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Abstract

In regenerative medicine studies, cell seeding efficiency is not only optimized by changing the
chemistry of the biomaterials used as cell culture substrates, but also by altering scaffold geometry,
culture and seeding conditions. In this study, the importance of seeding parameters, such as initial
cell number, seeding volume, seeding concentration and seeding condition is shown. Human mesen-
chymal stem cells (hMSCs) were seeded into cylindrically shaped 4 × 3 mm polymeric scaffolds,
fabricated by fused deposition modelling. The initial cell number ranged from 5 × 104 to 8 × 105 cells,
in volumes varying from 50 μl to 400 μl. To study the effect of seeding conditions, a dynamic system,
by means of an agitation plate, was compared with static culture for both scaffolds placed in a well
plate or in a confined agarose moulded well. Cell seeding efficiency decreased when seeded with high
initial cell numbers, whereas 2 × 105 cells seemed to be an optimal initial cell number in the scaffolds
used here. The influence of seeding volume was shown to be dependent on the initial cell number
used. By optimizing seeding parameters for each specific culture system, a more efficient use of donor
cells can be achieved. Copyright © 2013 John Wiley & Sons, Ltd.
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1. Introduction

Tissue engineering aims at applying the principles of biol-
ogy and engineering to develop functional substitutes to
replace damaged or lost tissue (Langer and Vacanti 1993).
A typical tissue engineering approach consists of combining
autologous cells with a synthetic or biological material,
which provides a mechanically stable environment to
culture a substitute graft in vitro before implantation. Many
researchers have already managed to control chemical,
mechanical and physical properties of these biomaterials

by various fabrication methods. One biomaterial and
method showing high potential in tissue engineering appli-
cations is poly(ethylene oxide terephthalate)/poly(butylene
terephthalate) (PEOT/PBT) copolymer scaffolds processed
by fused deposition modelling (Malda et al., 2005; Moroni
et al., 2006;Woodfield et al., 2004, 2009). PEOT/PBTcopol-
ymers have been extensively studied and proved to be
biocompatible both in vitro and in vivo (Bakker et al., 1988;
Beumer et al., 1994a,1994b). These biomaterials have
reached clinical applications (PolyActive™) as dermal
substitutes (Mensik et al., 2002) and bone fillers
(Meijer et al., 1996; Du et al., 2002). More recently,
rapid prototyped scaffolds from PEOT/PBT copolymers
have been investigated for bone and cartilage regener-
ation therapies and showed potential to be translated
into tissue-engineered clinical treatments (Woodfield
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et al., 2004; Moroni et al., 2007; Jansen et al., 2009;
Nandakumar et al., 2013). Although the in vitro and in vivo
results with these scaffolds were promising, in most cases
mature differentiated cells were used. These cell types tend
to lose their phenotype upon expansion by de-differentiation,
resulting in a decreased functionality of the cells, which
lowers their potential to secrete functional natural tissue
within the scaffold.

To overcome this problem, the use of multipotent cell
types from autologous source is seen to be promising. One
of the cell types that show high potential in this approach
are adult progenitor cells from bone marrow stroma,
often referred to as mesenchymal stem cells or stromal
cells (MSCs). These are a heterogeneous population of
plastic-adherent, fibroblast-like cells, from which the pro-
genitor cells in culture are able to self-renew and differenti-
ate into multiple lineages (Mackay et al., 1998; Pittenger
et al., 1999). Recent studies showed that combining human
MSCs and biomaterials with controlled properties, or by
adding certain growth factors, differentiation towards
chondrogenic (Hu et al., 2009; Abrahamsson et al., 2010),
osteogenic (Jaiswal et al., 1997; Nguyen et al., 2012),
myogenic (Tian et al., 2010), adipogenic (Li et al., 2005;
Lee et al., 2006), endothelial (Janeczek Portalska et al.,
2012), and neurogenic (Shakhbazau et al., 2011) lineages
can be achieved. The distribution and adherence of cells
in scaffolds plays a crucial role in the efficiency of tissue
engineering approaches. To achieve proper cell penetration
into a porous scaffold, the formation of large cell aggregates
should be prevented. Unfortunately, even in the absence of
cell aggregate formation, cell penetration and thus a
homogeneous spatial distribution of cells throughout the
scaffold is often limited.

Another challenge is that the availability of autologous
donor cells and their expansion capacity without loss of
functionality is limited (Sekiya et al., 2002). For human
MSCs expanded on tissue culture-treated polystyrene, the
influence of passage number on the multipotency is well
studied. For three-dimensional (3D) culture systems, the
relation between cell density, metabolism and growth
kinetics are well-determined, but less is known about the
maintenance of differentiation capacity upon expansion
(Schop et al., 2010). We assume that trends found in
two-dimensions (2D) with respect to the correlation
between plating density and differentiation potential
can also be translated to some 3D carriers. This is because
some 3D scaffolds could, on the cellular level, still be
considered as 2D when their characteristic dimension
(e.g. fibre diameter, strut thickness) is typically an order
of magnitude larger than cell dimensions. To ensure that
cells retain multipotency, the expansion culture time and
passage number should be as low as possible. Therefore,
it is of vital importance to reduce the loss of cells during
seeding on the scaffold and in vitro culture (Alvarez-
Barreto et al., 2007).

