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Nanoscaled and microscaled parallel topography
promotes tenogenic differentiation of ASC and
neotendon formation in vitro
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Background: Topography at different scales plays an important role in directing mesenchymal
stem cell differentiation including adipose-derived stem cells (ASCs) and the differential effect
remains to be investigated.

Purpose: This study aimed to investigate the similarity and difference between micro- and nano-
scaled aligned topography for inducing tenogenic differentiation of human ASCs (hASCs).
Methods: Parallel microgrooved PDMS membrane and a parallel aligned electrospun nanofibers
of gelatin/poly-e-caprolactone mixture were employed as the models for the study.

Results: Aligned topographies of both microscales and nanoscales could induce an elongated
cell shape with parallel alignment, as supported by quantitative cell morphology analysis (cell
area, cell body aspect, and cell body major axis angle). qPCR analysis also demonstrated that the
aligned topography at both scales could induce the gene expressions of various tenogenic mark-
ers at the 7th day of in vitro culture including tenomodulin, collagen I and collagen VI, decorin,
tenascin-C and biglycan, but with upregulated expression of scleraxis and tenascin-C only in
microscaled topography. Additionally, tenogenic differentiation at the 3rd day was confirmed
only at microscale. Furthermore, microscaled topography was confirmed for its tenogenic induc-
tion at tissue level as neotendon tissue was formed with the evidence of mature type I collagen
fibers only in parallel aligned polyglycolic acid (PGA) microfibers after in vitro culture with
mouse ASCs. Instead, only fat tissue was formed in random patterned PGA microfibers.
Conclusion: Both microscaled and nanoscaled aligned topographies could induce tenogenic
differentiation of hASCs and micro-scaled topography seemed better able to induce elongated
cell shape and stable tenogenic marker expression when compared to nanoscaled topography. The
microscaled inductive effect was also confirmed at tissue level by neotendon formation in vitro.
Keywords: microscales and nanoscales, aligned topography, human adipose-derived stem cells,
tenogenic differentiation, microscaled PGA fibers

Introduction
Stem cell-based tissue regeneration has become an important research area in the field
of stem cell biology and regenerative medicine.'* Among the potential therapeutic
cell sources, mesenchymal stem cells (MSCs) are the most applicable one, as they
are multipotent, easy accessible, and relatively safe,” which have been widely used in
chondrogenic, cardiovascular, respiratory, osteogenic, and musculoskeletal regenera-
tion and other disease treatment.*!!

Regenerative biomaterials are another major area in the field of regenerative medi-
cine, as rapidly developed intelligent materials are capable of exerting active inductive
effect on seeded stem cells or on host stem cells recruited into the implanted materials,

submit your manuscript

Dove

http:

International Journal of Nanomedicine 2018:13 3867-3881 3867
© 2018 Thou et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

T2l 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S161423
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:liuwei_2000@yahoo.com
mailto:yilincao@yahoo.com

Zhou et al

Dove

which usually employs the physical or chemical signals that
were integrated into the designed materials.'>!3

In recent years, topographical structure has been proved to
be one of the important functional signals for inducing stem
cell differentiation.'* For example, Ghasemi Hamidabadi
et al reported a novel chitosan-intercalated montmorillonite/
poly(vinyl alcohol) nanofibrous mesh as a microenviron-
ment for guiding differentiation of human dental pulp stem
cells toward neuron-like cells."” Particularly, the effects of
microtopography/nanotopography on cell behavior modula-
tion have been widely reported.'® These examples include
nanotopography on induced pluripotent stem neuronal
differentiation,'” nanotopography-mediated cell function mod-
ulation through nuclear deformation,'® and nanotopography-
mediated capture of circulated tumor cells.

Parallel-aligned topography has been demonstrated as the
important signals for inducing tenogenic differentiation® as
well as neurogenic?' and myogenic lineage differentiation.?
Previously, we have performed the investigation of aligned
topographical signals on tenogenic differentiation of differ-
ent cell types using microscaled??** and nanoscaled® models
with confirmed inductive effect. However, there was no
direct comparative study on the inductive effect between
microscaled and nanoscaled models using the same cell
type.

This study employed human adipose-derived stem
cells (hASCs) as well as previously used microgrooved
polydimethylsiloxane membrane® and electrospun aligned
nanofibers® to investigate the similarity and difference
between these two scaled topographical signals for induc-
ing tenogenic differentiation as well as other lineage
differentiations.

Materials and methods
Preparation of electrospun nanofibers

and its characterization

As previously described,? for fabrication of electro-
spun nanofibers, poly(e-caprolactone) (PCL; molecular
weight [MW] =80,000 Da), 2,2,2-trifluoroethanol
(TFE; purity =99.0%), and poly(ethylene oxide) (PEO;

Table | Parameters used for electrospun nanofibers

MW >5,000,000 Da) were purchased from Sigma-Aldrich
Co. (St Louis, MO, USA). Gelatin (GT) type A (300 Bloom
from porcine skin in powder form) was also purchased
from Sigma-Aldrich Co. To make the solution for spin-
ning unparallel nanofibers, PCL and GT (50:50 in weight
ratio) were dissolved in the acetic-acid-doped TFE solvent
system (HAc/TFE: 0.2% v/v) and then mixed for 72 hours
at room temperature resulting in a 10% polymer solution
(w/v). To make the solution for spinning parallel nanofibers,
PCL, GT, and PEO (48:48:4 in weight ratio) were dissolved
in the acetic-acid-doped TFE (HAc/TFE: 0.2% v/v) and
then mixed for 72 hours at room temperature resulting in a
10.5% polymer ratio (w/v). To collect unparallel nanofibers,
unparallel solution was drawn in a syringe and fixed on an
injection pump (KDS 100; KD Scientific, Holliston, MA,
USA) with a flow rate of 2.0 mL/h. In addition, 13 kV was
applied to the stainless steel needle with a high-voltage
power supply (TXR1020N30-30; Teslaman, Dalian,
People’s Republic of China). A metal plate of 20x20 cm
was placed horizontally opposite in a needle tip collector.
The distance between the needle and the collector was
13-14 cm. To obtain parallel nanofibers, parallel solution
was employed with the distance between the needle and the
collector about 8-10 cm and a flow rate of 1.5 mL/h, and
the roller was operated at a speed of 800 rpm. In addition,
8 kV was applied to the stainless steel needle. The ready-
made GT/PCL nanofibrous membranes were dried in a
vacuum oven for 10 days at room temperature to remove
residual solvent and sterilized in a vacuum freeze dryer for
24 hours before subsequent uses. Table 1 lists the specific
process parameters.

