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Abstract

Three-dimensional (3D) cellular spheroids have recently 
emerged as a new trend to replace suspended single cells 
in modern cell-based therapies because of their greater 
regeneration capacities in vitro. They may lose the 3D 
structure during a change of microenvironment, which 
poses challenges to their translation in vivo. Besides, the 
conventional microporous scaffolds may have difficulty in 
accommodating these relatively large spheroids. Here we 
revealed a novel design of microenvironment for delivering 
and sustaining the 3D spheroids. Biodegradable scaffolds 
with macroporosity to accommodate mesenchymal stem cell 
(MSC) spheroids were made by solid freeform fabrication 
(SFF) from the solution of poly(D,L-lactide-co-glycolide). 
Their internal surface was modified with chitosan following 
air plasma treatment in order to preserve the morphology 
of the spheroids. It was demonstrated that human MSC 
spheroids loaded in SFF scaffolds produced a significantly 
larger amount of cartilage-associated extracellular matrix 
in vitro and in NOD/SCID mice compared to single cells in 
the same scaffolds. Implantation of MSC spheroid-loaded 
scaffolds into the chondral defects of rabbit knees showed 
superior cartilage regeneration. This study establishes 
new perspectives in designing the spheroid-sustaining 
microenvironment within a tissue engineering scaffold for 
in vivo applications.
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Introduction

Stem cells are multipotent cells that can differentiate into 
different lineages and expand while maintaining their 
undifferentiated state (self-renewal). Mesenchymal stem 
cells (MSCs) show adhesion to tissue culture polystyrene 
(TCPS) dish with fibroblast-like cell morphology and 
are normally characterised with their specific lack of 
haematopoietic and endothelial markers but with variable 
expressions of several other surface antigens (e.g. CD73, 
CD90, and CD105). A three-dimensional (3D) culture 
environment is generally considered more favourable 
than 2D monolayer culture. Various culture systems have 
emerged lately to generate 3D multicellular spheroids from 
MSCs, such as suspension, hanging drop, micropatterned 
substrates, and non-adherent surface (Potapova et al., 
2007; Wang et al., 2009; Bhang et al., 2011; Su et 
al., 2013). MSC spheroids formed on micropatterned 
substrates had higher efficiency of osteogenic and 
adipogenic differentiations (Wang et al., 2009). Those 
generated from hanging drop or suspension had better 
anti-inflammatory property (Bartosh et al., 2010; Ylostalo 
et al., 2012) and angiogenesis capacity (Bhang et al., 
2011). A novel method has been established recently to 
generate MSC spheroids on chitosan-based substrates 
such as chitosan membranes (CS) (Hsu et al., 2012c) 
or hyaluronan-modified chitosan membranes (CS-HA) 
(Huang et al., 2011). MSCs grown on these substrates 
were self-assembled into 3D cellular spheroids that kept 
migrating on the substrates. The self-renewal property and 
chondrogenic differentiation potential were significantly 
enhanced in these substrate-derived MSC spheroids 
(Huang et al., 2011; Hsu et al., 2012a). Although MSC 
spheroids are considered superior to single suspended 
cells in general, the delivery of relatively bulky spheroids 
without losing their 3D structure is a challenging task. 
Moreover, no study has ever followed if these MSC 
spheroids can truly maintain their 3D morphology upon 
a change of microenvironment.
 Scaffolds are a key component in cartilage tissue 
engineering, which provide a suitable microenvironment 
for cell development. Biodegradable scaffolds have been 
fabricated by a variety of methods, e.g., solvent casting/
particulate leaching, phase separation, freeze-drying, and 
fibre bonding (O’Shea and Miao, 2008). However, the pore 
size and porosity of these scaffolds are difficult to control. 
Solid freeform fabrication (SFF) methods are a category 
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of techniques for reproducibly controlling the internal 
pore size (50-800 µm), porosity, pore interconnectivity, 
and mechanical performance of tissue engineering 
scaffolds (Kim et al., 2009; Zorlutuna et al., 2012). 3D 
porous scaffolds can be made from polymer solutions in 
precise size and shape by one of the SFF techniques, i.e. 
liquid frozen deposition manufacturing (LFDM).  These 
scaffolds consist of regularly stacking fibres. SFF/LFDM 
scaffolds fabricated from poly(D,L-lactide-co-glycolide) 
(PLGA) solution were found to support the growth of 
chondrocytes and allow them to deposit the extracellular 
matrix in the large open space among the stacking fibres 
(i.e. macroporosity) (Yen et al., 2009). It is rational to 
assume that SFF scaffolds with the macroporosity in 
contrast to microporosity of the traditional scaffolds may 
be particularly suitable for delivering the relatively large 
MSC spheroids for cell therapy.
 So far,  there is no investigation on if  any 
microenvironment, material, or scaffold may adopt 
cellular spheroids and maintain their 3D multicellular 
state for a long duration. The subject, however, is crucial 
for clinical and translational research. Our hypothesis is 
that spheroids are superior to dispersed single cells in 
cartilage regeneration, but the spheroid morphology should 
be maintained when cells are seeded in a scaffold. In this 
contribution, we designed scaffolds suitable for seeding 3D 
spheroids and maintaining their morphology, and we tested 
their efficacy in vitro and in vivo. First, biodegradable 
scaffolds were fabricated by the SFF technique and by 
surface modification. Cellular spheroids were derived 
from the self-assembly of human placenta MSCs grown 
on chitosan-based substrates. We demonstrate that SFF 
scaffolds, when properly designed, can house 3D cellular 
spheroids and maintain their advantages for cartilage 
regeneration in vivo. This work lays the foundation for new 
perspectives on designing a microenvironment to sustain 
the spheroids in a next-generation tissue-engineering 
scaffold.

