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Abstract: Chronic kidney disease is one of the deadliest diseases globally and treatment methods are
still insufficient, relying mostly on transplantation and dialysis. Engineering of kidney tissues in vitro
from induced pluripotent stem cells (iPSCs) could provide a solution to this medical need by restoring
the function of damaged kidneys. However, implementation of such approaches is still challenging
to achieve due to the complexity of mature kidneys in vivo. Several strategies have been defined to
obtain kidney progenitor endothelial and epithelial cells that could form nephrons and proximal tube
cells, but these lack tissue maturity and vascularisation to be further implemented. Electrospinning
is a technique that has shown promise in the development of physiological microenvironments of
several tissues and could be applied in the engineering of kidney tissues. Synthetic polymers such as
polycaprolactone, polylactic acid, and poly(vinyl alcohol) have been explored in the manufacturing
of fibres that align and promote the proliferation and cell-to-cell interactions of kidney cells. Natural
polymers including silk fibroin and decellularised extracellular matrix have also been explored alone
and in combination with synthetic polymers promoting the differentiation of podocytes and tubular-
specific cells. Despite these attempts, further work is still required to advance the applications of
electrospun fibres in kidney tissue engineering and explore this technique in combination with other
manufacturing methods such as bioprinting to develop more organised, mature and reproducible
kidney organoids.

Keywords: kidney organoids; kidney tissue engineering; electrospinning; iPSCs; disease modelling;
developmental biology

1. Introduction

Chronic kidney disease (CKD) affects approximately one in ten individuals worldwide,
with forecasts suggesting that by 2040 CKD will become the fifth highest worldwide cause
of years of life lost [1]. Dialysis and transplantation are still the main therapeutic approaches
used in CKD, but are limited by a shortage of donor availability and have a great impact
on the patients’ quality of life [2]. Recently, the use of human-induced pluripotent stem
cells (hiPSCs) has meant a revolution in organ and tissue engineering (TE) and they hold
strong potential in the therapy of CKD.

The major goal of kidney TE is replacing, restoring or enhancing the biological func-
tion of damaged kidneys. However, achieving this is still extremely challenging due to
the high complexity that mature kidneys present [3]. A step towards investigating and
understanding the development of mature kidney tissues is the development of kidney
organoids, which can also be employed to study the interactions between different cell
types and to identify targets for the development of novel therapeutic approaches [4].

Different kidney cell types have been successfully reproduced in organoids as shown
in the following section, but their level of maturity and lack of vascularisation within
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the organoid still remains a challenge. Further bioengineering approaches are therefore
required to design cell microenvironments and emulate physiological cues [5]. Advances
in scaffolding materials such as kidney decellularised extracellular matrix (dECM) have
improved the maturation of glomerular-like structures [6], and bioprinting approaches are
promising to develop organoids in the macroscale [7].

Electrospinning is a technique that has been widely investigated in the engineering of
multiple tissues such as bone [8], skin [9] or cardiac tissues [10]. However, it still remains
largely unexplored in kidney TE. Nevertheless, the use of electrospun materials is still
of great interest in this area as this technique is compatible with multiple materials [11],
presents tuneable mechanical properties [12] and allows the release of components with
interest in kidney TE such as vascular endothelial growth factor (VEGF) [13] to promote
the vascularisation of kidney organoids (Figure 1).
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Figure 1. Schematic of an electrospinning setup and description of some of its features with interest
in kidney tissue engineering.

In the following sections of this mini-review, we describe for the first time the current
advances made on the application of electrospinning techniques in kidney TE and high-
light the potential advantages of such approaches over the use of other bioengineering
techniques.
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2. Kidney Cells Differentiation and Development of Kidney Organoids
2.1. Embryonic Development of the Kidney

The kidney is a complex organ that plays a key role in human physiology, being
responsible for blood filtration. This process ensures homeostasis maintenance, body fluid
composition regulation through water and waste removal, as well as control of electrolytes
and non-electrolytes concentration [14–16].

In mammals, kidney develops from the intermediate mesoderm (IM), progressing
through three major stages: pronephros, mesonephros and metanephros. The first two
stages are transient whereas metanephric kidney persists as a mature and functional kidney
in mammals [17,18].

Metanephric kidney derives from the reciprocal interactions of two primordial mesoder-
mal tissues, the epithelial ureteric bud (UB) and the metanephric mesenchyme (MM) [19,20],
both generated from the IM through fibroblast growth factor (FGF) and Wnt signalling
pathway modulation [21] (Figure 2). The UB gives rise to renal collecting system epithelial
cells, whereas MM gives rise to nephron epithelial cells as well as endothelial and stromal
cell precursors [22,23]. The functional units of the kidneys, the nephrons, arise from MM
cells in a process denominated nephrogenesis.
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Figure 2. Schematic showing the derivation of metanephros into different kidney cell types.

Nephrogenesis process ceases around the 36th week of gestation [24]. The postnatal
human kidney lacks a nephron progenitor population, as this population is terminally
differentiated prior to birth [20]. Consequently, the adult kidney is unable to generate
new nephrons, which highlights the pressing need to improve our understanding of renal
pathologies and to develop strategies that allow us regenerate damaged kidney tissues.

2.2. In Vitro Production of Human Kidney Cells and Organoids

Kidney organoids derived from hiPSCs might be attractive three-dimensional (3D)
models for different purposes, namely, to model kidney embryonic development, kidney
disease, high-throughput drug screening and potential implementation in renal regen-
eration and replacement therapies [25–27]. There have been several successful attempts
to derive kidney organoids in vitro, starting from simpler approaches that generate one
or a few cell types [28–30] to 3D cultures that recreate different structures of the kid-
ney [31–34]. Primitive kidney morphogenesis has been accomplished through application
of a defined cocktail of growth factors and small molecules including CHIR99021, FGF-9
and heparin [32]. However, this approach often yields populations that lack mature phe-
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notypes from the adult kidney, resembling cell types present during the first trimester of
gestation [35].