Scanning electron microscopic

examination

To characterize the topographical structure of electro-
spun nanofibers, the prepared samples were subjected to
gold-coating for better conductivity (BALTEC; Philips,
Eindhoven, the Netherlands) and then examined using a
scanning electron microscope (SEM; Philips-XL-30) at an
accelerating voltage of 15 kV. Nanofibers’ diameters were

Nanopattern  Solution Applied Distance Flow rate Speed Temperature Humidity
voltage (kV) (cm) (mL/h) (rpm) °C) (%)

Unparalleled GT/PCL (50:50) GT/PCL/ 13 13-14 2 - 20-25 35-50

nanofibers TFE/0.2% HAc (10 wiv%)

Paralleled GT/PCL/PEO (48:48:6) 8 8-10 1.5 800 20-25 35-50

nanofibers GT/PCL/PEO/TFE/0.2%

HAC (10.5 wiv%)

Abbreviations: GT, gelatin; HAc, acetic acid; PCL, poly(e-caprolactone); PEO, poly(ethylene oxide); TFE, 2,2,2-trifluoroethanol.
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measured from the SEM images by using ImagelJ software.
At least 120 fiber segments of each SEM specimen from
different images were analyzed.

Preparation of microscaled grooved
membrane

The microscaled grooved and smooth membranes were
presented as a gift from Dr James Wang from the University
of Pittsburgh. The membranes were made of PDMS from
silicone elastomer (Dow Corning®, Midland, MI, USA). The
microgrooved membrane was used for cell shape control with
groove and ridge width of 10 um and groove depth of 3 um
(Figure 1A).2¢ Before use, the microgrooved and smooth
membranes were sterilized by autoclaving and then coated
with 10 ng/mL fibronectin (Roche, Indianapolis, IN, USA),
which was dissolved in phosphate-buffered saline (PBS) for
24 hours in order to promote cell adhesion.?’ The cells were
induced into an elongated cell shape on the microscaled
grooved membrane (G group), whereas the cells became
spread on smooth membrane (S group).

Isolation and culture of mouse adipose-

derived stem cells (mASCs)

C57BL/6 mice aged 6—8 weeks were purchased from Shanghai
Laboratory Animal Center (Chinese Academy of Sciences,
Shanghai, People’s Republic of China) and were used for
providing mASCs. All animal experimental protocols were
approved by the Animal Care and Experiment Committee of
Shanghai Jiao Tong University — School of Medicine. In addi-
tion, the animal experiments were performed by following the
Animal Experiment Guideline of Shanghai Jiao Tong Univer-
sity — School of Medicine. Briefly, prior to the collection of the
adipose tissue, mice were sacrificed by cervical dislocation.

Subcutaneous adipose tissues were harvested from the ingui-
nal and armpit areas. The harvested fat tissues were cut into

small pieces and digested in 0.1% collagenase (NB4; SERVA,

Heidelberg, Germany) in serum-free Dulbecco’s Modified

Eagle’s Medium (DMEM; Hyclone, Logan City, UT, USA)

with 5 times of volume of the fat tissues at 37°C for 2 hours.

The cell suspension was harvested and filtered through a

40-mm nylon filter mesh (BD Falcon, Bedford, MA, USA)
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Figure | Characterization of nanoscaled and microscaled parallel topography. (A) The design of parallel microgrooved silicone membrane with groove width of 10 um and
groove depth of 3 um. (B) SEM image of GT/PCL nanofibers showed unparallel and parallel patterns of electrospun nanofibers (500x and 1,000%, bar =100 pm). (C) The
diameter distribution of unparallel nanofibers. (D) The diameter distribution of parallel nanofibers.

Abbreviations: GT, gelatin; PCL, poly(e-caprolactone); SEM, scanning electron microscope.
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to remove tissue residues. The filtrate was centrifuged at
1,500 rpm/min for 5 minutes, and cell pellets were resus-
pended in DMEM plus 10% fetal bovine serum (FBS;
Hyclone) and seeded onto regular flasks (BD Falcon) at a
density of 3x10° cells/cm? for primary culture and 2x10* cells/
cm? for subculture. The medium was changed every 3 days.
When reached about 80% confluence, the primary cultured
cells were detached with collagenase (400 U/mL in PBS;
Worthington Biochemical Corporation, Lakewood, NJ, USA)
for 10 minutes at 37°C followed by subculture. Expanded cells
at the end of passage 3 were used for the experiments.

Isolation and culture of hASCs

A total of 21 patients aged from 20 to 30 years were involved,
and fat tissues collected from three patients were pooled to
derive a total of 7 pooled cell samples. Briefly, the fat tissues
were donated for research only by the patients who received
liposuction procedures at Shanghai Ninth People’s Hospital
with written informed consent. The protocol of using human
tissue was approved by the Ethics Committee of Shanghai
Ninth People’s Hospital. To isolate hASCs, lipoaspirate was
soaked in equal volume of 0.25% chloramphenicol solution for
30 minutes, followed by three washes in equal volume of PBS.
Then, the fat tissues were digested with equal volume of 0.2%
collagenase (dissolved in DMEM plus 10% FBS, SERVA,
Germany) at 37°C for 60 minutes to extract hASCs. Afterward,
the digested tissue solution was filtered through 40-mm nylon
filter (BD Falcon) to remove tissue residues followed by centrif-
ugation. The collected cells were cultured in DMEM (Hyclone)
supplemented with 10% FBS (Thermo Fisher Scientific,
Waltham, MA, USA) and 1% Antibiotic—Antimycotic (100X,
Gibco™, Thermo Fisher Scientific) at a density of 6x10%/cm?
and subcultured at the same density. The medium was changed
every 3 days. When reached about 80% confluence, cultured
primary cells were detached with 0.05% trypsin plus 0.02%
EDTA in PBS at 37°C for 30 seconds followed by subculture.
Expanded cells of passage 3 were used for the experiments.

