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A B S T R A C T

Background: Tissue engineering of the annulus fibrosus (AF) shows promise as a treatment for patients with
degenerative disc disease (DDD). However, it remains challenging due to the intrinsic heterogeneity of AF tissue.
Fabrication of scaffolds recapitulating the specific cellular, componential, and microstructural features of AF,
therefore, is critical to successful AF tissue regeneration.
Methods: Poly-L-lactic acid (PLLA) fibrous scaffolds with various fiber diameters and orientation were prepared to
mimic the microstructural characteristics of AF tissue using electrospinning technique. AF-derived stem cells
(AFSCs) were cultured on the PLLA fibrous scaffolds for 7 days.
Results: The morphology of AFSCs significantly varied when cultured on the scaffolds with various fiber diameters
and orientation. AFSCs were nearly round on scaffolds with small fibers. However, they became spindle-shaped on
scaffolds with large fibers. Meanwhile, upregulated expression of collagen-I gene happened in cells cultured on
scaffolds with large fibers, while enhanced expression of collagen-II and aggrecan genes was seen on scaffolds
with small fibers. The production of related proteins also showed similar trends. Further, culturing AFSCs on a
heterogeneous scaffold by overlaying membranes with different fiber sizes led to the formation of a hierarchical
structure approximating native AF tissue.
Conclusion: Findings from this study demonstrate that fibrous scaffolds with different fiber sizes effectively pro-
moted the differentiation of AFSCs into specific cells similar to the types of cells at various AF zones. It also
provides a valuable reference for regulation of cell differentiation and fabrication of engineered tissues with
complex hierarchical structures using the physical cues of scaffolds.
The translational potential of this article: Effective AF repair is an essential need for treating degenerative disc
disease. Tissue engineering is a promising approach to achieving tissue regeneration and restoring normal
functions of tissues. By mimicking the key structural features of native AF tissue, including fiber size and
alignment, this study deciphered the effect of scaffold materials on the cell differentiation and extracellular matrix
deposition, which provides a solid basis for designing new strategies toward more effective AF repair and
regeneration.
Introduction

Degenerative disc disease (DDD) is the leading cause of low back pain,
which seriously impacts the life quality of patients and may lead to
disability in the active population [1,2]. Among the fundamental struc-
tural units of the intervertebral disc (IVD), annulus fibrosus (AF) is crit-
ical for confining the nucleus pulposus (NP) and maintaining intradiscal
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pressure, and the integrity of it is essential for the maintenance of the
healthy structure and biological functions of IVD [3]. Unfortunately, AF,
once damaged, does not spontaneously heal and continues to degenerate
[4]. In fact, AF degeneration constitutes a major cause of DDD [1,5].
While current conservative or surgical treatments may relieve the
symptomatic pain, they cannot restore the normal biomechanics and
biophysical functions of AF and IVD [6]. Instead, regeneration of AF
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through tissue engineering technique may represent a promising alter-
native to ultimately curing the disease [7]. However, such an approach
remains challenging due to the substantial complexity of native AF tissue.

AF is a typical heterogeneous tissue with gradient changes in cellular
phenotype, biochemistry, microstructure, and biomechanics along the
radial direction [8,9]. Anatomically, AF consists of 15–25 angle-plied
concentric fibrous layers. In native AF tissue, the outer lamellae mainly
contain fibroblast-like cells, which predominantly produce type I
collagen, while the inner lamellae mainly contain chondrocyte-like cells,
which produce type II collagen and proteoglycans. Collagen-I, collage-
n-II, and aggrecan, the major extracellular matrix (ECM) of AF tissue,
have differential distribution in various AF regions [10,11]. As collagen-I
mainly exists in the outer AF (oAF) region, yet collagen-II and aggrecan
are mainly in the inner AF (iAF) region, they are considered as pheno-
typic markers of cells in these regions [12,13]. In addition, in iAF the
fibers are less oriented, while those in oAF are highly aligned [9]. Such a
hierarchical and well-organised structure of AF is essential to maintain-
ing its biomechanical stability and physiological functions [5,10]. Pre-
viously, we have found that the thin type II collagen fibers (74� 7 nm) in
iAF gradually change into thicker type I collagen fibers (182 � 18 nm) in
oAF and as a result, altered the biochemical and structural properties of
matrix [14]. Therefore, effective replication of the region-specific feature
of AF is critical for fabricating scaffolds for AF tissue engineering.