Generation of kidney organoids from hiPSCs, similar to the embryonic kidney develop-
ment, depends on cell-to-cell interactions between four distinct progenitor cell populations,
namely, nephron progenitor cells (NPCs), UB progenitor cells, endothelial progenitor cells,
and stromal progenitor cells [23]. In addition to the signalling pathways, the timing, level
and duration of a particular signal must be carefully considered, as these variables influence
cellular responses [36]. For instance, the duration of Wnt signalling activation determines
whether the UB or MM cell population becomes the dominant population [37]. Then UB
and MM cell populations interact with one another, resulting in further differentiation and
self-organisation into nephron structures [26].

The in vitro derivation of kidney structures provides a bottom-up approach that can
lead to an easier strategy when replicating in vivo structures following tissue engineering
principles. For that, there is the need to generate specific cell types, such as proximal tubule
cells [38] or podocytes [39]—in the case of the kidney—instead of organoids containing
various types of cells and defined structures.

Therefore, to replicate the kidney glomerular environment, it is crucial to investigate,
not only the cell-to-cell interactions, but also the necessary ECM components, scaffolding
materials and physicochemical or mechanical cues that efficiently promote hiPSC differen-
tiation, organisation and overall cell survival [40,41]. Kidney cells’ behaviour is strongly
dictated by the complex 3D microenvironment wherein they reside. Therefore, to develop
kidney organoids with physiological characteristics, it is key to recreate the kidney cell
niche in high detail and as shown below, electrospinning is a technique that could allow us
to achieve that.

3. Use of Electrospinning in the Development of Kidney Tissues
3.1. Overview of the Electrospinning Techniques

Electrospinning is a simple scaffold fabrication technique that enables the production
of continuous fibres in the nano- and micro- range from a wide diversity of materials [42].
During electrospinning, a high electric field is applied to a polymer solution in the tip of a
nozzle, which consequently creates a Taylor cone due to the surface tension between the
polymer solution and nozzle walls. When the applied electrical force overcomes the surface
tension, a jet is formed from the Taylor cone into the direction of the collector and, upon
solvent’s evaporation, solidified fibres are formed in the collector [43]. Moreover, the fibre’s
diameter can be tailored by carefully controlling several parameters such as nozzle size,
applied electrical field, polymer solution and atmosphere [44].

Electrospun fibres are of great interest for TE applications since they mimic the mor-
phology of the ECM of native tissues due to their topological dimensions, high surface-to-
volume ratio and high pore interconnectivity [42]. The high pore size and pore interconnec-
tivity are essential to promote the diffusion of nutrients, cells and oxygen [45].

Some variations of the conventional electrospinning technique are also of interest in
kidney TE as they can potentially increase the functionality of the fibres produced.

For instance, scaffolds with a higher degree of porosity can be obtained by cryogenic
electrospinning (CES) in which ice crystals are deposited on a cooled surface acting as a tem-
plate [46]. The increased porosity can contribute towards a higher cellular infiltration and
vascularisation and the development of bi-layered tissue structures [47]. To demonstrate
this, a study evaluated the effects on 3T3/NIH cell infiltration of conventional and CES
fibres and concluded that the larger pore size influences cell infiltration and attachment [48].

Additional non-conventional electrospinning techniques also allow the manufacturing
of multifunctional systems. Coaxial electrospinning is often used to manufacture double-
layer fibres with various functionalities, enhanced mechanical properties and incorporate
drugs and molecules [49]. Emulsion electrospinning also enables the production of coaxial
fibres in which growth factors and proteins can be encapsulated [50]. VEGF and nerve
growth factor (NGF) were both delivered to induced pluripotent stem cell-derived neural
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crest+ stem cells from emulsion electrospun nanofibrous scaffolds contributing towards
their neovascularisation and nerve healing [51].

The electrospinning technique is also compatible with live cells, encapsulating them
in the desired environment [52]. This could provide a better understanding of the cell-
matrix interactions required to build up the spatial organisation of renal cell populations.
Some examples of cell electrospinning include the electrospraying of human adipose-
derived stem cells in gelatin/pullulan polymer solutions to enhance their differentiation
into chondrocytes [53].

Further information on electrospinning techniques and their use in tissue engineering
can be found elsewhere [54–56].

3.2. Electrospun Fibres Used in Kidney Tissue Engineering

Electrospun scaffolds used in kidney TE have been fabricated from synthetic and natu-
ral polymers or a combination of both [57]. Synthetic polymers offer higher reproducibility
and control regarding mechanical properties. Importantly, they can be tailored to meet the
requirements of certain applications [58]. Natural polymers, on the other hand, possess
the suitable biochemical cues for cell attachment and proliferation and their degradation
by-products are non-toxic. However, the main drawbacks are their poor mechanical prop-
erties, crosslinking treatment requirements, lack of control in composition and molecular
weight and variability from batch to batch [59], therefore, they are often combined with
synthetic polymers.

3.2.1. Synthetic Polymers

The most commonly used synthetic-based electrospun scaffolds in kidney electro-
spinning are composed of polycaprolactone (PCL), polylactic acid (PLA) and poly(vinyl
alcohol) (PVA).

