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ORIGINAL RESEARCH ARTICLE

Scaffolds with macro and high interconnectivity pores 
have a prevascularization potential (4, 5). However, there are 
limitations when such scaffolds are used in a perfusion sys-
tem, including cell washout (i.e., cell detachment) due to the 
hydrodynamic shear stress and the pressure drop within and 
across the scaffold, respectively, in short-term culture (6-9). 
Conversely, in mid-to-long-term culture, the accumulation of 
cells and extracellular matrix (ECM) in macroporous scaffolds 
results in a decrease of the scaffold porosity, affecting the de-
livery of nutrients, the removal of waste, the fluid flow distri-
bution, and the local fluid shear stress, whose effect might be 
harmful for cell viability (2, 10, 11).

Several strategies have been adopted to prevent cell de-
tachment and washout, including the functionalization of the 
scaffold surface by means of adhesive ligands (12). Alterna-
tively, physical methods (13, 14), such as electric current (14), 
the creation of nano-sized pore scaffolds (15) and hollow fi-
bers embedded in macroporous scaffolds (16, 17) have been 
used. In hollow-fiber bioreactor systems, which have been 
developed primarily as models to engineer vascularized,  
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Introduction

A basic concept in the design of dynamic culture systems 
for in vitro tissue engineering is to mimic the physiological 
microenvironment in which cells reside, providing the proper 
biochemical and biophysical stimuli (1, 2). Perfused bioreactors 
have been demonstrated to be effective in the delivery of oxy-
gen and nutrients, and in the removal of waste products to and 
from the interior of three-dimensional (3-D) scaffolds (3, 4).
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critical-size tissues (i.e., greater than millimeters), the me-
dium flows through fibers, preventing cells from being di-
rectly exposed to hydrodynamic shear. Thus, cell detachment 
can be prevented, while the transport of nutrients, as well 
as the removal of waste metabolites, occur by convection at 
the fiber interface and by diffusion beyond the fiber wall (3). 
However, the control of critical culture parameters in these 
macroscopic dynamic culture systems is still a significant is-
sue. In particular, the cell seeding density, their viability and 
their nonhomogenous cell distribution in a 3-D scaffold ma-
trix affect the development and maturation of the functional 
tissue constructs (18, 19). For example, a low initial cell densi-
ty has been demonstrated to negatively affect the formation 
of a mature mineralized bone (20) and a functional cartilage 
tissue (21).

Here, we propose an experimental-numerical mod-
el consisting of a perfused bioreactor to culture a cell-
populated macroporous scaffold provided with a channel 
in its center. A channel of this sort may be considered the 
equivalent of a hollow fiber integrated into a macroporous 
scaffold. Our scaffold that reasonably allows the majority of 
the culture medium to flow through it, making it possible to 
reduce the pressure drop across the scaffold, to decrease 
the hydrodynamic shear stress acting on cells in short- and 
mid-to-long-term culture and, therefore, cell detachment. 
Indeed, it has been reported that in 3-D scaffolds, the criti-
cal shear stress causing detachment was from 2 to 4 orders 
of magnitude below the one measured in 2-D experiments 
(i.e., 1 Pa) (10, 22-24). On the other hand, a lower fraction 
of the culture medium may also flow through the scaffold 
pores that offer a greater resistance with respect to the 
central channel. Consequently, cells on the scaffold fibers 
and pores can be directly exposed to the fluid flow and rel-
evant hydrodynamic shear stress. Furthermore, nutrient 
and waste removal can be greatly enhanced by convection 
and diffusion occurring in the interstitial perfused part of 
the porous scaffold.

In this work, we show that the macroporous scaffold pro-
vided with a channel cultured in a macroscale bioreactor can 
be a robust reference experimental model system for system-
atically investigating and assessing crucial culture parameters 
(i.e., oxygen, glucose, lactate) in a strictly controlled way, en-
abling straightforward numerical simulations. In addition, we 
show that such an experimental model system can be em-
ployed as a simplified “representative unit” or as a “represen-
tative domain” to improve the performance of both perfused 
culture systems and hollow fiber-integrated scaffolds for 
large-scale tissue engineering, overcoming their technologi-
cal and practical limitations.