Optimization of cell seeding procedures for various
tissue engineering approaches is well studied. Cell seeding
efficiency (CSE) of mouse-derived mesenchymal cells was
compared on several types of scaffolds using dynamic

culture systems, where differences in CSE seemed to be
dependent on the chemistry of the carrier material (Griffon
et al., 2011; Papadimitropoulos et al., 2011). In recent stud-
ies, CSE was not only optimized by changing chemistry; it
can also be dependent on scaffold geometry, and on
culture (Schop et al., 2010) and seeding conditions
(Solchaga et al., 2006; Alvarez-Barreto et al., 2007; Grayson
et al., 2008), which was shown for human MSCs (hMSCs)
and osteoblast precursor (MC3T3) cells. In a study of Wang
et al. (2009), hMSCs derived from umbilical cord were
seeded at various densities on non-woven polyglycolic acid
meshes and cultured in an orbital shaker for fibrocartilage
tissue engineering. Within the first week of culture, higher
seeding densities did not lead to higher CSE, but did result
in significantly higher cell numbers after 4 weeks of culture.
Wendt et al. (2003) and Grayson et al. (2008) reported an
increase in CSE as well as a more homogeneous cellular
distribution after seeding in a perfusion bioreactor. The
scaffolds used were non-woven meshes and ceramic disks,
and decellularized bone tissue, respectively, which are very
distinct architectures compared with regular 3D fused
deposition modelled scaffolds (Wendt et al., 2003; Grayson
et al., 2008). Previous studies from our group have shown
that spinner flasks are a simple solution to dynamically seed
cells homogeneously throughout 3D fused deposition
modelled PEOT/PBTscaffolds. However, these studies were
performed with bovine and human chondrocytes, which
are much more broadly available than hMSCs. Therefore,
cell loss did not cause concern and was compensated for
by high seeding densities of 3 × 106 cells per scaffold
(Woodfield et al., 2004).

Despite these efforts, there are no studies reporting on
the influence of basic seeding parameters on seeding
efficiency of hMSCs when seeded on 3D fused deposition
modelled scaffolds of synthetic polymers. The present
study shows the importance of optimizing seeding
parameters, such as cell number and seeding volume,
and methods, such as dynamic vs. static seeding, to
reduce cell loss during seeding. This will ultimately result
in more efficient protocols for stem cell-based regenera-
tive medicine applications combining a clinically relevant
cell source such as hMSCs with 3D scaffolds, which have
shown promising results because of their versatility in
structural and architectural customization (Cipitria et al.,
2012; Reichert et al., 2012). Optimization and control of
these seeding parameters will lead to an improvement of
good manufacturing practice production, and thereby
enable the culture of clinically relevant implants.

2. Materials and methods

2.1. Isolation of human bone marrow derived
stromal cells

Bone marrow aspirates were obtained from patients who
had given written informed consent. The hMSCs, referred
to as donor 1, 2 and 3, were isolated and proliferated as
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described previously (de Bruijn et al., 1999) unless stated oth-
erwise. Briefly, aspirates from three donors (1, male age 73
years; 2, female age 77 years; and 3, female age 55 years;)
were resuspended using a 20-gauge needle, plated at a
density of 5 × 105 cells/cm2 and cultured in proliferation
medium, which contains minimal essential medium (alpha-
MEM; Life Technologies, Gaithersburg, MD, USA), 10%
heat-inactivated fetal bovine serum (FBS; Lonza, Breda, the
Netherlands), 0.2 mM L-ascorbic acid 2-phosphate
magnesium salt (ASAP; Sigma Aldrich, Zwijndrecht, the
Netherlands), 2 mM L-glutamine (L-glut; Invitrogen,
Bleiswijk, the Netherlands), 100 U/ml penicillin (Life Tech-
nologies), 100 μg/ml streptomycin (Life Technologies) and
1 ng/ml basic fibroblast growth factor (bFGF; Instruchemie,
Delfzijl, the Netherlands). Cells were grown at 37°C in a hu-
midified atmosphere with 5% CO2. Medium was refreshed
twice per week and cells were used for further subculturing
or cryopreservation on reaching near-confluence.

As a control group representing a less heterogeneous
cell population, colony-picked hMSCs (male age 22 years)
were purchased from the Institute of Regenerative
Medicine (Temple, TX, USA) (DiGirolamo et al., 1999;
Phinney et al., 1999). Briefly, a bone marrow aspirate is
drawn and mononuclear cells are separated using density
centrifugation. The cells are plated to obtain adherent
human marrow stromal cells, which are harvested when
cells reach 60–80% confluence. These are considered
passage zero (P0) cells. These P0 cells are expanded,
harvested and frozen at passage 1 (P1) for distribution.