Another challenge of AF tissue engineering is the heterogeneous
distribution of cell type. There are currently no specific surface markers
to distinguish the phenotypes of cells from various AF regions. However,
a number of studies have revealed that there are distinct cell types from
the inner and outer regions of AF and of them, collagen-I, collagen-II, and
aggrecan genes can be considered as specific marker genes, meaning that
they can be used to distinguish iAF cells from oAF cells in human, rabbit,
and bovine tail IVDs. For example, collagen-I can be considered as a
phenotypic marker for oAF cells, while collagen-II and aggrecan as
markers for iAF cells [7–14]. Therefore, ideal AF tissue engineering re-
quires various types of cells at different regions within a scaffold in order
to produce ECMs corresponding to those in native AF tissue, which
certainly constitutes a major technical challenge. Constructing a
Scheme 1. Assembly of different electrospun fibrous membranes with specifically d
archical stratified structure of native AF tissue.
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heterogeneous scaffold containing region-specific regulatory cues that
can direct the differentiation of a single stem cell source toward desired
cell phenotypes, therefore, appeals to be a more effective approach.

Controlling the physical features, such as microstructure and me-
chanical properties of scaffolds has been widely used to regulate the
differentiation of stem cells [15,16]. The micro-to-nanoscale topography,
including porosity and fiber size of fibrous scaffolds, plays a critical role
in controlling the adhesion, proliferation, and differentiation of stem
cells. For example, when neural stem/progenitor cells (NSCs) were
cultured on electrospun fibrous scaffolds with various fiber diameters,
their proliferation and differentiation significantly depended on the fiber
size [17,18]. When mesenchymal stem cells (MSCs) were seeded on
chitosan fibrous scaffolds and sponges, it was found that chondrogenesis
was superior on microfibers compared to macroporous sponges [19].
Similarly, the osteogenic differentiation of human periodontal ligament
stem cells (hPLSCs) could be regulated by the micro-/nanostructure of
the hydroxyapatite-coated porcine acellular dermal matrix [20].
Recently, we have also found that the fiber orientation and elasticity of
electrospun scaffolds effectively affected the gene expression of annulus
fibrosus-derived stem cells (AFSCs), a unique AF tissue-specific cell
source that may differentiate into all types of resident cells in native AF
tissue and showed great potential for AF repair and regeneration
[21–23].

Therefore, in this study, we aimed to regulate the differentiation of
AFSCs using the microstructural cues of a single material, which may
ultimately lead to the fabrication of engineered AF with heterogeneous
cellular, biochemical, and architectural characteristics as native AF tis-
sue. To this end, we fabricated poly-l-lactic acid (PLLA) fibrous mem-
branes with different fiber diameters using the electrospinning technique
to mimic the different regions of AF. We found that different fiber sizes
successfully regulated the differentiation of AFSCs into various cell types
showing similar gene expression patterns as native AF tissue cells do.
Further, assembly of different electrospun fibrous membranes with spe-
cifically differentiated AFSCs led to a piece of engineered AF tissue
mimicking the hierarchical stratified structure of native AF tissue
(Scheme 1).
ifferentiated AFSCs led to a piece of engineered AF tissue mimicking the hier-
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Materials and methods

Fabrication of electrospun fibrous scaffolds with different diameters

Poly-L-lactic acid (PLLA) fibrous scaffolds with various fiber di-
ameters were fabricated using the electrospinning technique by changing
the concentration of PLLA in the feeding solution. In brief, PLLA was
dissolved in a mixture of N, N-dimethylformamide, and dichloromethane
(1:2 by weight) to prepare 11, 15, and 25 wt % PLLA solutions for
fabricating small (Small-F), medium (Medium-F) and large (Large-F)
fibers, respectively. The solution was loaded into a 5 ml plastic syringe
with an 18G needle and fed at a constant rate of 200 μl/min using a
syringe pump (Longer Pump Co., Ltd, China). A voltage of 15 kV was
applied to the needle using a high-voltage power unit (Tianjin High
Voltage Power Supply Co., Ltd, China). The distance between the syringe
needle and the receiver was set at 15 cm. A rotating disk was used as the
collector of the electrospun fibers. A rotating speed of 2000 rpm/min was
used for collecting scaffolds with aligned fibers. The prepared scaffolds
were dried in vacuum overnight before further experiments.
Characterisations of electrospun scaffolds