Materials and methods

The bioreactor design

The perfused bioreactor in this work was adapted from a 
previous study (7). It consists of a chamber connected by gas-
permeable silicon tubing to 2 medium reservoirs. The priming 
volume of the circuit is 10 mL. A peristaltic pump (Watson-
Marlow Bredel) maintains a constant flow rate (Q = 0.2 mL 
min-1) to the cellularized construct located in the culture 
chamber (Fig. 1). The culture chamber carries 3 identically 
sized constructs, shaped as channeled discs (1-mm thick and 
3.5 mm in radius, Re) (Fig. 2).

To measure the oxygen concentration at the outlet 
of the culture chamber, a bypass circuit composed of a 
3-way valve (located at the outlet culture chamber) and 
a gas-impermeable tube connected to an optically acces-
sible miniaturized bioreactor (9) (Fig. 1) was introduced. 
The miniaturized bioreactor was equipped with oxygen 
sensor foils used for oxygen imaging (SF-RPSu4; PreSens) 
and a camera unit. The miniaturized bioreactor held 3 in-
dependent culture chambers equipped with oxygen sen-
sor foils fitting the individual culture chamber (6 × 3 mm). 
Figure 1 shows the perfusion circuit used to assess the local 

Fig. 1 - The perfused bioreactor 
experimental setup. The culture 
medium in reservoir 1 flows 
through gas permeable tubes to 
the culture chamber and to the 
reservoir 2. The culture chamber 
may hold 3 scaffolds. At the out-
let of the culture chamber, a by-
pass circuit composed of a 3-way 
valve and a gas-impermeable tub-
ing with an optically accessible 
miniaturized bioreactor allows 
the oxygen concentration in the 
culture medium to be measured. 
The exhausted culture medium in 
reservoir 2 was reversed and col-
lected in a waste reservoir to as-
sess glucose and lactate content.
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oxygen concentration after a single passage of the medium  
flow.

To measure the glucose and lactate concentration de-
riving from the cell metabolism, a third reservoir (Fig. 1)  
(referred to as “waste”) was introduced. After a single pas-
sage of the culture medium through the constructs, the cul-
ture medium flow was reversed and the exhausted culture 
medium (i.e., from reservoir 2) was collected in a waste reser-
voir for analysis by high-performance liquid chromatography 
(HPLC). The exhausted medium was sampled every 2 days. To 
prevent mixing the fresh and exhausted culture mediums, a 
3-way valve was employed in the circuit to assess the glucose 
and lactate concentrations.

Cell preparation and scaffold seeding

Cells of the MG63 human osteosarcoma cell line (86051601-
1VL; Sigma-Aldrich) were resuscitated and expanded in mini-
mum essential medium (MEM) supplemented with 2 mM 
glutamine, 10% fetal calf serum (FCS), 1% nonessential amino 

acids (NEAAs), and 1% penicillin/streptomycin, under 5% CO2 
atmosphere at 37°C.

Poly(ε-caprolactone) (PCL) scaffolds manufactured by an 
additive biomanufacturing system, known as BioExtruders, 
was used (8, 25). The scaffolds were sterile discs, 1 mm in 
thickness and 3.5 mm in radius, with a mean pore diameter 
of 100 μm and an average porosity of 80%. Three constructs 
in parallel were placed in a holder (Fig. 2B-E). The discs were 
perforated using a precision die cutter in order to get an 
outer-inner radius ratio (Ri /Re) equal to 0.375 (Fig. 2C, D). We 
chose Ri /Re = 0.375 because this ratio is typically employed 
in the design of hollow-fiber scaffolds to ensure (diffusive) 
transport of nutrients to the cells residing in compartments 
surrounding the channel through which the culture medium 
flows (3). To increase the adhesion properties of the scaffold 
surface, the scaffolds were positioned in ultra-low adhesion, 
24-well culture dishes (Costar 3473; Corning), wetted in a 
complete medium to obtain adhesion of serum proteins and, 
then dried after 3 hours. For the cell seeding, expanded cells 
were detached by trypsin, manually counted and seeded at a 

Fig. 2 - (A) CAD geometry of the culture chamber. (B) Scaffold position in the holder. (C) Lateral view of the scaffold holder. Zoomed view of 
the PCL scaffold. (D) Front view of the PCL scaffold with internal radius, Ri and external radius Re. (E) SEM of the PCL scaffold.
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volumetric cell density of approximately 7.5 × 104 cells/mm3. 
Constructs were then incubated overnight at 37°C for cell 
adhesion. These cellularized scaffolds were transferred in the 
culture chamber at day 0, followed by the assembly of the bio-
reactor. At days 1, 3, and 5, the bioreactor was disassembled 
and assays were performed. Cell-populated scaffolds were 
also cultured in static conditions in ultra-low adhesion, 24-
well culture dishes with medium replaced every 2 days. The 
exhausted medium for scaffolds cultured under static condi-
tions was collected for HPLC analysis.