F-actin staining

The passage 3 hASCs were seeded on the microgrooved and
smooth membranes for 72 hours at a density of 1.5x10° cells/
cm? to observe the effect of microscaled groove structure on
cell shape control. Similarly, the cells were seeded on GT/
PCL nanofibrous coated glass cover slips in a 24-well plates
at the same density for 1, 3, 5, and 7 days to observe the cell
control effect of the parallel nanofibers. Cytoskeletons were
visualized by anticellular actin staining using rhodamine
phalloidin (Cytoskeleton Inc., Denver, CO, USA). At the
desired time points, the cells were fixed in 4% formaldehyde

for 10 minutes and permeabilized with 0.5% triton X-100
for 5 minutes, and then incubated in rhodamine phalloidin
(100 nM, dissolved in DMSO) for 2 hours. The nuclei were
counterstained in DAPI (100 nM, dissolved in ethanol;
Sigma-Aldrich Co.) for 1 minute.

Cell morphology analysis

As previously described,?*? F-actin-stained hASCs that
were seeded on both smooth and microgrooved surfaces
as well as on both unparallel and parallel nanofibers were,
respectively, photographed under a fluorescent microscope
(Nikon Corporation, Tokyo, Japan), and the pictures were
analyzed with Image-Pro Plus processing software (Version
6.0; Media Cybernetics, Silver Spring, MD, USA) for cell
area, cell body aspect (length/width), and cell body major
axis angle. For microscaled based cell analysis, a total of 32
cells were examined for each image, and the data of 4 images
were collected for each group to generate means and SD. For
nanoscaled analysis, 10 cells were examined for each image,
and a total of 4 images from each group were analyzed to
generate means and SD.

Cell Counting Kit-8 (CCK-8) cell

proliferation and cell counting

To understand the effect of topographical structure on cell
proliferation, passage 3 hASCs were seeded onto GT/PCL
nanofibrous coated glass cover slips in 24-well plates and
examined with a CCK-8 assay (Dojindo Molecular Technolo-
gies, Kumamoto, Japan). Briefly, a total of 3x10° cells in 2 mL
DMEM were seeded in each well of a 24-well plate. On days
1, 3,5, and 7, 500 uL DMEM containing 50 uL of CCK-8
solution was added to each well and incubated for 2 hours
at 37°C. Then, the medium was harvested for measuring the
optical density at a wavelength of 450 nm using a microplate
reader (Varioskan Flash; Thermo Fisher Scientific) according
to the protocol of CCK-8 assay. The test was performed in
quadruplicate and repeated in three cell samples.

Cell counting was also employed to examine the effect of
microscaled groove on cell proliferation; hASCs were also
seeded onto the microgrooved and smooth membranes at a
density of 1.5x103 cells/cm?, cultured for 1, 3, 5, and 7 days,
respectively, and then harvested and counted, respectively.
The assay was repeated in three cell samples.

RNA isolation and real-time quantitative
PCR (qPCR)

Total RNAs were respectively extracted from hASCs cul-
tured on microscaled grooved (G) and smooth (S) membranes
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as well as from hASCs cultured on unparallel and parallel
nanofibers using TRIzol® reagent (Invitrogen, Carlsbad, CA,
USA), and 2 ug total RNA per sample was used to synthesize
complementary DNA (cDNA) with avian myeloblastosis
virus reverse transcriptase (Promega Corporation, Fitchburg,
WI, USA). For qPCR analysis, cDNA was amplified using
a Power SYBR Green PCR master mix (Applied Biosys-
tems, Foster City, CA, USA) in a real-time thermal cycler
(Mx3000PTM real-time PCR System; Stratagene, La Jolla,
CA, USA). qPCR was performed with a protocol of 95°C
for 10 minutes followed by 40 cycles (30 seconds at 95°C,
30 seconds at 58°C, and 45 seconds at 72°C) and terminated
by 5-minute extension at 72°C. Table 2 lists the primers for
RT-qPCR analysis. The Ct values were analyzed by the
Mx3000PTM Real Time PCR System Software Package
(La Jolla, CA, USA), and gene expression was normalized
to the housekeeping genes of human GAPDH by using the
2 -44C0 method. Experiments were performed in triplicate for
each sample and were repeated in three samples.

Preparation of microscaled polyglycolic
acid (PGA) fiber scaffold

As previously described,? a stainless steel spring of U-shape
was employed to provide the constant strain to make the
parallel-aligned microscaled fibrous scaffold. Briefly, a total

Table 2 Primers used in qPCR analysis

of 100 mg of long PGA fibers (with a diameter of 20-30 pm;
Shanghai Ju Rui Biomaterials Co. Ltd., Shanghai, People’s
Republic of China) was arranged to a cord with a length of
4.5 cm and a diameter of 0.8 cm, and the fibers were then
fixed to hooks at their two ends and loaded on the spring
(Figure 2A). As a control, the same amount of longer PGA
fibers in random orientation was loosely arranged to a cord
(also 4.5 cm in length and 0.8 cm in diameter) as opposed to
the experimental group. Before cell seeding, the PGA scaf-
fold was sterilized with immersion of iodophor for 30 minutes
and then repeated washing in 75% ethanol. Afterward, the
scaffold was immersed in 75% ethanol again for 1 hour fol-
lowed by repeated washing in PBS. Then, the scaffold was
preincubated in DMEM supplemented with 10% FBS at 37°C
overnight in an incubator.