Materials and Methods

Fabrication of SFF scaffolds
PLGA precision scaffolds were fabricated by an SFF system 
(LFDM). The self-developed injection system integrated 
a personal computer and an x-y-z motion platform with a 
condenser. The computer was used for design of scaffold 
models, planning of manufacturing paths, and motion 
control of the platform. The biomedical-grade polymer, 
PLGA 50:50 (inherent viscosity = 0.88 dl/g; Purac, 
Gorinchem, The Netherlands) dissolved in 1,4-dioxane 
(Tedia, Fairfield, OH, USA) (20 % w/v), was filled into a 
trough and injected through the nozzle. The temperature 
of the platform and the frozen rate of the feeding solution 
were optimised to fabricate the well-defined stacking 
layers and structures. The patterns of the scaffolds could 
be designed by adjusting the following parameters: fibre 
stack angles, nozzle aperture (Fn), and centre-to-centre 
distance between adjacent fibres (dh). The structure of 
scaffolds was examined by scanning electron microscopy 
(SEM). The compression modulus was determined by a 

dynamic mechanical analyser (DMA Q800, TA) at 37 °C 
and in 1 Hz. Scaffolds of any size and shape could be 
manufactured. The dimension and shape (disc cylinders 
6.5 mm in diameter and 2.5 mm in thickness) were selected 
for experimental purposes.
 Scaffolds produced were further coated with chitosan. 
Chitosan powder (Sigma-Aldrich, St. Louis, MO, USA) 
molecular weight 510 kDa, and degree of deacetylation 
77 %) was dissolved in 1 % acetic acid to obtain a 1 % 
chitosan solution. Before coating, PLGA scaffolds were 
activated by air plasma generated from an Openair® plasma 
system (RD1004, Steinhagen, Germany). Air plasma 
(1000 W) was generated and ejected from a rotating 
nozzle with 0.5 cm diameter. The plasma source was the 
compressed filtered/purified dried air (21 % oxygen and 
79 % nitrogen, pressure 2.5 kg/cm2, temperature 26 °C). 
The scaffolds were placed at a distance of 10 mm from 
the plasma-ejecting nozzle. The scan speed of the nozzle 
was 6.4 m/min. The scaffolds were scanned twice, once on 
the top and once on the bottom, placed immediately in the 
chitosan solution (5 µL) for 120 min at 37 °C, and washed 
extensively by distilled water. The chitosan modified 
precision scaffolds were abbreviated as “PLGA-CS” SFF 
scaffolds. The modified scaffolds were stained with 2 % 
aqueous solution of Alizarin red S (Sigma-Aldrich).

Preparation of PLGA and PLGA-CS membranes
PLGA 50:50 was dissolved in 1,4-dioxane at a final 
concentration of 20 % (w/v). The solution was cast on 
1.5 cm-diameter coverslip glass and evaporated for 72 h. 
PLGA membranes were further modified by chitosan 
using air plasma treatment (“PLGA-CS” membranes). 
The condition of air plasma for surface modification 
followed that previously described for scaffolds but 
with only one scan on the top surface of the membranes. 
After plasma treatment, 300 µL of the chitosan solution 
was coated on the membranes, incubated for 120 min at 
37 °C, and washed by distilled water. The surface chemical 
composition was analysed by the attenuated total reflection 
infrared (ATR-IR) spectroscopy.

Isolation and culture of human placenta-derived 
MSCs
Human placenta-derived MSCs were obtained with 
approval from the Institutional Review Board (#IRB 
CT9607). Cells were isolated based on a previous protocol 
(Yen et al., 2005). The donor ages were 28-, 23- and 
36-year-old healthy women. The culture medium was 
Dulbecco’s modified Eagle’s medium (DMEM)-low 
glucose (Gibco) supplemented by 10 % (v/v) foetal bovine 
serum (FBS, HyClone/Thermo Scientific, Waltham, MA, 
USA), 1 % antibiotics (penicillin-streptomycin, Gibco, 
Invitrogen/Life Technologies, Carlsbad, CA, USA), and 
10 mg/L L-glutamine. The medium was replaced twice 
every week. The experiments were repeated on cells of 7-10 
passages (considered as early passages) (Ho et al., 2013) 
from at least three different donors. The expression of 
surface markers (genuineness of MSCs) was characterised 
by flow cytometry (positive for CD29, CD44, CD73, CD90 
and D105; and negative for CD31, CD34 and CD45) 
(Huang et al., 2011).
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Preparation of self-assembled MSC spheroids based 
on CS and CS-HA (i.e., CS derived spheroids and CS-
HA derived spheroids)
MSC spheroids were generated from cell self-assembly 
on two types of chitosan-based membranes. The 
aforementioned chitosan solution (300 µL) was coated 
on 1.5 cm-diameter coverslip glass placed in a Petri dish, 
where membranes formed after solvent evaporation (Hsu 
et al., 2012c). For the preparation of CS-HA membranes, 
300 µL solution of hyaluronan (HA sodium salt, 
SciVision Biotech, Kaohsiung, Taiwan; molecular weight 
~2,500 kDa) was added on each chitosan-coated coverslip 
glass so the amount of HA was 0.5 mg/cm2 (Huang et al., 
2011). The chitosan membranes and those modified by 
HA were each abbreviated as “CS” and “CS-HA”. Human 
placenta-derived MSCs (3·104 cells/cm2) were seeded on 
each CS or CS-HA membrane in 24-well tissue culture 
plates. The formation of spheroids was verified at 72 h by a 
phase contrast microscope. For cell tracking, MSCs prior to 
seeding were labelled in red fluorescence with a fluorescent 
cell linker kit PKH26 (4·10-6 M; Sigma-Aldrich) in the 
dilution buffer for 5 min. The self-assembled 3D spheroids 
were detached from CS or CS-HA membranes by placing 
the culture plates on a shaker in laminar cabinet and shaking 
for 5 min. MSC spheroids derived from CS membranes 
were referred to as “CS derived spheroids” while those 
derived from CS-HA membranes were referred to as “CS-
HA derived spheroids”.

Behaviour of MSC spheroids replated on PLGA and 
PLGA-CS membranes
MSC spheroids (containing ~5·104 MSCs) were harvested 
at 72 h from CS or CS-HA membranes (i.e., the pristine 
spheroids). They were immediately replated on PLGA 
and PLGA-CS membranes placed in 24-well tissue 
culture plates, as well as CS membranes and blank wells 
(TCPS) serving as controls. The gene expression levels of 
cytokines BMP-2 and TGF-b3 were analysed by real-time 
polymerase chain reaction (RT-PCR) using a Chromo 4 
PTC200 Thermal Cycler (MJ Research, St. Bruno, Quebec, 
Canada) and the DyNAmo Flash SYBR Green qPCR 