Cell morphology, viability, and number

To assess cell morphology, scaffolds were imaged at each 
time point by the scanning electron microscopy (SEM). The 
cell-populated scaffolds were fixed in the wells in 1.5% glu-
taraldehyde and 0.1 M sodium cacodylate, dehydrated in a 
graded series of ethanol. Then, the samples were air dried, 
glued onto SEM stubs, and gold-coated in a vacuum ion coat-
er. All observations were carried out at 17.5 kV using a scan-
ning electron microscope (EVO 50 EP; Carl Zeiss).

To assess cell viability, cellularized scaffolds were assayed 
for cell metabolic activity by Resazurin assay. In this assay, 
mitochondrial, cytosolic, and microsomal enzymes in viable 
cells reduce Resazurin into a fluorescent product (i.e., Reso-
rufin). Conversely, nonviable cells rapidly lose their metabolic 
capacity, do not reduce the indicator dye and, thus, do not 
generate a detectable fluorescent signal. Briefly, a 0.2 mg/mL  
Resazurin (R7017; Sigma-Aldrich) solution was prepared in 
Dulbecco’s phosphate buffered solution (PBS), sterilized by 
filtration and diluted 1:10 (v/v) with a cell culture medium. 
The culture medium was removed from the samples and re-
placed with 0.4 mL of Resazurin working solution. An empty 
well was also filled and used as a control. Scaffolds were incu-
bated for 3.5 hours under standard conditions. The solution 
was then transferred to a 96-well cell culture plate, and its 
absorbance and fluorescence were measured by a spectro-
photometer (Infinite M200 PRO; Tecan). Concerning the ab-
sorbance, the measurement and reference wavelengths were 
set to 570 and 600 nm, respectively. For the fluorescence 
measurements, the excitation wavelength was set at 560 nm 
and the emission wavelength was set at 590 nm (manual gain 
set to 60).

The DNA content was assessed on the cell lysate. The 
culture medium was replaced with deionized water and the 
culture plate containing the cellularized samples was frozen 
at -80 °C and incubated at 37°C repeatedly. The DNA absor-
bance was measured at 260 nm directly on the cell lysate with 
a spectrophotometer (Infinite M200 PRO; Tecan) equipped 
with a NanoQuant Plate.

Oxygen concentration assay

SF-RPSu4 oxygen sensor foils were used for oxygen im-
aging (PreSens). To assess the oxygen concentration in the 
perfused bioreactor, the sensor foils were cut into 6 × 3-mm 
rectangular pieces to fit the individual culture chambers 
(Fig. 1), while, for cellularized scaffolds cultured in static con-
ditions, the sensor foil (7 × 7 mm) was located at the bottom 
of the culture well. The planar sensors consist of an oxygen 

sensitive dye and a reference dye, which are immobilized in 
an oxygen- permeable polymer matrix and fixed on a trans-
parent polyester layer (glossy side of the sensor) while a 
white oxygen transparent layer for optical isolation is turned 
towards the camera during measurement. The sensitive layer 
incorporates the fluorescent dyes and responds to oxygen. 
The dyes are immobilized within a polymer matrix that is 
highly permeable to oxygen. In this way oxygen can penetrate 
into the sensitive layer and interact with the fluorescent indi-
cator dye while the dyes themselves cannot leach out (26).

In both culture conditions, the sensors were washed with 
distilled water, kept in 70% EtOH for 1 hour, dried, washed 
twice in cell culture-grade distilled water and kept wet in 
complete culture medium until use. In each experiment, 
images of the oxygen sensors were taken arbitrarily every  
4 hours without interruption for 5 culture days. At each time 
step, each acquired image was converted into a map of lo-
cal oxygen concentration by means of calibration parameters 
defining the 0% and 21% oxygen tension. These calibration 
values were determined according to our previous work (27). 
The 0% oxygen calibration value was determined by filling the 
culture chamber with 100% nitrogen and acquiring oxygen 
maps. The 21% oxygen calibration (corresponding to satura-
tion) was determined by filling the incubator with fresh atmo-
spheric air and acquiring oxygen maps. Once converted into 
local oxygen concentration values, the areas corresponding 
to the whole culture chamber surface were subdivided into 
4 regions of interest and the mean oxygen concentration was 
calculated using the PreSens software.

