells are grown in vitro. Once the optimal cell
density is reached, the disks can be clinically perfused either
with ultrafiltered blood or peritoneal fluid from extracorporeal
HD or peritoneal dialysis circuits. In combination with the
latter, this strategy could be further developed into a portable
BAK system that greatly improves the quality of life for the
patient. A 65 kDa molecular weight cutoff in pre- and postcell
filters achieves immune-isolation and protection of the BRECS
epithelial cells while also permitting the secretion of small
proteins and hormones to the patient’s blood circulation.
Another BAK approach for restoring renal tubular function to
the patient is the implantation of artificial renal tubules.21

Although at an early stage, proof of concept studies have
already been performed and show proximal tubule epithelial
cells (PTEC) can remain functional for at least 3 weeks in

vitro.22 PTECs are especially interesting for these studies
because the proximal tubule (PT) naturally contributes to the
secretion of the large protein bound uremic toxins that are
insufficiently removed by HD (Figure 1). Finding the optimal
scaffold parameters for creating a functional artificial PT has
been the focus of various studies.14,22−27

Incorporating PTECs in a BAK requires a supporting
structure that enables cells’ natural function. In the native
kidney, PTEC are attached to the basement membrane (BM).
The PTEC form a confluent monolayer, essential for achieving
solute concentration differences between the filtrate and the
blood. The BM consists mostly of nanosized fibers composed
of natural polymers like collagen. These fibers are organized in
a fibrous network that is permeable to the solutes that are
transported by the PTECs. Although it is possible to extract
the BM from human kidneys, this would again face the issue of
limited availability.28 In an alternative route, the therapeutic
potential of decellularized kidneys sourced from animals has
also been investigated. In vitro studies show decellularized
extra-cellular matrix has the potential to support cells and
direct cell fate, but in vivo tests have thus far had limited
success due to immune reactivity and thrombosis.29,30

Artificially produced fiber-based scaffolds offer off-the-shelf
availability and clinical grade biodegradable materials and can
be tuned to specific nano- and macroscale properties, such as
fiber diameter, porosity, and scaffold thickness.31−33 Artificial
scaffolds have already been investigated for their ability to
support a functional confluent PTEC monolayer. Among the
methods to generate fiber scaffolds, electrospinning is a
versatile and low cost technology that can be employed to
generate fiber-based structures using a variety of natural and
synthetic biodegradable materials at both nano- and micro-

Figure 1. Schematic representation of the nephron and active transport mechanisms in the proximal tubule. (a) A schematic figure showing all
segments of the nephron: Bowman’s capsule, proximal tubule, loop of Henle, distal tubule, and collecting duct. The three kidney processes are color
coded: filtration (green), secretion (red), and reabsorption (blue). For each process, examples of solutes are given in the corresponding color.
Reabsorbed solutes show a percentage that represents how much of the total reabsorption is performed by that nephron segment. (b) Apical and
basolateral membrane transporters in the proximal tubule involved in reabsorption and secretion of solutes. The transport of phosphate and uremic
toxins is highlighted to indicate that they are not sufficiently removed by HD. The concentration gradients that result from this active transport give
rise to passive transport of fluid and ions through osmosis and diffusion: epithelial Na+ channel (ENaC), Na+-glucose cotransporter (SGLT1),
facilitated glucose diffusion transporter (GLUT2), sodium-dependent phosphate transport protein (Npt2a, Npt2c, PiT-2), divalent anion-sodium
symporter (NaDC), organic anion transporter (OAT1, OAT3), multidrug resistance-associated protein 2 (MRP2, MRP4).
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scale. Relative to other fiber fabrication methods, such as phase
separation or self-assembly, electrospinning methods, specifi-
cally melt- and near-field electrospinning, afford the user both
spatial and temporal control in 3D material design.34

The ideal PT scaffold not only supports PTECs on the
luminal side but also stimulates close integration of vasculature
on the abluminal side. This allows connection to the host’s
vasculature and opens the technology toward a continuously
active intracorporeal BAK. Therefore, a PT scaffold should
support and promote both renal membrane and vascular
structure formations. Electrospinning has already shown its
potential in other fields, such as cardiovascular tissue
engineering.33,35,36 In theory, this technique can be used to
fabricate customized fiber-based renal tubular scaffolds, using a
variety of materials. However, dedicated studies on electro-
spinning of renal scaffolds that can support PT cell growth,
differentiation, and vascular structure formation are scarce.
Additionally, only a handful of studies focused on reabsorp-
tive/secretory function or clinical implementation (Table 1).
In contrast the most advanced electrospun vascular scaffolds in
the cardiovascular field already offer combinations of fiber
networks with bioactive materials that can support multiple
vascular cell types.33,37 For example, the vascular scaffold
produced by Han et al.33 contained separate layers and growth
factors to optimally support EC growth on the luminal side and
vSMC growth on the outside of the construct. In a similar
fashion the ideal PT scaffold would give optimal support for
PTECs on the luminal side of the scaffold while supporting
vascular integration in a second layer on the abluminal side. In
addition to supporting both renal and vascular structures, the
construct should minimize the distance between the two in
order to optimize solute exchange. For reference, the distance
between the PT and capillaries in native renal tissue is roughly
5 μm in vivo. In addition, the successful implementation of
fiber scaffolds into the renal regenerative field requires an
understanding of the biological response to the native BM. By
taking aspects of the natural renal BM into consideration,
optimal biological viability and function may be achieved and
greatly advance the next generation of artificial kidney tubules.
This review will discuss the properties of the BM and the
application of electrospinning in artificial PTs and propose a
possible strategy for optimizing vascular integration and BM
mimicry.

