
P
os

te
d

on
A

u
th

or
ea

18
D

ec
20

19
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
57

6
68

19
8.

88
25

52
38

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

A newly developed technique for enhanced cell growth in 3D

scaffolds: Investigation of cell seeding and proliferation under static

and dynamic conditions

Konstantinos Theodoridis1, Elena Aggelidou1, Maria Eleni Manthou1, Kleoniki
Keklikoglou2, Antonios Tsimponis1, Efterpi Demiri1, Athina Bakopoulou1, Athanasios
Michailidis1, and Aristeidis Kritis1

1Aristotle University of Thessaloniki
2 Hellenic Centre for Marine Research

May 5, 2020

Abstract

Cell adhesion on 3D-scaffolds is a challenging task to succeed high cell densities and even cell distribution. We aimed to

design a static 3D-cell Culture Device which limits cell loss, facilitates circulation of fluids and can be used with any scaffold.

3D printing technology was used for both scaffold and device fabrication. Apart from testing the device, the purpose of this

study was to assess and compare static and dynamic methods and their effects on parameters such as cell seeding efficiency,

cell distribution and cell proliferation in different culture conditions. Human adipose tissue was harvested and cultured in

3D-printed polycaprolactone scaffolds. Half the scaffolds were dry and the rest of them were prewetted. Micro-CT scans

were performed and projection images were reconstructed into cross section images. We created 3D images to visualize cell

distribution and orientation inside the scaffolds. The group of prewetted scaffols was the most favorable to cell attachement.

The 3D-cell Culture Device (3D-CD) enhanced cell seeding efficiency in static culture, with almost no cell loss. We suggest that

the most favorable outcome can be produced with static seeding in the device for 24 hours, followed by proliferation either in

the same device or with dynamic culture.

Introduction

Regenerative medicine, a multidisciplinary field, aims to apply various biological and engineering principles
to regenerate tissues that will be used to overcome the limited availability of organ and tissue transplants
and/or to replace damaged or lost tissues in human clinical applications (Langer & Vacanti, 1993; Leferink
et al., 2016). For this purpose, a cell isolation method is used to extract patient’s own cells (autologous
cells), usually from a small biopsy, and then the cells are seeded on an engineered 3D matrix (scaffold).
The scaffolds, used as a cell carrier, have a predefined structure and are usually made from natural and/or
synthetic biomaterials (Dawson et al., 2008; Nair & Laurencin, 2007).

Cell seeding is the first critical step for a successful 3D cell culture and therefore for tissue formation
(G. Vunjak-Novakovic et al., 1998a). The optimal scaffold should support the tissue defect site in terms
of mechanical and physicochemical properties but should also provide the appropriate micro-environment
for cell growth and differentiation in vitro (Theodoridis et al., 2019). This micro-environment depends
on the porosity, the pore sizes and their interconnected network (Fahimipour et al., 2019). Furthermore,
the scaffold’s pore network must be permeable to oxygen and nutrient transport for cell proliferation and
differentiation capacity of MSCs (Lavrentieva et al., 2010; Merceron et al., 2010; Sheehy et al., 2012).
It is clear that cultivation into optimal oxygen concentration is another important factor that affects cell
expansion and differentiation.
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Cell adhesion on the engineered grafts is a very challenging task. High cell densities and even cell distri-
bution are very important, especially when a small biopsy or cells with low-proliferative capacity, such as
chondrocytes, are used (Weinand et al., 2009). This is the reason why so much effort is put to improve
cell seeding efficiency and distribution of cells. Various modifications on protocols have been suggested but
the most well-established cell seeding methods can be categorized in two major techniques: the static cell
seeding and the dynamic cell seeding. Due to its relative simplicity, the most common method is static cell
seeding, where cells within a minimum volume of nutrients are suspended either on one surface (Choong et
al., 2006; Hofmann et al., 2006; Rodina et al., 2016) or on both surfaces of the standing scaffold construct
(Theodoridis et al., 2019). It has also been described that the aliquot of cell suspension may be pipetted
up and down, for equal distribution inside the scaffold (Correia et al., 2012). Although static cell seeding
method is generally recognized as an effective method, many studies indicate low cell seeding efficiencies
(Fahimipour et al., 2019; Kim et al., 1998; Luo et al., 2013).