The morphology and microstructure of random and aligned PLLA
scaffolds with different diameters were observed using a scanning elec-
tron microscopy (SEM, S-4800, Hitachi Co., Ltd., Japan). The average
fiber diameter and pore size of the scaffolds were analyzed by Image J
software. The wettability of the scaffolds was evaluated by measuring the
water contact angles with sessile drop shape method and a drop shape
analysis system at 25 �C. For measuring the mechanical properties of the
scaffolds, the fibrous membranes were cut into 15.0 � 3.0 � 0.13 mm3

specimens and evaluated through uniaxial tensile tests at a speed of 5
mm/min� using a mechanical testing machine (Hengyi Co., Ltd., China).
Isolation and culture of rabbit AFSCs

AFSCs were isolated from AF tissue of New Zealand white rabbits
(4–6 weeks old) and cultured in Alpha's modified Eagle's medium
(Hyclone, SH30265.01B) with about 10% fetal bovine serum (FBS,
SV30087.02; Hyclone) in accordance with the procedures in our previous
study [9]. Briefly, we harvested the rabbit spinal columns from T10 to L5
under a sterile environment and removed the surrounding muscles and
ligaments. Then the spinal column of each IVD was transversally
sectioned. After carefully removing the NP, the pure AF tissue was
minced and digested in Dulbecco's Modified Eagle Medium (low glucose)
(DMEM-LG) medium (SH30021.01B; Hyclone, Thermo Fisher Scientific,
Hudson, NH, USA) with Collagenase I (150 U/ml) and Collagenase II
(150 U/ml) for 2–4 h. The obtained suspension was then centrifuged at
1000 rpm for 5 min, and then the cell pellet was re-suspended in
DMEM-LG, including 15% FBS, 100 U/ml penicillin, 100 μg/ml strep-
tomycin and maintained in the humidified incubator at 37 �C with 5%
CO2 at a density of 200–500 cells/ml.
Cell proliferation on the scaffolds

Before cell culturing, the electrospun PLLA membranes were cut into
rounded samples fitting in a 96-well cell culture plate and then sterilised
with Co-60 irradiation. Afterward, the AFSCs were seeded on the scaf-
folds at a density of 5 � 103 cells per well. The cells were cultured in a
humidified incubator at 37 �C with 5% CO2 for 1, 3, 5, 7 days. After
culturing, the cells were washed with PBS, and then 20 μl MTS assay
reagent (CellTiter 96 Aqueous, Promega) and 100 μl mediumwere added
into each well. After 3 h of incubation, a microplate reader (BioTek In-
struments) was used to measure the absorbance at 490 nm.
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Cell morphology visualisation

Cytoskeleton staining and SEM were applied to observe the
morphology of cells cultured on the random and aligned electrospun
fibrous membrane with different fiber diameters. First passage AFSCs
were cultured on different scaffolds in DMEM-LG supplemented with
10% -FBS and 1% penicillin/streptomycin for 3 days. For cytoskeleton
staining, the cells were washed twice with PBS, fixed with 4% para-
formaldehyde for 15 min, and permeabilised with 0.1% Triton X-100 for
5 min. The cells were then stained with fluorescein isothiocyanate
(FITC)-phalloidin (Enzo Biochem, New York, NY, USA) and DAPI (Roche,
Basel, Switzerland) for labelling F-actin and nuclei, respectively. After
washing with PBS, the morphology of cells was recorded using a fluo-
rescence microscope (Zeiss Axiovert 200, Carl Zeiss Inc, Thornwood,
NY). For SEM observation, the cells on the scaffolds were rinsed twice
with PBS after culturing. The cells were fixed using 2.5% glutaraldehyde
for 2 h and then rinsed with deionised water for three times. The samples
were dehydrated with graded ethanol from 10% to 100% for 15 min, and
then were dried and sputter-coated with gold. The morphology of the
cells was then observed using SEM at an accelerating voltage of 4 kV.