PCL is one of the most commonly used polymers for biomedical applications. This
polymer is biocompatible and biodegrades via hydrolysis of the ester groups [60]. Bur-
ton et al. produced novel PCL scaffolds with different architectures and porosities by
conventional electrospinning and CES aiming to investigate their influence on the viability
and morphology of human kidney epithelial cells. Although PCL is a hydrophobic material,
plasma treatment enhanced the hydrophilicity of the scaffolds without compromising their
mechanical properties. Moreover, thicker fibres promoted a higher cellular adhesion, via-
bility, and alignment; and an upregulation of the ANPEP gene, a key marker for proximal
tubular epithelial cells, was observed [46]. In this case, scaffolds were sterilised in 70%
ethanol for an hour followed by washings in distilled water and drying under vacuum for
24 h prior to plasma treatment.

The high stiffness of PCL can be overcome by introducing other polymers within its
matrix such as laminin and collagen. Baskapan et al. produced novel scaffolds composed of
PCL and laminin by blend and emulsion electrospinning. Interestingly, the laminin turned
the scaffold more elastic, promoting more cell-to-cell and cell-to-fibre interactions. More-
over, the expression of the genes E-CAD, KIM-1 and ANPEP was investigated, showing
that hybrid scaffolds provide a more suitable environment for kidney cells [12]. E-CAD is a
key marker for the formation of cell junctions in epithelial tissues, increasing overtime in
all the conditions studied, suggesting the formation of monolayers in the electrospun fibres.
KIM-1 is a marker related to acute kidney injury and its expression was lower in scaffolds
combining PCL and laminin than in PCL alone [12]. Prior to cell seeding, scaffolds were
sterilised in 70% ethanol for 30 min and washed in phosphate buffer saline (PBS).

PLA has been used in the development of drug release systems in cardiac and kid-
ney TE mainly due to its high corrosion resistance, chemical stability, and elastomeric
properties [61]. Burton et al. showed that PLA fibres sterilised in 70% isopropanol were
biocompatible with cells from the proximal tubules, collecting duct, glomerular epithe-
lia and glomerular endothelia, regardless the fibre diameter [62]. Nevertheless, PLA is
hydrophobic and brittle, which hinders cellular adhesion and growth and its implemen-
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tation in applications with high plastic deformation [63]. To overcome this, Alharbi et al.
used coaxial electrospinning to produce scaffolds with PLA in the core and PVA in the
shell subsequently heated in a furnace at 50 ◦C [63]. No further pre-treatment or sterilisa-
tion methods are mentioned in this work, where coaxial electrospun fibres supported the
attachment of human embryonic kidney cells (HEK-293).

PVA-based scaffolds have gained interest in TE applications due to their high biocom-
patibility, thermal stability and chemical resistance. Moreover, the polymer’s molecular
weight influences its thermal stability and mechanical properties. Despite the advantages,
the use of PVA requires crosslinking treatments that can be accomplished by chemical
or physical reactions. For instance, physical methods including ultraviolet radiation and
freezing/thawing are non-toxic and therefore, more suitable for TE applications [64]. The
previous study showed that scaffolds promoted the proliferation and adhesion of human
embryonic kidney cells. For instance, PVA has outstanding surface wetting and mechanical
properties, being a good candidate for kidney TE [63]. PVA-based electrospun fibres with
a controlled release of silver nanoparticles have also shown promise to support human
embryonic kidney cells (293T) while maintaining a strong antimicrobial activity against
Gram-positive S. aureus [65].

3.2.2. Natural Polymers

Silk fibroin (SF) is a natural macromolecular protein polymer promising for TE ap-
plications due to its high biocompatibility, biodegradability and outstanding mechanical
properties. For instance, the hydrophobic β-sheet-forming domains present on SF con-
tribute to an increased resilient behaviour [66]. For the first time, Mou et al. successfully
produced SF fibres through electrospinning that promote the differentiation of mature
human podocytes. Furthermore, the manufactured scaffold was able to support long-term
culture and cellular viability as well as an upregulated expression of the podocyte-specific
markers PAX2, NPHS1 and WT1 and comparable levels of PODXL, SYNPO and NEPH1
to cells cultured on laminin-coated plates [66]. Prior to cell culture, samples were plasma
treated, sterilised in 70% ethanol, washed in sterile water and coated with 25 µg mL−1

laminin-511.
Another valid strategy to develop scaffolds for cells relies on decellularisation. De-

cellularised ECM (dECM) is enriched in proteins and glycoproteins, providing a native
kidney-like environment. Therefore, scaffolds composed of dECM can trigger several cellu-
lar activities (e.g., attachment, differentiation, maturation) [60]. Recently, Sobreiro-Almeida
et al. produced novel scaffolds composed of dECM and PCL through electrospinning
for reproducing the tubular basement membrane. The biological assays were carried out
in vitro where the scaffolds promoted a greater metabolic activity, proliferation and protein
content of human renal progenitor cells (hRPCs). Moreover, the tubular-specific markers
SCL12A1, SLC3A1, SLC9A3 and GGT1 were detected. The scaffold was also validated as an
epithelium-endothelium model on co-cultures containing differentiated epithelial tubular
cells (hRPTECs) and human umbilical vein endothelial cells (HUVECs), demonstrating
that the uptake of human serum albumin is higher in co-cultures than in monocultures [67].
Sterilisation of these samples consisted of immersion in 70% ethanol and 30 min exposure
to ultra-violet (UV) radiation.