On the other hand, dynamic cell seeding has been reported to be a surplus on seeding efficiency and cell
distribution. The most commonly used dynamic seeding technique has been established by Vunjak-Novakovic
G. et al. and Freed L.E. et al. (Freed et al., 1998; G. Vunjak-Novakovic et al., 1998b). Cells are suspended
within spinner flasks. The scaffolds are usually stationary but a magnetic stirrer creates a turbulent flow
and suspended cells attach on the scaffolds by convection (Gordana Vunjak-Novakovic et al., 1996). Other
techniques of dynamic cell seeding include perfusion bioreactors, oscillating techniques (Alvarez-Barreto &
Sikavitsas, 2007; Weinand et al., 2009), or the use of custom-made devices, such as the U-cap bioreactor
system described by Wendt et al. (Wendt et al., 2003).

In this study we used scaffolds made of polycaprolactone (PCL), manufactured according to own previous
results suggesting the most favorable architecture to support cell attachment and proliferation. One of the
drawbacks we detected in previous work is the attachment of cells on the surface of the well plate under
the scaffold. Moreover, the dynamic culture, which is generally considered more favorable for the cells, has
a higher risk of contamination and many limitations, mainly due to its complexity (Wendt et al., 2003).
Considering the restrains, we aimed to design a static 3D-cell Culture Device (3D-CD) which limits cell loss
during culture, facilitates the circulation of fluids and nutrient supplies within it and can easily be used with
almost any kind of scaffold’s shape. Cell adhesion on engineered autologous grafts is a very challenging task
for cell growth and differentiation in vitro. The same 3D printing technology used in previous works for
scaffold fabrication was also recruited for the construction of our static 3D-cell Culture Device (3D-CD).
This device was designed to hold the scaffolds on air, so that all their surfaces are free and we tested whether
the requirements we set were fulfilled.

Apart from testing this new device, the purpose of this study was to assess and compare static and dynamic
methods and their effects on parameters such as cell seeding efficiency, cell distribution and cell proliferation
in different culture conditions. We wish to add new information in this wide field of investigation and suggest
the most favorable conditions for each and every studied parameter. The information will result in more
efficient protocols for stem cell based regenerative applications.

2. Materials and Methods

2.1 Prototype 3D-cell Culture Device fabrication

We created a device that can hold scaffolds on air. Our device was based on standard dimensions of a
6-well plate format (Greiner Bio-One, GmbH) and the design draft is shown in figure 1A. The device was
manufactured with a benchtop 3D-Printing machine PRUSA i3 (USA). Moreover, the Slice3r software was
used for the entire geometry and the ‘printing infill’ was set to solid. The material for this device was
polylactic acid (PLA, 3D4MAKERS, Netherlands) with a density of about 1.25 kg/cm3. After fabrication,
the device was sterilized by immersing it in ethanol for 20 minutes and thereafter exposed to UV irradiation
for 30 minutes. Thirty devices were required for this experiment.

2.2 Scaffold fabrication

2
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Scaffold fabrication was processed by Fused Deposition Modeling (FDM) method using a benchtop 3D-
Printing machine PRUSA i3 (USA). Cylindrical scaffolds, 10mm in diameter and 3mm in height, were
composed from 10 layers of material (300μm thickness each), interconnected with a 3D honeycomb structure
pattern and infill density of 60%, thus resulting to rectangular and hexagonal pores, ranging from 150-700μm
(average of[?] 425μm) on the final constructs. This layer pattern was chosen because in our previous work
it was shown to enhance cell colonization and infiltration (Theodoridis et al., 2019). Slice3r software was
used for creating this geometry pattern. Polycaprolactone (3D4MAKERS, Netherlands), with a molecular
weight of 50 kDa and a density of 1,145g/cm3, was used as a 3D filament with diameter of 1.75mm. The
printing temperature was set at 145ºC and the extrusion speed at 60mm/s. After fabrication, a total number
of 65 PCL scaffolds were immersed in a 4MNaOH bath, for approximately 20h at room temperature (RT),
to increase their surface hydrophilicity and clean their fibers.