In vitro tendon engineering

To engineer tendon in vitro, passage 3 mASCs were col-
lected, and a total of 2.5x107 mASCs were resuspended in
1 mL of culture medium and then evenly distributed onto
the scaffold. Afterward, cell-seeded constructs were incu-
bated in an incubator with 5% CO, at 37°C for 2 hours to
allow cell attachment on the scaffold. Then, the cell-seeded
constructs were cultured in DMEM plus 10% FBS. Media
were changed after 4 days of culture and then changed

Gene name Primer sequence PCR product size (bp)
GAPDH F: TCACCATCTTCCAGGAGCG; R:ICTGCTTCACCACCTTCTTGA 572
SCX F: CGTTGCCCAGGTGCGAGATGTAG; R: CGAGCGAGACCGCACCAACA 144
TNMD F: TTGAAGACCCACGAAGTAGA; R: ATGACATGGAGCACACTTTC 170
COLlI F: GGCGGCCAGGGCTCCGACCC; R: AATTCCTGGTCTGGGGCACC 347
CoL3 F: TGGTGTTGGAGCCGCTGCCA; R: CTCAGCACTAGAATCTGTCC 373
COLé F: CCCTGAGGCTTAACTTGCTG; R: CCAGGATTCCCTTTCTCTCC 388
Tenascin-C F: TGACAGAAGTGACGGAAGAG; R: GATGGCAAATACACGGATAA 194
Decorin F: AATAACCGAAATCAAAGATGGAGAC; R: TCAGCAATGCGGATGTAGGAG 351
BGN F: GGTGGCTAGGTCTCCCCTTA; RICACGTTGCACGGTGTTTCTT 99
FMOD F: TTTATAGCGTCAGGCGGACC; RiIGTCCCGCCCCAAATTCCTAA 135
Runx2 F: ACAGTAGATGGACCTCGGGA; RATACTGGGATGAGGAATGCG 113
OCN F: ATGAGAGCCCTCACACTCCTCG; R: GTCAGCCAACTCGTCACAGTCC 255
ALPL F: AAACCGAGATACAAGCACTCCCACG; RTCCGTCACGTTGTTCCTGTTCAG 140
SOX9 F: AGCCGAAAGCGGAGCTCGAAACT; R:GCACTTAGGAAGGCGCGGGGT 215
Aggrecan F: AGTATCATCAGTCCCAGAATCTAGCA; R: AATGCAGAGGTGGTTTCACTCA 132
COL2AI F: CTTGGGCACCTCGGGCTCCTTTAG; R: TCCCCGGCACTCCTGGCACTGAT 510
PPARY F: AGCCTCATGAAGAGCCTTCCA; R: ACCCTTGCATCCTTCACAAGC 110
C/EBPo. F: AAGAAGTCGGTGGACAAGAACAG; R: TGCGCACCGCGATGT 70
AP-200 F: AGGGCGAAGTCTAAAAATGGAG; R: TAGTGATGTGAGCAGGGTAACG 114
Adiponectin F: TATCCCCAACATGCCCATTCG; R: TAGGCAAAGTAGTACAGCCCA 114
MyoD F: CGGCGGAACTGCTACGAAG; R: GCGACTCAGAAGGCACGTC 172
Myogenin F: CAACCAGGAGGAGCGAGACCTCCG; R: AGGCGCTGTGGGATATGCATTCACT 86

Abbreviations: ALPL, alkaline phosphatase, liver/bone/kidney; AP-20, activating enhancer binding protein 20; BGN, biglycan; C/EBPo., enhancer binding protein o; COLI,
type | collagen; COL2AI, type Il collagen Al; COL3, type lll collagen; COLS, type VI collagen; FMOD, fibromodulin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
MyoD, myoblast determination protein; OCN, osteocalcin; qPCR, quantitative PCR; PPARY, peroxisome proliferator-activated receptor-y; Runx2, Runt-related transcription
factor 2; SCX, scleraxis; SOX9, SRY (sex determining region Y)-box 9; TNMD, tenomodulin.
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Figure 2 Gross view, histology, and gene expression of neotendon engineered with parallel PGA microfibers and neofat engineered with random PGA microfibers.
(A\) Setting of in vitro tissue culture with PGA microfibers, which were set on a U-shaped spring with constant strain to form parallel-aligned scaffold fibers. (B) The gross
view of the scaffold. (C) The gross view of cell-scaffold construct at 2 hours post—cell seeding. (D) Gross view of neotendon engineered with parallel microfibers for 8 weeks.
(E) Gross view of neofat engineered with random microfibers for 8 weeks. (F and H) H&E staining and polarizing light examination of neotendon engineered with parallel
microfibers for 8 weeks (100x, bar =100 um). (G and I) H&E staining and polarizing light examination of neofat engineered with random-patterned microfibers for 8 weeks
(100x, bar =100 um). (J) The gene expression of PPARy and TNMD of the neo tissues post-8 weeks of culture. (K) Semi-quantification of the gene expression of PPARY.
(L) Semi-quantification of the gene expression of TNMD. In the pictures of J, K, and L, A, B, C, and D, respectively, represent neotendon and cells detached from parallel
microfibers after seeding and grew on the culture dishes; and neofat and cells detached from unparallel microfibers after seeding and grew on the culture dishes.

Abbreviations: GAPDH, glyceraldehyde-3-phosphate dehydrogenase; H&E, hematoxylin and eosin; PGA, polyglycolic acid; PPARY, peroxisome proliferator-activated

receptor-y; TNMD, tenomodulin.

every 3 days. As described above, the construct was kept
in tension to form parallel-aligned fiber structure in the
experimental group. In the control group, the construct
was kept in a loose status to maintain the fiber structure of
random orientation. The in vitro cultured neotissues were
harvested at 8 weeks for grow view, histological analysis,
and qPCR analysis.