2. NATURAL PROXIMAL TUBULE BASEMENT
MEMBRANE AND ARTIFICIAL BIOMIMICRY

One of the hurdles to designing an artificial PT is creating a
replacement for the BM on which the PTECs are anchored.
The PT BM, part of the extracellular matrix (ECM), is a fiber-
based sheetlike network that offers structural support to the
adhering cells and plays an integral role in cell signaling and
cell fate, while allowing solute and water exchange with the
surrounding tissue. The epithelial cells deposit BM compo-
nents while also releasing factors that degrade these
components, resulting in constant BM remodeling. Although
information on the turnover rate of the tubular BM is limited,
it has been suggested to be in the range of multiple weeks.38 In
theory, the artificial scaffold for replacement of the BM should
ideally be fully degradable, to allow adaptation of BM to
changes in in situ conditions (such as changes in blood or
filtrate flow) after implantation by natural remodeling.

2.1. Proximal Tubule Basement Membrane. Many
factors like the biological cues provided by BM proteins and
mechanical properties should be taken into account for the
design of an artificial replacement of the BM. The main
components of the BM are collagen IV, laminins, nidogens,
and heparan sulfate proteoglycans (HSPGs).24,39,40 Collagen
IV has a triple helical structure that forms a cross-linked fiber-
based network, which contributes significantly to the renal
tubular BM stiffness.40 Collagen microfibrils can wrap around
each other to form collagen fibers, which vary in diameter
ranging from 10 to 300 nm.41 Considering the low mechanical
stress in the kidney tubules, the collagen fibers in the PT BM
are most likely thin. Similar to collagen IV, laminins assemble
into a network and contribute to the mechanical integrity of
the basement membrane.42,43 The laminin network plays a role
in cell anchoring by binding to plasma membranes such as
integrins.44 Ultrahigh resolution scanning electron microscopy
reveals that the tubular BM surface is covered in parallel cristae
with “hills” of approximately 50 nm wide which consists of a
meshwork of fibers that are 7 nm wide and up to 100 nm
long.45 The collagen and laminin networks are connected
through nidogens and HSPGs, the latter of which also serve as
reservoirs for growth factors,46 are highly hydrated, and
contribute to a negatively charged barrier within the
BM.45,47,48 A negative surface potential is crucial, as it
strengthens the adhesion capabilities of human embryonic
kidney cells.49 The renal tubular BM thickness has been
estimated to be 360−558 nm.50−52 Although no data is

Table 1. Summary of Electrospinning Types

electrospinning type advantages disadvantages

solution
electrospinning

- simple setup - involves (toxic) solvents
- low solution viscosity allows for thin dispensing nozzels to be used, enabling
nanofiber fabrication

- high voltage limits use of live cells

- low distance/voltage setups are capable of electropsinning live cells
melt electrospinning - no (toxic) solvents required - high solution viscosity requires wide dispensing nozzle,

limiting nanofiber production
- fabrication process relatively complex due to heating
elements

- random (MES) or controlled (MEW) fiber deposition possible - heat requirement limits material compatibility
- limited commercial availability
- high voltage limits use of live cells

near-field
electrospinning

- material compatibility - nanofiber fabrication is relatively difficult
- controlled fiber deposition - limited scaffold thickness
- low voltage
- supports electrospinning of live cells/bacteria, maintaining viability
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available concerning the mechanical properties of these
structures, measurements of BM derived from chicken retina
with a similar thickness have reported a Young’s modulus of
3.34−3.57 MPa.53 It should be noted that the composition and
properties of the BM may vary between different tissues and
species42 and that under physiological conditions the BM is
supported by surrounding tissue and fluid pressures that
increase its stiffness. Furthermore, the effect of substrate
stiffness on the viability of renal proximal tubular epithelial
cells has been analyzed in the range of 0.1−20 kPa, which is
more in line with the stiffness of the kidney as a whole54 and
showed that the cells performed better when exposed to a
higher substrate stiffness.55 Taking the aforementioned proper-
ties of the BM into consideration, certain key criteria should be
taken into account when we strive to design the optimal PT
scaffold. First, scaffolds designed to mimic the PT BM should
optimally support PT epithelial cells in their transport function.
The scaffold should enable the PT cells to adhere to the
scaffold and stimulate cell-junction formation with each other,
thus generating a confluent monolayer. Investigating which
type of integrin subunits are highly expressed and which
integrin forms are more active on PT epithelial cells as well as
assessing their integrin response to macro and nanoscale
variables of an artificial scaffold would greatly aid in optimizing
scaffold design for cell adhesion.56 Second, the scaffold should
also be permeable to solutes involved in the secretion and
reabsorption mechanisms performed by the PT. For this, the
creation of the confluent PT epithelial layer is critical to
establish a selectively permeable border and similarly relies on
optimizing the interaction between scaffold fiber and integrin-
mediated cell adhesion. Finally, as discussed above, scaffold
thickness should be minimal in order to maximize the
efficiency of solute exchange between the artificial PT and
surrounding vasculature.
2.2. Fabricating an Artificial Proximal Tubule Base-

ment Membrane. Fiber-based technologies are highly
suitable to generate an artificial PT BM scaffold that can
replicate native BM function. This class of manufacturing
technologies includes a range of solvent and thermal-based
electrodriven fiber formation methods capable of creating