Real-time quantitative polymerase chain reaction (RT-qPCR) analysis

The random and aligned PLLA fibrous membranes were sterilised
using 75% alcohol. The rabbit AFSCs were then seeded on the scaffolds
(5 � 105 cells/well) and incubated in the humidified incubator at 37 �C
with 5% CO2 for 7 days. Afterward, the scaffolds were washed three
times with PBS, and the AFSCs were digested with 0.25% trypsin. The
total RNA from the treated AFSCs was extracted using a TRIZOL isolation
system (Invitrogen, Thermo Fisher Scientific, Hudson, NH, USA)
following the manufacturer's protocol. Reverse transcription was per-
formed using a Revert-Aid First-Strand cDNA Synthesis Kit (Fermentas,
K1622) and oligo(dT) primers on a reverse transcription PCR system
(Eastwin Life Science, Beijing). RT-qPCR was performed on a Bio-Rad
CFX96 Real-Time System using the SsoFast EvaGreen Supermix Kit
(Bio-Rad). The relative expression level of genes was analyzed using the
2�ΔΔCt method normalised to the housekeeping gene glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), which served as an internal control.
Relative quantitative gene expression was calculated and converted to
percent expression compared to unstimulated cells. The sequences of
primers used in this study are listed in Table 1.

Biochemical assays

After culturing for 7 days, the supernatants of cells cultured on the
scaffolds were collected. The contents of collagen-I and collagen-II were
determined using enzyme-linked immunosorbent assay (ELISA) kits
(R&D Systems, USA) following the manufacturer's protocol. The total
glycosaminoglycan (GAG0 content was quantified with the 1, 9-dime-
thylmethylene blue (DMMB) dye-binding assay using a commercially
available kit (Genmed Scientifics Inc., USA, GMS 19239.2). The DNA
content was determined using DNA-binding fluorochrome dye Hoechst
33258. The matrix synthesis of cells was normalised to the corresponding
DNA content.

Histological and immunohistochemical evaluations

The PLLA scaffolds with different fiber diameters were sterilised
using ultraviolet exposure (30 min per side) and incubated with fibro-
nectin solution to promote cell adhesion prior to cell culture. Following
that, AFSCs were cultured on the scaffolds for 7 days. Then the constructs
were washed three times with PBS and fixed with 4% phosphate-buffered
paraformaldehyde for 30 min at 4 �C. The fixed cells on the scaffolds
were dehydrated through a graded series of ethanol from 10% to 100%,
overlaid the scaffolds of different diameters with cells embedded in
paraffin, and then sectioned into 8 μm-thick slices. Then the slides were



Table 1
Sequences of primers for RT-qPCR.

Gene Forward Reverse Accession number

GAPDH 50-ACTTTGTGAAGCTCATTTCCTGGTA-30 50-GTGGTTTGAGGGCTCTTACTCCTT-30 NM_001082253
Collagen-I 50-CTGACTGGAAGAGCGGAGAGTAC-30 50-CCATGTCGCAGAAGACCTTGA-30 AY633663
Collagen-II 50-AGCCACCCTCGGACTCT-30 50-TTTCCTGCCTCTGCCTG-30 NM_001195671
Aggrecan 50-ATGGCTTCCACCAGTGCG-30 50-CGGATGCCGTAGGTTCTCA-30 XM_002723376
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treated using hematoxylin for 6 min and eosin for 1 min and were
checked using a Zeiss Axiovert 200 inverted phase contrast microscope
(Carl Zeiss Inc., Thornwood, NY).

Statistical analysis

All data are provided as the mean � standard deviation (SD). The
statistical analyses were performed by SPSS software. Kruskal–Wallis
one-way analysis of variance (ANOVA) tests followed by Tukey post hoc
tests were used. Unpaired student's t-tests were also used where appro-
priate. A difference between two groups is considered statistically sig-
nificant if p is less than 0.05.