Kit (Finnzymes, Espoo, Finland). The expression levels 
were normalised to GAPDH. The protein expression of 
N-cadherin was analysed by Western blots using primary 
antibodies for N-cadherin and GAPDH (Epitomics/Abcam, 
Cambridge, UK). Data were obtained at 3 days and weekly 
after replating the pristine spheroids. For chondrogenic 
induction, the basal medium was replaced with the 
chondrogenic induction medium after the pristine MSC 
spheroids were replated on each material (PLGA, PLGA-
CS, CS, and TCPS) for a week. The induction medium 
was DMEM-high glucose (Gibco) containing 10 % FBS, 
10 ng/mL TGF-b3 (CytoLab/Peprotech, Rehovot, Israel), 
0.1 µM dexamethasome, 50 µg/mL ascorbate-2-phosphate, 
40 µg/mL L-proline, 1 % insulin-transferrin-selenium 
(ITS)-premix 100× and 1 % antibiotics. The induction 
medium was changed twice a week. After induction for 
2 or 4 weeks (i.e., a total of 3 or 5 weeks after replating), 
the expression of chondrogenesis representative genes, 
Sox9, aggrecan (Aggr), and collagen type II (Col II) were 
analysed by the real-time RT-PCR. The primer sequences 
are listed in Table 1.

Cell migration assay
MSC spheroids (containing ~5·104 MSCs) were harvested 
at 72 h from CS-HA membranes (the pristine spheroids). 
They were immediately replated on CS, PLGA, and 
PLGA-CS membranes placed in the lower chamber of 
a transwell (fit in a 24 well plate). The control groups 
included blank wells (TCPS) with spheroids and wells 
without any replated spheroids. After cells in the lower 
chamber were incubated for 3 days, they were analysed for 
SDF-1 gene expression. In additional groups, 1·104 MSCs 
(PKH26 labelled) were further added in the upper chamber. 
After another 24 h, the upper surface of the transwell 
filters was scraped free of cells and the cell number in the 
lower surface was counted (i.e., the number of labelled 
cells migrated from the upper to the lower). Data were 
confirmed in three independent experiments. To verify the 
driving force of migration, MSCs were pre-incubated with 
200 ng/mL AMD3100 (a specific antagonist of SDF-1, 
Sigma-Aldrich) for 30 min at 37 °C in some experimental 

Table 1. The primer sequences used for real-time RT-PCR analyses.

Genes Primer sequences Primer annealing temperature (°C)
BMP-2 5’-ACAGGCTGGACAGAGGAGAA 60

3’-GGGCAAGGGCAAGGGGAAGA
TGF-β3 5’-CTGCTGCTGTGAGGGATGTTAT 58

3’-GGTCGAGGCTTCTGCTTATTTC
SDF-1 5’- GAAGTGGAGCCATAGTAATGCC 58

3’- TCCAAGTGGAAAAATACACCG
Sox9 5’-CTAAGAGGCATCCAAACAACACA 56

3’-CCCTCGCTGCTAAAGTGTAATAA
Aggr 5’-TCAATAGGCAAGCGAAACCC 60

3’-GAGTGCTGGAGATAAACCCTTCA
Col II 5’-TACCTCAGCCTCCAGCAGAT 58

3’-CGTCACACCATTGCTATTCTT
GAPDH 5’-AATGTGTCCGTCGTGGATCTGA 56

3’-AGTGTAGCCCAAGATGCCCTTC
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groups. To avoid the possible contribution from materials 
rather than cells in the lower chamber, data from materials 
without the replated spheroids were collected to contrast 
the effect.

Loading MSC spheroids into SFF scaffolds and 
chondrogenesis in vitro
1·106 cells (in the form of single cells or spheroids) were 
seeded to the precision scaffolds by dropping the cell (or 
spheroid) suspension (50 µL) embedded with different 
densities of HA solution (0.6 mg/mL, 3 mg/mL, and 15 mg/
mL) on the top of the SFF scaffolds. After 6 h, the seeded 
scaffolds were added with the culture medium. After 24 h, 
the seeding efficiency was determined by counting the cell 
number in the constructs as described later, and expressed 
as the percentage of the initial cells added.
 To perform chondrogenic induction, the basal medium 
was replaced with the chondrogenic induction medium 
after single cells or spheroids were seeded in SFF scaffolds 
for a week. The induction medium was changed twice a 
week. After induction for 4 weeks, the constructs were 
subjected for gene analysis, histological examinations, or 
biochemical assays described later.

Neocartilage formation in mice
Scaffolds seeded with MSC single cells or spheroids were 
cultured in basal medium for the first week. Chondrogenic 
induction medium was then added to induce in vitro 
chondrogenesis of the seeded cells for a week (2 weeks 
from initial seeding) before implantation. All protocols 
involving the use of animals in this study were approved 
by the Experimental Animal Committee of the university. 
Ten nude mice were used in total, where samples were 
implanted on right and left subcutaneous sites. For each 
group, n = 5 Human MSC-seeded scaffolds were implanted 
subcutaneously into the female eight-week-old NOD/
SCID mice for 4 weeks in vivo. Four animals were used 
in each group. The explanted constructs were subjected to 
histological or biochemical analyses.

Cartilage regeneration in rabbit joint cartilage 
defects
Rabbit MSCs were isolated from the adipose tissue 
from mature adult New Zealand white rabbits (weighing 
3-3.5 kg). MSCs were incubated in basal medium. Six 
rabbits were used in total, where samples were implanted 
in right and left hind legs. For each group, n = 4. Allogenic 
cells of the third passage were used in animal implantation. 
MSC spheroids were harvested after cell culture on CS-
HA membranes for 72 h. SFF PLGA-CS scaffolds loaded 
with rabbit CS-HA derived MSC spheroids were further 
incubated in the basal medium for another 72 h before 
implantation. A full-thickness cylindrical cartilage defect 
of 3 mm in diameter and 3 mm in depth was created in 
the patellar groove of the experimental rabbit using a 
stainless steel drill. MSCs (~1·106) in the form of single 
cells or spheroids were loaded in each scaffold. After being 
pre-cultured in vitro, the single cell-loaded or spheroid-
loaded scaffolds were implanted into the defect for one 
month in vivo. Four animals were used for each type of 

the constructs. The explanted constructs were subjected to 
histological examinations.