ECM-mimicking fibrous scaffolds. Electrospinning enables the
processing of a wide range of polymeric materials, and the
encapsulation of growth factors or bioactive molecules in order
to optimize cell performance. Polymers suitable for electro-
spinning and currently used in various (pre)clinical applica-
tions can be divided into natural polymers such as fibroin
(silk), collagen (gelatin), chitosan (CS), hyaluronic acid (HA),
and elastin and synthetic polymers such as poly(ε-caprolac-
tone) (PCL), poly(L-lactide-co-ε-caprolactone) (PLCL), poly
lactic acid (PLA), poly(3-hydroxybutyrate) (PHB), and
polyurethane (PU).31,35,57,58 Furthermore, electrospun struc-
tures may be coated or encapsulate growth factors or bioactive
molecules in order to optimize cell performance.33

Fiber-based technologies include several manufacturing
processes from which the most investigated are solution
electrospinning (SES), melt electrospinning (MES), melt
electrowriting (MEW), and near-field spinning (NFES), each
of which has their pros and cons in terms of setup complexity,
deposition accuracy, material compatibility, and fiber diameter
(Table 1). These fiber-based technologies all allow for the
development of fiber-based scaffolds with a wide variety of
design parameters.59 Altering certain parameters during
production or postprocessing allows for precise control over
the mechanical properties,35 scaffold thickness,58 degradation
speed,60 fiber size,31 fiber orientation,61 material composi-
tion,22,33 pore size,62,63 biological cues,22,33,64 and growth
factor gradients.35,58 Although electrospun scaffolds are
relatively new for the field of kidney tissue engineering,22

they have been widely investigated for skin, muscle, cartilage,
bone, nerve, and blood vessel applications.31,35,65

2.2.1. Customizable Fiber-Based Scaffolds. An electro-
spinning device consists of a syringe containing a polymer
solution, a high voltage supply and an electrically conductive
collector (Figure 2a). The voltage supply is used to create an
electric potential between the dispensing nozzle and the
collector. When the electrical field overrules the surface tension
of the charged solution at the tip of the spinneret, the solution
forms a jet that is pulled toward the oppositely charged
collector. The charged jet accelerates by and in the direction of
the electric field with a whipping motion.66 While traveling

Figure 2. Schematic representation of an electrospinning device for tubular construct fabrication. (a) Schematic summary of the electrospinning
process. A rotating rod is used as a collector to create tubular scaffolds. (b) Possible spinneret modifications for the production of fibers containing
multiple materials. Coaxial/triaxial electrospinning can be used to produce fibers with different material layers.
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toward the collector, the volatile solvent evaporates, resulting
in the deposition of a continuous polymer fiber.35 A wide range
of accessories, consisting mostly of spinnerets and collectors,
have been investigated to suit application needs and rotating
mandrels have been utilized as collectors to form tubular
scaffolds, as illustrated in Figure 2a. In addition to this, there
are different parameters available to tune the properties of the
scaffold to suit its purpose: spinneret to collector distance,
applied voltage, polymer concentration, polymer molecular
weight, solvent choice, and more. These parameters and their
influence on the product traits are aptly described in different
reviews.31,35 Production of thinner fibers may be achieved by
decreasing polymer concentration, flow rate, and or by
increasing the voltage and solution conductivity. Furthermore,
hollow fiber structures or multilayered fibers consisting of
multiple materials can be produced by using multiaxial core−
shell spinneret designs (Figure 2b). Using multilayered,
multimaterial fibers can be an effective way to drastically
alter the mechanical properties, cell−surface interactions,
growth factor release, or degradation speed of the scaf-
fold.33,35,67 Although this does often lower the efficiency of
nanofiber generation, it can enable the fabrication of
multilayered materials with distinct architectures per layer.
2.2.2. Electrospinning Artificial Proximal Tubules.

Although research concerning electrospinning for the gen-
eration of a PT scaffold is relatively scarce and thus far has only
reported the use of SES, the advances made toward application
are significant. Solution electrospinning has been implemented
in PT cell culture using various materials, fiber diameters, and
cell sources (Table 2). Different materials including PCL, CS,
fibroin, PLA, and PHB have been used, with fiber diameters
ranging from 0.18 to 5.9 μm.22,61,75−78,67−74 In terms of fiber
architectures, most studies reported on random fiber
deposition instead of aligned fibers. The resulting scaffolds
present a Young modulus ranging from 0.17 to 36 MPa.
PCL is one of the most widely studied electrospun materials

for use as a PT scaffold. The versatility of this synthetic
polymer is owed to, among others, its biocompatible,
biodegradable, and elastic properties.79,80 However, its hydro-
phobic nature requires the use of a biological coating to
support cell adhesion and proliferation. L-DOPA and collagen
coated PCL has shown its potential in a proof of concept study
performed by Jansen et al.,22 where 12, 16, and 20% PCL
solutions were used to create the fiber-based scaffolds resulting
in a fiber diameter of 0.53 ± 0.30, 0.88 ± 0.44, and 1.06 ± 0.66
μm, respectively. These scaffolds had an inner diameter of 700
μm and were seeded with either murine induced renal tubular
epithelial cells (iREC) or human conditionally immortalized
proximal tubule cells (ciPTEC), which had a cell size of 13.7 ±
1.3 and 29.7 ± 5.5 μm, respectively. Even though the 12%
solution scaffold showed beading artifacts, this scaffold allowed
iREC cells to develop a monolayer with increased expression of
Zona Occludens 1 (ZO1), a tight junction marker, due to its
smaller fiber size. ciPTECs were larger in size and therefore
able to form a monolayer on scaffolds obtained from the three
polymer concentrations. The epithelial monolayers in the
scaffolds showed active transport through OAT1 and OAT2
transporters indicating the potential of coated PCL scaffolds
for the development of functional PT grafts. Other studies
have shown PCL fibers can also be deposited in an aligned
form instead of random, causing the kidney cells to stretch out
in the direction of the fibers and increase their F-actin
synthesis.61 In addition to a collagen coating, SES of a HA

