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Abstract

BACKGROUND: Today’s treatment options for renal diseases fall behind the need, as the number of patients has
increased considerably over the last few decades. Tissue engineering (TE) is one avenue which may provide a new
approach for renal disease treatment. This involves creating a niche where seeded cells can function in an intended way.
One approach to TE is combining natural extracellular matrix proteins with synthetic polymers, which has been shown to
have many positives, yet a little is understood in kidney. Herein, we investigate the incorporation of laminin into
polycaprolactone electrospun scaffolds.

METHOD: The scaffolds were enriched with laminin via either direct blending with polymer solution or in a form of
emulsion with a surfactant. Renal epithelial cells (RC-124) were cultured on scaffolds up to 21 days.

RESULTS: Mechanical characterization demonstrated that the addition of the protein changed Young’s modulus of
polymeric fibres. Cell viability and DNA quantification tests revealed the capability of the scaffolds to maintain cell
survival up to 3 weeks in culture. Gene expression analysis indicated healthy cells via three key markers.
CONCLUSION: Our results show the importance of hybrid scaffolds for kidney tissue engineering.
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1 Introduction are just some of the factors contributing to the increase.

Alongside this, drug therapy given to patients has been

According to the World Health Organization 10% of the
world’s population suffer from acute or chronic kidney
diseases [1]. Given that the number of lives lost from renal
failure has increased 32% from 2005 to 2015 [2], it is a
huge global burden for society. Limitations of current
treatment options, such as palliative nature of dialysis and
the shortage of available donor organs for transplantation
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shown to lead to drug-—induced toxicity, and is stated as
being responsible for 19-25% of all cases of severe renal
failure [3]. This paucity of current treatment options for
renal failure reveals the need for more reliable and effec-
tive methods.

To better understand disease progression and find a way
to enhance today’s treatment options, tissue engineering
has been highlighted as a potential way forward [4, 5]. One
of the endeavours in this field is creating a three-dimen-
sional foundation that can provide a suitable niche for cells
to behave as they would in vivo. For this purpose, elec-
trospinning of polymers has been widely used to produce
fibrous scaffolds as it enables easy manipulation of
chemical structure and fibre architecture [6—8]. Neverthe-
less, scaffolds from synthetic polymers lack natural
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biomolecular signals which cells benefit from to modulate
their functions. These signals can be provided by either
adding bioactive agents like proteins into the polymer
through blending or coating to recapitulate natural tissue
[9-11].

Recently evidence has shown the advantages of protein
addition into polymeric scaffolds, with the desired outcome
and response due in part to its composition, binding method
and presentation [12, 13]. However, a major challenge is to
preserve the bioactivity, which is important in maintaining
cell attachment and behaviour [14, 15]. Also additional
characteristics can be inadvertently effected by washing and
sterilization steps which could cause damage or removal
[16, 17]. Alternatively, controlled inclusion of protein into
polymer fibres can lead to increased stabilisation and func-
tion. While uncontrolled addition can allow large fluctua-
tions in release kinetics which can have advantages and
disadvantages [14, 18]. Furthermore encapsulation can allow
controlled release and protection [19].

Although stimulation of cells is achievable by adding
biomolecules in polymeric scaffolds [9, 12, 13], to date
little has been achieved in kidney tissue engineering.
Laminin is one of the major component of kidney basement
membrane that plays an important role in development and
cell attachment [20]. The protein has been shown to pro-
vide stimulation in several tissues but its effect in kidney
tissue engineering is not fully investigated [21-23].
Therefore, we present polymeric scaffolds combined with
laminin via different electrospinning approach investigat-
ing renal cell response.

2 Materials and method
2.1 Scaffold fabrication

Scaffolds were produced using electrospinning platform
(EC-DIG, IME Technologies, Netherlands) (Fig. 1). 14%
(w/v) polycaprolactone (PCL) (M, = 80 kDa) (Sigma-
Aldrich, Gillingham, UK) was dissolved in 1,1,1,3,3,3-
hexafluoro-2-isopropanol (HFIP) (Manchester Organics,
UK) and left agitation on a roller mixer until electrospin-
ning through a syringe connected to 0.8 mm needle at a
flow rate of 1 ml/h. Fibres were collected on an aluminium
foil covered rotating mandrel with 250 rpm from 22 cm
distance and via voltage of 14 kV. For blend solution,
laminin (Santa Cruz Biotechnology, Heidelberg, Germany)
was directly added to PCL solution, mixed and electrospun
under 12.1 kV voltage using 0.8 mm needle at a flow rate
of 1.3 ml/h on a 250 rpm rotating mandrel from 17 cm
distance. Emulsion solution was prepared by mixing 30%
(w/v) aqueous phase of laminin dissolved in deionized
water with oil phase of PCL solution consisting of 0.4%
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Span80 (v/v) (Sigma-Aldrich) at 1:60 (v/v) ratio. The
spinning solution was then fed at 1.2 ml/h flow rate to a
0.8 mm needle and collected on a mandrel rotating with
250 rpm under 12.9 kV voltage with a 17 cm distance
from needle to mandrel.