2.3 Isolation, expansion and characterization of Adipose Derived Mesenchymal Stem Cells
(ADMSCs)

Human adipose tissue (˜ 70 ml) was harvested, from a lipoaspiration procedure, under Papageorgiou Hospital
Review Board approved protocols, 263-7/12/2016, and patient informed consent. Human adipose derived
stem cells (ADMSCs) were isolated, expanded and characterized in our cGMP facility. Cells were isolated
and expanded in MSC medium, consisting of a-MEM, 15% FBS 2mM Glutamine, 0.1mM L-ascorbic acid
phosphate, 100U/ml penicillin, 100mg/ml streptomycin. Isolated cells were characterized as Mesenchymal
Stem Cells by a Guava® easyCyte 8HT flow cytometer (Merck-Millipore, Darmstadt, Germany). Cells
expressed CD90 and CD73 (positive markers), whereas CD45 was used as a negative marker. Unstained cells
were used as a control to set the gates and analysis as described in our previous work

2.4 Scaffold groups & seeding of ADMSCs

2.4.1. Scaffolds wet and dry

Two different groups were separated after hydrophilization. Half of the scaffolds were air dried in the laminar
flow hood for 24hours (dry scaffolds), and the rest of them were further incubated with MSC medium for
24h in the incubator (wet scaffolds). We used four seeding techniques on dry scaffolds: 1) cell seeding only
on one surface, designated as “SD1S” (Fig.2.I.A), 2) cell seeding on both surfaces, designated as “SD2S”
(Fig.2.I.B), 3) one side cell seeding with the scaffold placed on our static 3D-cell Culture Device (3D-CD),
designated as “SD1S-on Air” (Fig. 2.I.C), 4) both sides seeding with the scaffold placed on our device,
designated as “SD2S-on Air” (Fig. 2.I.D). The wet scaffolds were treated accordingly and were designated:
“SW1S”, “SW2S”, “SW1S-on Air” and “SW2S-on Air”.

2.4.2. Static seeding

Both groups (wet and dry scaffolds) were transferred on 6-well plates. The two different seeding techniques
were applied and equal number of cells (1.5x105 cells) was seeded to all of the scaffolds. For the one-side
seeding technique, 20μl of MSC medium and the appropriate amount of cells were suspended on the top side
of the scaffolds (Fig. 2.I.A, C). Scaffolds were then incubated at 37@C, 5% CO2 humidified atmosphere for
2h to allow cell attachment on the scaffolds. 1.5 mL of MSC medium was added inside the wells.

For the double-side seeding technique, the same number of cells was seeded in two steps. First, half of the
cells (0.75x105 cells in 10μl MSC medium) were suspended on the top side of the scaffolds and were incubated
at 37@C, 5% CO2 humidified atmosphere for 60min. The rest of the suspension was seeded on the bottom
side of the scaffolds and the incubation continued for another 60min (Fig. 2.I.B, D). 1.5 mL of MSC medium
was then added to the wells.

2.4.3 Dynamic seeding

For the dynamic seeding we used spinner flasks onto magnetic stirrers (DWK Life Sciences, WHEATON-
Micro-Stir®). Briefly, the cap of each spinner flask was drilled with holes, in which we placed 24Gx90mm
needles (Spinal Needle, Polymed Belgium). The needles were used to hold the scaffolds, designated “Dynamic-
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Stirrers”. Two extra holes were made on each cap to ensure gas circulation, as shown in figure 2. II. Culture
medium, 70 mL, was added in each flask with the empty scaffolds and was left 24h inside the incubator.
After 24 hours, 20mL of this medium was removed, was then mixed with an amount of 1.5×105 cells/scaffold
and was finally resuspended inside the spinner flask with the scaffolds. In the meantime, the magnet within
the flask was rotating on 50rpm, creating a turbulent flow.

2.5 Cell proliferation in static and dynamic culture, under Normoxia and Hypoxia

The scaffold with the best performance 24 hours after seeding, ie SW2S-on Air, and the wet scaffold on the
dynamic stirrer, whose behavior we intended to investigate, were both chosen to procede with cell expansion.
Both techniques (static and dynamic) were evaluated for cell proliferation after 6 days, under two different
culture conditions, in normoxia (20% O2 and 5% CO2) and in hypoxia (5% O2 and 5% CO2).