layer on top of a CS/PCL hybrid also appears to increase cell
viability and actin filament production in monkey kidney
epithelial cells in vitro.67 Instead of coating the PCL using
natural polymers, Sobreiro-Almeida et al.72 have shown that
PCL can be mixed with porcine decellularized kidney ECM
and subsequently electrospun into a fiber-based scaffold with a
fiber diameter of roughly 400 nm. A human proximal tubule
epithelial cell line (HK2) seeded on the PCL/ECM structure
showed increased metabolic activity, cell proliferation, and
protein content when compared to a pure PCL structure.
Furthermore, the HK2 cells would only express ZO1 on the
PCL/ECM hybrid and showed a significantly higher epithelial
barrier function by measuring trans-epithelial electrical
resistance.72 The susceptibility of PCL to enzymatic and
oxidative degradation can be altered by incorporating units
such as 2-ureido-[1H]-pyrimidin-4-one (UPy) or bis-urea
(BU) into the polymer. The resilience gained or lost by
incorporating UPy or BU when exposed to various degradation
mechanisms was quantified by Brugmans et al.81 In contrast to
conventional PCL scaffolds, the PCL-UPy or PCL-BU
scaffolds would actually become stiffer during the degradation
process.60,81 Mollet et al.68 have used PCL-UPy to create a
membrane capable of supporting a confluent layer of ZO1
expressing human kidney 2 epithelial cells (HK-2). The
bioreactor used in this study allowed for the separate
admission of medium on the apical and basal side of the
HK-2/PCL-UPy membrane. Compared to a PCL-UPy scaffold
without cells, the HK-2/PCL-UPy construct showed a
significant decrease in inulin permeability. Since inulin is
neither secreted nor reabsorbed by renal epithelial cells, this
indicates the formation of a near-complete epithelial barrier.
Additionally, the expression of specific membrane transporters
was evaluated under static and flow conditions, which revealed
that flow significantly impacts the expression of PEPT1 and
PEPT2 at RNA level, while OAT1, OAT3, SGLT2, and Na
+/H+ exchanger were not significantly impacted.68

Poly lactic acid (PLA) is another well-known biomaterial
widely used for SES. Burton et al.69 produced PLA scaffolds
based on 10, 18, and 22% (w/v) solution, resulting in 0.88 ±
0.16, 2.46 ± 0.43, and 3.30 ± 0.17 μm fiber diameters,
respectively. These substrates were able to support primary rat
kidney cells expressing ductal (Aquaporin-1, Aquaporin-2) and
glomerular (von Willebrand factor, Synaptopodin) markers for
7 days. However, they did not witness monolayer organization
of the cells within this time frame, which is significant as this,
in addition to ZO1 cell junction formation is essential to
epithelial barrier function.82 Llorens et al.74 have shown that
PLA scaffolds can have significantly improved antibacterial
properties when including polybiguanide (PHMB) in the
polymer solution while maintaining biocompatibility during in
vitro culture of canine epithelial kidney cells.

3. ELECTROSPINNING STRATEGIES FOR VASCULAR
GRAFTS TO ADVANCE RENAL SCAFFOLD DESIGN

We have discussed the current uses of electrospinning methods
in PT scaffold fabrication, (to date using only solution
electrospinning) and highlighted the promising results.
However, other research fields that use electrospun scaffolds
for (pre)clinical applications, in particular the cardiovascular
field, may provide new concepts and solutions to further
innovate PT scaffold design. Indeed, the promising results of
various advanced electrospun designs are supported by data in
which electrospun scaffolds were proven to produce viable and
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functional tissue engineered vascular structures in vitro and in
vivo.33,83 For example Han et al.33 used a multilayered scaffold
which combined four materials and two growth factors to
mimic and promote native vessel anatomy. The construct
consisted of three layers, an inner layer of poly(ethylene
glycol)-b-poly(L-lactide-co-ε-caprolactone) (PELCL) contain-
ing vascular endothelial growth factor (VEGF), a middle layer
of poly(L-lactide-co-glycolide) (PLGA) containing platelet-
derived growth factor-bb (PDGF), and an outer layer of PCL.
A secondary needle was used to spin gelatin fibers throughout
each layer, adding to the adhesion properties and enabling cell
ingrowth after a short degradation period. PELCL was chosen
as the inner layer and carrier of VEGF, because it enables a
relatively fast growth factor release when compared to the
release of PDGF from the PLGA layer. This promotes rapid
endothelialization by initial VEGF release, followed by PDGF
induced recruitment of vascular smooth muscle cells for
stabilization of the newly formed confluent endothelium. The
outer layer of PCL improved the mechanical properties of the
construct. In the in vivo testing phase scaffolds containing
either zero, one or both growth factors were analyzed 4 and 8
weeks after implantation in a rabbit carotid artery. The
construct containing both growth factors gave the best results
and was not obstructed after 8 weeks in vivo, indicating how
advanced tuning of scaffold properties can greatly enhance
controlled cellularization.33 In addition to this multilayered
approach, many PCL scaffold modifications have been
analyzed in order to optimize its biomimetic properties. This
includes a vascular graft model containing a luminal layer of
electrospun collagen I fibers for increased biocompatibility in
vitro, but at the cost of mechanical properties,84 a similarly
designed layered scaffold using silk fibroin as luminal
material,85 a PCL/PLGA hybrid resulting in accelerated
degradation in vivo,86 a fibronectin coated PCL/PLA and
PCL/PLA/PEG hybrid with a significantly improved endo-
thelial adhesion and viability in vitro when compared to a
gelatin or blood coating,64 and a coaxially spun fiber with a
heparin core and a collagen/chitosan/PLCL shell which was
able to release heparin for more than 45 days.87 Given the
effectiveness of layered electrospun scaffolds containing growth
factors in vascular tissue engineering, translating these
strategies to kidney engineering should be considered. In
particular, layered compartmentation of scaffold regions each
with either PT epithelium and/or microvasculature promoting
abilities, may be the most viable solution when we aim for a
design to connect PT tubules with a microvascular bed.
3.1. Melt Electrospinning/Writing for Proximal