2.2. Scaffold fabrication

The PEOT/PBT block copolymer was obtained from
PolyVation BV (Groningen, the Netherlands). For this
study, a 300/55/45 PEOT/PBT composition with a weight
mass of 55 PEOT to 45 PBT was used, and a molecular
mass of 300 Da for the starting poly(ethylene glycol)
(PEG) segments used in the co-polymerization process.

The 3D regular grids were fabricated as described pre-
viously (Moroni et al., 2005) by fused deposition model-
ling with a bioscaffolder (SysENG, Salzgitter, Germany).
For CSE studies, grids were fabricated with a fibre diame-
ter of approximately 250 μm (d1), a fibre to fibre distance
(fibre spacing) of 800 μm (d2), and a layer thickness of
150 μm (d3). Cylindrical porous scaffolds (4 mm in
diameter by 3 mm in height) were punched out of the 3D
regular grids produced. The porosity of these scaffolds is
given by the following equation from a theoretical approach
(Landers et al., 2002):

p ¼ 1� π
4
� 1d2
d1

� 1d3
d1

This results in scaffolds with porosity of 62%,
corresponding to a total pore volume of approximately
23 μl per scaffold.

To investigate the effect of scaffolds porosity, scaffolds
were fabricated with changing parameters. The scaffold

‘standard’ refers to the scaffolds with the previous men-
tioned parameters. Scaffolds with ‘thin’ or ‘thick’ fibres re-
fer to changing d1 to 127 ± 65 μm and 264 ± 85 μm
resulting in porosities of 90% and 48%, respectively. Scaf-
folds with small fibre to fibre distance refer to changing d1
and d2 to 208 ± 16 μm and 650 ± 12 μm, respectively,
resulting in a porosity of 65%.

All scaffolds were sterilized in 70% ethanol two times for
30min each, washed in phosphate-buffered saline (PBS) first
for 5 min and then for other 30 min two times, and finally
incubated in culture medium overnight before cell culture.

2.3. Cell seeding and culture on scaffolds

To study CSE, the pre-wetted scaffolds were dried and
transferred to non-treated 48-well plates (Nunc, Sigma-Al-
drich, Zwijndrecht, the Netherlands). hMSCs (donors 1–3
at passage 3; donor 4 at passage 4), were harvested from
monolayer expansion by trypsinization, seeded in prolifera-
tionmedium on top of the scaffolds and resuspended gently
to fill all the pores of the scaffold. Small volumes up to 100
μl retained mostly inside the scaffolds’ pores and on top of
the scaffolds. Volumes greater than 100 μl resided around
the scaffolds on the bottom of the culture well. The number
of cells varied from 5× 104 to 8 × 105 cells and the seeding
volume was varied from 50 μl up to 400 μl for the different
experiments, thereby changing seeding concentration
from 1.25 × 105 to 8.3 × 106 cells/ml. After 1.5 h of
incubation in the given volume, the medium was filled
to 500 μl and culture was continued for a total of 24 h.
From these conditions, the influence of three parameters
on CSE can be determined. First, the influence of initial
cell number was investigated by seeding a range of cell
numbers in a specific volume. This was carried out for
different volumes to determine the optimal cell number
in a given volume to maximize CSE. Second, the influence
of initial cell number on CSE was determined by using a
fixed seeding concentration of 2 × 106 cell/ml. Finally,
the influence of seeding volume was investigated for
different initial cell numbers.

To assess the influence of well plate adherence on CSE,
agarose wells were prepared by casting 3% agarose
(UltraPure©; Invitrogen) on a mould with a cylindrical
pillar with a diameter of 8 mm and a height of 3 mm in
a six-well plate (Figure 1). After the agarose gel was
solidified for 30 min at 5°C, the mould was carefully
removed from the gel, and a cylinder with an 8 mm-well
in the middle was punched out of the gel and transferred
to a 12-well plate. Scaffolds were placed in the
confined agarose well or in a non-treated 12-well plate
(negative control). Two hundred thousand (2 × 105)
hMSCs (donor 3, passage 3), were seeded in quintuplicate
in 50 μl of proliferation medium on top of the scaffolds
and resuspended gently to fill all the pores of the scaffold.
After 1.5 hour the medium was filled up to 500 μl and
culture was continued for 24 hours.

As a second group, scaffolds were placed in an agarose
coated 96-well plate and on non-treated tissue culture
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polystyrene (PS) 96-well plate (negative control). Two
hundred thousand (2 × 105) hMSCs (donor 2, passage
3), were seeded in octuplicate in 50 μl of proliferation me-
dium on top of the scaffolds and resuspended gently to fill
all the pores of the scaffold. After 1.5 h the medium was
filled up to 500 μl and culture was also continued for 24 h.