In static culture we changed the nutrients every two days. In dynamic culture we removed half of the medium
on the 3rd day and replaced it with fresh one. The stirring settings remained the same for the 6-day culture
period.

2.6 Confocal Microscopy (Live/Dead Assay)

ADMSC seeded scaffolds, were evaluated for cell viability and colonization after 24h and 6 days respectively.
Viability/Cytotoxicity Assay Kit for Animal Live & Dead Cells was used (#3000, Biotium, CA, USA),
according to the manufacturer’s instructions. Samples were visualized by a confocal upright fluorescence
microscope (Nikon D-Eclipse 80i C1). For live/dead staining, ADMSCs/scaffold constructs were double
stained with calcein AM and ethidium homodimer, staining living and dead cells, respectively. After adding
both dyes, the constructs remained at RT in the dark for 30min and before visualization they were washed
with PBS. The constructs were captured as z-stack images using the EZ - C1 3.20 software.

2.7 Cell counting

For cell counting we used 3D Biotek’s protocol to detach cells from the scaffolds. We removed cell culture
media and rinsed the scaffolds two times with 1xPBS. We immersed scaffolds in Trypsin- EDTA (0.25 %)
enzyme solution and placed the cell culture plate onto an agitating shaker inside the incubator for 20 minutes
at 37ºC. After cells were detached, we added a-MEM growth media at a volume equal to the original enzyme
solution for neutralization. We then gently pipetted the cell suspension up and down ˜5X’s within the scaffold
in order to flush out the remaining cells from the scaffold. Finally, we centrifuged down the cells for 3 min
at 1,000rpm and resuspended them in 500μl PBS in order to count them via Guava® easyCyte 8 flow
cytometer. Correlated measurements of side-scattered light (SSC) and forward-scattered light (FSC) were
used for absolute cell counting. More specifically, a polygonal region was created on the FSC vs SSC plot
and the data acquired were analyzed automatically by InCyteTM software. Each stat was derived from the
polygon region that was set in order to separate cells from debris, as shown in figure 3.

2.8 Micro-Computed Tomography

2.8.1 Cell renderings and cell particles visualization

Micro-CT scans were performed at the Hellenic Centre for Marine Research (HCMR) using a Skyscan 1172
micro-tomograph (Bruker, Kontich, Belgium). This scanner uses a tungsten X-ray source which is equipped
with an 11MP CCD camera (4000 x 2672 pixel). All specimens were scanned at a voltage of 59KV and
167μΑ without filter for a full rotation of 360° at the highest camera resolution. Projection images were
reconstructed into cross section images using the SkyScan’s NRecon software (NRecon, Bruker, Kontich,
Belgium) which implements a modified Feldkamp’s back-projection algorithm. All scans were loaded into
the CTVox software (CTVox, Bruker, Kontich, Belgium) in order to graphically represent the proportion of
the area occupied by the cells inside the scaffold, and 3D rendered images of the scanned specimens were
created to visually represent the total orientation of the cells inside scaffolds (Fig. 6).

2.8.2 Image compilation and distribution analysis

4
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We divided each studied scaffold in 3 zones, a top, middle and a bottom. Approximately 500 slices (scans)
from each scaffold were taken with micro-CT, while the step/slice was set at a 6μm in Z direction. In total,
300 slices were analyzed and specifically 100 slices from each zone. These slices were analyzed for distribution
and agglomeration of the cells at two time points, after adhesion at 24h, and after proliferation at the 6th
day. The 2D slices of each data set were imported as an image sequence and then were stacked, using
Image J. All of these images were converted in 8-bit images and a common threshold area was applied for
all measurements, so that we can visualize only cells and cell clusters, avoiding the scaffold material. The
“3D OC option” settings were adjusted to account only the surfaces of the sections after the thresholding
procedure. Furthermore, the “3D Objects Counter” was set to a size filter appropriate for analyzing cells.
Every dataset of each scaffold was then scanned using the 3D object counter, which combined the 2D surfaces
in stack surfaces (Bolte & Cordelieres, 2006). All of the stacked surfaces were then merged to a composite
3D image, using the 3D projection tool with interpolation. Finally, we expressed the percentage of the total
area of the scaffold occupied by the cell population. In addition, we used the “Interactive 3D Surface Plot”
to better visualize the cell arrangement in 3D graphs, as a histogram (Fig. 7.A, B and Fig. 8.A, B).