Tubule Fabrication. Different types of electrospinning used
in other fields should also be considered for PT scaffolds. In
contrast to SES, there is no evaporation of solvent in melt
electrospinning (MES) and melt electrowriting (MEW)
systems because these use heated spinnerets to electrospin
undissolved polymers in their liquid phase. Thus, MES and
MEW do not have an evaporation step before deposition on
the collector resulting in a generally larger fiber diameter when
compared to SES.58

MES has not yet been applied to kidney tissue engineering at
the time of writing. Various aspects of MES may contribute to
this. First, fiber diameters are relatively large when compared
to SES and may require more complex setups (such as
modified spinnerets88) to create fibers in the nanometer range.
This is further complicated by the limited number of
commercially available MES devices.58 Second, the heating

required to reduce fiber diameter limits the use of natural
polymers which are thermosensitive, such as chitosan.58 Third,
the viscosity of the molten polymer used is a full magnitude
higher than SES due to the absence of solvent, which poses
limitations for the flow rate at the dispensing nozzle and thus
fiber diameter size.89 Finally, difficulties with obtaining a
consistent fiber diameter have been reported, especially in the
submicrometer range.58,90

Melt electrowriting (MEW) is related to MES but has the
great advantage that it can precisely deposit fibers, which can
have a significant impact on cell responses such as alignment,
intercellular mechanical stress distribution and sensing, as well
as subsequent transcriptional response.49,91 Similar to MES,
MEW uses polymer melts instead of polymer solutions and
small collecting distances to develop well-organized fiber-based
scaffolds. By using computer-controlled translation and
rotation of the collector, MEW is capable of precisely
depositing polymer fibers in organized scaffolds up to 7 mm
thick. These qualities make MEW a suitable production
method for large macrovessel scaffolds for replacement of, e.g.,
the large caliber coronary vessels or vascular access graft.31,59 It
has also been suggested as a suitable option for future PT
scaffold research.22 Various patterns of plasma treated PCL
scaffolds produced by MEW have shown to be capable of
sustaining a confluent layer of human umbilical cord vein
derived smooth muscle cells.32 These seeded cells showed a
high cell viability and synthesis of collagen type I and III, and
immunofluorescence imaging suggests the patterns in the PCL
dictate cell alignment.32 The ability of MEW produced PCL
scaffolds to dictate cell alignment was also seen in endothelial
cells.63 In another study, MEW and SES were combined to
create a bilayered tubular scaffold with an inner diameter of 3
mm, where the inner layer was produced by SES and seeded
with endothelial colony forming cells and the outer layer was
produced by MEW and seeded with MSCs. Since the bilayered
design allowed the properties of the layers to be tailored to
each cell type specifically, the outer layer contained circum-
ferentially oriented fibers to dictate MSC orientation. In
addition to the cell specific scaffold layers, the confluent cell
layers allowed the use of cell specific medium on the inside and
outside of the scaffold. The medium and fiber orientation used
for the outer layer stimulated the differentiation of MSCs into
elongated circumferentially oriented vSMC-like cells which
coincided with a significant upregulation of calponin, (tropo)-
elastin, and αSMA.92 As mentioned previously, the heating
required for MES and MEW limits processing of natural
polymers, leaving mostly synthetic polymers such as
PCL32,63,93 and polypropylene,94 known for their relatively
high hydrophobicity,31,58 which may impact cell adhesion and
solute transport. A recent study proposed (poly(hydroxy-
methylglycolide-co-ε-caprolactone) (pHMGCL) as a material
option for MEW. pHMGCL is more hydrophilic than PCL and
consequently more efficient in facilitating cell adhesion and
dictating cell alignment of cardiac progenitor cells when
compared to PCL.95 All in all, MEW has a definite advantage
when precise fiber deposition is desired.

3.2. Near Field Electrospinning for Proximal Tubule
Fabrication. Another electrospinning technique with unique
properties that could be valuable for PT scaffolds is near field
electrospinning (NFES). It can use either molten or solution
polymers, similar to MES and SES, respectively.57 However, a
lower voltage and collector distance is used in NFES, making it
compatible with a wide variety of materials, which may even
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contain living cells/bacteria that remain viable after deposi-
tion.57,96 The relatively small distance between the spinneret
and collector allows precise deposition of the polymer but also
results in fibers that typically have a diameter in the
micrometer range, although nanometer range has been
reported.31,97,98 One of the major limitations of NFES is the
thickness of the scaffolds produced, which is typically in the
range of 100 μm−1 mm.31,96 Although NFES has been used to
demonstrate that human embryonic kidney cells are signifi-
cantly impacted in their morphology by the alignment of
deposited chitosan fibers,99 to the best of our knowledge it has
not yet been implemented in tubular scaffolds for in vitro
nephron models.
Other fields have applied NFES to design constructs in

which the technique is combined with 3D printing. For
example, using small dispenser to collector distance and low
voltage opens the possibility for electrospinning in near vicinity
of live cells. Fattahi et al.91 have created precisely programmed
poly(methyl methacrylate) (PMMA) fiber patterns in a human
mesenchymal stem cell (hMSC) loaded collagen hydrogel. The
hMSCs in contact with a PMMA fiber would show an
elongated morphology, which is different from the unidirec-
tional spreading found in hMSCs that were not exposed to the
fibers. For future research Fattahi et al. suggested adding an
extruder to simultaneously deposit the collagen hydrogel and
nanofibers, which could be used for highly customizable living
bioscaffolds, such as blood vessels,91 but potentially also renal
grafts. In addition to the possibility of depositing fibers and
bioink simultaneously, efforts have been made for direct
electrospinning of fibers with live cells.36,57,96,100−102 For this,
certain parameters should be closely monitored in order to
ensure that the intrafiber cells remain viable. Exposing cells to
high voltages may disrupt their ion channels and gene
expression or impact cell viability,36 hence the voltage used
for cell electrospinning is generally lower, which dictates the
use of a lower dispenser to collector distance.36,57,100