4. Future Prospects

Despite being a technique commonly used in the engineering of multiple tissues,
electrospinning has still not been widely explored in kidney TE, an area where cell bioprint-
ing has been the focus [60]. On the other hand, several renal reabsorption models have
been proposed in the literature, however these are often associated with the use of immor-
talised cell lines that may fail to fully recapitulate physiological features [68]. Therefore,
as electrospun fibres have been shown to recapitulate ECM features, models combining
renal derivation and electrospinning may provide a suitable alternative for generating
organ-specific structures to employ in functional studies and drug screening/discovery
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assays. Furthermore, manufacturing of scaffolds by electrospinning offers flexibility on
materials used and scaffold architecture, potential biofunctionalisation of electrospun fibres
and possibility to incorporate biomolecules, drugs and other compounds of interest for
sustained release, particularly when non-conventional electrospinning techniques are used.
This could be employed to control differentiation and maturation of kidney cells, such
as proximal tubule cells, more accurately over time [38]. In order to further advance this
area, it would be interesting to explore additional materials and composites to the ones
described herein.

Development of precise and complex kidney organoids would also potentially repre-
sent the first step towards applying this technology in the regeneration of damaged areas
of the kidney and electrospinning could be key to achieving this. In previous studies, the
surface topography of electrospun fibres controlled the cell migration and alignment of
stem cells to form specific organoids [69]. Therefore, the combination of various fabrication
methods such as bioprinting and electrospinning could be useful to generate organoids
with defined architectures and size, improving their reproducibility and regulation.

5. Conclusions

Despite the progress experienced over the past decades, achieving mature kidney
tissues in vitro is still challenging, in part due to the lack of knowledge in the specific
stimuli required for the development of kidney organoids. Further development on this
field is of particular interest for its potential in a plethora of applications ranging from
regenerative medicine to development of kidney-on-chips for drug screening, disease
modelling and developmental biology.

In this short review, application and current trends of electrospinning in kidney TE is
presented, which is still quite limited despite being applied in the engineering of other tis-
sues such as bone, neural and cardiac tissues. Several synthetic and natural polymers—and
a combination of these—have been explored, leading to more suitable microenvironments
compatible with multiple kidney cell types and kidney stem cell precursors.

Further work in this area could offer significant advances in kidney TE that lead to
clinical translation, therefore, there are multiple opportunities in this field awaiting to be
explored.

Author Contributions: C.C.M., M.R.G., M.M. and P.S.-A. contributed to the writing of the original
draft. C.C.M., J.M.S.C., F.C.F. and P.S.-A. contributed to the conceptualisation and editing of this
review. All authors have read and agreed to the published version of the manuscript.

Funding: The project that gave rise to these results received the support of a fellowship from “la
Caixa” Foundation (ID 100010434). The fellowship code is LCF/BQ/PI22/11910025. This work
was funded by the Portuguese FCT—Fundação para a Ciência e Tecnologia, I. P., through fund-
ing of iBB—Institute for Bioengineering and Biosciences (UIDB/04565/2020, UIDP/04565/2020,
PTDC/07252/2022 and PTDC/EMD-EMD/30828/2017) and i4HB—Associate Laboratory Institute
for Health and Bioeconomy (LA/P/0140/2020).

Acknowledgments: “la Caixa” Foundation is acknowledged for the Postdoctoral Junior Leader
Fellowship granted to P.S.-A.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kovesdy, C.P. Epidemiology of Chronic Kidney Disease: An Update 2022. Kidney Int. Suppl. 2022, 12, 7–11. [CrossRef] [PubMed]
2. Nishimura, Y.; Aida, T.; Taguchi, Y. Advances in Tissue Engineering Technology for Kidney Regeneration and Construction. J.

Artif. Organs 2022, 25, 191–194. [CrossRef] [PubMed]
3. Hammerman, M.R. Tissue Engineering the Kidney. Kidney Int. 2003, 63, 1195–1204. [CrossRef]
4. Stein, M.C.; Braun, F.; Krebs, C.F.; Bunders, M.J. Kidney Organoid Systems for Studies of Immune-Mediated Kidney Diseases:

Challenges and Opportunities. Cell Tissue Res. 2021, 385, 457–473. [CrossRef]
5. Garreta, E.; Nauryzgaliyeva, Z.; Montserrat, N. Human Induced Pluripotent Stem Cell-Derived Kidney Organoids toward

Clinical Implementations. Curr. Opin. Biomed. Eng. 2021, 20, 100346. [CrossRef]

http://doi.org/10.1016/j.kisu.2021.11.003
http://www.ncbi.nlm.nih.gov/pubmed/35529086
http://doi.org/10.1007/s10047-022-01315-6
http://www.ncbi.nlm.nih.gov/pubmed/35102521
http://doi.org/10.1046/j.1523-1755.2003.00890.x
http://doi.org/10.1007/s00441-021-03499-4
http://doi.org/10.1016/j.cobme.2021.100346


Bioengineering 2022, 9, 554 8 of 10

6. Kim, J.W.; Nam, S.A.; Yi, J.; Kim, J.Y.; Lee, J.Y.; Park, S.-Y.; Sen, T.; Choi, Y.; Lee, J.Y.; Kim, H.L.; et al. Kidney Decellularized
Extracellular Matrix Enhanced the Vascularization and Maturation of Human Kidney Organoids. Adv. Sci. 2022, 9, 2103526.
[CrossRef] [PubMed]

7. Humphreys, B.D. Bioprinting Better Kidney Organoids. Nat. Mater. 2021, 20, 128–130. [CrossRef]
8. Jang, J.-H.; Castano, O.; Kim, H.-W. Electrospun Materials as Potential Platforms for Bone Tissue Engineering. Adv. Drug Deliv.