2.9 Statistics

Results are presented as mean ± SD for n=3 biological replicates. One-way ANOVA was used to analyze
results of cells counting from flow cytometer in order to compare the cell adhesion of ADMSCs within
the scaffolds under different seeding techniques. Multiple comparisons between groups were performed with
Tukey’s post-hoc test, using Prism 6.0 Software (GraphPad, CA, USA). Differences between means were
considered statistically significant when *p-values<0.05.

3. Results

3.1 Scaffold porosity

Scaffold’s porosity was measured by two methods, the gravimetric method and the Image J method, to
calculate the porosity as described from other studies (Karageorgiou & Kaplan, 2005; Loh & Choong, 2013;
Martinez-Ramos et al., 2012; Theodoridis et al., 2019). The material density was calculated using the bulk
and the true density of the scaffold (n=3), according to the equations 1 and 2 below,

ρscaffold = mass
volume (1)

Total porosity, Pt = 1 − ρscaffold
ρmaterial

(2)

where ρscaffold = apparent density of the scaffold, and ρmaterial = density of the material. The outcomes are
presented in Table 1 as mean ±SD for three independent measurements.

3.2 Evaluation of cell viability – Confocal Microscopy

The primary objective of the study was to determine the most advantageous methods for seeding efficiency
of ADMSCs (cell adhesion) to a 3D scaffold. For this purpose, we used a 3D honeycomb pattern and tested
eight different methods for static seeding and one method with dynamic seeding. We assessed cell viability
after 24h and after 6 days, on the surfaces of the scaffolds and on cross sections. After 24h, cells were viable
in all scaffolds (Fig. 4.A). It seems that the wet scaffolds in static culture carried more viable cells compared
to the dry scaffolds. On the other hand, the wet scaffold in dynamic culture does not seem to have many
viable cells, especially as seen in cross sections.

By the 6th day the majority of cells remained viable, with no significant dead cell batches, in all scaffolds.
Cell viability in dynamic culture seems to be much higher compared to the static culture, both on the surface
of the scaffolds and in cross sections (Fig. 4.B). Scaffolds cultured under normoxic conditions carried more
cells compared to the respective scaffolds cultured in hypoxia (Fig. 4.B.I, III static and 4.B.V, VII dynamic).

3.3 Evaluation of absolute cell counting with Flow Cytometer

Scaffols with the most favorable performance were the static, wet scaffolds, seeded on both or only one side.
The wet scaffolds on air (SW1S-on Air and SW2S-on Air) exhibited the least, non significant cell loss, making

5
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them the optimal scaffolds for static seeding. The SW1S and the SW2S performed very well too. The wet
scaffold on the dynamic stirrer on the other hand, exhibited a significant cell loss and was the least favorable
scaffold for cell adhesion 24 hours after seeding. The dry scaffolds also exhibited high cell loss 24 hours after
seeding. Either dry scaffolds were seeded on one or on both sides, cell adhesion was poor when compared to
the wet scaffolds.

The scaffold with the best performance 24 hours after seeding, ie SW2S-on Air, and the wet scaffold on
the dynamic stirrer, whose behavior we intended to investigate, were both chosen to procede with cell
proliferation, under two different conditions, normoxia and hypoxia. As shown on the diagram (Fig. 5) at
the 6th day all scaffols exhibited an increase in their cell population. The scaffolds with the best performance
were those of the dynamic stirrer. Even though their initial cell populations were much lower than the
corresponding on SW2S-on Air scaffolds, six days of proliferation led to an impressively higher increase and
finally to a significantly higher number of cells on the dynamic scaffolds (20fold increase for the dynamic
stirrer scaffold and 2,6fold increase for the SW2S-on Air scaffold). Overall normoxia seemed to be favorable
compared to hypoxia, nevertheless, not signigicantly.