Compared to conventional SES configurations, which may
alter the composition of their polymer solutions in order to
manipulate fiber properties,35,83 live cell solutions are rather
limited in their configuration: First, the viscosity of the
solution should be low to limit the shear stress imposed on
cells during fiber formation and avoid damage. However, this is
a fine line, since a certain minimal viscosity is required for the
production of fibers. Shear stresses should also be considered
when altering the dispenser flow rate.36 Second, the solvents
used in conventional SES are often cytotoxic, making them
incompatible with living cell solutions. Although culture media
can be used as solvent for electrospinning, this does limit the
use of polymers to those that are water-soluble.100 Finally,
natural polymers are a logical choice from a cell viability
perspective, but the resulting structures often have poor
mechanical strength. The mechanical properties could be
improved by incorporating a synthetic polymer, by, e.g., coaxial
electrospinning, a layered design or a separate dispensing
nozzle.36,58,100,101

Despite these limitations, electrospinning intrafiber live cells
can successfully be achieved without reduction in cell viability.
Nosoudi et al.100 used a relatively low dispenser to collector
distance and voltage for electrospinning a solution of gelatin/
cells, gelatin/pullalan/cells, pullalan/cells, collagen/cells, and
PEO/cells dissolved in culture media. The adipose tissue-
derived stem cells (ASCs) electrospun with gelatin, pullalan, or
both showed a cell viability not significantly different to that of

the control group, for which the same solutions were sprayed
and cultured in a petri dish without voltage application.
Furthermore, the electrospun cells did not show altered
expression of SOX2 or OCT4 or increased cell death,
indicating that the voltage exposure did not induce differ-
entiation, loss of stemness, or reduced viability.100 Townsend-
Nicholson et al.101 have shown that it is possible to employ
coaxial electrospinning for encapsulation of live cells in media
solution by an outer layer of PDMS. The EHDJ/1321N1 cells
used in this study were incubated for 1 week postelectrospin-
ning, after which they showed no significant difference
compared to the control group in terms of cell viability,
growth, and morphology.101 In another study, ASCs electro-
spun with poly(vinyl alcohol) actually outperformed the
sprayed control group after 28 days of incubation in
proliferation and viability, while demonstrating the potential
of live cell electrospinning.102

We have discussed the potential uses of MES/MEW and
NFES as tools to fabricate a PT scaffold. Currently, research
focusing on PT scaffolds has utilized solution electrospinning
techniques only (Table 1). As outlined above, each system has
its advantages and setbacks; however, taking a hybrid
fabrication approach, drawing on the benefits of each system,
will likely yield the greatest impact. An overview of the
fabrication capabilities of each electrospinning system is
provided in Table 3.

4. CRITICAL ASPECTS TO CONSIDER WHEN
DESIGNING A SYNTHETIC PROXIMAL TUBULE
4.1. Fiber Diameter. Based on the properties of the

natural BM and the current knowledge of the performance of
renal epithelial cells on electrospun scaffolds, there are some
statements that can be made about the ideal scaffold properties
of the inner layer. Although the luminal side of the scaffold
supporting the epithelial cells should ideally resemble the
natural BM, which mainly consists of 7 nm diameter natural
fibers, epithelial cell viability was reportedly not significantly
impacted by fiber diameter.77 However, an increased fiber
diameter gives rise to an increased pore size, which at some
point reaches a critical tipping point where cells are unable to
bridge the gaps and fail to form a confluent monolayer due to a
lack of integrin-fiber contact and/or enforced maladapted cell
morphology.22,75 The fiber diameter at which this critical point
is reached naturally depends on cell type and size and should
be investigated further, although it is suggested that this critical
point lies above 1 μm for human renal epithelial cells.22,77

4.2. Fiber Alignment. The effect of fiber alignment on cell
performance of PTECs is largely unknown and should be

Table 3. Overview of the Properties of Solution
Electrospinning, Melt Electrospinning, Near-Field
Electrospinning, Derived from the works of He et al.,57

Kristen et al.,31 and Ibrahim et al.58

electrospinning
type

tip-to-target
distance (mm)

material
form

fiber
diameter
(μm)

voltage
(kV)

solution
electrospinning

50−500 solution 0.01−5 10−30

melt
electrospinning

50−500 melt 0.2−30 10−30

near-field
electrospinning

0.5−5 solution/
melt

0.05−60 0.05−
12
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investigated. Human kidney epithelial cells seeded on
randomly deposited PCL fibers with a diameter of roughly 1
μm show a significantly higher gene expression of ANPEP,
which is associated with PTECs because it regulates Na+/K+-
ATPase expression,103 when compared to controls made of
TCPS. This difference was not significant between TCPS and
PCL fibers with a similar diameter in an aligned formation77