2.2 Scaffold characterization
2.2.1 Mechanical testing

Mechanical properties of the scaffolds were measured
based on previous studies of our group [24]. 20 mm in
gauge length and 5 mm in width rectangular samples were
used to measure tensile properties of scaffolds in an Instron
3367 machine (Instron, High Wycombe, UK). 10% strain
per minute was set to load samples uniaxially. From stress—
strain curves ultimate tensile strength and Young’s modu-
lus between 0 and 10% strain in 2% intervals were char-
acterized from average of independent replicates.

2.2.2 Morphology of scaffolds

Images of scaffolds were taken by using scanning electron
microscope (SEM) (Hitachi TM4000 Plus) under 15 kV
voltage from a 10 mm distance after coated with gold by an
Emscope FLM-007 sputter coater. Fibre diameter of scaf-
folds was measured by Diameter J, using three different
SEM images for each scaffold group.

2.3 Cell culture

A human kidney epithelial cell line (RC-124) (CLS, Ger-
many) was used to seeding scaffold. Cells in 15th passage
were suspended in McCoy’s SA media containing L-Glu-
tamine supplemented with 1% antibiotic—antimycotic and
10% foetal bovine serum (all media and supplements from
Gibco, ThermoFisher Scientific, Loughborough, UK).
Cells in T75 flasks were incubated in 5% CO, at 37 °C.
Accutase was used as dissociation agent to detach cells.

Scaffolds were treated with 70% ethanol for 30 min and
PBS three times with 15 min intervals to sterilize and later
soaked into the media overnight prior to seeding. 12 mm
diameter scaffolds were first seeded with 50 pl of cell
suspension containing 63 000 cells for each scaffold and
then an additional 400 pl of media was added after 1 h of
incubation. Scaffolds were cultured for 1, 7, 14 and
21 days before analyses, with media changed 3 times a
week.

2.4 Morphology of cells on scaffolds

Osmium staining was carried out to visualize seeded
scaffolds at day 1, 7 and 14. Scaffolds (n = 2) were fixed in
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Fig. 1 Schematic
representation of scaffold
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4% (v/v) glutaraldehyde overnight and stored in PBS at
4 °C until incubated in 0.1% (v/v) osmium for 30 min,
followed by washing with distilled water four times.
Samples were then dehydrated in increasing concentrations
of ethanol from 30 to 100% (v/v) with 30 s intervals.
Scaffolds were then placed in HDMS for 1 min. HDMS
was then replaced and left to evaporate overnight in a fume
hood. After staining all images of seeded scaffolds were
taken by SEM after coated with gold by sputter coater.

2.5 Cell viability

CellTitre-Blue® assay (Promega, Southampton, UK) was
used to determine cell viability according to manufac-
turer’s instruction on the day of each time point. Cell
seeded scaffolds were washed 3 times in PBS and then a
mixture of CellTitre-Blue® assay with cell culture media
(1:5) was added on scaffolds to incubate for 3.5 h. Fluo-
rescence was read using a microplate reader (Modulus II
9300062, Turner Biosystems) at Ex 520 nm Em
580-640 nm.

2.6 DNA quantification

For total DNA content samples were first freeze dried
overnight and then incubated in a papain digest solution
containing 2.5 units ml~' papain, 5 mM cysteine HCL and
5 mM EDTA in PBS (all reagents from Sigma-Aldrich) at
65 °C for 48 h and periodically vortexed until used. Total
DNA content of the samples was calculated using a Quant-

—_—

Electrospinning

iT™PicoGreen® assay kit (ThermoFisher) as per the
manufacturers’ instructions. Fluorescence values were read
using a microplate reader at Ex 490 nm Em510-570 nm.

2.7 Gene expression (RT-qPCR)

Reverse transcription quantitative real-time PCR (RT-
gPCR) was started with RNA extraction from scaffolds
and cells homogenized in Tri-Reagent® (Invitrogen,
ThermoFisher). RNA was isolated from DNA and pro-
teins with the addition of chloroform and ethanol,
respectively and harvested using an RNeasy kit (Qiagen,
Manchester, UK) as per manufacturer’s instructions. The
cDNA from RNA using an InProm-II kit (Promega)
according to manufacturer’s instructions was produced
and measured in PCR machine (Applied Biosystems
Proflex PCR system). Last step was carried out by Sen-
siFAST™ SYBR® Hi-ROX kit (Bioline, London, UK)
according to manufacturer’s protocol. Three genes were
used for this study; Epithelial cadherin (E-CAD), Alanyl
aminopeptidase (ANPEP) and Kidney injury molecule-1
(KIM-1) and their primers [6] (Sigma-Aldrich) were
given in Supplementary material. Measurement was taken
using LightCycler 480 Instrument II (Roche). The gene
expression levels were normalised to a housekeeping gene
(Glyceraldehyde-3-phosphate  dehydrogenase-GAPDH)
and RC-124 cells on tissue culture plastic and calculated
with 274 method [25].
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2.8 Statistics

All statistics were performed using Minitab software. A one-
way analysis of variance (ANOVA) and Tukey post hoc test
were chosen to assess changes with 95% confidence interval.
Significance was considered with a p-value < 0.05. Data is
presented with standard deviation (SD).