Biochemical assays and histological examinations of 
the neocartilage
Constructs were washed in phosphate buffered saline 
and freeze-dried overnight. They were digested in papain 
(Sigma) solution at 60 °C for 24 h. Cell number was 
analysed after reaction with 0.1 µg/mL Hoechst 33528 dye 
(Sigma-Aldrich) (Yen et al., 2009). The glycosaminoglycan 
(GAG) content was quantified by the dimethylmethylene 
blue (DMMB) method (Yen et al., 2009). Type II collagen 
contents of the constructs were quantified by an ELISA 
assay kit (ASB-5000-EX, RheumeraTM) after digestion 
with pepsin at 25 °C. Histological samples were fixed in 
4 % paraformaldehyde at 4 °C, embedded, and sectioned 
to 10 µm. The sections were stained with haematoxylin 
& eosin (H&E) or Safranin O, or immunostained with 
anti type II collagen (Lab Vision/Neomarkers, Freemont, 
CA, USA). Cell nuclei were stained by 4’,6-diamidino-2-
phenylindole (DAPI).

Statistical analysis
Numerical values were expressed as the mean ± 
standard deviation. For each type of experiment, three 
similar experiments were performed independently. 
Reproducibility was confirmed for cells from at least three 
different healthy donors. Statistical differences among 
the experimental groups were evaluated by analysis of 
variance followed by Student’s t-test. p-values <0.05 were 
considered statistically significant. Data from different 
donors were not mixed; therefore, p-values <0.01 should 
be more than sufficient.

Results

Preparation of SFF Scaffolds
Macroporous PLGA scaffolds were designed and made 
by SFF/LFDM procedures. With a three-axis motion 
controlled system, 20 % PLGA solution (in 1,4-dioxane) 
was dispensed through a micro-nozzle coupled to a low 
temperature platform, as shown in Fig. 1a. The polymer 
solution was frozen, stacked into a multilayer scaffold, 
and freeze-dried. SEM images (Fig. 1b) confirmed the 
well-defined layer-by-layer structures that were generally 
matched to those of the original designs. Scaffolds 
optimised for the present study were disc cylinders 
6.5 mm in diameter and 2.5 mm in thickness. The patterns 
of scaffolds were defined by the following parameters: 
stack angles, 4D (0°/90°/45°/135°); nozzle aperture (Fn), 
0.2 mm; and centre-to-centre distance between adjacent 
fibres (dh), 0.7-1.0 mm, as shown in the figure. Each 
stacking fibre was microporous (pore size ~1 µm). The 
dynamic compression modulus (E’) of the scaffold was 
~0.5 MPa, close to that of normal cartilage (Yen et al., 
2009).
 PLGA membranes and PLGA SFF scaffolds were 
surface-modified with chitosan after air plasma treatment 
(abbreviated as “PLGA-CS”, Fig. 2a). ATR-IR spectra 
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confirmed the presence of chitosan (–NH peak at 1582 cm-1 
and C-C backbone in-plane peak at 1050 cm-1) (Nosal et al., 
2005) on the surface of PLGA-CS membranes (Fig. 2b). 
PLGA-CS scaffolds were stained red with Alizarin red S, 
a dye that binds to chitosan (Fig. 2c), to demonstrate the 
chitosan-modified surface (vs. unmodified control).

Generation and maintenance of the self-assembled 
human MSC spheroids
Chitosan-based substrates (CS and CS-HA membranes) 
were utilised for forming MSC spheroids (Fig. 3a). MSCs 
isolated from human placenta were self-assembled into 3D 
spheroids in 72 h. The average size of spheroids derived on 
CS was 60 ± 27 µm and that on CS-HA was 100 ± 20 µm. 
When these MSC spheroids were relocated to PLGA 
membranes or TCPS for 3 days, the spheroid state was 
not well maintained; while placing spheroids on CS or 
PLGA-CS membranes could preserve the morphology of 
the spheroids (Fig. 3a). The expression level of N-cadherin, 
a cell-cell adhesion protein that indicates the degree of 
cell-cell interaction, was analysed. For the pristine MSC 
spheroids (self-assembled at 3 days) and those replated on 
CS, TCPS, PLGA or PLGA-CS membranes for 3, 7 and 
14 days, the expression levels of N-cadherin are shown in 
Fig. 3b and Fig. 3c. The expression level of N-cadherin 
for the pristine MSC spheroids derived on CS or CS-HA 
was significantly higher than that of MSCs on TCPS 
(p = 0.0072 and p = 0.0051 for each). The pristine CS-HA 
derived spheroids had the greatest N-cadherin expression. 

After replating, the expression level of N-cadherin for 
spheroids replated on CS or PLGA-CS was sustained and 
remained relatively stable during the 2-week period. On 
the other hand, the expression of N-cadherin declined 
significantly when spheroids were replated on PLGA or 
TCPS. Based on the analysis, substrate materials that 
sustain the cell-cell adhesion (N-cadherin) can keep the 
morphology of the 3D spheroids properly.
 The chondrogenic differentiation potential of replated 
MSC spheroids is shown in Fig. 3d. The expression of 
chondrogenesis representative genes, including Sox9, 
Aggr, and Col II, in MSC spheroids replated on PLGA-CS 
or CS membranes markedly increased and was significantly 
greater than that in spheroids replated on PLGA membranes 
or TCPS after 2 weeks of induction (data not shown). The 
expression of these genes on PLGA-CS or on CS was 
further upregulated at 4 weeks, particularly for Aggr and 
Col II of the replated CS-HA derived spheroids (Fig. 3d). 
Therefore, surface modification by chitosan is essential for 
PLGA substrates to maintain the 3D spheroid structure and 
chondrogenic capacity of MSCs.
 The gene expression level of cytokines BMP-2 and 
TGF-β3 for the pristine MSC spheroids was significantly 
higher (each about 3.6- and 2.4-fold higher) than that 
of MSCs on TCPS (Fig. 4). The gene expression level 
of both cytokines declined significantly when spheroids 
were replated on PLGA membranes or TCPS. These data 
further support the necessity of preserving 3D spheroid 
morphology for beneficial MSC properties.