Rev. 2009, 61, 1065–1083. [CrossRef]
9. Kumbar, S.G.; Nukavarapu, S.P.; James, R.; Nair, L.S.; Laurencin, C.T. Electrospun Poly(Lactic Acid-Co-Glycolic Acid) Scaffolds

for Skin Tissue Engineering. Biomaterials 2008, 29, 4100–4107. [CrossRef]
10. Gomes, M.R.; Castelo Ferreira, F.; Sanjuan-Alberte, P. Electrospun Piezoelectric Scaffolds for Cardiac Tissue Engineering. Biomater.

Adv. 2022, 137, 212808. [CrossRef]
11. Jansen, K.; Castilho, M.; Aarts, S.; Kaminski, M.M.; Lienkamp, S.S.; Pichler, R.; Malda, J.; Vermonden, T.; Jansen, J.; Masereeuw, R.

Fabrication of Kidney Proximal Tubule Grafts Using Biofunctionalized Electrospun Polymer Scaffolds. Macromol. Biosci. 2019, 19,
e1800412. [CrossRef] [PubMed]

12. Baskapan, B.; Callanan, A. Electrospinning Fabrication Methods to Incorporate Laminin in Polycaprolactone for Kidney Tissue
Engineering. Tissue Eng. Regen. Med. 2022, 19, 73–82. [CrossRef] [PubMed]

13. Tian, L.; Prabhakaran, M.P.; Ding, X.; Kai, D.; Ramakrishna, S. Emulsion Electrospun Vascular Endothelial Growth Factor
Encapsulated Poly(l-Lactic Acid-Co-ε-Caprolactone) Nanofibers for Sustained Release in Cardiac Tissue Engineering. J. Mater.
Sci. 2012, 47, 3272–3281. [CrossRef]

14. Junqueira, L.; Carneiro, J. Urinary System. In Junqueira’s Basic Histology: Text & Atlas; McGraw-Hill/Appleton & Lange: New
York, NY, USA, 2002; pp. 371–388.

15. VanPutte, C.; Regan, J.; Russo, A.; Seeley, R.; Stephens, T.; Tate, P. Urinary System. In Seeley´s Anatomy & Physiology; McGraw-Hill
Education: New York, NY, USA, 2017; pp. 958–981.

16. Treuting, P.M.; Kowalewska, J. Urinary System. In Comparative Anatomy and Histology; Treuting, P.M., Dintzis, S.M., Eds.; Elsevier
Inc.: New York, NY, USA, 2012; pp. 229–251. ISBN 9780123813619.

17. Little, M.H. Kidney Development in the Mammal. In Kidney Transplantation, Bioengineering, and Regeneration: Kidney Transplantation
in the Regenerative Medicine Era; Academic Press: Cambridge, MA, USA, 2017; pp. 787–799.

18. Moritz, K.M.; Wintour-Coghlan, M.; Black, M.J.; Bertram, J.F.; Caruana, G. Morphological Development of the Mammalian
Kidney. In Factors Influencing Mammalian Kidney Development: Implications for Health in Adult Life. Advances in Anatomy Embryology
and Cell Biology; Springer: Berlin/Heidelberg, Germany, 2008; Volume 196, pp. 1–9. ISBN 9783540777670.

19. McMahon, A.P. Development of the Mammalian Kidney. In Current Topics in Developmental Biology; Wassarman, P.M., Ed.;
Academic Press Inc.: Cambridge, MA, USA, 2016; Volume 117, pp. 31–64.

20. Little, M.H.; Kumar, S.V.; Forbes, T. Recapitulating Kidney Development: Progress and Challenges. Semin. Cell Dev. Biol. 2019, 91,
153–168. [CrossRef] [PubMed]

21. Gilbert, S.F.; Barresi, M.J.F. Developmental Biology, 11th ed.; Meyers, R., Ed.; Sinauer Associates, Inc.: Sunderland, MA, USA, 2016.
22. Rosenblum, N.D. Developmental Biology of the Human Kidney. Semin. Fetal Neonatal Med. 2008, 13, 125–132. [CrossRef]
23. Khoshdel Rad, N.; Aghdami, N.; Moghadasali, R. Cellular and Molecular Mechanisms of Kidney Development: From the Embryo

to the Kidney Organoid. Front. Cell Dev. Biol. 2020, 8, 183–199. [CrossRef]
24. Faa, G.; Gerosa, C.; Fanni, D.; Monga, G.; Zaffanello, M.; Van Eyken, P.; Fanos, V. Morphogenesis and Molecular Mechanisms

Involved in Human Kidney Development. J. Cell. Physiol. 2012, 227, 1257–1268. [CrossRef]
25. Morizane, R.; Miyoshi, T.; Bonventre, J.V. Concise Review: Kidney Generation with Human Pluripotent Stem Cells. Stem Cells

2017, 35, 2209–2217. [CrossRef]
26. Yengej, F.A.Y.; Jansen, J.; Rookmaaker, M.B.; Verhaar, M.C.; Clevers, H. Kidney Organoids and Tubuloids. Cells 2020, 9, 1326.

[CrossRef]
27. Little, M.H.; Combes, A.N. Kidney Organoids: Accurate Models or Fortunate Accidents. Genes Dev. 2019, 33, 1319–1345.

[CrossRef]
28. Narayanan, K.; Schumacher, K.M.; Tasnim, F.; Kandasamy, K.; Schumacher, A.; Ni, M.; Gao, S.; Gopalan, B.; Zink, D.; Ying, J.Y.