3.4 Evaluation of cell distribution scanned with micro - Computed Tomography

24 hours after cell culture we evaluated cell distribution within the 3 representative zones of each scaffold
(Fig. 7). We were obviously mostly interested to study cell distribution in the scaffolds with no significant
cell loss, therefore we focused on SW1S, SW2S, SW1S-on Air, SW2S-on Air. Scaffolds seeded on both sides
exhibited a better, more uniform distribution of cells within all zones. On the other hand, cells in scaffolds
seeded on one side were mostly found on the upper and middle zones, therefore the distribution was more
uneven. Surprisingly, the only scaffold with a dense cell growth on its bottom zone was the one of the dynamic
culture.

After six days of culture we revaluated cell distribution within the three representative zones of each studied
scaffold (Fig. 8). Compared to 24 hours, the cells within the dynamic stirrer, apart from their great increase
in their number, completely changed their distribution. Instead of gathering mainly on the bottom zone,
they were now mostly found in the middle zone, keeping a rather even distribution. Cells on SW2S-on Air
scaffolds preserved an even distribution within the zones, showing a slight affinity to the middle zone.

4. Discussion

After 24h, cells were viable in all scaffolds. The scaffols with the most favorable performance were the static,
wet scaffolds, seeded on both or only one side. The wet scaffolds on air (SW1S-on Air and SW2S-on Air)
exhibited the least, non significant cell loss, making them the optimal scaffolds for static seeding. The wet
scaffold on the dynamic stirrer on the other hand, exhibited a significant cell loss and was the least favorable
scaffold for cell adhesion 24 hours after seeding.

Scaffolds seeded on both sides exhibited a better, more uniform distribution of cells within all zones at all
timepoints. By the 6th day the majority of cells of the SW2S-on Air and of the dynamic stirrer scaffolds
remained viable and exhibited an increase in their population, under both normoxia and hypoxia. The highest
increase and highest number of cells was found on the dynamic scaffolds. The cells on SW2S-on Air scaffolds
preserved their even distribution within the zones, showing a slight affinity to the middle zone.

4.1 Static technique with the newly developed device

In vitro static cultures are the most widely used in research and therefore have been intensively studied.
Biotechnology companies and researchers around the world constantly try to overcome limitations or im-
perfections and to improve 3D culture methods and applications, creating new product designs. One of the
drawbacks we detected in previous work is the attachment of cells, due to surface tension, on the surface of
the well plate under the scaffold. Our effort in this study was to avoid the direct contact of the scaffolds with
the well plate, which may lead to a relative cell loss, and to facilitate the circulation of fluids and nutrient
supply within the scaffold by keeping both its surfaces free. We therefore created a static 3D-cell Culture
Device (3D-CD) that can hold scaffolds on air and can easily be used with almost any kind of scaffold’s

6
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shape, with minimal adjustments. At 24 hours the scaffolds with the most favorable performance were the
static, wet scaffolds on air (SW1S-on Air and SW2S-on Air) reaching 93.16% and 93.54% on cell seeding
efficiency respectivelly, therefore making them the optimal scaffolds for static seeding.

Our on-Air scaffolds performed much better than the corresponding non-Air scaffolds used in the study.
We tried to compare the efficiency of the on-Air scaffolds in our study with similar scaffolds used in other
studies. It is of course impossible to make a complete and perfect comparison, because there are too many
technical or experimental parameters used in each study, such as the scaffold material, or architecture, size
etc., therefore there cannot be an absolute matching of the experimental conditions.