To calculate the oxygen consumption rate of the cells in 
time, we applied a compartmental model of chemical con-
sumption (27).

	 = −M Q C C( )O O OIN OUT
2

2 2
	 Eq. [1]

where Q represents the experimental flow rate, CO IN2  and 

C
O OUT2

 are the average species concentration at the inlet 

( )=C mol m0.20 /
O

3

IN2

 and measured at the outlet by means 

of the sensor foils, respectively. The oxygen consumption rate 

specific to cells MO2
, was then calculated as follows (Eq. [2]):
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M
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O

V
2

2 	 Eq. [2]

where NV is the cell density in the scaffold provided with a 
channel (Ri  /Re = 0.375) and MO2

is the cell oxygen consump-
tion calculated by Equation [1].

Glucose and lactate concentration assay via HPLC

The exhausted culture medium samples arising both from 
the perfusion bioreactor and the static culture were analyzed 
by HPLC using an Agilent/HP1100 Series system equipped 
with degasser unit, quaternary pump, autosampler, col-
umn thermostatic compartment, Agilent 1362A diode array 
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detector (DAD), Agilent 1315A refractive index detector (RID), 
ICSep ICE-ION-300 column, and ICSep ICE-ION-300 precolumn 
cartridge 2/pk by Transgenomic. Prior to sample analyses, the 
3-KDa centrifugal filter units (Amicon Ultra-0.5) were washed 
and centrifuged at 14,100 rpm for 30 minutes twice with 
HPLC water. A volume of 1 mL of each sample was loaded 
into the washed filter and centrifuged at 14,100 rpm for 
30 minutes. The filtered solution was then analyzed by HPLC 
under the following analysis conditions: column temperature 
70°C, eluent H2SO4 0.0085 N solution, flow rate 0.4 mL/min, 
injection 100 µL. The glucose was monitored by DAD (r.t. = 
15.7 min.) and lactic acid was monitored by DAD and RID  
(r.t. = 21.5 min). Data were acquired and processed by Agilent 
Chem Station software.

To calculate the glucose and lactate consumption and pro-
duction rate of the cells in time, respectively, we applied the 
compartmental model of chemical consumption and relevant 
equations as follows (Eqs. [3a, b])

	  M Q c c( )Glu GluIN GluOUT
= − 	 Eq. [3a]

	  M Q c c( )Lac LacOUT LacIN
= − 	 Eq. [3b]

where Q represents the experimental flow rate, cGluIN , c
GluOUT

c
LacIN and cLacOUT  are the average species concentration at the 

inlet ( = =c mol m c mol m5.55 / , 0.00 /
GluIN LacIN

3 3 ) and mea-

sured at the outlet, respectively. The glucose consumption 

and lactate production rates specific to cells MGlu  and MLac  

were then calculated as follows (Eqs. [4a, b]):
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M
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	 Eq. [4b]

where NV is the cell density in the scaffold provided with a 
channel (Ri  /Re = 0.375), MGlu  and MLac  are the glucose con-
sumption and lactate production calculated by Equations [3a] 
and [3b], respectively.

Computational fluid dynamics modeling

A multiphysics computational finite element model was 
developed to predict both the fluid dynamics quantities, in-
cluding the average velocity and the hydrodynamic shear 
stress and the variation in oxygen and glucose concentration. 
We modeled one-third of the whole culture chamber (Fig. 3A, 
B), resulting in a cylindrical channel of radius R 3.5

e
= mm  

and of height H equal to 5 mm (Fig. 3D). In particular, we 
modeled the culture chamber holding 4 different scaffold 
geometries having different R R/

i e , namely =R R/ 0.743
i e , 

=R R/ 0.375
i e

corresponding to the experimental model, 
=R R/ 0.185

i e
 and =R R/ 0.000

i e
, corresponding to the full 

macroporous scaffold model (Fig. 3C). We chose these ratios 
because they are typically used in the design of hollow-fiber 
scaffolds to ensure (diffusive) transport of nutrients to the 
cells residing in compartments surrounding the channel 
through which the culture medium flows (3). The macropo-
rous scaffold was composed of crossed fiber of 200 µm in di-
ameter, resulting in a characteristic pore size of 100 µm and 
a porosity of 80%.