Human Embryonic Stem Cells Differentiate into Functional Renal Proximal Tubular–like Cells. Kidney Int. 2013, 83, 593–603.
[CrossRef] [PubMed]

29. Kang, M.; Han, Y.-M. Differentiation of Human Pluripotent Stem Cells into Nephron Progenitor Cells in a Serum and Feeder Free
System. PLoS ONE 2014, 9, e94888. [CrossRef] [PubMed]

30. Lam, A.Q.; Freedman, B.S.; Morizane, R.; Lerou, P.H.; Valerius, M.T.; Bonventre, J.V. Rapid and Efficient Differentiation of Human
Pluripotent Stem Cells into Intermediate Mesoderm That Forms Tubules Expressing Kidney Proximal Tubular Markers. J. Am.
Soc. Nephrol. 2014, 25, 1211–1225. [CrossRef] [PubMed]

31. Xia, Y.; Sancho-Martinez, I.; Nivet, E.; Rodriguez Esteban, C.; Campistol, J.M.; Izpisua Belmonte, J.C. The Generation of Kidney
Organoids by Differentiation of Human Pluripotent Cells to Ureteric Bud Progenitor–like Cells. Nat. Protoc. 2014, 9, 2693–2704.
[CrossRef]

32. Takasato, M.; Er, P.X.; Chiu, H.S.; Maier, B.; Baillie, G.J.; Ferguson, C.; Parton, R.G.; Wolvetang, E.J.; Roost, M.S.; Chuva de Sousa
Lopes, S.M.; et al. Kidney Organoids from Human IPS Cells Contain Multiple Lineages and Model Human Nephrogenesis.
Nature 2015, 526, 564–568. [CrossRef]

http://doi.org/10.1002/advs.202103526
http://www.ncbi.nlm.nih.gov/pubmed/35322595
http://doi.org/10.1038/s41563-020-00881-5
http://doi.org/10.1016/j.addr.2009.07.008
http://doi.org/10.1016/j.biomaterials.2008.06.028
http://doi.org/10.1016/j.bioadv.2022.212808
http://doi.org/10.1002/mabi.201800412
http://www.ncbi.nlm.nih.gov/pubmed/30548802
http://doi.org/10.1007/s13770-021-00398-1
http://www.ncbi.nlm.nih.gov/pubmed/34714533
http://doi.org/10.1007/s10853-011-6166-4
http://doi.org/10.1016/j.semcdb.2018.08.015
http://www.ncbi.nlm.nih.gov/pubmed/30184476
http://doi.org/10.1016/j.siny.2007.10.005
http://doi.org/10.3389/fcell.2020.00183
http://doi.org/10.1002/jcp.22985
http://doi.org/10.1002/stem.2699
http://doi.org/10.3390/cells9061326
http://doi.org/10.1101/gad.329573.119
http://doi.org/10.1038/ki.2012.442
http://www.ncbi.nlm.nih.gov/pubmed/23389418
http://doi.org/10.1371/journal.pone.0094888
http://www.ncbi.nlm.nih.gov/pubmed/24728509
http://doi.org/10.1681/ASN.2013080831
http://www.ncbi.nlm.nih.gov/pubmed/24357672
http://doi.org/10.1038/nprot.2014.182
http://doi.org/10.1038/nature15695


Bioengineering 2022, 9, 554 9 of 10

33. Morizane, R.; Lam, A.Q.; Freedman, B.S.; Kishi, S.; Valerius, M.T.; Bonventre, J.V. Nephron Organoids Derived from Human
Pluripotent Stem Cells Model Kidney Development and Injury. Nat. Biotechnol. 2015, 33, 1193–1200. [CrossRef]

34. Ciampi, O.; Iacone, R.; Longaretti, L.; Benedetti, V.; Graf, M.; Magnone, M.C.; Patsch, C.; Xinaris, C.; Remuzzi, G.; Benigni, A.; et al.
Generation of Functional Podocytes from Human Induced Pluripotent Stem Cells. Stem Cell Res. 2016, 17, 130–139. [CrossRef]

35. Combes, A.N.; Zappia, L.; Er, P.X.; Oshlack, A.; Little, M.H. Single-Cell Analysis Reveals Congruence between Kidney Organoids
and Human Fetal Kidney. Genome Med. 2019, 11, 3. [CrossRef]

36. Watt, F.M.; Driskell, R.R. The Therapeutic Potential of Stem Cells. Philos. Trans. R. Soc. B Biol. Sci. 2010, 365, 155–163. [CrossRef]
37. Takasato, M.; Er, P.X.; Chiu, H.S.; Little, M.H. Generation of Kidney Organoids from Human Pluripotent Stem Cells. Nat. Protoc.

2016, 11, 1681–1692. [CrossRef]
38. Chandrasekaran, V.; Carta, G.; da Costa Pereira, D.; Gupta, R.; Murphy, C.; Feifel, E.; Kern, G.; Lechner, J.; Cavallo, A.L.; Gupta, S.;

et al. Generation and Characterization of IPSC-Derived Renal Proximal Tubule-like Cells with Extended Stability. Sci. Rep. 2021,
11, 11575. [CrossRef]

39. Musah, S.; Mammoto, A.; Ferrante, T.C.; Jeanty, S.S.F.; Hirano-Kobayashi, M.; Mammoto, T.; Roberts, K.; Chung, S.; Novak, R.;
Ingram, M.; et al. Mature Induced-Pluripotent-Stem-Cell-Derived Human Podocytes Reconstitute Kidney Glomerular-Capillary-
Wall Function on a Chip. Nat. Biomed. Eng. 2017, 1, 69. [CrossRef] [PubMed]

40. Fernandes, T.; Diogo, M.; Cabral, J.M.S. Stem Cell Bioprocessing for Cellular Therapy, Diagnostics and Drug Development, 1st ed.;
Woodhead Publishing: Sawston, UK, 2013.