In a recent study with 3D printed, β-tricalcium phosphate (β-TCP), dry scaffolds, seeded on one side, only
21.75% of the MSCs remained attached (Fahimipour et al., 2019). This is less than the 28.51% of cells
remaining in the corresponding SD1S-on Air scaffolds used in our study, where, overall, the dry scaffolds
had the worst performance. In another study, top surface static seeding with 3T3-Swiss albino fibroblasts of
prewetted PLGA scaffolds was the most favorable seeding technique (Thevenot et al., 2008). This resulted
in approximately 62% cell efficiency, which is much lower than the 93.16% in our corresponding SW1S-on
Air scaffold. A 3D scaffold made of polyactive foam was seeded on one side with chondrocytes (Wendt et
al., 2003). In this study, cell seeding efficiency within the structure by cross sections reached 67%, very close
to the efficiency in the corresponding SW1S scaffold used in our study, of 68.99%. Interestingly, as pointed
before, the SW1S-on Air in our experiment reached 93.16%. It generally seems that the on-Air scaffolds
perform better than other, similar, corresponding scaffolds.

At the 6th day, the cells on SW2S-on Air scaffolds preserved their even distribution within the zones, showing
a slight affinity to the middle zone. This kind of colonization is optimal in a 3D culture, since the scaffold
is intended to replace tissue deficiencies and high cell population, especially inside the scaffold, is highly
appreciated. The on-Air scaffolds seem to exhibit a more favorable cell distribution when compared to
corresponding, typical, statically seeded scaffolds in other studies, which usually appeared with more cells
only on the surfaces of the scaffolds (Mauney et al., 2004).

4.2 Static-dynamic culture

Research studies comparing 3D static and dynamic cultures usually conclude that dynamic culture favors
both cell adhesion and cell proliferation. There have been various approaches to dynamic cultures, with
several methods of application, (Almarza & Athanasiou, 2004; Alvarez-Barreto & Sikavitsas, 2007; Bancroft
et al., 2002; Freed et al., 1994; Freed et al., 1993; Leferink et al., 2016; Thevenot et al., 2008; Weinand et
al., 2009; Wendt et al., 2003), with the spinner flask being the most commonly used technique.

PGA scaffolds, placed in well-mixed spinner flasks, were seeded with chondrocytes and aggregates and were
observed after 24h. Cell seeding yield was essentially described to be 100% (G. Vunjak-Novakovic et al.,
1998a). Polyactive foams were seeded with chondrocytes in the study of Wendt et al. (Wendt et al.,
2003) and were cultured by two dynamic methods. The first was an oscillating perfusion technique with a
U-cap bioreactor custom-made design and the second was a magnetically stirrer method based in Vunjak-
Novakovic’s technique (Gordana Vunjak-Novakovic et al., 1996; G. Vunjak-Novakovic et al., 1998a). When
the cross sections of the scaffolds were analyzed, cell seeding efficiency in spinner flasks reached 77% and in
the U-cap bioreactor reached 87%. In our study Vunjak-Novakovic’s method was also applied, nevertheless,
seeding efficiency at 24 hours was estimated to be much lower, 20,82%. In the study of Mauney J.R. et
al. (Mauney et al., 2004), cubes of demineralized bone matrices (DMB) were seeded with almost the same
technique as in our study. The dynamic seeding by spinner flask scaffolds resulted in approximately 3.6
times more cells (expressed in AU/mg by MTT cell absorbance units) compared to the prewetted static,
double-side seeding scaffolds. In our study the results were reverse; there were 3.7 times more cells in the
static double seeded, prewetted scaffolds than on the dynamic.

Concidering that the dynamic method in our study was applied exactly as described in the original study
by Vunjak-Novakovic G. et al. and Freed L.E. et al. (Freed et al., 1998; G. Vunjak-Novakovic et al.,
1998b), we can only suggest that the difference in seeding efficiency is the result of different scaffold texture

7



P
os

te
d

on
A

u
th

or
ea

18
D

ec
20

19
—

C
C

B
Y

4.
0

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
57

6
68

19
8.

88
25

52
38

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
as

n
ot

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

at
a

m
ay

b
e

p
re

li
m

in
ar

y.

and architecture. Nevertheless, after 6 days of proliferation in dynamic conditions in this study, the cell
population exhibited more than a 20fold increase, which is surprisingly overall a better performance than in
the previously described studies. Even though the initial population after 24 hours of seeding was much less
than expected when having in mind similar experiments, proliferative rates in dynamic culture are obviously
very high, even higher than expected. In the PGA scaffolds seeded within spinner flasks, cross section slices
on day 1 revealed a 50 μm-thick surface zone with cell concentrations 60-70% higher than those in the bulk
volume (G. Vunjak-Novakovic et al., 1998a). This is in agreement with our findings where zonal analysis
revealed that the bottom zone of our scaffold exhibited a cell distribution of aproximattely 63.4%, much
higher than the other zones. This may result from the mild centripetal force created during stirring, which
generates a circular flow within the flask. We suggest that cells follow the flow towards the center of the
rotating magnet and easily attach on the bottom side of the scaffold, facing the magnet.