3 Results
3.1 Scaffold characterization

SEM and gross images (Fig. 2) show similar architecture
of scaffolds that were successfully fabricated by electro-
spinning. Average fibre diameter of scaffolds ranges from
1.81 £ 0.24 to 2.83 + 0.21 pm (Table 1) where emulsion
group has the smallest. Despite the slight decrease in size
fairly uniform orientation within scaffolds was obtained.

Laminin has changed the mechanical properties of
scaffolds as shown in Table 1 and Fig. 3. Ultimate tensile
strength increased from 11.33 to 21.83 kPa with protein
addition while difference between blend and emulsion
groups is not significant. Average Young’s modulus for the
blend was found significantly higher up to 8% strain than
others. While emulsion scaffold was lower than PCL alone.
Elastic modulus values for each scaffold dropped over
stretching 20% where all started to become plastic. As seen
in stress—strain graph incorporation of laminin made
polymeric scaffold more elastic.

Fig. 2 Gross and SEM images
of scaffolds at different

magnification (x 1500 g
and x 4000 respectively) ‘7
£
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©
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3.2 Cell attachment and survival

SEM images of cell seeded scaffolds exhibit that kidney
cells can keep attached to the fibres up to 14 days (Fig. 4A)
and penetrate into the pores. While the number of cells on
scaffolds seems lowering over subsequent time point,
shape of cells changed into more elongated especially on
blend and emulsion groups. Likewise, magnified images
(Fig. 4B) revealed the cell-cell and cell-fibre interaction.

Cell viability results indicate cell survival up to 3 weeks
as the test is based on cell metabolism. This was also
supported by SEM images of cell seeded scaffolds. Inter-
estingly, cell viability is higher in PCL than laminin
incorporated scaffolds (in particular emulsion) up to 7 days
(p <0.05) (Fig. 4C). Blend group is also higher than
emulsion, but not significant. This trend changed in favour
of emulsion after two weeks (p < 0.001).

Significant differences in DNA content of the scaffolds
were found as seen in Fig. 4D. There was a decrease in
DNA content for PCL scaffold between 7 and 21 days
(p < 0.01). Additionally, emulsion at day 1 was signifi-
cantly higher than blend at 14 days and PCL at 21 days
(p < 0.05).

3.3 Gene expression

RT-gqPCR results show the trends for three key genes
(Fig. 5). Significant decrease over time in relative expres-
sion of ANPEP in the emulsion scaffolds was noted. Blend
and PCL scaffolds had also a general decrease over three
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Table 1 Fibre diameter and - . .
tensile strength of the scaffolds Mechanical properties PCL Blend Emulsion
Fibre diameter (um) 2.83 £0.21 2.16 £ 0.57 1.81 £ 0.24
Ultimate tensile strength (kPa) 11.33 £ 2.97 21.83 + 1.82 18.06 £ 2.65
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Fig. 3 Young’s modulus A and Stress—Strain B graphs of scaffolds before cell seeding. Error bars = SD, n = > 3. *p < 0.01; **p < 0.001;

one-way ANOVA

weeks, but this was not significant. E-CAD gene expression
of cells on all scaffolds was upregulated over time but only
significance was found between the emulsion at 24 h, the
blend at 14 days and PCL at 21 days. KIM-1 gene had
lower expression in emulsion group than PCL at same
time-point, along with the downregulation between first
and third week for the same group.

4 Discussion

Combination of natural protein with synthetic polymers has
recently gained an interest in tissue engineering since it
allows taking advantages of each material to create a
hybrid scaffold [26-29]. One important advantage is to
overcome lack of biological signals in polymers to induce
seeded cells towards the desired outcome [30, 31]. Still,
retaining bioactivity of protein remains a hurdle as during
processing and fabrication it can be exposed to conditions
that might destroy its structural integrity [32]. Herein, we
investigated hybrid scaffolds that incorporate PCL with
laminin for kidney tissue engineering. Laminin concen-
tration has been reported an important factor on both cell
attachment and functionality [20, 33]. Concentrations pre-
sent in literature for electrospinning of laminin in polymer
solution vary from 4 to 30 pg/ml [21, 22, 34, 35]. These
studies showed cell viability and proliferation over time,
our selected concentration falls within this band at 5 pg/ml.
This concentration further justified by corresponding to

Kapadia’s finding of minimal binding of porcine kidney
cells to laminin coated surface [20].