As a third group, scaffolds were placed in a 12-well plate
and seeded as described for the first group, but in this case
in 400 μl instead of 50 μl of proliferation medium. After 1.5
h the medium was filled up to 500 μl and culture was con-
tinued for 24 h. All the seeded scaffolds from the three
groups were placed at 37°C in a humidified atmosphere
with 5% CO2 and cultured either on an x–y rotating agita-
tion plate (20 r.p.m.) or statically on a shelf in an incubator.

2.4. CSE by DNA assay

After culture, all scaffolds were washed gently in PBS, dried
by aspirating the PBS, cut in pieces and stored at�80°C for at
least 24 h. After thawing, the constructs were digested for
16 h at 56°C with 1 mg/ml proteinase K (Sigma-Aldrich,
Zwijndrecht, theNetherlands) inTris/ethylenediaminetetraacetic
acid (EDTA) buffer (pH 7.6). This solution contained 18.5 μg/
ml iodoacetamine (Sigma Aldrich) and 1 μg/ml Pepstatin A
(Sigma Aldrich). Quantification of total DNAwas done using
the CyQuant DNA assay (Molecular Probes, Bleiswijk, the
Netherlands) and a spectrophotometer (excitation 480 nm,
emission 520 nm) (Victor 3; Perkin Elmer, Waltham,
Massachussetts, USA). CSE is given by DNAscaffold/DNAinitial

× 100%, where the DNAinitial is calculated by the initial num-
ber of cells seeded × 7.7 pg DNA/cell (Riesle et al., 1998).

2.5. Cell loss by DNA assay

hMSCs (donor 4) were seeded with a concentration of 2
× 106 cells/ml on standard scaffolds for different initial
cell numbers. After 24 h and after 7 days of culture the

media was collected from the wells and stored in �80°C
for quantification of DNA. The scaffolds were washed
gently with PBS, transferred to Eppendorf tubes and
stored for further processing. The well-plate was also
stored for DNA analysis. The DNA content in the scaf-
folds, media and wells was determined as described ear-
lier. Briefly, the tubes containing the media from the
scaffolds were centrifuged at 11000 g to pellet the protein
content. The supernatant was removed and 125 μl of Pro-
teinase K solution was added to incubate at 56°C for ap-
proximately 16 h. The wells were also incubated with
125 μl of PROTEINASE K solution and after incubation
the lysates of the media samples and the wells were
pooled per sample. Quantification of total DNA was done
using the CyQuant DNA assay (Molecular Probes) and a
spectrophotometer (excitation 480 nm, emission 520
nm) (Victor 3; Perkin Elmer).

2.6. Methylene blue staining

The scaffolds were washed gently with PBS and fixed in 10%
formalin for 30 min. Then the samples were washed with
water and stained for 30 s using a 1% methylene blue solu-
tion in 0.1 M borax buffer (pH = 8.5). Scaffolds were subse-
quently washed with demineralized (DI) water until the
water was clear. The scaffolds were imaged with a Nikon
SMZ800 stereomicroscope equippedwith a QImaginge Retiga
1300 camera (Nikon Instruments, Melville, New York, USA).

2.7. Scanning electron microscopy

The scaffolds were dehydrated after methylene blue
staining by the use of an ethanol gradient series of 60%,
70%, 80%, 90%, 96% and 100% v/v ethanol in DI-water.
The scaffolds were further processed by critical point dry-
ing from liquid carbon dioxide using a Balzers CPD 030
critical point dryer (Bal-tec AG, Balzers, Switzerland).

Figure 1. Schematic overview of experimental set-up to compare cell seeding efficiency on scaffolds in confined agarose wells and on
scaffolds in a polystyrene well-plate. The influence of agitation during the first 24 hours of culture was also compared with static cul-
ture. hMSC, human mesenchymal stem cell
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The dried samples were gold sputter coated (Cressington,
Watford, UK) and imaged with scanning electron micros-
copy (SEM) with a Philips XL 30 ESEM-FEG (Philips,
Eindhoven, the Netherlands).

2.8. Statistical analysis

The CSE data was compared using a one-way ANOVA

followed by a Tukey’s post hoc test; p < 0.05 was
considered statistically significant. All data were
expressed as mean with standard deviation as error
bar. Data were compared between volumes with equal
cell number, between cell numbers with equal volume
and between various cell numbers with a constant
seeding density for four donors in triplicate or sextupli-
cate. For the seeding method studies, the data from
agarose wells were compared with the data from non-
treated PS wells and dynamic seeding was compared
with static seeding for two donors in quintuplicate
and octuplicate, respectively.

3. Results

3.1. CSE vs. initial cell number per seeding
volume

Figure 2 shows the results of CSE, from three hMSC donors
separately and as an average. The initial seeding of 2 × 105

cells per scaffold showed the highest efficiency in all
volumes. The absolute number of adhered cells increased
with increasing the initial number of cells. However, the loss
of non-adhered cells also increased. Therefore, the high ini-
tial cell numbers of 4 × 105 and 8 × 105 cells showed a
slightly lower CSE than 2 × 105 cells. Lower initial
cell number also showed slightly lower efficiencies
compared with 2 × 105 cells.