41. Lund, A.W.; Yener, B.; Stegemann, J.P.; Plopper, G.E. The Natural and Engineered 3D Microenvironment as a Regulatory Cue
During Stem Cell Fate Determination. Tissue Eng. Part B Rev. 2009, 15, 371–380. [CrossRef] [PubMed]

42. Kumbar, S.G.; James, R.; Nukavarapu, S.P.; Laurencin, C.T. Electrospun Nanofiber Scaffolds: Engineering Soft Tissues. Biomed.
Mater. 2008, 3, 34002. [CrossRef] [PubMed]

43. Xue, J.; Wu, T.; Dai, Y.; Xia, Y. Electrospinning and Electrospun Nanofibers: Methods, Materials, and Applications. Chem. Rev.
2019, 119, 5298–5415. [CrossRef] [PubMed]

44. Robb, B.; Lennox, B. 3-The Electrospinning Process, Conditions and Control. In Electrospinning for Tissue Regeneration; Bosworth,
L.A., Downes, S., Eds.; Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2011; pp. 51–66. ISBN
978-1-84569-741-9.

45. Suh, T.C.; Amanah, A.Y.; Gluck, J.M. Electrospun Scaffolds and Induced Pluripotent Stem Cell-Derived Cardiomyocytes for
Cardiac Tissue Engineering Applications. Bioengineering 2020, 7, 105. [CrossRef]

46. Burton, T.P.; Corcoran, A.; Callanan, A. The Effect of Electrospun Polycaprolactone Scaffold Morphology on Human Kidney
Epithelial Cells. Biomed. Mater. 2017, 13, 15006. [CrossRef]

47. Leong, M.F.; Chan, W.Y.; Chian, K.S. Cryogenic Electrospinning: Proposed Mechanism, Process Parameters and Its Use in
Engineering of Bilayered Tissue Structures. Nanomedicine 2013, 8, 555–566. [CrossRef]

48. Leong, M.F.; Rasheed, M.Z.; Lim, T.C.; Chian, K.S. In Vitro Cell Infiltration and in Vivo Cell Infiltration and Vascularization in a
Fibrous, Highly Porous Poly(D,L-Lactide) Scaffold Fabricated by Cryogenic Electrospinning Technique. J. Biomed. Mater. Res. A
2009, 91, 231–240. [CrossRef]

49. Han, D.; Steckl, A.J. Coaxial Electrospinning Formation of Complex Polymer Fibers and Their Applications. Chempluschem 2019,
84, 1453–1497. [CrossRef]

50. Duque Sánchez, L.; Brack, N.; Postma, A.; Pigram, P.J.; Meagher, L. Surface Modification of Electrospun Fibres for Biomedical
Applications: A Focus on Radical Polymerization Methods. Biomaterials 2016, 106, 24–45. [CrossRef] [PubMed]

51. Xia, B.; Lv, Y. Dual-Delivery of VEGF and NGF by Emulsion Electrospun Nanofibrous Scaffold for Peripheral Nerve Regeneration.
Mater. Sci. Eng. C 2018, 82, 253–264. [CrossRef] [PubMed]

52. Jayasinghe, S.N. Cell Electrospinning: A Novel Tool for Functionalising Fibres, Scaffolds and Membranes with Living Cells and
Other Advanced Materials for Regenerative Biology and Medicine. Analyst 2013, 138, 2215–2223. [CrossRef]

53. Nosoudi, N.; Hart, C.; McKnight, I.; Esmaeilpour, M.; Ghomian, T.; Zadeh, A.; Raines, R.; Ramirez Vick, J.E. Differentiation of
Adipose-Derived Stem Cells to Chondrocytes Using Electrospraying. Sci. Rep. 2021, 11, 24301. [CrossRef]

54. Buzgo, M.; Mickova, A.; Rampichova, M.; Doupnik, M. 11-Blend Electrospinning, Coaxial Electrospinning, and Emulsion
Electrospinning Techniques. In Core-Shell Nanostructures for Drug Delivery and Theranostics; Focarete, M.L., Tampieri, A., Eds.;
Woodhead Publishing Series in Biomaterials; Woodhead Publishing: Sawston, UK, 2018; pp. 325–347. ISBN 978-0-08-102198-9.

55. Lannutti, J.; Reneker, D.; Ma, T.; Tomasko, D.; Farson, D. Electrospinning for Tissue Engineering Scaffolds. Mater. Sci. Eng. C 2007,
27, 504–509. [CrossRef]

56. Tan, G.Z.; Zhou, Y. Electrospinning of Biomimetic Fibrous Scaffolds for Tissue Engineering: A Review. Int. J. Polym. Mater. Polym.
Biomater. 2020, 69, 947–960. [CrossRef]

57. Rahmati, M.; Mills, D.K.; Urbanska, A.M.; Saeb, M.R.; Venugopal, J.R.; Ramakrishna, S.; Mozafari, M. Electrospinning for Tissue
Engineering Applications. Prog. Mater. Sci. 2021, 117, 100721. [CrossRef]

58. Mohammadalizadeh, Z.; Bahremandi-Toloue, E.; Karbasi, S. Synthetic-Based Blended Electrospun Scaffolds in Tissue Engineering
Applications. J. Mater. Sci. 2022, 57, 4020–4079. [CrossRef]