Laminin is a vital component of the kidney basement
membrane, mediating cell attachment [20]. It also plays a
key role for other ECM proteins to bind to cell surface
antigens [36]. One of the most used methods to combine
laminin with PCL in the literature is coating [33, 37]. This
is accompanied by many stability issues with a major issue
of coating removal during the sterilization steps [12, 16].
Alternatively, electrospinning of protein in polymer solu-
tion is an option for stable incorporation and release
kinetics [18, 22]. The main concern in this technique is that
solvent can denature protein composition [38, 39].
Consedering these problems we have chosen two methods
in this study, blend and emulsion electrospinning. Emul-
sion systems have been reported to protect protein from
solvents, this is in part due to a water carrying protein
which is covered with surfactant [40, 41]. During electro-
spinning emulsions are forced to unify due to electrostatic
repulsion and thus can produce core—shell fibres [42]. In
the blend systems protein can be distributed throughout the
fibre due to direct addition into polymer solution. This
localisation of protein in fibre can affect the release profile
and accordingly the cell response [13, 19]. These factors
rationalise the need to investigate a number of laminin
incorporation methodologies as outlined in this study.

We utilized electrospinning to produce scaffolds as it is
a good and repeatable technique to manufacture porous
structure, where fibres can be altered by changing spinning
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Fig. 4 A SEM images of RC-124 cells on scaffolds (x 800).
B Enlarged images of cells on scaffolds showing cell—cell and cell-
fiber interaction (x 4000). C Cell viability of 24 h, 7d, 14d and 21d
of cell culture on scaffolds using CellTitre Blue assay. D DNA

parameters. We were able to spin hybrid scaffolds with a
similar morphology (Fig. 2). This consistency enables us to
eliminate the size effect on cell behaviour [43—45] and thus
ascribe the results in part to the laminin. The range between
three groups was able to be tailored with the maximum
variation of 1 pm. Some studies reported similar findings
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that addition of biomolecules results in thinner fibres
[14, 23].

We noted interesting results in mechanical properties
due to laminin incorporation method. Inclusion of laminin
affected the elasticity of the blend group but not the
emulsion. Young’s modulus of the blend is highest, while
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Fig. 5 RC-124 (kidney primary epithelial cells) gene expression of
E-CAD A KIM-1 B and ANPEP C on emulsion, blend and PCL
scaffolds in 24 h, 7d, 14d and 21d. Results normalised to GAPDH.
Error bars = SD, n = 5. *p < 0.05; **p < 0.01; one-way ANOVA.

the difference at higher strains becomes smaller. Hybrid
scaffolds have a higher ultimate tensile strength compared
to PCL. This impact has been demonstrated with other
proteins and polymers [34, 46]. An increase in Young’s
modulus have been linked to positive effects such as cell
proliferation and spreading, but also negative responses in
particular apoptosis [47, 48]. This fundamental also applies
to decreased stiffness where studies have shown that there
can be a positive influence such as increased focal adhesion
properties and also some negatives with decreased cell
motility [49, 50]. When considering the native kidney
biomechanics, the environment has vast array of mechan-
ical properties, this varies from single fibrils to bulk ECM
(3 Pa to 7.5 GPa) [51, 52] While recapitulating these
properties is difficult within a scaffold platform, the elec-
trospinning technique can capture some of the fundamen-
tals such as the fibrous architecture and mechanical
properties (23 kPa to 3.8 MPa) which can fall within the
range of native tissue [53, 54].

Aspects of laminin addition on renal cells were inves-
tigated with viability and DNA quantification. Results
point out that the scaffolds are capable of maintaining cell
survival and modulate their response over time. Although
the viability on PCL was significantly higher up to 1 week,
this trend changed at week 3 in favour of emulsion group
which could be from laminin release or presentation. Yu’s
group reported similar observation for cardiac tissue
engineering [12]. Likewise this reasoning could be applied
to our results, but it requires further investigation. Results
also showed that the hybrid scaffolds are suitable base to
create environment for kidney cells. This was supported by
SEM images (Fig. 4A) where cell-cell and -cell-fibre
interaction can be seen clearly in enlarged images
(Fig. 4B). The nature of these interactions can be studied
by immunostaining in future works. These current findings
are very promising sign for an in vivo-like niche.