3.2. CSE vs. initial cell number in fixed seeding
concentration

As can be seen in Figure 3, the highest CSE for all
donors was found when initially 1 × 105 or 2 × 105

cells were seeded. When the initial cell number was
increased the CSE decreased, even though the
concentration of the cell suspension was kept similar.
Donor 3 showed a slight increased seeding efficiency
for 8 × 105 cells with respect to 4 × 105 or 6 × 105

cells. Donor 4, which represents a less heterogeneous
cell population than the other three donors, showed
similar trends. However, lower variations were found
between the replicates. For donor 4 the number of cells
after 7 days of culture was also determined. The
number of cells on the scaffold did not change
significantly. However, the number of cells detected
outside the scaffold by quantification of DNA in the
culture medium and the well-plate bottom was higher

after 7 days compared with 24 h (see the Supporting
Information, Figure S3).

3.3. CSE vs. seeding volume per initial cell
number

In Figure 4 a change in trends with respect to initial
seeded cell number was observed. At low cell number,
large volumes showed lower efficiencies. Conversely, at
high cell numbers, large volumes showed a slight
increase in CSE. At high cell numbers (4 × 105 and
8 × 105 cells) seeded in 50 μl, cell suspension nearly
dried out after 1.5 h of incubation. Changes in CSE
were in most conditions not significant because of the
high donor-to-donor experimental variability.

3.4. CSE on scaffolds with various designs

Figure 5 shows the DNA quantification results for
hMSCs on scaffolds with different designs. All scaffolds
had the same outer dimensions but were altered with
respect to fibre thickness or fibre to fibre distance,
resulting in changing porosities and pore sizes.
Standard scaffolds were composed with a fibre diame-
ter (d1) of 248 ± 12.8 μm, a fibre to fibre distance
(d2) of 800 ± 11.8 μm and a layer thickness of 159
± 35.3 μm (d3) resulting in a porosity of 62%. Scaf-
folds with ‘thin’ fibres had a d1 of 127 ± 65.9 μm, a
d2 of 800 ± 14.3 μm and a d3 of 154.2 ± 27.9 μm,
resulting in a porosity of 90%. Scaffolds with ‘thick’
fibres had a d1 of 285 ± 21.8 μm, a d2 of 800 ± 25
μm and a d3 of 151.8 ± 24.2 μm, resulting in a poros-
ity of 48%. Scaffolds with a smaller d2 of 650 ± 12
μm, had a d1 of 207.7 ± 16.6 μm and a d3 of 148.5
± 17.9 μm resulting in a porosity of 65%.

The scaffolds were seeded with 2 × 105 hMSCs from
donor 4 in 100 μl of medium. No differences were found
in CSE within this range of fibre and pore dimensions.

3.5. CSE in static versus agitation with scaffolds
on PS plate or in an agarose well

As can be seen from DNA analysis shown in Figure 6, a
significant increase was found in CSE when cells were
seeded on scaffolds placed in smaller, more confined
96-well plate wells compared with a 12-well plate well.
There were no significant differences between the
different conditions seeded in a 96-well plate.
However, seeding cells on a scaffold placed in
agarose wells (12-well plate) significantly decreased
CSE with respect to seeding on scaffolds placed on
non-treated PS. Agitation of seeded scaffolds placed
on a PS 12-well plate resulted in increased CSE
compared with seeded scaffolds placed on a PS 12-well
plate in static culture. Again, when using the smaller
and more confined 96-well plate this increase was not
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so apparent. An effect of seeding volume was found
upon agitation when 2 × 105 cells were seeded in
400 μl (Figure S1). In the case of static culture on PS
no difference in CSE was found between seeding in a

50 μl volume or in a 400 μl volume (shown in Figure 4).
However, when agitation was applied a small increase in
CSE was found in a 50 μl volume, whereas a small
decrease was observed for a 400 μl volume.

Figure 3. High cell seeding efficiency (CSE) is achieved for 200 000 cells when the concentration of the cell suspension is 2 × 106cells/ml
for the different cell numbers. At higher cell numbers the CSE decreased (n=6 for donor 2; n=3 for other donors). Error bar represents
the standard deviation

Figure 2. Percentage of initial cell number adhered after 24 h. The labels on the x-axis correspond to the initial cell numbers and the
cell seeding volumes used in the first 1.5 h of culture. The initial seeding of 2 × 105 cells per scaffold shows the highest seeding
efficiency. In absolute numbers, the higher initial cell numbers also show a higher amount of adhered cells; however, the loss of
non-adhered cells also increases. The lowest initial cell number shows lower efficiencies when the seeding volume is increased.
(n = 3 per donor. Error bar represents standard deviation. Statistical analysis on the average of three donors with *p < 0.05, **p
< 0.01). CSE, cell seeding efficiency
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3.6. Cell adherence and morphology
characterization

Figure 7 shows bright field microscopy images of scaffolds
seeded with 100 000, 400 000 and 800 000 cells in a fixed
concentration of 2 × 106 cells/ml. The cells resided in the
longitudinal pores of the scaffold and tended to form
aggregates in the pore volume. The SEM and methylene
blue-staining results for the same conditions confirmed a
spread cell morphology for those cells adhered on the
fibres of the scaffolds and the formation of cell aggregates
across the pores (Figure S2).