Fig. 1. Fabrication of the SFF scaffolds by LFDM processes. (a) Schematics for fabrication of SFF scaffolds from 
the PLGA polymer solution. Parameters of SFF scaffolds: stack angle, nozzle aperture (Fn), and interval between 
adjacent fibres (dh). (b) SEM images showing the top and lateral views of the scaffold (macroporosity), as well as 
the microporous structure in each stacking fibre.
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 The chemotactic effect of the replated spheroids in 
vitro is shown in Fig. 5. MSC spheroids replated on CS 
or PLGA-CS membranes showed a greater SDF-1 gene 
expression levels at 1 and 3 days (Fig. 5a; p = 0.0062 and 
0.0055 for CS vs. TCPS at 1 day and 3 days; p = 0.0083 
and 0.0089 for PLGA-CS vs. TCPS at 1 day and 3 days). 
Besides, the number of recruited MSCs induced by MSC 
spheroids replated on CS or PLGA-CS membranes was 
significantly greater vs. those replated on PLGA or TCPS 
(p = 0.0045 and 0.0048 for CS vs. PLGA and CS vs. TCPS; 
p = 0.0061 and 0.0069 for PLGA-CS vs. PLGA and PLGA-
CS vs. TCPS). When spheroids were pre-treated with the 
inhibitor of chemokine SDF-1, the extra recruiting ability 
was abolished (Fig. 5b). These data indicate that 3D MSC 
spheroids have a remarkable chemotactic effect.

Building the constructs from MSC spheroids and 
SFF scaffolds
Combining SFF scaffolds and self-assembled MSC 
spheroids is illustrated in Fig. 6a. To overcome the 
potential problem of ineffective seeding, the spheroids 
were suspended in HA solution prior to seeding (3 mg/
mL HA being the most effective with a seeding efficiency 
60-80 %. In all the following experiments, HA of 3 mg/
mL was employed if the cells or spheroids were referred 
as embedded before seeding into scaffolds.
 The seeding efficiency of MSC spheroids (vs. single 
cells) in PLGA or PLGA-CS SFF scaffolds, with or 
without the help from HA, are shown in Fig. 6b. In PLGA 
SFF scaffolds, the seeding efficiency of single cells was 
significantly improved after embedding in HA (p = 0.028); 

Fig. 2. Surface modification by chitosan. (a) PLGA membranes or PLGA SFF scaffolds were surface-modified by 
chitosan following air plasma treatment (Openair® air plasma system). (b) ATR-IR spectra of PLGA-CS membranes 
confirming the surface modification of PLGA by chitosan. The absorption peak at 1582 cm-1 was attributed to –NH 
(amide II) of chitosan while that at 1050 cm-1 was assigned to the C-C fingerprint (backbone in-plane orientation) of 
chitosan. (c) The chitosan-coated PLGA scaffold (PLGA-CS SFF scaffold) stained with Alizarin red S to demonstrate 
the chitosan coating on the scaffold surface.
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while the seeding efficiency of spheroids did not change 
significantly after embedding in HA. In PLGA-CS SFF 
scaffolds, HA greatly improved the seeding efficiency of 
both single cells and MSC spheroids, especially for single 
cells and CS derived spheroids (p = 0.0024 and 0.0045).

 The morphology of MSC spheroids or single cells 
grown in PLGA or PLGA-CS SFF scaffolds for 3 days is 
shown in Fig. 6c. PLGA-CS SFF scaffolds well sustained 
the spheroid morphology of the pristine spheroids. On 
the other hand, PLGA SFF scaffolds failed to maintain 

Fig. 3. The morphology, N-cadherin expression, and differentiation of MSC spheroids replated on PLGA or PLGA-
CS membranes. (a) Schematics showing the self-assembly of MSC spheroids on CS or CS-HA membranes and the 
morphology of MSC spheroids after being replated on PLGA or PLGA-CS membranes for 3 days. (b) Western blots 
of N-cadherin expression for the pristine spheroids (at 3 days) as well as those replating on different materials for 3, 
7 and 14 days. (c) Quantification of N-cadherin expression at 3, 7 and 14 days after replating. The relative ratios of 
N-cadherin/GAPDH were all normalised to that in the pristine CS-derived spheroids. (d) The expression of Sox9, 
Aggr, and Col II after 4 weeks of chondrogenic induction, analysed by real-time RT-PCR. The relative ratio of each 
gene was normalised to that in the pristine CS-derived spheroids. The induction medium was refreshed every 3 days. 
* refers to p < 0.05 among the indicated groups; ** refers to p < 0.01 among the indicated groups. The MSCs in the 
study were derived from human placenta.
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the structure of the spheroids, where the spheroids were 
disintegrated and attached to the scaffold surface with 
fibroblast-like morphology. This result also indicated that 
HA embedment did not help sustain the morphology of 
the spheroids. The loss of 3D structure occurred faster 
for CS derived spheroids vs. CS-HA derived spheroids. 
Although embedding spheroids in HA improved the cell 
seeding efficiency of SFF scaffolds, it did not influence 
the chondrogenic differentiation (identified by the GAG 
content per cell) in a longer term, probably due to the 
solubility and limited retention time of HA in the scaffolds. 
As expected, the conventional microporous scaffolds had 
very low seeding efficiency (<10 %) for MSC spheroids, 
either with or without HA embedment.

The chondrogenic differentiation potential of MSC 
spheroids in SFF scaffolds in vitro
The differentiation of MSC spheroids or single cells in 
PLGA or PLGA-CS scaffolds after chondrogenic induction 
for 4 weeks in vitro is shown in Fig. 7a. The expression 
levels of chondrogenesis representative genes including 
Sox9, Aggr, and Col II were significantly upregulated in 
MSCs grown in PLGA-CS SFF scaffolds compared to 
those grown on PLGA SFF scaffolds. In PLGA scaffolds, 

the expression of all three genes in either CS-HA or CS 
derived spheroids was significantly greater than that 
in single cells. CS-HA derived spheroids had slightly 
higher expression of Aggr and Col II genes than CS 
derived spheroids, but no significant difference in Sox9 
gene expression was observed between the two groups. 
In PLGA-CS scaffolds, the expression of all three genes 
was the highest in constructs loaded with CS-HA derived 
spheroids, followed by those with CS derived spheroids, 
and the lowest in those with single cells. On the other 
hand, Col X was significantly downregulated for MSCs 
grown in PLGA-CS SFF scaffolds compared to those 
grown in PLGA SFF scaffolds. In either type of scaffolds, 
the expression of Col X was lower for those loaded with 
spheroids and higher for those loaded with single cells.
 The biochemical analysis for the neocartilage formed 
in vitro is shown in Fig. 7b. The number of cells in PLGA 
scaffolds increased significantly and was higher than that 
in PLGA-CS scaffolds. In PLGA scaffolds, cell number 
for the single cell-seeded group was slightly higher than 
that of the MSC spheroid-seeded group; while the group 
seeded with CS derived spheroids and that seeded with 
CS-HA derived spheroids had no significant difference 
in cell number at 4 weeks. In PLGA-CS scaffolds, cell 