Gene expression revealed the impact of laminin.
E-CAD, a key marker for formation of cell junctions in

E-CAD: E-cadherin, KIM-1: Kidney injury molecule-1, ANPEP:
Alanyl aminopeptidase, GAPDH: Glyceraldehyde-3-phosphate
dehydrogenase

epithelial tissues [55], increased over time in all groups. To
further corroborate E-CAD activity SEM images in Fig. 4B
exhibit cell binding to each other, a fundamental driver of
expression. Increased expression has been previously
linked to improved cell growth and barrier function on
substrates consisting of laminin [56, 57]. Interestingly,
upregulation can be an indication of monolayer formation,
an important aspect for function [55]. ANPEP is another
gene found in renal membrane, associated with multiple
signalling pathways from adhesion, angiogenesis and
proinflamatory mediators [58]. Our result showed a
downward trend in expression on all scaffolds with a sta-
tistically significance in the emulsion group. As high
expression has been found in many cancer studies [59]
downregulation over time can possibly indicate a positive
sign while cells are adapting to environmental changes.
KIM-1 is a novel marker related to acute kidney injury,
epithelial damage and stress [60]. In our study expression
of this gene in the emulsion was considerably lower than
PCL in 24 h, consistent with a recent study showing
downregulation by laminin inclusion [61]. It can be
hypothesized that a decrease in expression may be an
indication of a decrease in cell stress. The total of these
findings from these three key markers suggest that hybrid
scaffolds support renal cells and provide a suitable envi-
ronment over time.

Change in cell behaviour with laminin incorporation
into polymeric scaffold has previously been linked to the
activation of certain molecular mechanisms. One mecha-
nism is that cell attachment via pro-adhesive laminin
sequences such as RGD, IKVAV and YIGSR can provide
binding sites to cells [12, 32]. This is a commonly men-
tioned mechanism by researchers who have reported
increased cell attachment on scaffolds with laminin
[21-23]. Another mechanism is the modified hydrophilicity
by the protein addition, which can lead to an increased
cellular interaction, this has been shown in respect to
laminin-mixed scaffold compared to PCL alone [32, 62]. A
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third mechanism could be a change in surface stiffness due
to laminin incorporation, which is linked to cell beha-
vioural changes in migration, differentiation and prolifer-
ation [34]. Interestingly we noted that our hybrid scaffolds
had an increased elasticity and notable difference in
attachment. While other mechanisms exist, it is likely that
it is a combination of many of these and not any specific
one.

Despite these promising results there is still some future
considerations for this work. The first is the damage effects
that solvent may cause on the protein composition. As
HFIP can denature several proteins this is a major concern
for blended scaffolds [38, 63]. In emulsion scaffolds we
believe it is not the case since surfactant offers a form of
protection. However, further investigation is crucial to see
if concentration of surfactant is sufficient to prevent such a
large protein from interaction with the solvent. Secondly,
voltage can alter protein structure [64] yet it has been
reported that it may not have an adverse effect on laminin,
but it is worthy to note that they did not look at the effect of
voltage in these studies [13, 35]. Also our results, in par-
ticular significant differences between blend and PCL
groups, can be attributed to a retained bioactivity. Despite
these limitations we were able to showcase the effects of
laminin inclusion in polymeric scaffolds.

This study has revealed successful electrospinning of
laminin in PCL scaffolds and their support for renal cells.
Protein inclusion changed the mechanical properties of
pure polymer to a more elastic structure. Renal cells on the
scaffolds were metabolically active, which points out to
biocompatibility of scaffolds. Additionally, change in
expression levels of three important genes shows healthy
function of cells on the scaffolds. We believe that the total
of these results highlight the need for further investigation
on combinations of ECM proteins with synthetic polymers
in kidney tissue engineering applications.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s13770-
021-00398-1.

Acknowledgements This study is funded by The Republic of Turkey
Ministry of National Education Studentship for Higher and Overseas
Education and MRC grant MR/L012766/1.

Declarations
Conflict of interest Authors declare no conflict of interest.

Ethical statement No human or animal experiment is carried out in
this study.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate

@ Springer

if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Luyckx VA, Tonelli M, Stanifer JW. The global burden of kidney
disease and the sustainable development goals. Bull World
Health Organ. 2018;96:414-22D.

2. GBD 2015 Mortality and Causes of Death Collaborators. Global,
regional, and national life expectancy, all-cause mortality, and
cause-specific mortality for 249 causes of death, 1980-2015: a
systematic analysis for the global burden of disease study 2015.
Lancet. 2016;388:1459-544.

3. Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H,
Morgera S, et al. Acute renal failure in critically ill patients: a
multinational, multicenter study. JAMA. 2005;294:813-8.

4. Moon KH, Ko IK, Yoo JJ, Atala A. Kidney diseases and tissue
engineering. Methods. 2016;99:112-9.

5. Sturtivant A, Callanan A. The use of antifreeze proteins to
modify pore structure in directionally frozen alginate sponges for
cartilage tissue engineering. Biomed Phys Eng Express.
2020;6:055016.