4. Discussion

The use of multipotent cell types from autologous source,
such as hMSCs, is perceived as promising in tissue
engineering approaches. A challenge to overcome is that
the availability of autologous donor cells and their
capacity for expansion without loss of functionality is
limited (Sekiya et al., 2002). Although several studies on
CSE have been reported, there are no other studies that
have assessed the influence of the seeding parameters
on CSE when combining hMSCs and 3D fused deposition
modelled polymeric scaffolds in tissue engineering
approaches.

In a study reported earlier (Chen et al., 2011b) no
influence of the initial cell number on CSE was found
when comparing a seeding density of 6 × 105 cells with
1.2 × 107 cells for both human periosteum-derived cells
(hPDC) and a human osteosarcoma cell line (SaOS-2)
on 3D fused deposition modelled titanium (Ti) scaffolds.
In contrast to those results, the present study shows that
in the case of hMSCs there are differences in CSE when
varying the initial cell number. Although in the study of
Chen et al. (2011b) human donor derived cells were used,
these cells were already differentiated and therefore
possibly possessed different cell adherence properties.
Moreover, cell adherence is known to be remarkably
different in different biomaterials, thus limiting the
comparative analysis between Ti and PEOT/PBT scaffolds.

Figure 4. Influence of initial seeding volume on the seeding efficiency per cell number. As it can be seen, there is a significance
influence of the seeding volume in the first 1.5 h at low initial cell numbers. For high cell numbers it was observed that when seeding
in only 50 μl the cell suspension tends to dry out. Average of three donors, n = 9; *p < 0.05, **p < 0.01. CSE, cell seeding efficiency

Figure 5. Cell seeding efficiency (CSE) seems not to be
dependent on the porosity of the 3D fused deposition modelled
scaffolds within the range of scaffold parameters used in this
study. Cells were seeded at a density of 200 000 cells in 100 μl
(donor 4, n = 3). P, porosity

Figure 6. Influence of agitation and confinement of the cell
suspension. When the scaffolds are seeded with 200 000 hMSCs in
a more confined environment such as in an agarose moulded well
this does not necessarily result in higher seeding efficiencies. In
contrast there is a drop in cell number. From light microscopy, it
was observed that the cells on agarose formed aggregates. It was
also observed that the hydrophilicity of the gel allows the cell
suspension to spread over the surface of thewell outside the scaffold
(n= 8 donor 2, n=5 donor 3; *p< 0.05, **p< 0.01, ***p< 0.001).
PS, polystyrene
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In the case of hMSCs, donor variability can be caused by
heterogeneity of the cell population and can result in
differences in cell adherence and in cell functionality.
Furthermore, the number of human MSCs that can be
isolated from a bone marrow aspirate is limited. Therefore,
it is of clinical importance and relevance to optimize the
CSE to obtain sufficient numbers of cells in the scaffolds to
be able to study cell functionality and to use the knowledge
gained to further improve stem cell-based regenerative
medicine therapies.

In the present study, the highest efficiency was found
with an initial cell number of 2 × 105 cells for all seeding
volumes analysed (Figure 2). A similar trend was found
in the study of Alvarez-Barreto et al. (2007),
where the seeding of a low number of MC3T3-E1 cells
(2.5 × 105cells) showed a higher CSE than the seeding
of a high number of cells (5 × 105 and 1 × 106cells). This
was shown for two scaffold architectures – fibrous
meshes and porous foams – with similar outer
dimensions and porosity but different pore shapes and
sizes. The lower CSE measured for high initial cell
numbers when compared with 2 × 105cells, in the study
reported here, could be caused by aggregation of the
cells, which is observed by microscopy (Figure 7 and
Figure S1) and has been reported before (Grayson et al.,
2008). These non-adhered aggregates could have been
lost during the washing step with PBS. Alternatively,
limited availability of scaffold surface area could
result in a decrease in CSE because of a plateau in
absolute cell number when reaching near-confluence
(Holy et al., 2000). The low CSE observed with low initial
cell numbers could be explained by the low density of the
cells in the suspension jeopardizing cell–cell contact.
Recent studies reported on a possible effect of
macromolecular crowding on cell culture. Here, cell
culture is mentioned as a typical example, where cells
anchored to a culture plate find themselves bathed in
an ocean of medium that is hardly representative of their
in vivomicroenvironment (Chen et al., 2011a). It can also
be observed that some conditions showed high variation
between the replicates. Seeding the cells for the
experiments in this study was carried out by one
experimenter, thus excluding variation in results from
handling. The high deviations could be possibly caused
by donor-to-donor variance, which may result from the
heterogeneity of each cell population during isolation.
Therefore, cells from a fourth donor, which were
colony-picked and known to represent a more

homogeneous population, were also included in this
study. Indeed, lower variations were observed between
replicates for this more homogeneous hMSC population.