Results

Fabrication of fibrous scaffolds with various fiber diameters

The electrospinning technique was used to fabricate random and
aligned fibrous PLLA scaffolds with different fiber diameters. Fibers with
increased diameter were obtained by increasing the concentration of
PLLA. On average, the diameters of the small, medium, and large random
fibers were 0.55 � 0.09 μm, 1.07 � 0.18 μm, and 3.29 � 0.53 μm,
respectively, and those of aligned electrospun fibers are 0.50 � 0.08 μm,
1.00 � 0.16 μm, and 3.19 � 0.19 μm, respectively (Fig. 1).

The water contact angles of scaffolds were similar among random and
aligned scaffolds (about 135�) irrespective of the fiber diameter (Fig. 2A
and B). The strength of scaffolds increased with a fiber diameter of
scaffolds irrespective of the orientation of fibers. The tensile strength of
random electrospun membranes with small, medium, and large di-
ameters was 1.23 � 0.32, 1.65 � 0.22, and 1.82 � 0.2 MPa, respectively,
while that of aligned electrospun membranes was 1.19 � 0.22,
1.48 � 0.3, and 1.96 � 0.3 MPa, respectively. The breaking elongations
of random electrospun membranes with small, medium, and large di-
ameters were measured to be 52.69 � 0.66, 49.68 � 0.61, and
28.49 � 0.56%, respectively, and those of aligned electrospun
Figure 1. The microstructure of scaffolds observed using SEM. (A) Morphology of t
from 0.55 μm to 3.29 μm; (B) morphology of the aligned electrospun fibers with sm
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membranes were 52.79 � 0.52, 48.76 � 0.72, and 27.73 � 0.62%,
respectively (Fig. 2C and D). However, the tensile moduli of all scaffolds
were similar, and no significant difference was observed between
random and aligned scaffolds.

Proliferation of AFSCs

MTS assays were performed to evaluate the proliferation of AFSCs
cultured on the random and aligned fibrous scaffolds with different fiber
diameters after 1, 3, 5, and 7 days (Fig. 3). AFSCs grown on standard
tissue culture polystyrene (TCPS) dishes were used as a control group.
AFSCs proliferated well on all random scaffolds independent of fiber
diameter. Similar results were observed for cells on aligned fibrous
scaffolds. Moreover, no obvious difference was observed on the number
of AFSCs cultured on random and aligned scaffolds on the same day.
However, AFSCs appeared to grow faster on all scaffolds than those on
TCPS, likely as a result of the markedly larger aspect surface area of
electrospun fibrous scaffolds. Therefore, AFSCs proliferated well on all
the scaffolds irrespective of their microstructure, suggesting that all the
scaffolds provided suitable environments for cell proliferation.

Morphology of AFSCs

The morphology of AFSCs was visualised by cytoskeleton staining
using FITC-phalloidin. The cytoskeleton micrographs show that AFSCs
attached well to all scaffolds irrespective of the microstructure, but they
displayed distinct morphology on the scaffolds with various fiber di-
ameters (Fig. 4). On the random fibrous scaffold with small fiber diam-
eter, the morphology of AFSCs was relatively round, while elongated and
spindle AFSCs were observed on the random fibrous scaffold with large
fiber diameter. The same results were observed for AFSCs cultured on
aligned fibrous scaffold with various fiber diameters. AFSCs aligned
parallel to the fibers on aligned fibrous scaffolds, whereas the cells
cultured on random fibrous scaffolds spread out and exhibited polygonal
morphology. In general, AFSCs on aligned scaffolds were more elongated
he random electrospun fibers with small, medium, and large diameters, varying
all, medium, and large diameters, varying from 0.5 μm to 3.19 μm.



Figure 2. (A–B) Water contact angle and mechanical properties of the random (A) and aligned (B) electrospun fibrous scaffolds. (C–D) The stress–strain curves of the
random (C) and aligned (D) fibrous scaffolds.

Figure 3. The proliferation of AFSCs on the fibrous scaffolds by MTS assays. (A) The proliferation of AFSCs on random scaffolds with various fiber diameters with
TCPS as control. *, p < 0.05. (B) The proliferation of AFSCs on the aligned scaffolds with various fiber diameters with TCPS as control. *, p < 0.05.