Fig. 4. The gene expression of BMP-2 and TGF-β3 for MSC spheroids and those after replating, analysed by real-time 
RT-PCR. (a) The expression for the pristine spheroids (CS derived) vs. single cells (TCPS). (b) The expression after 
replating on CS, TCPS, PLGA, or PLGA-CS membranes for 1, 2, 3 and 4 weeks, normalised to that of the pristine 
spheroids. Relative ratios larger than one indicate upregulation and those smaller than one indicate downregulation. 
* refers to p < 0.05.
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number was the highest for the group seeded with CS-
HA derived spheroids, followed by that with CS derived 
spheroids, and then that with single cells (p = 0.041 for 
CS-HA vs. CS derived spheroids; p = 0.0022 for CS-HA 
derived spheroids vs. single cells). GAG production from 
CS-HA derived spheroids seeded in PLGA-CS scaffolds 
(either on per scaffold or per cell basis) was larger than 
that from CS derived spheroids (p = 0.036), and was much 
larger than that from single cells. Whether in single cell- or 
spheroid-seeded groups, PLGA-CS scaffolds facilitated 
greater GAG production than PLGA scaffolds. Therefore, 
PLGA-CS scaffolds are good cell carriers, particularly for 
the spheroids.
 Histological analyses are shown in Fig. 7c. Safranin O 
staining revealed that the expression of GAGs for MSC 
spheroids cultured in PLGA or PLGA-CS scaffolds was 
more obvious than that for single cells. In PLGA scaffolds, 
there was no evident difference in GAG staining between 
the groups of CS derived spheroids and CS-HA derived 
spheroids. In PLGA-CS scaffolds, the GAG staining for 
CS-HA derived spheroids was more obvious than that for 

CS derived spheroids. Due to the better GAG production 
and greater potential in promoting neocartilage formation 
in vitro, PLGA-CS SFF scaffolds were used in all the 
following in vivo experiments.

Neotissue formation in mice
SFF scaffolds carrying MSC spheroids were subcutaneously 
implanted in NOD/SCID mice for 4 weeks (Fig. 8a). 
Results from biochemical analyses are shown in Fig. 8b-d. 
Cell number in the group receiving MSC spheroid-loaded 
PLGA-CS SFF scaffolds was significantly greater than that 
in single cell-loaded or no cell-loaded (SFF only) groups 
(p = 0.011 vs. single cell-loaded groups; p = 0.0089 vs. no 
cell-loaded groups). In addition, cell number was greater 
in the group of CS-HA derived spheroids vs. CS derived 
spheroids (p = 0.033). GAG production and type II collagen 
(either on per scaffold or per cell basis) were the largest in 
constructs loaded with CS-HA derived spheroids, followed 
by those loaded with CS derived spheroids, and finally 
those with single cells.

Fig. 5. The possible chemotactic effect of SDF-1 on MSC migration. MSC spheroids (CS-HA derived) replated on 
CS or PLGA-CS membranes, once keeping their spheroid morphology, remained to recruit more MSCs from the 
other side of the transwell. (a) The gene expression of SDF-1 for replated spheroids. (b) The number of recruited 
MSCs. * refers to p < 0.05 among the indicated groups; ** refers to p < 0.01 among the indicated groups. AMD3100 
is an inhibitor of chemokine SDF-1.
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 The histology after 4 weeks in mice is shown in Fig. 
8e. Cells were labelled with a red fluorescent dye (PKH26) 
prior to implantation. Results from Safranin O staining and 
type II collagen immunofluorescence staining revealed 
that MSC spheroids loaded in PLGA-CS SFF scaffolds 
expressed more GAG and type II collagen than the single 
cell-loaded group or the scaffold only group. This trend was 
confirmed by image analysis and statistical evaluation (Fig. 
8f and Fig. 8g). In the group of single cells, chondrogenesis 
occurred in the transplanted cells (i.e., co-localisation of 
dye-labelled cells with GAG/type II collagen positive 
cells). However, in spheroid-loaded groups, not only the 
loaded cells but some host cells underwent chondrogenic 
differentiation. Especially, CS-HA derived spheroids 

recruited a significant amount of host cells for neocartilage 
formation.

Cartilage regeneration in rabbit defects
SFF scaffolds carrying MSC spheroids were implanted 
in rabbits for one month (Fig. 9a). The cartilage defects 
receiving SFF scaffolds loaded with CS-HA derived 
spheroids were filled more completely with smooth white 
tissue compared with the single cell-seeded group. The 
reparative tissue was slightly different from that of the 
surrounding normal cartilage. The histological images are 
shown in Fig. 9b. H&E staining revealed more lacunae 
(cartilage-like tissue) in defects receiving SFF scaffolds 
with spheroids vs. those with single cells. The presence 

Fig. 6. Building the engineered constructs from MSC spheroids and SFF scaffolds. (a) A diagram showing the 
procedures for generating self-assembled MSC spheroids and for loading spheroids in SFF scaffolds. (b) The seeding 
efficiency of MSC spheroids in PLGA or PLGA-CS scaffolds at 1 day post seeding. (c) The morphology of MSC 
spheroids in PLGA or PLGA-CS scaffolds at 3 days post seeding. Cells were labelled with a red fluorescent cell 
tracker (PKH26). * refers to p < 0.05 among the indicated groups; ** refers to p < 0.01 among the indicated groups.
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Fig. 7. Chondrogenic differentiation capacities of MSC spheroids seeded in SFF scaffolds in vitro. (a) The 
chondrogenesis representative genes expression (Sox9, Aggr, Col II, and Col X) after chondrogenic induction for 4 
weeks. The ratio of gene expression was relative to that of the pristine single cells before seeding. (b) Cell number, 
GAG content, and the amount of GAG normalised to cell number for cells or spheroids in PLGA or PLGA-CS 
scaffolds after induction for 4 weeks. (c) The Safranin O stained histological sections after induction for 4 weeks. S: 
Scaffold; T: Tissue. * refers to p < 0.05 among the indicated groups; ** refers to p < 0.01 among the indicated groups.  
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of GAGs in defects implanted with spheroid-loaded 
SFF scaffolds was verified by the positive Safranin O 
staining. The group implanted with single cell-seeded SFF 
scaffolds was less obviously stained by Safranin O. This 
was confirmed by image analysis and statistical evaluation 
(Fig. 9c; p = 0.029). The cartilage defect created in the 
rabbit model was 3 mm deep, which was a full-thickness 
defect and in the close vicinity of the bone. There may be 
a possibility that during the surgery some underneath bone 
tissue was also affected, which caused the remodelling of 
bone in histology.