The medium fluid dynamics in the culture chamber were 
modeled by the Navier-Stokes equations for incompressible 
Newtonian fluids, namely by the continuity (Eq. [5]) and the 
momentum conservation equation (Eq. [6]), respectively

	 ∇ u 0⋅ = 	 Eq. [5]

	 r m∇) ∇ ∇ +(∇u u l u u Fp( ( ) )T( )⋅ = ⋅ − + + 	 Eq. [6]

where u is the velocity vector, r is the fluid density, p is the 
fluid pressure, m is the dynamic viscosity of the fluid F and is 
the volume force vector. The hydrodynamic shear stress t was 
calculated by Eqs. 7 and 8 (28):
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The mass transport equation in the fluid domain was mod-
eled as follows (Eq. [9]):

	 ∇∇ ∆u c D c 0
i i i
⋅ − = 	 Eq. [9]

where ci is the concentration of the i-species (for oxygen  
i = O2 and glucose i = Glu), Di is the diffusion coefficient of 
the i-species in the culture medium at 37°C and u is the fluid 
velocity predicted by Equations [5] and [6].

To account for cell growth and metabolic activity, the 
macroporous scaffold was modeled as follows (Eq. [10]):

	 ∆M D c 0i i i

� + = 	 Eq. [10]

where Mi

�  is the cell volumetric consumption rate that was 
assumed to be a function of the concentration of the i-species 
according to the Michaelis-Menten (M-M) kinetics.

	 M M
c

c K
Ni i

i

i m
V

i

� = ⋅
+

	 Eq. [11]

Mi and K
Mi

 being the maximal consumption calculated from 
Eqs. 1- 4 and the M-M constant of the i-species (for oxygen  
i = O2 and glucose i = Glu), respectively. The values imposed in 
the numerical analyses are gathered in Table I.

The geometry and the boundary conditions for the com-
putational study are shown in Figure 3D. Concerning the 
fluid dynamics problem, one-third of the flow rate was im-
posed on the left surface of the modeled geometry, a null 
pressure at the right surface (i.e., outlet). No slip boundary 
conditions were imposed on either the inner surface of the 
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Fig. 3 - Computational model ge-
ometry and boundary conditions. 
(A) CAD geometry of the culture 
chamber. (B) Zoomed view of the 
culture chamber (one-third) holding 
the scaffold with decreasing R R/

i e
(C) CAD geometry of the scaffold 
with decreasing R R/

i e
(D) Meshed 

geometry of the culture chamber 
and boundary conditions. Numeri-
cal values are gathered in Table I.

TABLE I - Numerical values of the model parameters used in the numerical simulation

Symbol Units Description Reference

H 5.00 mm Culture chamber length
L 1.00 mm Scaffold thickness
Re 3.50 mm Scaffold radius
Ri 0.00 mm

0.65 mm
1.30 mm
2.60 mm

Channel radius This study

Q 0.06 ml min-1 Flow rate at the inlet (7)
m 8.10 104- Pa s Fluid viscosity at 37°C (1)
r 1000 kg m-3 Fluid density at 37°C (1)
DO2

2.00 10-9 m2s-1 Oxygen diffusion coefficient (1)
DGlu 9.59 10-10 m2s-1 Glucose diffusion coefficient (34)
KMM02

0.15 mol m-3 M-M constant for oxygen (1)
KMMGlu

0.10 mol m-3 M-M constant for glucose (29)
cO2IN 0.20 mol m-3 Inlet oxygen concentration This study
cGluIN 5.55 mol m-3 Inlet glucose concentration This study
MO2

2 µmol/h·106 cells Oxygen consumption rate This study
MGlu 5 µmol/h·106 cells Glucose consumption rate This study
NV 7.50·104 cells mm-3 Cell density This study

culture chamber or on the scaffold fibers. Regarding the mass 
transport model equations, a constant inlet concentration of 
both oxygen c

O IN2
, and glucose cGluIN , and the volumetric 

consumptions of both species Mi� , were imposed on the scaf-
fold fibers.