To investigate whether the density of the cells or only
the absolute cell number of cells has an influence on
CSE, the concentration of the cell suspension was kept
constant (Figure 3). In this way, the nutrient availability
per cell and cell to cell distance was also constant. As
can be seen in Figure 3, the highest CSE was found when
initially 1 × 105 or 2 × 105 cells were seeded for all
donors. When the initial cell number was increased, the
CSE decreased. This could still be caused by the formation
of cell aggregates, as mentioned before, or by the limited
scaffold surface available with respect to the number of
seeded cells, leading to a decreased probability that one
cell finds unoccupied scaffold surface to adhere to. An
explanation for the decrease in CSE when increasing the
cell number could be that the seeding volume for this high
initial cell number was larger than for the lower cell
numbers, which results in a fraction of the cell suspension
flowing outside the scaffold. For one out of the four
donors analysed, an increase in CSE was found when
8 × 105 cells were seeded compared with 6 × 105 cells.
This singular case could be explained by the fact that
some of the aggregates that were formed stayed
entrapped within the scaffold. Chen et al. (2011b), also
reported a negative influence of larger seeding volume
on CSE. However, this was only reported for a low cell
number (60 000 cells). When comparing the results on
cell number in the scaffolds after 1 day and 7 days it can
be seen that the number of cells did not increase
significantly (Figure S3). The number of cells outside the
scaffolds showed an increase after 7 days of culture. This
could be caused by part of the cells populating the pores
without firmly attaching to the scaffolds. As the material
has shown good biocompatibility before, no severe cell
death was expected. The difference between the total
number of cells detected in the scaffold, medium and well
plate together compared with the initial seeded cell
number could result from cell loss during processing for
analysis. A number of cells could have been entrapped
within the scaffold but without adhering to the scaffold
within 24 h. After washing the scaffolds with PBS, these
cells could have been partly lost.

In Figure 4, a change in trends can be observed, where
at low cell number low seeding volumes showed the
highest efficiencies, whereas at high cell numbers higher
seeding volumes did not affect CSE. It was observed by

Figure 7. Bright fieldmicroscopy images of (a) 100 000, (b) 400 000 and (c) 800 000 humanmesenchymal stem cells (hMSCs) (donor 2)
in a fixed concentration of 2 × 106 cells/ml after 24 h of culture. Cells aggregate in the pores or form layers at the bottom of the scaffolds
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bright field microscopy that high initial cell numbers in
50 μl nearly dried out within 1.5 h of incubation.
Although this drying of the cell suspension could lead to
an increase in cell death, it does not seem to explain the
low CSE for these high cell numbers, as at higher seeding
volumes similar low cell numbers were detected after 24 h
of culture. This shows that the optimal cell seeding
volume is not only related to the pore volume and surface
area of the scaffold, but is also dependent on the initial
number of cells seeded.

To test if the porosity of the scaffold influences the
number of cells adhered three other scaffold designs were
introduced with changing fibre dimensions and fibre to
fibre distance, giving various porosities ranging from
48% to 90%. No influence was found on CSE within these
range of variations in scaffold design. Although it cannot
be excluded that significant differences could have been
found for scaffold designs with larger variations, efforts
in this study were focused on examining optimal CSE
conditions for scaffolds with porosities and pore sizes that
had already been shown to be promising for musculoskel-
etal tissue engineering applications (Yilgor et al., 2008;
Kemppainen and Hollister 2010; Sobral et al., 2011).

Another method that could improve CSE is by placing
the scaffolds in a confined environment. Agarose wells
have shown to be useful to culture cells within a defined
area and to prevent the cells from adhering to the bottom
of a culture plate (Rivron et al., 2009). To improve the
homogeneity of the cellular distribution throughout the
construct and therewith the CSE, gentle agitation could
be applied. To test if the use of these two methods results
in higher seeding efficiencies within the scaffolds, 2 × 105

cells were seeded in 50 μl or 400 μl volumes on scaffolds
with the same culture parameters as the ‘standard
scaffold’ in the previous experiments. Two different sized
culture wells were used. DNA quantification (Figure 6)
showed that the use of agarose as a non-adherent layer
did not significantly improve CSE for either a small well
from a 96-well plate coated with agarose or for a
confined moulded agarose well placed in a 12-well plate.
In the 12-well plate the use of an agarose well even
seemed to decrease the CSE. From light microscopy, it
could be seen that the cells in the agarose well started
to aggregate resulting in non-adhered cell clumps outside
the scaffold. It was observed that, directly upon seeding,
the cell suspension easily flowed outside the scaffold
and spread on the agarose gel completely covering the
bottom of the agarose well. This agarose well had a
diameter of 8 mm, whereas the scaffold was only 4 mm
in diameter, resulting in some cell aggregates being
separate from the scaffold. This spreading behaviour of
the cell suspension could be caused by the high hydrophi-
licity of the agarose well bottom and sidewalls, as this
behaviour was not observed on non-tissue culture treated
PS and was also not so apparent in an agarose-coated well
of a 96-well plate. In the case of smaller, confined wells,
the CSE was significantly higher than for scaffolds placed
in a 12-well plate. Although the two experiments with
different well-plates were carried out for different donors,

donor 3 showed higher CSE than donor 2 in previous
experiments. Therefore, it is fair to conclude that seeding
scaffolds in small, confined wells improves the CSE.