Discussion

3D spheroids of chondrocytes have been used to replace 
single cells in chondrocyte implantation to improve 
neocartilage formation (Lee et al., 2011, Teixeira et 
al., 2012). Recent in vitro work has suggested that 3D 
spheroids of MSCs may possess better differentiation 

capacity than single cells (Huang et al., 2011; Hsu et al., 
2012a). MSC spheroids thus have the potential to replace 
MSC single-cell suspension for use in tissue engineering. 
Designing a proper microenvironment for these spheroids 
is necessary before their clinical potential can be realised 
(Saha et al., 2007; Busscher et al., 2012). For instance, 
cellular spheroids are much larger in size. The conventional 
tissue engineering scaffolds may not accommodate the 
MSC spheroids efficiently. One possible solution is to 
use the SFF scaffolds with macroporosity (Kirn et al., 
2010). In the current study, the polymeric scaffolds with 
fully interconnected macroporous structure and controlled 
geometry were produced by the low-temperature LFDM 
process. The 3D cellular spheroids were successfully 
seeded in the SFF/LFDM scaffolds, but failed to keep the 
spheroid morphology. This was attributed to the general 
tendency of spheroids to spread on the cell-interacting 
material surface (e.g., PLGA or TCPS). Modification of 
the cell-contacting interface by chitosan could be easily 
achieved after plasma penetration into the open structure 

Fig. 8. Neocartilage formation ability in vivo. (a) Illustration for the subcutaneous implantation of the MSC spheroid/
SFF scaffold combined constructs in NOD/SCID mice. Analytical results for the (b) cell number, (c) GAG contents, 
and (d) type II collagen contents for MSC single cell-seeded or spheroid-loaded constructs implanted in NOD/SCID 
mice for 4 weeks. (e) The Safranin O and type II collagen-immunostained sections for MSC single cell-seeded or 
spheroid-loaded constructs implanted in NOD/SCID mice for 4 weeks. The intensities of GAG and type II collagen 
staining quantified from images are shown as (f) and (g). The nuclei were stained by DAPI. Before animal implantation, 
the MSC spheroids were generated from the self-assembly of human placenta MSCs on CS or CS-HA membranes. 
MSCs were pre-labelled with the fluorescent cell tracker. The SFF scaffolds employed were the PLGA-CS scaffolds. 
* refers to p < 0.05; ** refers to p < 0.01.
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(Hsu et al., 2012b). The SFF/LFDM scaffolds modified by 
chitosan effectively preserved the spheroid morphology. 
For the first time, scaffolds that not only accommodate 
the MSC spheroids but offer a microenvironment for 
maintaining the spheroid morphology are conveniently 
produced. Such design is illustrated in Fig. 10.
 Substrate-derived MSC spheroids in this study 
demonstrated an increase in cell-cell interaction vs. MSC 
single cells, through N-cadherin upregulation. It was 

thus reasonable to assume that a spheroid-sustaining 
microenvironment should be able to maintain the N-cadherin 
expression appropriately. Unlike MSC spheroids from 
suspension culture that only demonstrated a slightly higher 
level of TGF-β3 mRNA expression vs. monolayer (Yoon et 
al., 2012), our substrate-derived MSC spheroids showed 
a significant increase in TGF-b3 and BMP-2 expression. 
Both N-cadherin and TGF-b3 upregulation have been 
associated with enhanced chondrogenesis (Goldring et al., 

Fig. 9. Rabbit knee articular cartilage regeneration. Spheroids were generated from self-assembly of rabbit adipose-
derived adult stem cells on CS-HA membranes. (a) Illustration for the implantation of the MSC spheroid/SFF scaffold 
combined constructs in rabbit knee joints. (b) Histological mages based on the typical H&E and Safranin O stained 
sections from the regenerated cartilage in the chondral defects implanted with single cell-seeded or spheroid-loaded 
PLGA-CS SFF scaffolds after one month. (c) The intensity of GAG staining quantified from the images. * refers 
to p < 0.05.

Fig. 10. New perspectives of materials design, i.e., macroporosity and spheroid-sustaining material interface, for 
fabrication of the next-generation tissue engineered constructs to meet the emerging trend of 3D cell culture.
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2006). The necessity to preserve the spheroid morphology 
for enduring the beneficial effect of 3D spheroids, however, 
has not been reported so far. Such necessity was first 
verified by examining the interaction between PLGA, a 
common tissue engineering polymer, and MSC spheroids 
in this study. When spheroids became spread cells after 
replating on PLGA, the beneficial effect on chondrogenic 
differentiation was quickly lost. Likewise, the maintenance 
of spheroid morphology within a scaffold was critical to 
the chondrogenic gene expression and GAG production in 
the scaffold. Since cadherins and cytokines are important 
regulators for stem cell biology, we expect that sustaining 
the 3D morphology would be crucial for the therapeutic 
effect of cellular spheroids in general.
 Two types of MSC spheroids were tested in this study, 
i.e., CS derived and CS-HA derived spheroids. Both were 
found to promote the chondrogenic differentiation of MSCs 
in vitro and in vivo. CS-HA derived spheroids showed 
better chondrogenesis than CS derived spheroids. It has 
been shown that the properties of substrate-derived MSC 
spheroids were substrate-dependent (Yeh et al., 2012). 
CS-HA derived MSC spheroids had greater N-cadherin 
expression and better spheroid morphology than CS 
derived MSC spheroids, which may account for the better 
chondrogenic effect presented by CS-HA derived MSC 
spheroids. Moreover, MSC single cells, CS derived MSC 
spheroids, and CS-HA derived MSC spheroids each 
produced ~28, ~82 and ~134 µg of GAGs per PLGA-CS 
scaffold. The regeneration capacity of MSC spheroids is 
superior to primary porcine chondrocytes in PLGA SFF 
scaffolds (producing ~90 µg of GAGs per same-size 
scaffold after 4 weeks in vitro (Yen et al., 2009)).
 Although MSC spheroids generated by the other 
methods such as hanging drops, suspension, or non-
adherent surface were also reported to possess beneficial 
properties over single cells, the translation of in vitro 
results to the in vivo environment may be quite challenging 
because these spheroids tend to spread immediately when 
no longer residing within the original microenvironment 
or when in contact with another material surface (Bartosh 
et al., 2010). This may explain why investigations on 
3D MSC spheroids were mainly focused on the in vitro 
properties, not on the successful implementation to 
animal models. In spite of the rather limited works in 
vivo, MSC spheroids generated by suspension culture 
were reported to promote vascularisation in mice when 
directly injected in ischemic hind limb (Bhang et al., 2012). 
Transplantation of MSC spheroids with Matrigel was 
found to be more effective in regenerating the nude mice 
injured sciatic nerves than single cells (Lee et al., 2012). 
In the current study, we observed that the self-assembled 
MSC spheroids kept their morphology in scaffolds only 
when the scaffolds were surface-modified by chitosan. 
We believed that delivering the microenvironment that 
sustained the spheroids, along with the spheroids, could 
be better translated. Indeed, our in vivo results showed 
that MSC spheroids in PLGA-CS SFF scaffolds formed 
more neocartilage in NOD/SCID mice than single cells in 
the same scaffolds. Parallel to our in vitro results, CS-HA 
derived spheroids were more effective than CS derived 
spheroids in producing the cartilage-associated ECM in 