Gross examination and hematoxylin

and eosin (H&E) staining

Neotissues harvested at 8§ weeks were first observed grossly,
and then, half of them were subjected to H&E staining and
half of them to qPCR analysis. As previously described,?
the tissue specimens were randomly selected and fixed

with 4% paraformaldehyde for 4 hours followed by three
washes in PBS and then paraffin-embedded and sectioned
to 5 um thickness for H&E staining to examine tissue
structure, especially for cell density, PGA degradation,
as well as collagen formation and alignment. To examine
collagen bundle structure and types, the tissue sections
were also subjected to polarized microscope as previously
described.”

Data Analysis

All data (mean + SD) were statistically analyzed with
Student’s #-test using statistical software SPSS (version
19.0, SPSS Inc., IL, USA) with significant difference with
*p<<0.05, **p<<0.01 and ***p<<0.001.
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Results
Characterization of microscaled and

nanoscaled parallel topography

As shown in Figure 1A, the microscaled topography was
composed by parallel microgrooves with the width of 10 um,
the depth of 3 m, and the ridge width of 10 um. As a control,
a smooth surface was employed.

As shown in Figure 1B, there were two types of GT/PCL
electrospun nanofibers, unparallel and parallel patterns as
visualized by SEM. The former exhibited a randomly dis-
tributed form, whereas the latter revealed an aligned form.
Further quantitative analysis showed that unparallel nano-
fibers were relatively thinner with an average diameter of
408+126 nm (Figure 1C), whereas parallel nanofibers were
relatively thicker with an average diameter of 2,221£538 nm
(Figure 1D), possibly due to self-combination of the fibers
during preparation.

100x |

(@)

Day 1 Day 3

Unparallel

Parallel

Figure 3 Cell morphology on nanoscaled and microscaled topographical surface. hASCs exhibited elongated cell shape on microgrooved surface (

Cell morphology and orientation
on nanoscaled and microscaled

topographical surface

The morphology of hASCs on microscaled topographical
surface was observed under phase contrast microscope. As
shown in Figure 3A, hASCs spread in a normal manner
and exhibited a random arrangement on the smooth surface
(S group) on day 3 postseeding. By contrast, the cells seeded
on microgrooved membrane (G group) exhibited elongated
cell morphology and were oriented in a parallel direction by
growing onto the groove or on the ridges of the microgrooved
membrane on day 3 postseeding. To further demonstrate cell
morphology and orientation changes, F-actin staining was
also employed. As shown in Figure 3B, the examination under
fluorescence microscope also demonstrated clear elongated
cell morphology with parallel alignment on the microgrooved
surface (G group), whereas the cells remained spread on the

B S G
x--
100x--

Day 5

Day 7

G) and spread cell shape

on smooth membrane (S) when observed under phase contrast microscope (A) and fluorescence microscope with actin-staining (B) on day 3 postseedlng (40x and 100x,
bar =150 um). Similarly, hASCs also exhibited elongated cell shape on parallel electrospun nanofibers (parallel) and spread cell shape on random electrospun nanofibers
(unparallel) when observed under fluorescence microscope with actin staining (C) at various time points (100x, bar =100 um).

Abbreviation: hASCs, human adipose-derived stem cells.
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smooth surface (S group) on day 3 postseeding. Nuclei coun-
terstaining with DAPI also showed that cell nuclei exhibited
parallel-oriented pattern on the microgrooved surface (G),
while revealing random pattern on the smooth surface (S).

Due to the difficulty in observing cell morphology on
electrospun membrane with phase contrast microscope, fluo-
rescence microscopic observation using F-actin staining was
employed. As shown in Figure 3C, hASCs seeded on aligned
nanofibers demonstrated relatively aligned pattern, and the
cells became significantly elongated with culturing time.
In contrast, hASCs seeded on random-patterned nanofibers
exhibited random pattern and became significantly spread
with culturing time. Compared with microscaled surface,
cell elongation and orientation were relatively less optimal
on nanoscaled surface (Figure 3B vs C).

Cell proliferation profiles on nanoscaled

and microscaled topographical surface

To examine the effect of topographical surface on cell
proliferation, cell counting method and CCK-8 assay were,
respectively, used for microscaled and nanoscaled groups. As
shown in Figure 4A and B, hASCs revealed an exponential
growth pattern during the culture time from day 1 to day
7. There was no difference in cell proliferation potentials
between unparallel and parallel groups on nanoscaled fibers
(Figure 4B). However, spread cells proliferated relatively
faster than elongated cells on days 3 and 5 (p<<0.05) when
seeded on microscaled surface (Figure 4A).

Quantitative analysis of cell morphology

and orientation
To further analyze the cell morphology and orientation
quantitatively, a previously employed method was used.? For
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the cells on microscaled surface, cell area, cell body aspect
ratio, and major axis angle were quantitatively analyzed using
F-actin-stained cell images on day 3 culture. As shown in
Figure 5A, the cells on microgrooved surface (G) exhibited
a significantly smaller area (5,854.10£3,732.36 wm?) com-
pared to the smooth group cells (S; 13,859.86+5,227.42 um?,
p<0.001). The cell body aspect ratio on G group (20.57£5.97)
was also significantly larger than that of S group (2.95£1.66,
»<0.001). In addition, the cell major axis angle of G group
(1.38°+1.06°) was significantly lower than that of S group
(50.83°£26.38°, p<<0.001).

To quantify cell elongation on nanoscaled surface, indi-
vidual cells of F-actin-stained images were outlined for quan-
titative analysis. As shown in Figure 5B, on day 3 postseeding,
the cells on unparallel nanofibers revealed an average cell area
(10,159.73£3,039.97 um?), which was significantly larger
than that on parallel nanofibers (8,629.73£1,816.56 um?,
p<0.001). The cell body aspect ratio on parallel nanofibers
(13.4443.69) was significantly larger than that of unparallel
nanofibers (3.97+1.97, p<<0.001). In addition, the elongated
cells on parallel nanofibers also demonstrated significantly
lower cell major axis angle (4.56°+2.90°) than that of unpar-
allel group (43.43°4+22.34°, p<<0.001).