Figure 4. The morphology of AFSCs on the random (A) and aligned (B) fibrous scaffolds by cytoskeleton staining.
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Figure 5. The morphology of AFSCs on the random (A) and aligned (B) fibrous scaffolds observed by SEM.
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than those on random scaffolds with similar fiber diameter.
The morphology of AFSCs was further visualised by SEM (Fig. 5). The

micrographs indicate that AFSCs attached well to all the fibrous scaffolds.
Similar results were observed that AFSCs were relatively spread-out with
a polygonal phenotype on random scaffolds with smaller fiber diameters,
while they were spindle-shaped on those with larger fiber diameters. The
morphology of AFSCs on aligned scaffolds was more spindle-shaped than
that on random scaffold with similar diameter, and there were fewer
antennas in cells on aligned scaffolds.

Gene expression of AFSCs

The gene expression of collagen-I, collagen-II, and aggrecan, which
are the major matrix components of native AF tissue, were analyzed in
AFSCs cultured on random and aligned fibrous PLLA scaffolds using RT-
qPCR (Fig. 6). For both random and aligned scaffolds, the gene expres-
sion of collagen-I in AFSCs increased with fiber diameter after culturing
for 7 days, while the opposite trend was observed for the gene expression
of collagen-II and aggrecan. However, the gene expression of collagen-II
and aggrecan showed no significant difference in the scaffolds with small
and middle diameters. In addition, the gene expression of collagen-I and
aggrecan in AFSCs cultured on aligned scaffolds was higher than those on
random scaffolds with similar diameters, while the gene expression of
collagen-II was similar for cells cultured on random and aligned scaffolds
with similar diameters.

Biochemical contents of AFSCs

Further, the contents of major AF matrix components in AFSCs were
determined using ELISA (Fig. 7). The content of collagen-I in AFSCs
increased with fiber diameter on random fibrous scaffolds after 7 days of
culture, being 2.97 � 0.45, 7.80 � 1.42, and 12.30 � 1.80 ng/μg on
scaffolds with small, medium, and large fibers, respectively. The content
of collagen-II was 7.97 � 0.45, 7.46 � 0.95, and 4.63 � 0.90 ng/μg,
respectively, and that of GAG was 10.97 � 0.45, 10.80 � 0.74, and
6.63 � 0.90 ng/μg, respectively, for AFSCs cultured on the above scaf-
folds. No obvious difference was observed for the content of collagen-II
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and GAG between the scaffolds with the small and medium diameter.
Similar results were found for AFSCs cultured on aligned fibrous scaf-
folds, with the content of collagen-I being 7.31 � 0.91, 9.46 � 0.95, and
16.30 � 1.80 ng/μg, the content of collagen-II being 9.46 � 0.80,
8.32 � 0.90, and 4.54 � 0.70 ng/μg, and the content of GAG being
13.46 � 0.80, 13.32 � 0.90, and 8.54 � 0.70 ng/μg, respectively, in the
cells cultured on scaffolds with small, medium, and large fibers, respec-
tively. On the other hand, the contents of collagen-I and GAG for the
aligned scaffolds were higher than that for the random scaffolds with the
same diameter, while the contents of collagen-II on the aligned scaffolds
and random scaffolds showed no significant difference. These results
were in accordance with the PCR analysis, confirming that the gene
expression of AFSCs was influenced by the fiber size of the scaffolds.

Culture of AFSCs on a multi-layer construct

As a proof-of-concept test, a three-layer fibrous construct was pre-
pared by overlaying scaffolds with various fiber sizes to mimic the
structural characteristics of AF. After 7 days of culture of AFSCs on the
construct, H&E staining of its sections showed that AFSCs were spindle-
shaped in the region of large fibers, while they were almost round-shaped
in the region of small fibers. The cells in the region with medium-sized
fibers were between round and spindle-shaped (Fig. 8).