vivo (GAGs >250 µg per scaffold), which corroborates 
the translatability of our design. In addition, we found 
that MSC spheroids seemed to recruit more host cells for 
neotissue formation than MSC single cells did. The in vitro 
chemotactic assay also demonstrated that MSC spheroids 
recruited more cells, but the extra recruiting ability was 
abolished in the presence the SDF-1 inhibitor. Therefore, 
SDF-1 may be a key factor for the host cell recruitment 
by MSC spheroids observed in NOD/SCID mice.
 The better regeneration capacity of MSC spheroids vs. 
single cells in SFF scaffolds was further confirmed in rabbit 
knee joint implantation. It has been recently shown that 
transplantation of MSC aggregates generated by hanging 
drops may help regenerate cartilage in rabbit knee but only 
at low density. At higher densities, these spheroids failed 
to regenerate cartilage because of cell death and nutrient 
deprivation (Suzuki et al., 2012). Scaffolds play a critical 
role in hyaline cartilage regeneration by improving the 
survival of transplanted cells (Moutos et al., 2007; Tran 
et al., 2010). SFF scaffolds are considered better than 
the conventional scaffolds because of their good mass 
transport properties (Hollister, 2005; Kim et al., 2012). 

SDF-1 impregnated in an alginate gel (Sukegawa et al., 
2012) or a collagen (Zhang et al., 2013) scaffold was 
reported to enhance hyaline cartilage regeneration. We 
therefore suggest that the advantages on mass transport 
(cell survival) and SDF-1 release (cell recruitment) of the 
better preserved 3D cellular spheroids may be responsible 
for the outstanding cartilage regeneration in vivo by the 
novel scaffold/spheroid combination in this study.
 SFF belongs to computer-aided 3D printing technology 
that can produce customised scaffolds. MSCs may be 
obtained from the adipose tissue of the patients and form 
spheroids easily. The combination of MSC spheroids and 
scaffolds may recruit host cells to participate in tissue 
regeneration. Such a design may reduce the amount of 
MSCs required for tissue regeneration and minimise in 
vitro manipulation of cells, which increase the possibility 
to be translated into clinics. On the other hand, the HA 
solution employed for cell seeding in this study was not 
cross-linked and may be lost during long term culture or 
animal studies. This was designed in order not to interfere 
with the results. It is likely that the MSC spheroids may 
be better preserved and more functional in HA-based 
hydrogel (slightly cross-linked) or other materials, which 
may be a future direction of improvement. Finally, despite 
the promising results from 1-month animal studies (rabbit 
joint), data were limited because the quantification was 
performed through image analysis on histological staining. 
Long-term results and biochemical analyses are necessary 
to validate the success of this approach.

Conclusions

We have successfully created a robust delivery carrier with 
a designed microenvironment for keeping MSC spheroids 
functional in long term for cartilage tissue engineering. The 
maintenance of spheroid morphology by proper interfacial 
materials (such as chitosan) is highly associated with the 
functions of cellular spheroids in vitro and in vivo. The 
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well-kept spheroids express more adhesion molecules, 
cytokines, and have greater differentiation capacities in 
vitro. The approach is translatable in NOD/SCID mice 
and in a rabbit chondral defect model. Additionally, 
the MSC spheroids may recruit host cells to participate 
in tissue regeneration in vivo. This work reveals two 
new perspectives of design, i.e., macroporosity and 
spheroid-sustaining material interface, for reproducing the 
microenvironment in a next-generation tissue-engineering 
scaffold to meet the emerging trend of 3D multicellular 
culture.
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Discussion with Reviewers

M. Fisher: What do you consider optimal in vitro 
cultivation times prior to in vivo joint implantation?
Authors: We only performed in vitro culture (without 
TGF-β3) for 3 days. This period was intended for spheroids 
to adapt to the scaffolds. Since no TFG-β3 was used, the 
constructs were implanted in vivo at 3 days to keep the 
maximal viability and stemness of the spheroids.

M. Fisher: Please discuss a potential step from bench to 
bedside!
Authors: Fabrication of SFF scaffolds can be customised 
based on the shape and size of the patient’s defect. Cells 
may be obtained from a cell bank (placenta-derived stem 
cells with low immune response) or isolated from the 
patient’s own adipose tissue. Spheroids may be generated in 
vitro, seeded in the customised SFF scaffold, pre-cultured 
without induction for a short period (about 3 days), and 
implanted into the patient’s defect for clinical cartilage 
repair.

G. Salzmann: Although the authors suggest a pure 
chondral defect is created in the rabbit model, there appears 
to be significant remodelling of the bone. How do the 
authors explain these results?
Authors: We were very careful during the surgery to avoid 
a drilling on the bone. However, due to the full depth and 
the close vicinity, there may be a possibility that some bone 
was also defected, which caused the remodelling.

Reviewer III: Control experiments with conventional 
microporous structures should be performed. Additionally, 
treatment with chitosan is a second important parameter 
characteristic. Its effect should also be evaluated in a 
control experiment. Please comment!
Authors: We have compared the seeding efficiency of 
PLGA microporous scaffolds and chitosan microporous 
scaffolds (pore size 100-300 µm). The seeding efficiency 
for single cells was above or approached 50 % (satisfactory). 
However, the efficiency for spheroids in either type of 
scaffolds was below 10 %.