59. Turunen, S.; Kaisto, S.; Skovorodkin, I.; Mironov, V.; Kalpio, T.; Vainio, S.; Rak-Raszewska, A. 3D Bioprinting of the Kidney—Hype
or Hope? AIMS Cell Tissue Eng. 2018, 2, 119–162. [CrossRef]

http://doi.org/10.1038/nbt.3392
http://doi.org/10.1016/j.scr.2016.06.001
http://doi.org/10.1186/s13073-019-0615-0
http://doi.org/10.1098/rstb.2009.0149
http://doi.org/10.1038/nprot.2016.098
http://doi.org/10.1038/s41598-021-89550-4
http://doi.org/10.1038/s41551-017-0069
http://www.ncbi.nlm.nih.gov/pubmed/29038743
http://doi.org/10.1089/ten.teb.2009.0270
http://www.ncbi.nlm.nih.gov/pubmed/19505193
http://doi.org/10.1088/1748-6041/3/3/034002
http://www.ncbi.nlm.nih.gov/pubmed/18689924
http://doi.org/10.1021/acs.chemrev.8b00593
http://www.ncbi.nlm.nih.gov/pubmed/30916938
http://doi.org/10.3390/bioengineering7030105
http://doi.org/10.1088/1748-605X/aa8dde
http://doi.org/10.2217/nnm.13.39
http://doi.org/10.1002/jbm.a.32208
http://doi.org/10.1002/cplu.201900281
http://doi.org/10.1016/j.biomaterials.2016.08.011
http://www.ncbi.nlm.nih.gov/pubmed/27543920
http://doi.org/10.1016/j.msec.2017.08.030
http://www.ncbi.nlm.nih.gov/pubmed/29025656
http://doi.org/10.1039/c3an36599a
http://doi.org/10.1038/s41598-021-03824-5
http://doi.org/10.1016/j.msec.2006.05.019
http://doi.org/10.1080/00914037.2019.1636248
http://doi.org/10.1016/j.pmatsci.2020.100721
http://doi.org/10.1007/s10853-021-06826-w
http://doi.org/10.3934/celltissue.2018.3.119


Bioengineering 2022, 9, 554 10 of 10

60. 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]

61. Singhvi, M.S.; Zinjarde, S.S.; Gokhale, D. V Polylactic Acid: Synthesis and Biomedical Applications. J. Appl. Microbiol. 2019, 127,
1612–1626. [CrossRef] [PubMed]

62. Burton, T.P.; Callanan, A. A Non-Woven Path: Electrospun Poly(Lactic Acid) Scaffolds for Kidney Tissue Engineering. Tissue Eng.
Regen. Med. 2018, 15, 301–310. [CrossRef] [PubMed]

63. Alharbi, H.F.; Luqman, M.; Khalil, K.A.; Elnakady, Y.A.; Abd-Elkader, O.H.; Rady, A.M.; Alharthi, N.H.; Karim, M.R. Fabrication of
Core-Shell Structured Nanofibers of Poly (Lactic Acid) and Poly (Vinyl Alcohol) by Coaxial Electrospinning for Tissue Engineering.
Eur. Polym. J. 2018, 98, 483–491. [CrossRef]

64. Teixeira, M.A.; Amorim, M.T.P.; Felgueiras, H.P. Poly(Vinyl Alcohol)-Based Nanofibrous Electrospun Scaffolds for Tissue
Engineering Applications. Polymers 2020, 12, 7. [CrossRef]

65. Wei, X.; Cai, J.; Lin, S.; Li, F.; Tian, F. Controlled Release of Monodisperse Silver Nanoparticles via in Situ Cross-Linked Polyvinyl
Alcohol as Benign and Antibacterial Electrospun Nanofibers. Colloids Surfaces B Biointerfaces 2021, 197, 111370. [CrossRef]

66. Mou, X.; Shah, J.; Bhattacharya, R.; Kalejaiye, T.D.; Sun, B.; Hsu, P.-C.; Musah, S. A Biomimetic Electrospun Membrane Supports
the Differentiation and Maturation of Kidney Epithelium from Human Stem Cells. Bioengineering 2022, 9, 188. [CrossRef]

67. Sobreiro-Almeida, R.; Melica, M.E.; Lasagni, L.; Romagnani, P.; Neves, N.M. Co-Cultures of Renal Progenitors and Endothelial
Cells on Kidney Decellularized Matrices Replicate the Renal Tubular Environment in Vitro. Acta Physiol. 2020, 230, e13491.
[CrossRef]

68. Lin, N.Y.C.; Homan, K.A.; Robinson, S.S.; Kolesky, D.B.; Duarte, N.; Moisan, A.; Lewis, J.A. Renal Reabsorption in 3D Vascularized
Proximal Tubule Models. Proc. Natl. Acad. Sci. USA 2019, 116, 5399–5404. [CrossRef]

69. Liu, H.; Wang, Y.; Cui, K.; Guo, Y.; Zhang, X.; Qin, J. Advances in Hydrogels in Organoids and Organs-on-a-Chip. Adv. Mater.
2019, 31, 1902042. [CrossRef]

http://doi.org/10.1042/EBC20200158
http://doi.org/10.1111/jam.14290
http://www.ncbi.nlm.nih.gov/pubmed/31021482
http://doi.org/10.1007/s13770-017-0107-5
http://www.ncbi.nlm.nih.gov/pubmed/30603555
http://doi.org/10.1016/j.eurpolymj.2017.11.052
http://doi.org/10.3390/polym12010007
http://doi.org/10.1016/j.colsurfb.2020.111370
http://doi.org/10.3390/bioengineering9050188
http://doi.org/10.1111/apha.13491
http://doi.org/10.1073/pnas.1815208116
http://doi.org/10.1002/adma.201902042

	Introduction 
	Kidney Cells Differentiation and Development of Kidney Organoids 
	Embryonic Development of the Kidney 
	In Vitro Production of Human Kidney Cells and Organoids 

	Use of Electrospinning in the Development of Kidney Tissues 
	Overview of the Electrospinning Techniques 
	Electrospun Fibres Used in Kidney Tissue Engineering 
	Synthetic Polymers 
	Natural Polymers 


	Future Prospects 
	Conclusions 
	References