Discussion

During tissue development and regeneration, the microenvironment
of matrix or biomaterial provides physical (e.g., structural and mechan-
ical factors), chemical (e.g., functional groups and bioactive molecules),
and biological (e.g., growth factors) cues that direct fundamental cell
behaviors (including cell morphology, orientation, migration, and dif-
ferentiation) toward tissue formation. While the development of bio-
materials has traditionally been based on a new chemistry, there is
growing recognition that the physical properties of materials can regulate
biological responses. Numerous studies have shown that the structure
and geometry of scaffolds, such as porosity, pore shape, and size, could
significantly affect the behaviors of stem cells, and therefore, play an



Figure 6. Gene expression of collagen-I, collagen-II, and aggrecan of AFSCs cultured on the random (A, C, and E) and aligned (B, D, and F) fibrous scaffolds
determined using RT-qPCR. *, p < 0.05.
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essential role in tissue regeneration [17,24]. For example, Di Luca et al.
prepared constructs with a discrete gradient in pore size to mimic the
architecture of long bone tissue, which is characterised by a structural
gradient. Culturing of human mesenchymal stromal cells (hMSCs) on
them revealed a correlation between osteogenic differentiation and ECM
mineralisation and pore dimension [25]. Micropatterned islands of
varying diameters have also been used to modulate the differentiation
efficiency of endothelial cells (ECs) [26].

AF is a complex heterogeneous tissue with hierarchical microstruc-
tures and gradient changes along the radial axis. One of the major bar-
riers to successful AF regeneration is to simultaneously regenerate
different regions of AF tissue with appropriate biochemical, biome-
chanical, and microstructural characteristics, which play a pivotal role in
maintaining normal biological and mechanical functions of native AF
tissue. To date, there have been many attempts to fabricate scaffolds
mimicking the microstructure and mechanical features of AF using nat-
ural or synthetic biomaterials [27]. Bhattacharjee et al. fabricated
aligned electrospun fibrous silk membranes to mimic the anatomical
fibrous orientation features of AF [10]. In our previous study, we fabri-
cated electrospun polyurethane (PU) scaffolds with different elasticity for
AFSC culture. We found that AFSCs, upon culturing on stiff, medium, and
soft scaffolds, were able to differentiate into the types of cells close to
those at the outer, middle, and inner regions of AF, respectively [22,23].
Nevertheless, such scaffolds only partially mimicked the mechanical
property and orientation features of AF, but could not replicate the
complex hierarchical structure of AF. In this study, we took advantage of
the electrospinning technology to fabricate fibrous scaffolds with small,
medium, and large fiber diameters using a single material to mimic the
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microstructural features of the inner, middle, and outer regions of native
AF tissue. Building on this, we tried to study the differentiation of AFSCs
in response to the fiber size of scaffolds.

Cells can sense and generate internal forces for measuring the
microenvironment. When cultured on scaffolds with increasing geo-
metric stiffness, cells sense the matrix through integrin-mediated focal
adhesions (FAs), and increasing traction forces are generated by actin
polymerisation and myosin II-dependent contractility to deform the
substrate [28]. In our previous study, we examined the effect of cell
shape on collagen-I expression in human tendon fibroblasts and found
that elongated cells expressed more collagen-I than less elongated cells,
likely as a result of altered cytoskeletal tension-induced mechano-
transduction [29]. In addition, our results show a significant contact
guidance effect in that fiber orientation strongly regulated the alignment
and shape of AFSCs on the fibrous scaffolds. It should be mentioned that
the orientation of AFSCs might be more critical for the formation of AF
lamella. The morphology of AFSCs on the scaffolds with large fiber
diameter was spindle-like, while it was relatively round on the
small-fiber-diameter scaffolds, irrespective of the alignment of fibers
(Figs. 4 and 5). The enhanced cell spreading might account for this,
which increased their cytoskeletal tension and deformation to activate
Wnt, Yes-associated protein (YAP), and c-Jun N-terminal kinase (JNK)
signalling pathways and lead to changes in gene expression. This suggests
that controllable geometrical parameters, such as fiber size and fiber
orientation, might affect cell functions, such as differentiation [30].
These results suggest that the microstructure of scaffolds effectively
affected the morphology of cells with phenotypes resembling the types of
cells in the outer, middle, and inner regions of native AF tissue.



Figure 7. Protein contents of collagen-I, collagen-II, and aggrecan of AFSCs on the random (A, C, and E) and aligned (B, D, and F) fibrous scaffolds measured using
ELISA. *, p < 0.05.