This indicates that fiber orientation may have a larger impact
on renal tubular cells fate than the material choice and
therefore should be investigated further within a electro-
spinning strategy. The electrospinning methods most suitable
for creating aligned fiber-based scaffolds are MEW and NFES,
due to their high control of fiber deposition. However, these
techniques generate relatively thick fibers (Table 3), which will
make it difficult to replicate the 50 nm wave pattern seen in the
natural BM.45 While SES is less suitable for controlled
deposition of fibers, it does require a relatively simple setup
to create thin fibers and has acceptable material compatibility.
4.3. Scaffold Material. PCL is currently the most used

material for developing electrospun artificial PTs (Table 1),
and appears to perform well as long as the material’s
hydrophilicity is increased (e.g., by coating or plasma
treatment) and the fiber diameter is sufficiently
small.22,67,72,75,77 An added benefit of using PCL is that the
degradation mechanisms are well-described, including variants
containing Upy or BU units, which allows for fine-tuning of
degradation properties.60,67,68,81,86 Considering the (well-
known) properties of SES and PCL, it is no surprise these

are currently the most used in renal tubule modeling. We
expect the SES-PCL scaffolds will remain a viable option for
renal application, but considerable work is still required to
identify the optimal fiber range, material stiffness, and
degradation properties for this specific application. Meanwhile,
new developments in other electrospinning techniques may
open up the door to other materials that are more suitable for,
e.g., MEW or NFES.

4.4. Growth Factors. Incorporating growth factors into the
scaffold material could potentially enhance its performance.
Vascular scaffolds have clearly demonstrated that incorporating
growth factors for slow (in situ) release during the tissue
expansion phase is effective,33,104,105 and we believe these
strategies should also be considered for renal scaffolds. Despite
the fact that the mechanisms behind kidney regeneration are
not yet fully understood, some growth factors, such as
epidermal growth factor (EGF), VEGF, hepatocyte growth
factor (HGF), and insulin-like growth factor 1 (IGF-1), have
been identified as key components involved in kidney
regeneration.106,107 EGF supplementation to HK-2 cells in
vitro resulted in increased VEGF secretion and subsequent cell
proliferation,107 making EGF a potentially interesting growth
factor for addition to the scaffold material. VEGF has also been
shown to stimulate proliferation and cell survival in
immortalized rat PT cells.108 Additionally VEGF plays an
essential part in endothelial cell recruitment, stabilization, and
proliferation109−111 and could therefore be a valuable addition
to promote and achieve vascularization of the PT scaffold. It

Figure 3. Schematic representation of the suggested PT tubule scaffold supporting ingrowth of capillaries. Scaffold layers, fibers, and cells are not to
scale.
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should be investigated if EGF could be used to create a
sufficient VEGF gradient through secretion or if loading the
scaffold with VEGF may be preferential. HGF influences ECM
degradation by increasing expression of matrix metallopro-
teases that may impact the creation of a native BM by epithelial
and vascular cells for replacement of the degradable scaffold.
Moreover HGF is antiapoptotic and antifibrotic and
contributes to stem cell recruitment in vivo.106 Similarly,
IGF-1 has also been shown to have antifibrotic and
antiapoptotic effects.112,113 Overall, the ability of (in)direct
incorporation of VEGF or other growth factors to enhance PT
scaffold performance should be studied.
4.5. Vascularization of the PT. The artificial PT scaffold

should contain an outer layer designed for optimal vascular
integration. The native nephron is surrounded by a peritubular
vascular network that is crucial for the solute exchange with the
bloodstream. It is therefore essential to not just optimize the
inner lumen of the scaffold for a confluent layer of PT
epithelial cells but also design an outer scaffold layer that
supports and recruits capillary vessels in close proximity to the
PT cells for optimal solute exchange. Recently, Wimmer et
al.114 developed a protocol to grow vascular organoids derived
from (potentially autologous115) human iPSC. Organoids are
multicellular structures cultured in 3D that have a microscale
anatomy similar to its respective organ. These vascular
organoids are capable of self-assembling into a stable and
functional vascular network through multilineage differ-
entiation.114 Ideally, a combination of a VEGF gradient,
vascular organoids, and perfused (artificial) vessels encased in a
hydrogel environment generate a perfused capillary network
that penetrates deep into the scaffold and exchanges solutes
with the PT cells (Figure 3). This strategy requires a hybrid
(electrospun scaffold/hydrogel) design in order to allow for
remodeling of capillary structures in the hydrogel while also
providing structural integrity provided by an electrospun
frame. Electrospinning of hydrogel composites have success-
fully been used for creating vascularized constructs in other
research areas.37,91,116,117 Biocompatible hydrogels that have
been used for capillary structure formation include collagen I,
matrigel, and fibrin.118−120 The electrospun structure in the
layer should leave enough space for the hydrogel and
organoids, while also containing fibers thick enough to supply
the required structural support. Depending on the optimal
fiber thickness, MEW could be a suitable method for
electrospinning the outer layer due to its ability to precisely
deposit microfibers. The vascular organoids to be embedded in
this layer are not just capable of self-assembling into a vascular
network but have previously been shown to be capable of
developing connections with the (recipient’s) native vessels.114

This is critical because capillary connection with perfused
(artificial) vessels is vital to ensure renal graft viability and
function in both the bioreactor setup and in vivo. The use of
vascular organoids or other microvascular fragments in the
outer construct layer in combination with a VEGFA gradient is
expected to be beneficial for multiple reasons. First, this
strategy may realize a functional vascular network much faster
than vascularization is purely reliant on angiogenesis via nearby
already established perfused (macro)vessels. This is especially
relevant in vivo, where the PT tubule construct requires swift
vascularization to ensure connection to the recipient’s vascular
circulation and subsequent blood perfusion of the living tissue
for survival. Second, seeded organoids could potentially be of
autologous origin and therefore limit host versus donor

associated immune response complications.115,121 Finally, for
the development of a mature, stable microvessel with a
confluent endothelial layer that is viable long-term, coculture
with mural cells is also a requirement, which could be
implemented by the use of organoids, which already contain
microvascular structures composed of both ECs and mural
cells, into the hydrogel.33,46,109,122