Conclusions

The static 3D-cell Culture Device (3D-CD), which holds scaffolds on air, enhanced cell seeding efficiency
and achieved almost no cell loss, fulfilling the requirements we set in our study design. A great advantage
of the devise is that it may be designed adapted to own needs and no extra equipment is required for its
construction, since the same 3D printing technology for fabrication of scaffolds is used. In this study, the
static culture conditions were optimized with the use of the device, which is very important considering that
static culture is often preferred as a simpler method.

According to the results, the group of prewetted scaffols was the most favorable to cell attachement inde-
pendently of the cell seeding method used. Dynamic cell seeding did not reach our expectations and the
effectiveness described by similar studies, probably due to the scaffolds we used and to parameters such as
source of cells, scaffold’s material and pore-interconnected architecture, were not favorable for this study
design.

Nevertheless, despite the low number of cells at 24hours, after 6 days of proliferation the dynamic method
resulted to a 20fold increase in the cell number, which is much higher than most of other dynamic seeding
methods described. Therefore we suggest that, when handling this type of scaffolds and cells, the most
favorable outcome will be produced with static double seeding in our 3D-cell Culture Device for 24 hours,
followed by proliferation either in the same device or with dynamic culture as a hybrid technique.
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Honeycomb 400 300 55 Rectangular
& Hexagonal
150˜700 [?]
425

83.4 ± 0.43 82.9 ± 0.37

Table 1: Scaffold fabrication and geometrical characteristics, pore sizes and scaffold porosity

Figure legends

Figure 1:

Design of the static 3D-cell Culture Device (3D-CD) (A), cell seeding on both sides by easily twisting the
device with the scaffold (B), nutrient supply (C).

Figure 2:

Static seeding for both wet and dry groups illustrating as SW1S / SD1S (I.A), SW2S / SD2S (I.B), SW1S-on
Air / SD1S-on Air (I.C), SW2S-on Air / SD2S-on Air (I.D). Dynamic seeding in magnetic stirrer flask (II)

Figure 3:

Plot of a polygon region (R1) created from side-scattered light (SSC) and forward-scattered light (FSC).
The polygon region separates cells from debris.

Figure 4:

Cell viability with confocal microscopy on both surfaces and cross sections of the scaffolds under static
culture parameters (A), and in dynamic culture under normoxia and hypoxia culture conditions (B). Images
are merged for live and dead cells

Figure 5:

Cell seeding efficiency after 24 hours, for both static and dynamic seeding techniques (A). Cell proliferation
on the best performance of static method and dynamic method cultured for 6days (B). Cells measured as
absolute cell numbers within Guava easyCyte flow cytometer.

Figure 6:

Micro-CT scans and 3D volume renderings. 3D rendered images of the scanned specimens were created to
visually represent cell distribution and orientation after 24h and after 6 days of the cells inside the scaffolds

Figure 7:

Three representative zones (top, middle and bottom) created from 2D slices of m-CT stacks for cell attach-
ment after 24h. 3D surface of cell attachment expressed in percentage %, was analyzed with Image J 3D
Object Counter plug in (A), and histogram-like visualization of cell arrangement within the 3 zones of the
scaffold after cell seeding has been plotted with the 3D surface plot tool from image J (B)

Figure 8:

Three representative zones (top, middle and bottom) created from 2D slices of m-CT stacks for cell prolife-
ration after 6 days. 3D surface of cell attachment expressed in percentage %, was analyzed with Image J 3D
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Object Counter plug in (A), and histogram-like visualization of cell arrangement within the 3 zones of the
scaffold after cell seeding has been plotted with the 3D surface plot tool from image J (B)
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