As shown in Figure 5C, on day 5 postseeding, the cells
on unparallel nanofibers revealed an average cell area
(15,635.90+4,851.71 wm?), which is significantly larger
than that of parallel nanofibers (12,374.40£3,210.57 um?,
p<0.001). Better alignment was also observed in elongated
cells on parallel nanofibers with a much larger cell body
aspect ratio (14.42+4.33) than that of unparallel group
(3.14£1.61, p<0.001) as well as with a much lower cell
major axis angle (4.08°+2.24°) than that of unparallel group
(43.72°+23.77°, p<0.001).
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Figure 4 Cell proliferation on nanoscaled and microscaled topographical surface. Aligned topography restrained hASC proliferation on microscaled surface (A), but not on

nanoscaled surface (B). ¥*p<<0.01; ***<0.001.
Abbreviation: hASCs, human adipose-derived stem cells.
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Figure 5 Quantitative analysis of cell morphology and orientation. Data distribution and quantification of cell area, cell body aspect, and cell body major axis angle on smooth
surface (S) and microscaled grooved surface (G) on day 3 postseeding (A). Data distribution and quantification of cell area, cell body aspect, and cell body major axis angle
on nanoscaled electrospun fibers of unparallel (U) and parallel (P) groups, respectively, on days 3 (B), 5 (C), and 7 (D). ***p<<0.001.

With the increase of culturing time, the difference between
parallel and unparallel groups became much more significant
when compared to the time points of days 3 and 5. As shown in
Figure 5D, on day 7, the cells seeded on unparallel nanofibers
exhibited an average cell area (18,053.5015,624.66 um?) much
larger than that of parallel nanofibers (12,414.03%3,975.24
um?, p<0.001) with significant difference. The cell body
aspect ratio of the parallel group (14.08+4.33) was also
significantly larger than that of unparallel group (2.57£1.09,

»<0.001). Furthermore, the cell major axis angle of parallel
group (3.05°+2.13°) was also significantly smaller than that
of unparallel group (55.67°123.66°, p<<0.001).

Tenogenic differentiation of hASCs on
nanoscaled and microscaled aligned

surface
To investigate the role of nanoscaled and microscaled
surfaces in tenogenic differentiation, the expression of
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Figure 6 Tenogenic differentiation of hASCs on microscaled (A and B) and nanoscaled (C and D) aligned topographical surface on day 3 (A and C) and on day 7
(B and D), respectively. qPCR analysis showed significantly enhanced gene expression of tenogenic markers when cells were cultured on microscaled and nanoscaled aligned

topographical surface. ¥p<<0.05; **p<<0.01; **p<<0.001.

Abbreviations: BGN, biglycan; COL |, type | collagen; COL 3, type lll collagen; COL 6, type VI collagen; DCN, decorin; FMOD, fibromodulin; hASCs, human adipose-
derived stem cells; qPCR, quantitative PCR; SCX, scleraxis; TNC, tenascin-C; TNMD, tenomodulin.

various tenogenic markers was examined. As shown in
Figure 6A, after 3 days of culture on different microscaled
surfaces, scleraxis (SCX; 3.910+0.349 folds, p<<0.01),
tenascin-C (TNC; 2.023%0.629 folds, p<<0.05), biglycan
(BGN; 1.57340.355 folds, p<<0.05), and fibromodulin
(FMOD; 3.01340.715 folds, p<<0.05) were significantly
upregulated in microgrooved surface (G) compared with
the levels of smooth surface (S). With prolonged culturing
time, the gene expression levels of more tenogenic mark-
ers were significantly upregulated in the elongated hASCs
than in the spread hASCs after 7 days of culture as shown in
Figure 6B, including SCX (2.250+0.346 folds, p<<0.01), ten-
omodulin (TNMD; 3.017+0.374 folds, p<<0.01), collagen I
(COL 1; 1.450+0.286 folds, p<<0.05), collagen VI (COL 6;
2.067£0.721 folds, p<<0.05), decorin (DCN; 1.510£0.060

folds, p<<0.01), TNC (1.397%0.140 folds, p<<0.05), BGN
(2.230+0.383 folds, p<<0.05), and FMOD (4.387+1.571
folds, p<<0.05).

The role of aligned nanofibers in tenogenic differentia-
tion was also investigated. As shown in Figure 6C, there
was no confirmed pattern of gene regulation on tenogenic
markers after 3 days of culture, as some were upregulated
and some were downregulated. Compared with the cells of
unparallel group, the gene expression of some tenogenic
markers was upregulated in parallel group cells including
COL 1 (1.347£0.140 folds, p<<0.05) and BGN (1.245%0.066,
p<0.01), whereas other markers were significantly down-
regulated including TNMD (0.290%0.019 folds, p<<0.001),
COL 6 (0.731£0.118 folds, p<<0.05), TNC (0.802£0.062
folds, p<<0.05), and FMOD (0.784+0.026 folds, p<<0.01).
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However, with prolonged culturing time, an inductive
pattern of parallel nanofibers was confirmed. As shown in
Figure 6D, a large part of the examined tenogenic markers
were induced to significantly upregulate their gene expres-
sions in hASCs of parallel group than in the cells of unparallel
group after 7 days of culture including TNMD (3.680%0.937
folds, p<<0.05), COL 1 (1.450%0.282 folds, p<<0.05),
COL 6 (2.11740.170 folds, p<<0.01), DCN (2.163+0.146
folds, p<<0.01), and BGN (1.884%0.125 folds, p<<0.01),
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despite minor level of downregulated expression for SCX
(0.773£0.126 folds, p<<0.05), collagen III (0.199+0.123
folds, p<<0.01), and FMOD (0.840£0.109 folds, p<<0.05).