6. Burton TP, Corcoran A, Callanan A. The effect of electrospun
polycaprolactone scaffold morphology on human kidney epithe-
lial cells. Biomed Mater. 2018;13:015006.

7. Bate TSR, Gadd VL, Forbes SJ, Callanan A. Response differ-
ences of HepG2 and primary mouse hepatocytes to morphologi-
cal changes in electrospun PCL scaffolds. Sci Rep. 2021;11:3059.

8. Reid JA, Dwyer KD, Schmitt PR, Soepriatna AH, Coulombe KL,
Callanan A. Architected fibrous scaffolds for engineering aniso-
tropic tissues. Biofabrication. 2021;13:045007.

9. Munir N, Callanan A. Novel phase separated polycaprolac-
tone/collagen scaffolds for cartilage tissue engineering. Biomed
Mater. 2018;13:051001.

10. Ko KW, Park SY, Lee EH, Yoo YI, Kim DS, Kim JY, et al.
Integrated bioactive scaffold with polydeoxyribonucleotide and
stem-cell-derived extracellular vesicles for kidney regeneration.
ACS Nano. 2021;15:7575-85.

11. Hulshof F, Schophuizen C, Mihajlovic M, van Blitterswijk C,
Masereeuw R, de Boer J, et al. New insights into the effects of
biomaterial chemistry and topography on the morphology of
kidney epithelial cells. J Tissue Eng Regen Med.
2018;12:e817-27.

12. YuJ, Lee AR, Lin WH, Lin CW, Wu YK, Tsai WB. Electrospun
PLGA fibers incorporated with functionalized biomolecules for
cardiac  tissue  engineering. Tissue Eng Part A.
2014;20:1896-907.

13. Koh HS, Yong T, Chan CK, Ramakrishna S. Enhancement of
neurite outgrowth using nano-structured scaffolds coupled with
laminin. Biomaterials. 2008;29:3574-82.

14. Ghasemkhah F, Latifi M, Hadjizadeh A, Shokrgozar MA.
Potential core—shell designed scaffolds with a gelatin-based shell
in achieving controllable release rates of proteins for tissue
engineering  approaches. J Biomed Mater Res A.
2019;107:1393-405.

15. Wu L, Gu Y, Liu L, Tang J, Mao J, Xi K, et al. Hierarchical
micro/nanofibrous membranes of sustained releasing VEGF for
periosteal regeneration. Biomaterials. 2020;227:119555.


https://doi.org/10.1007/s13770-021-00398-1
https://doi.org/10.1007/s13770-021-00398-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Tissue Eng Regen Med (2022) 19(1):73-82

81

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

Dai Z, Ronholm J, Tian Y, Sethi B, Cao X. Sterilization tech-
niques for biodegradable scaffolds in tissue engineering appli-
cations. J Tissue Eng. 2016;7:2041731416648810.

Evrova O, Kellenberger D, Scalera C, Calcagni M, Giovanoli P,
Vogel V, et al. Impact of UV sterilization and short term storage
on the in vitro release kinetics and bioactivity of biomolecules
from electrospun scaffolds. Sci Rep. 2019;9:15117.

Ji W, Sun Y, Yang F, van den Beucken JJ, Fan M, Chen Z.
Bioactive electrospun scaffolds delivering growth factors and
genes for tissue engineering applications. Pharm Res.
2011;28:1259-72.

Zhao X, Lui YS, Toh PWJ, Loo SCJ. Sustained release of
hydrophilic L-ascorbic acid 2-phosphate magnesium from elec-
trospun polycaprolactone scaffold-A study across blend, coaxial,
and emulsion electrospinning techniques. Materials (Basel).
2014;7:7398-408.

Kapadia R, Yurchenco PD, Amsler K. Binding of the renal
epithelial cell line LLC-PKI to laminin is regulated by protein
kinase C. J Am Soc Nephrol. 1999;10:1214-23.

Song SJ, Shin YC, Kim SE, Kwon IK, Lee JH, Hyon SH, et al.
Aligned laminin core-polydioxanone/collagen shell fiber matrices
effective for neuritogenesis. Sci Rep. 2018;8:5570.

Tian L, Prabhakaran MP, Ding X, Ramakrishna S. Biocompati-
bility evaluation of emulsion electrospun nanofibers using
osteoblasts for bone tissue engineering. J Biomater Sci Polym Ed.
2013;24:1952-68.

Neal RA, Tholpady SS, Foley PL, Swami N, Ogle RC, Botchwey
EA. Alignment and composition of laminin-polycaprolactone
nanofiber blends enhance peripheral nerve regeneration.
J Biomed Mater Res A. 2012;100:406-23.

Callanan A, Davis NF, Walsh MT, McGloughlin TM. Mechani-
cal characterisation of unidirectional and cross-directional mul-
tilayered urinary bladder matrix (UBM) scaffolds. Med Eng Phys.
2012;34:1368-74.