To improve both cell distribution and CSE, scaffolds
were placed on an x–y-agitation plate. A difference in
the effect of agitation on CSE was found when the seeding
volume was changed from 50 μl to 400 μl for scaffolds
placed in a PS 12-well plate. In the case of the 50 μl
volume a small increase in CSE was found upon agitation,
whereas seeding in a 400 μl volume resulted in a decrease
in CSE upon agitation. This could be caused by the fact
that 400 μl was a too high volume to fit into the pores of
the scaffold. Agitation promoted the flow of cells outside
the scaffold. When seeded in only 50 μl, the cell
suspension resided within the pores of the scaffold during
agitation.

Previous work has shown the beneficial effect of
perfusion or convection flow on cell attachment and
distribution (Alvarez-Barreto et al., 2007). In the present
study, the culture plate was only agitated in the x–y plane,
which caused less convection throughout the scaffold
than, for example, a spinner flask or a perfusion
bioreactor. It was observed that cells seeded on PS 12-well
plates without scaffolds formed aggregates in the centre
of the well when x–y-agitation was applied. Adherence
to the PS was lower upon agitation than when cells were
cultured statically. It may be that in the experiment with
the scaffolds placed in a 12-well plate, on both PS and
on agarose, lower cell numbers were found because of this
cell aggregation. Aggregates have shown to better retain
multipotency when culturing hMSCs (Baraniak and
McDevitt, 2012), but in this study the aggregates may
have been lost upon sample processing because of low
adherence to the scaffold (Figure 7 and Figure S2). Future
studies will further investigate the influence of convection
or perfusion culture on CSE and cell differentiation. In
summary, this study has shown that the optimal seeding
volume is dependent on the initial cell number seeded.
In absolute cell numbers, a higher initial seeded number
of cells (> 2 × 105 cells) results in most cases in a higher
number of cells adhered to the scaffold. However, a low
number of cells (1 × 105 and 2 × 105) generally resulted
in a higher CSE.

5. Conclusion

Seeding cells into a scaffold is a critical step in a tissue
engineering process. Here, optimizing seeding parameters
is shown to be valuable to reduce cell losses. Initial cell
numbers, seeding concentration, seeding volume and
seeding condition were varied over a broad range. CSE
decreased for the highest initial cell number owing to
aggregation, while the lowest initial cell number
also showed a decrease in CSE possibly owing to limited
cell–cell contact. The influence of seeding volume is
highly dependent on the initial cell number used. In the
case of seeding 5 × 104 cells, a small seeding volume of
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50 μl shows a significantly better CSE than seeding in 150
μl or 400 μl. For higher cell numbers, this effect of
seeding volume on CSE was not apparent. When the
concentration of the cell suspension is constant, the
available pore volume of the scaffold will also influence
the CSE. No difference was found in CSE for different
scaffold designs with different porosities or pore sizes,
which resulted in pore volumes ranging from 18 μl to
34 μl. However, when seeding volumes are greater than
the available pore volume, the cell suspension will flow
partly outside the scaffold, thereby resulting in a
higher cell loss. Agitation upon seeding did not
improve CSE when using human MSCs on this type of
scaffold. However, a significant increase in CSE was
found both upon static and agitation seeding when
scaffolds were place in a more confined smaller wells
of a 96-well plate compared with scaffolds placed in a
12-well plate. It can be concluded that by optimizing

the seeding parameters for each specific culture system,
a more efficient use of donor cells is achieved.
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Figure S1. Scanning Electron Microscopy and Stereo Microscopy on Fixated and stained samples. (A and D) 100.000
cells in 50 μL, (B and E) 400.000 cells in 200 μL (C and F) 800.000cells in 400 μL for donor 4 after seven days of
culture.(G) magnified view of cell morphology of 200.000 hMSCs in 100 μL after seven days of culture. All other cell
seeding volumes showed similar cell morphology. Scale bars A-C: 500 μm, D-F: 1 mm, G: 100 μm.
Figure S2. The influence of agitation on CSE for scaffolds seeded with 200.000 hMSCs in 400 μl. A significant de-
crease in CSE is found when cells are seeded on scaffolds placed in agarose wells. There was no difference found in
CSE when agitation was applied during 24 hours of cell culture.
Figure S3. DNA quantification after 1 and 7 days of culture on scaffolds and on culture media.
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