Other lineage differentiations of ASCs

on nanoscaled aligned surface

In addition to tenogenic markers, other lineages were also
investigated for inductive effects of parallel nanofibers, and
there seemed no confirmed patterns. As shown in Figure 7A
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Figure 7 qPCR analysis of the effect of nanoscaled aligned topography on hASC differentiations toward the lineages of osteogenic (A and B), chondrogenic (C and D),
adipogenic (E and F), and myogenic (G and H) on day 3 (A, C, E, G) and on day 7 (B, D, F, H). *p<<0.05; *p<0.01l.

Abbreviations: ALPL, alkaline phosphatase, liver/bone/kidney; AP-20, adipocyte protein 20; CEB/Po,, CCAAT/enhancer binding protein (C/EBP) o; COL2, type Il collagen;
hASCs, human adipose-derived stem cells; MAP2, microtubule-associated protein 2; MyoD, myoblast determination protein; OCN, osteocalcin; PPARY, peroxisome
proliferator-activated receptor-y; qPCR, quantitative PCR; Runx2, Runt-related transcription factor 2; Sox9, SRY (sex determining region Y)-box 9.

International Journal of Nanomedicine 2018:13

submit your manuscript

3877

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhou et al

Dove

and B, for osteogenic markers, Runt-related transcription
factor 2 (Runx2) was significantly upregulated in parallel
group cells (1.99740.136 folds, p<<0.01) on day 3, but there
was no significant change for osteocalcin (OCN; p>0.05) and
alkaline phosphatase, liver/bone/kidney (ALPL; p>0.05).
On day 7, Runx2 (0.231£0.110 folds, p<<0.01) and OCN
(0.757£0.111, p<0.05) were downregulated, and there was
no change for ALPL (p>0.05).

As shown in Figure 7C and D, there was no significant
difference in the gene expressions of chondrogenic markers
of SRY (sex-determining region Y)-box 9(Sox9) and Aggre-
can in both days 3 and 7 time points (p>0.05), although
collagen II (COL 2) was only downregulated (0.76610.076
folds, p<<0.05) on day 7. For adipogenic lineage differentia-
tion as shown in Figure 7E and F, only activating enhancer
binding protein 2o (AP-2a;; 0.243+0.404 folds, p<<0.05) and
adiponectin (0.21110.355 folds, p<<0.05) were significantly
downregulated in parallel group cells on day 7.

Regarding myogenic lineage differentiation, as shown
in Figure 7G and H, myogenin was upregulated on day 3
(3.573£1.274 folds, p<<0.05) and downregulated on day 7
(0.70020.122 folds, p<<0.05). There was no change for myo-
blast determination protein on day 3, but it was downregu-
lated on day 7 (0.324%0.124 folds, p<<0.01).

Gross view of neotendons engineered

with parallel and random microfibers

As shown in Figure 2A and B, microfibers were fixed on
a spring, and mouse ASCs were seeded on the microfibers
and cultured in vitro without tenogenic differentiation
(Figure 2C). As shown in Figure 2D, after 8§ weeks of
in vitro culture, neotendon tissue was formed in parallel-
aligned microfibers with relatively thinner and liner gross
view, whereas neotissue was formed in randomly arranged
microfibers, which exhibited uneven and locally enlarged
tissue block when observed grossly (Figure 2E), similar to
the gross view of an adipose tissue.

Histological structure and tenogenic
gene expression of in vitro engineered

neotendons

As supported by the gross view, histological examination
demonstrated neofat tissue formation in randomly arranged
microfibers (Figure 2G). In contrast, neotendon tissue was
formed in parallel microfibers with the formation of paral-
lelly arranged collagen microfibers at the peripheral area
(Figure 2F). Further examination with polarized microscope
showed relatively mature type I collagen (red color) only

at the peripheral area of the parallel group (Figure 2H),
but not in the random group (Figure 2I), indicating that
aligned fiber topography favored tenogenic differentiation
of seeded mASCs. This indication was further supported
by the RT-qPCR examination. As shown in Figure 2J, the
gene expression of TNMD, a tenogenic marker, was signifi-
cantly upregulated in the neotendon of the parallel group
when compared to the other groups (Figure 2J). In contrast,
the gene expression of peroxisome proliferator-activated
receptor-y (PPARY), a marker of adipogenic differentiation,
was significantly downregulated in the neotendon of parallel
group (Figure 2J-A) when compared to the neofat tissue of
the random group (Figure 2J-C). PPARY expression in the
cells that were detached from the scaffolds and grew on the
culture dishes was similar in both the parallel (Figure 2J-B)
and random (Figure 2J-D) groups. Semi-quantification of
the gene expression derived from three independent tests
also showed that TNMD gene expression was significantly
upregulated in the parallel group (p<<0.05; Figure 2L),
whereas the PPARY expression was significantly downregu-
lated in the parallel group when compared to those of the
random group (Figure 2K).

Discussion
With the advancement of biomaterials research field, intel-
ligent materials become more important in the field of regen-
erative medicine, as it is able to actively regulate the functions
of cells either seeded on the materials or recruited from host
tissue environment to the implanted materials.'3%32

The bioactive effect of specially designed intelligent
materials relies on the chemical or physical signals that
are able to regulate cell functions. The former includes the
modification of materials with the integration of growth
factor,® peptide,** or extracellular matrices,*>*¢ whereas
the latter employs mainly topographical structure to play
instructive roles.’” The major roles of topographical induc-
tion include osteogenic, neurogenic, cardiovascular, and skin
differentiation.3

Topographical structure—mediated cell shape control
is one of the major working mechanisms. For example,
geometric cues—induced round shape of MSCs was prone
to adipogenic lineage differentiation, and polygon-shaped
MSC:s tented to differentiate toward chondrogenic lineage,
whereas rectangular shape was apt to osteogenic lineage.*
Likewise, parallel topographical structure has been demon-
strated to induce elongated cell shape to mimic the cell
morphologies of tenocyte** and myoblast* cells depending
on cell body aspect.
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Previously, we have respectively employed microscaled
based microgrooved structural surface with parallel
alignment? and nanoscaled based aligned electrospun fibers?
to demonstrate the topographically inductive effect on teno-
genic differentiation on seeded dermal fibroblasts. In addition,
we also previously demonstrated that microscaled parallel
PGA nonwoven fibers were able to regenerate tendon tissue
in vivo via induced tenogenic differentiation of adipose-
derived stem cells.*® Likewise, parallel nanofibers were also
able to in vivo regenerate tendon better than random nanofi-
bers.” However, there is no direct side-by-side comparison
between microscaled and nanoscaled aligned topography
for their efficiency in inducing tenogenic differentiation of
seeded MSCs in the literature. Elucidation of this matter will
have impact on advising the use of proper scaffold materials
for tendon regeneration in vivo.