Livak KJ, Schmittgen TD. Analysis of relative gene expression
data using real-time quantitative PCR and the 2-AACT method.
Methods. 2001;25:402-8.

Reid JA, Callanan A. Hybrid cardiovascular sourced extracellular
matrix scaffolds as possible platforms for vascular tissue engi-
neering. J Biomed Mater Res B Appl Biomater.
2020;108:910-24.

Reid JA, Callanan A. Influence of aorta extracellular matrix in
electrospun polycaprolactone scaffolds. J Appl Polym Sci.
2019;136:48181.

Grant R, Hay D, Callanan A. From scaffold to structure: the
synthetic production of cell derived extracellular matrix for liver
tissue engineering. Biomed Phys Eng Express. 2018;4:065015.
Lih E, Park W, Park KW, Chun SY, Kim H, Joung YK, et al. A
bioinspired scaffold with anti-inflammatory magnesium hydrox-
ide and decellularized extracellular matrix for renal tissue
regeneration. ACS Cent Sci. 2019;5:458-67.

Lih E, Park KW, Chun SY, Kim H, Kwon TG, Joung YK, et al.
Biomimetic porous PLGA scaffolds incorporating decellularized
extracellular matrix for kidney tissue regeneration. ACS Appl
Mater Interfaces. 2016;8:21145-54.

Grant R, Hay DC, Callanan A. A drug-induced hybrid electro-
spun poly-capro-lactone: cell-derived extracellular matrix scaf-
fold for liver tissue engineering. Tissue Eng Part A.
2017;23:650-62.

Klimek K, Ginalska G. Proteins and peptides as important
modifiers of the polymer sca ff olds for tissue engineering.
Polymers (Basel). 2020;12:844.

Zander NE, Beebe TP. Immobilized laminin concentration gra-
dients on electrospun fiber scaffolds for controlled neurite out-
growth. Biointerphases. 2014;9:011003.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Kijenska E, Prabhakaran MP, Swieszkowski W, Kurzydlowski
KJ, Ramakrishna S. Interaction of Schwann cells with laminin
encapsulated PLCL core-shell nanofibers for nerve tissue engi-
neering. Eur Polym J. 2014;50:30-8.

Grant R, Hallett J, Forbes S, Hay D, Callanan A. Blended elec-
trospinning with human liver extracellular matrix for engineering
new hepatic microenvironments. Sci Rep. 2019;9:6293.
Yurchenco PD. Integrating activities of laminins that drive
basement membrane assembly and function. Curr Top Membr.
2015;76:1-30.

Elnaggar MA, El-Fawal HAN, Allam NK. Biocompatible PCL-
nanofibers scaffold with immobilized fibronectin and laminin for
neuronal tissue regeneration. Mater Sci Eng C Mater Biol Appl.
2021;119:111550.

Agarwal S, Wendorff JH, Greiner A. Use of electrospinning
technique for biomedical applications. Polymer (Guildf).
2008;49:5603-21.

Yang L, Fitié CF, van der Werf KO, Bennink ML, Dijkstra PJ,
Feijen J. Mechanical properties of single electrospun collagen
type I fibers. Biomaterials. 2008;29:955-62.

Briggs T, Arinzeh TL. Examining the formulation of emulsion
electrospinning for improving the release of bioactive proteins
from electrospun fibers. J Biomed Mater Res A.
2014;102:674-84.

Wei K, Li Y, Lei X, Yang H, Teramoto A, Yao J, et al. Emulsion
electrospinning of a collagen-like protein/PLGA fibrous scaffold:
empirical modeling and preliminary release assessment of
encapsulated protein. Macromol Biosci. 2011;11:1526-36.
Nikmaram N, Roohinejad S, Hashemi S, Koubaa M, Barba FJ,
Abbaspourrad A, et al. Emulsion-based systems for fabrication of
electrospun nanofibers: food, pharmaceutical and biomedical
applications. RSC Adv. 2017;7:28951-64.

Burton TP, Callanan A. A non-woven path: electrospun
poly(lactic acid) scaffolds for kidney tissue engineering. Tissue
Eng Regen Med. 2018;15:301-10.

Bate TSR, Forbes SJ, Callanan A. Controlling electrospun
polymer morphology for tissue engineering demonstrated using
hepG2 Cell Line. J Vis Exp. 2020. https://doi.org/10.3791/61043.
Reid JA, McDonald A, Callanan A. Modulating electrospun
polycaprolactone scaffold morphology and composition to alter
endothelial cell proliferation and angiogenic gene response. PLoS
One. 2020;15:¢0240332.

Roy T, Maity PP, Rameshbabu AP, Das B, John A, Dutta A, et al.
Core-shell nanofibrous scaffold based on polycaprolactone-silk
fibroin emulsion electrospinning for tissue engineering applica-
tions. Bioengineering (Basel). 2018;5:68.