4.6. Scaffold Performance. Scaffold performance should
be evaluated by monitoring cell viability, barrier function,
transport function and scaffold degradation. Both the
endothelium and epithelium should form a confluent
monolayer with selective permeability. For the endothelial
barrier function, tracer molecules of various sizes can be used
to provide a benchmark,120 while for PT cells the inulin
permeability indicates whether or not a confluent epithelial
layer is achieved.21,68 Additionally, immunofluorescence should
reveal the presence of cell junction markers VE-cadherin and
ZO1 in ECs and PT cells, respectively.22,68,120 The secretory
function of PT cells can be evaluated by introducing
fluorescent organic anions and cations to the basolateral side
of the cells, with and without their respective transporter
inhibitors.22 A similar approach can be used to evaluate
reabsorption of solutes, such as glucose.123 Assessment of
kidney function may require more complex bioreactor setups
that are compatible with live imaging and uses separate flow
systems for the endothelial and epithelial lumen.22,68,123 Over
time, the electrospun fibers are replaced by ECM as the
scaffold degrades, and therefore, the polymer may have to
contain Upy or BU units in order to match ECM secretion
speed.60 Supramolecular units such as PCL-Upy and PCL-BU
can alter the PCL properties by speeding up degradation,
inducing hydrogen bond stacking, and incorporating bioactive
peptides.60,68,72,86 Ideally, multiple scaffold materials, thick-
nesses, fiber densities, and fiber diameters are evaluated based
on cell performance. While tuning scaffold properties,
evaluation of performance should at least include measure-
ments concerning confluency of the epithelial and endothelial
monolayers under flow, uremic toxin secretion, and glucose
reabsorption.

5. CONVERGING TECHNOLOGIES FOR NEXT
GENERATION SYNTHETIC PROXIMAL TUBULE
FABRICATION

Although this review focuses on the potential application of
fiber-based technologies for the development of PT scaffolds,
combining these manufacturing technologies with more cell-
friendly fabrication methods, such as bioprinting, will likely
yield more robust results with lasting applications in the clinic.
The complexity and diversity of native tissue will eventually
lead to the convergence of technologies in order to replicate
this heterogeneity in vitro.124 Using NFES with live cells does
share some of the properties of electrospinning and bioprinting
but at the cost of mechanical strength and product size
limitations. However, recent developments in combining
bioprinting and MEW for the fabrication of mechanically
competent constructs that support cell growth and differ-
entiation hold promise for applications in other fields.125

Furthermore, the latest development in MEW nanoscale fibers
in an automated and precise pattern allow the fabrication of
biomimetic ECM structures to be constructed.88 Convergence
of such technologies will enable the construction of a whole
tissue engineered functional kidney, with individual functional
nephrons; supporting a plethora of cell and metabolic
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functions. Overcoming the hurdles in integrating multiple
fabrication technologies holds the key to multitechnology
biofabrication.

6. CONCLUSION
The scarcity of donor kidneys and insufficient clearance of
current dialysis techniques creates a need for cell loaded
functional kidney scaffolds. We have given an overview of
studies reporting on different electrospun scaffolds seeded with
kidney epithelial cells. We also discussed how construct
designs could be further improved by adopting other
electrospinning methods and proposed a strategy for
vascularization. Recent studies have shown the potential of
electrospun scaffolds to support renal epithelial cells and their
solute transport function, but have been limited to SES as a
fabrication method. While SES has proven very effective for
creating thin fibers, other methods such as MES, MEW, and
NFES without solvents may also be considered as they offer
higher spatial control during fiber deposition, or the possibility
of intrafiber spinning of living cells. Inspired by the scaffold
design strategies from the vascular field, we proposed a concept
for an artificial PT tubule, consisting of a bilayered scaffold
design containing growth factors. We argue that the inner layer
should be thin and contain very fine fibers, to optimally
support a confluent PTEC monolayer. The outer layer should
contain a hydrogel that is structurally supported by a low fiber
density network of thick fibers, which should be porous
enough for capillary vessels to integrate into the scaffold and
grow into close proximity of the PTECs. Considering the
desired fiber structures, SES would be most fitting for the inner
layer, whereas MES or MEW are most fitting for the outer
layer. There are multiple growth factors that could be
beneficial to the cellular development within the scaffold, of
which VEGF appears to be the most promising. Further
research is required in the field to study the feasibility and
viability of these concepts and to fully integrate electrospinning
technology into renal regenerative strategies. An intermediate
step that produces a humanized in vitro testing platform for
basic research and drug testing could be envisioned, before the
desired functionality and complexity of the synthetic PTs is
achieved for translation and implementation in clinical use.
Thus, an electrospun synthetic PT would initially need to be
designed with 3D in vitro testing in mind, i.e., for bioreactor
applications, and would prove useful in, e.g., preclinical drug
testing. In a potential second step, we envision future BAK
devices to incorporate an electrospun synthetic PT to support
epithelial cell function in order to address the current lack of
reabsorptive and secretory functions in treatment options.
Finally, to create a tissue engineered kidney, the proposed PT
scaffold design could be scaled down to create functional
nephron units enabling the addition of other renal cell types
and structures. For this ultimate goal, we consider the in vitro
bioreactor step to be critical for introducing convergence of the
PT with the other sections of the functional nephron unit (e.g.,
the glomerulus) and for testing the boundaries concerning size
reduction.
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