MSCs exist widely in different types of human tissues
such as bone marrow, adipose tissue, cord blood, umbilical
cord tissue, and endometrium.”* ASCs are one type of
MSCs, which have obvious advantages over the other types
of MSCs, including convenient gain, abundant source, potent
proliferative capability, low osteogenic potential, immuno-
suppressive properties, and low immunogenicity.>*~? In addi-
tion, ASCs have also been investigated for their tenogenic
differentiation capability in vitro**>* as well as their ability
to regenerate tendon in vivo.* For example, Ricco et al used
ASCs in the therapy of superficial digital flexor tendonitis in
the horse;> Stanco et al investigated the therapeutic potential
of human tendon-derived MSCs;> Raabe et al determined
the optimal conditions for in vitro differentiation toward the
tenogenic lineage of equine ASCs.557

In this study, we focused on tenogenic differentiation
of hASCs in vitro using microscaled as well as nanoscaled
topography of parallel alignment. As shown in Figure 3,
both microscaled and nanoscaled aligned topography could
induce cell elongation with better parallel alignment
than their random-patterned counterparts. The observa-
tion of F-actin-stained cell morphology indicated that
microscaled topography seemed to be better able to align
the seeded ASCs than nanoscaled topography. Quantita-
tive analysis did support such an observation. As shown in
Figure 5A and B, on day 3 post—cell seeding, cell area in
microscaled group (5,854.1043,732.36 um?) was smaller
than that of nanoscaled group (8,629.73£1,816.56 um?)
in spite of aligned topography in both groups. By con-
trast, spread cells of microscaled group were larger
(13,859.8615,227.42 um?) than those of nanoscaled group
(10,159.7343,039.97 um?).

This difference may explain that the observed differences
in tenogenic differentiation between microscaled and nano-
scaled groups on day 3 post—cell seeding. As shown in
Figure 6A and C, the expression of tenogenic markers of
SCX and TNC was steadily upregulated in microscaled group,
whereas no confirmed pattern could be observed in nanoscaled
group as some was upregulated and some was downregulated.
However, with the increase of culturing time, more stable
tenogenic differentiation pattern could be confirmed on day
7 for both groups as shown in Figure 6B and D, because most
of'the examined tenogenic markers were upregulated for their
gene expressions in parallel topography when compared to
random topography, particularly for nanoscaled group. This
was likely due to improved cell elongation and alignment in
nanoscaled group with prolonged culturing time, as the dif-
ferences between random and aligned groups in cell area, cell
body aspect, and major axis angle were much more significant
on day 7 (Figure 5D) than on day 3 (Figure 5C).

By the comparison of tenogenic marker regulation,
it remains a bit of inconsistence between microscaled and
nanoscaled groups. As shown in Figure 6, SCX was upregu-
lated by the aligned topography in microscaled group, but not
in nanoscaled group. The mechanism causing this difference
remains unknown. We believed that this might be caused by
the differences in cell—cell contact and cell alignment. As
shown in Figure 3, cells seeded on microsurface tented to be
better aligned with less cell—cell contact, whereas some of the
cells seeded on nanofibers seemed to be able to merge together.
In addition, seeded cells were usually restricted into the single
microgroove instead of across the microgrooves. By contrast,
seeded hASCs could cross several aligned nanofibers with no
predetermined limitation. These differences in cell behaviors
between the microscaled and nanoscaled groups may cause the
observed differences in gene expression patterns.’®>

In addition to tenogenic lineage, we also investigated the
role of aligned nanofibers on other lineage differentiation of
seeded hASCs. In agreement with previous report, alteration
of round shape of MSCs to any other type could decline their
adipogenic potentials,* and elongated hASCs on day 7 did
reduce the gene expression of AP-2a and adiponectin, the
markers of adipogenic lineage. Similarly, COL 2, a marker of
chondrogenic lineage, was also significantly downregulated
on day 7 in elongated hASCs. On day 7, osteogenic and
myogenic lineage potentials were also limited.

As supported, we did observe an in vitro tendon engi-
neering model, which showed mASCs seeded on aligned
microscaled PGA fibers were able to partially regenerate
neotendon tissue after 8§ weeks of in vitro culture with aligned
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collagen fiber formation at the peripheral area (Figure 2F).
Polarized microscope also showed the relative maturity of
formed collagen fibers (Figure 2H). By contrast, instead
of fat tissue formation, no collagen fiber formation by the
seeded hASCs was observed in the control group (Figure 2G
and I), indicating that microscaled PGA fibers with aligned
topography did play a significant role in neotendon forma-
tion, although it remains far less optimal.

Conclusion

This study demonstrated that both microscaled and nano-
scaled topography with parallel alignment could drive teno-
genic lineage differentiation of seeded hASCs. Among these
two models, microscaled topography with parallel alignment
seems to be relatively stable for tenogenic induction at both
cellular level and tissue regeneration level. The integration
of aligned photographical signals as well as others such as
mechanical or electronic countermeasure signals into the
design and preparation of tenogenic scaffold may optimize
inductive scaffold-based tendon regeneration in vivo.
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