Wang HB, Dembo M, Wang YL. Substrate flexibility regulates
growth and apoptosis of normal but not transformed cells. Am J
Physiol Cell Physiol. 2000;279:C1345-50.

Melica ME, La Regina G, Parri M, Peired AJ, Romagnani P,
Lasagni L. Substrate stiffness modulates renal progenitor cell
properties via a ROCK-mediated mechanotransduction mecha-
nism. Cells. 2019;8:1561.

Cao X, Ban E, Baker BM, Lin Y, Burdick JA, Chen CS, et al.
Multiscale model predicts increasing focal adhesion size with
decreasing stiffness in fibrous matrices. Proc Natl Acad Sci
U S A. 2017;114:E4549-55.

Janmey PA, Fletcher DA, Reinhart-King CA. Stiffness sensing by
cells. Physiol Rev. 2020;100:695-724.

Green EM, Mansfield JC, Bell JS, Winlove CP. The structure and
micromechanics  of  elastic  tissue.  Interface  Focus.
2014:4:20130058.

Guthold M, Liu W, Sparks EA, Jawerth LM, Peng L, Falvo M,
et al. A comparison of the mechanical and structural properties of
fibrin fibers with other protein fibers. Cell Biochem Biophys.
2007;49:165-81.

@ Springer


https://doi.org/10.3791/61043

82

Tissue Eng Regen Med (2022) 19(1):73-82

53.

54.

55.

56.

57.

58.

59.

Croisier F, Duwez AS, Jérome C, Léonard AF, van der Werf KO,
Dijkstra PJ. Mechanical testing of electrospun PCL fibers. Acta
Biomater. 2012;8:218-24.

Elamparithi A, Punnoose AM, Kuruvilla S, Ravi M, Rao S, Paul
SF. Electrospun polycaprolactone matrices with tensile properties
suitable for soft tissue engineering. Artif Cells Nanomed
Biotechnol. 2016;44:878-84.

Adelfio M, Szymkowiak S, Kaplan DL. Matrigel-free laminin-
entactin matrix to induce human renal proximal tubule structure
formation in vitro. ACS Biomater Sci Eng. 2020;6:6618-25.
Cuy JL, Beckstead BL, Brown CD, Hoffman AS, Giachelli CM.
Adhesive protein interactions with chitosan: Consequences for
valve endothelial cell growth on tissue-engineering materials.
J Biomed Mater Res A. 2003;67:538—47.

Young BM, Shankar K, Tho CK, Pellegrino AR, Heise RL.
Laminin-driven Epac/Rapl regulation of epithelial barriers on
decellularized matrix. Acta Biomater. 2019;100:223-34.
Mina-Osorio P. The moonlighting enzyme CD13: old and new
functions to target. Trends Mol Med. 2008;14:361-71.

Riemann D, Kehlen A, Langner J. CDI13 - not just a marker in
leukemia typing. Immunol Today. 1999;20:83-8.

@ Springer

60.

61.

62.

63.

64.

Song J, Yu J, Prayogo GW, Cao W, Wu Y, Jia Z, et al. Under-
standing kidney injury molecule 1: a novel immune factor in
kidney pathophysiology. Am J Transl Res. 2019;11:1219-29.
Englezakis A, Gozalpour E, Kamran M, Fenner K, Mele E,
Coopman K. Development of a hollow fibre-based renal module
for active transport studies. J Artif Organs. 2021. https://doi.org/
10.1007/s10047-021-01260-w.

Bahrami H, Keshel SH, Chari AJ, Biazar E. Human unrestricted
somatic stem cells loaded in nanofibrous PCL scaffold and their
healing effect on skin defects. Artif Cells Nanomed Biotechnol.
2016;44:1556-60.

Hirota N, Mizuno K, Goto Y. Cooperative a-helix formation of
B-lactoglobulin and melittin induced by hexafluoroisopropanol.
Protein Sci. 1997;6:416-21.

De D, Pawar N, Gupta AN. Electric field-driven conformational
changes in the elastin protein. Phys Chem Chem Phys.
2021;23:4195-204.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s10047-021-01260-w
https://doi.org/10.1007/s10047-021-01260-w

	Electrospinning Fabrication Methods to Incorporate Laminin in Polycaprolactone for Kidney Tissue Engineering
	Abstract
	BACKGROUND:
	METHOD:
	RESULTS:
	CONCLUSION:

	Introduction
	Materials and method
	Scaffold fabrication
	Scaffold characterization
	Mechanical testing
	Morphology of scaffolds

	Cell culture
	Morphology of cells on scaffolds
	Cell viability
	DNA quantification
	Gene expression (RT-qPCR)
	Statistics

	Results
	Scaffold characterization
	Cell attachment and survival
	Gene expression

	Discussion
	Acknowledgements
	References