Figure 8. H&E staining of AFSCs on overlaid fibrous scaffolds with various fiber diameters.
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Since AF is a fibrocartilage tissue, collagen-I, collagen-II, aggrecan are
considered characteristic matrix molecules of AF tissue. Nakamichi et al.
demonstrated that the expression of newly synthesised ECM (collagen-I,
collagen-II, and aggrecan) of AF was in relation to the regulation of
multiple tendon/ligament-related genes [31]. We found that the gene
expression and protein production of collagen-I in AFSCs on the scaffold
with small fiber diameter was relatively low, whereas the gene expres-
sion of collagen-II and aggrecan was relatively high. On the other hand,
the gene expression and protein production of collagen-II and aggrecan
showed an opposite behavior when AFSCs were cultured on scaffolds
with large fiber diameter (Fig. 6). It is known that in native AF tissue, the
phenotype of AF cells gradually changes from fibroblast-like in the outer
zone to chondrocyte-like in the inner zone. Correspondingly, the contents
of collagen-II and aggrecan decrease from the inner to the outer zone of
AF, while the content of collagen-I increases. Therefore, our results
demonstrate that the differentiation of AFSCs was successfully regulated
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toward the specific types of cells residing in different regions of AF by
controlling the fiber size of the scaffold. We also found that the gene
expression and protein production of collagen-I and aggrecan in AFSCs
on aligned scaffolds were higher than those on random scaffolds. How-
ever, the gene expression and protein production of collagen-II showed
no apparent difference in these two types of scaffolds, implying that
collagen-II expression might be insensitive to scaffold topography. This is
in agreement with a previous study from Tobias et al., in which the fiber
orientation of electrospun scaffolds did not result in a major difference in
the collagen-II deposition of articular chondrocytes [32].

Cells reside in a 3D environment. It has been increasingly appreciated
that cellular phenotypes are significantly affected by the reduction of
dimensionality in which the mechanical and biochemical cues are pre-
sented to the cells. The phenotype of stem cells can greatly vary in a 3D
environment compared to 2D culture systems. However, the current
microstructure of the material is just limited to the 2D structure, which
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induces the differentiation of stem cells into one type cell [33]. In our
proof-of-concept study, AFSCs were cultured on a multilayered construct
consisting of lamellar sheets that mimicked the microstructure of AF.
H&E staining of the overlaid scaffolds with specifically differentiated
AFSCs showed similar hierarchical structures to native AF tissue (Fig. 8).
These results suggest that ideally, engineered AF tissue scaffolds should
have microstructure variations along the radical direction to regulate the
differentiation of stem cells into region-specific AF cells, which then
secrete corresponding ECM to facilitate AF regeneration. However, a
culture time as short as 7 days is indeed insufficient to generate the
engineered tissues that mimic the native AF structures. Future studies
will evaluate long-term implantation of engineered IVD constructs in
vivo.

It is worth noting that irrespective of the fiber size of scaffolds, the
production of matrices, including collagen-I, collagen-II, and aggrecan in
AFSCs, was significantly lower than their levels in native AF tissue [34].
On the one hand, this certainly is a result of the markedly shorter time of
cell culture (1–2 weeks) compared to tissue development (a few years).
On the other hand, it may also imply that a mere single-factor regulation
is not enough to drive the differentiation and maturation of stem cells
toward specific tissue formation. Instead, the synergistic effects from a
combination of factors, which better mimic the in vivo microenviron-
ment, are desirable for achieving ideal tissue regeneration [17]. This
echoes the opinion that when applied together with desired biochemical
signals, topographical cues may more effectively regulate the lineage
commitment of stem cells.

Conclusion

In summary, we have successfully fabricated electrospun fibrous
scaffolds with various fiber sizes to mimic the microstructural charac-
teristics of native AF tissue. The morphology of AFSCs on scaffolds with
large fibers was spindle-shaped, while those on scaffolds with small fibers
were relatively round. The gene expression and protein production of
collagen-I in AFSCs increased with the fiber diameter of scaffolds,
whereas those of collagen-II, aggrecan showed an opposite trend.
Importantly, the changes in cell morphology, ECM gene expression, and
protein production in response to fiber size were similar to those in
different regions of native AF tissue. Together, these results provide a
solid basis for AF regeneration by demonstrating the feasibility of regu-
lating the differentiation of AFSCs through the fiber size of the scaffold.
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