The commercial software Comsol Multiphysics® (30) was 
used to set up, discretize, and solve the equations. The final 
mesh was composed of 5,000,000 of tetrahedral element. 
The numerical analyses were run on a Linux workstation with 
32 Gb RAM.
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Statistical analysis

Two experiments for each time point were performed, 
for a total of 6. Two experimental groups were compared: 
scaffold provided with a channel =R R( / 0.375)

i e  under per-
fusion and static conditions. Data were presented as mean 
and standard deviations. A nonparametric statistical analysis 
was performed by means of the Kruskall-Wallis followed by 
Mann-Whitney test. Differences were considered to be sig-
nificant if p value <0.05.

Results and discussion

To assess cell morphology, cellularized scaffolds both in 
static and in the perfused bioreactor were imaged by SEM. As 
shown in Figure 4, cells subjected to a fluid flow adhered and 
spread well on the fibers in the perfused bioreactor (Fig. 4E). 
Conversely, the cellularized scaffolds cultured under static 
conditions showed a formation of aggregates due to the ab-
sence of the fluid flow (Fig. 4F).

To assess cell viability, the specific cell metabolic activity 
was calculated as the ratio between the fluorescence mea-
surements and the DNA content at each time point. The 
cultured cells in the static conditions showed a comparable 
viability to the cells cultured in the perfused bioreactor at 
both days 0 and 1 (Fig. 4G) and the cell metabolic activity 
decreased about 2% from the initial value up to a significant 
increase both at days 3 and 5 (p value <0.01) if compared to 
the ones calculated for the scaffolds provided with a channel 
cultured under static conditions (Fig. 4G).

By comparison, in a previous study from our group in 
which chondrocytes were seeded on PCL macroporous scaf-
folds (i.e., no channel) and cultured in the perfused bioreactor 

described in Figure 1, the cell metabolic activity decreased by 
60% to 73% in comparison to day 0 (7). This drop was likely 
due to a reduced cellularity caused by a partial washout of 
cells, as reported in the literature (11, 31, 32). In contrast, 
the scaffold provided with a channel =R R( / 0.375)

i e  enabled 
lower cell detachment during assembly and in operating con-
ditions and led to higher cell viability because of the greater 
nutrient supply and waste removal to and from the cells.

To assess the oxygen consumption rate of the cells in 
time we measured the oxygen concentration (Figs. 4A, B) 
in the cell-populated scaffold provided with the channel  

=R R( / 0.375)
i e  cultured in perfusion and under static condi-

tions. The oxygen tension decreased over time from 0.2 up 
to 0.14 mM after 5 days of culture, while a greater depletion 
of oxygen was measured on the cellularized scaffolds pro-
vided with the channel R R/

i e
= 0.375 cultured under static 

conditions (from 0.2 up to 0.05 mM on average) (Figs. 4A, B).  
These hypoxic conditions were maintained for the duration 
of the culture process, despite periodical changes of the  
medium.

Then, we estimated cell proliferation during culture time 
(Fig. 4C). At day 1, a reduction of cells in the scaffold pro-
vided with a channel =R R( / 0.375)

i e
cultured both with per-

fusion and under static conditions occurred (26% and 19%, 
respectively). Conversely, cell expansion was evident from day  
1 to day 5 of perfusion (40%), whereas the number of cells 
increased 24% under static conditions. Given a certain cell 
density per scaffold and the previously determined oxygen 
concentration, we were able to calculate the average oxygen 
consumption of cells by means of Equations [1] and [2]. The 
results over a 5-day culture time are illustrated in Figure 4D. 
The calculated values ranged from approximately 1.25 to  
2.00 µmol/h·106 cells, which is 1 order of magnitude greater 

Fig. 4 - (A) Oxygen concentration pro-
files for scaffolds provided with a chan-
nel ( R R/

i e = 0.375) cultured in the 
perfused bioreactor and in static condi-
tions. (B) Fluorescence pictures of the 
oxygen measurement in the perfused 
bioreactor and in the static controls 
taken at day 5. (C) Number of cells es-
timated in the scaffold provided with a 
channel ( R R/

i e = 0.375) cultured in the 
perfused bioreactor and under static 
conditions. (D) Oxygen consumption 
per million of cells estimated in the 
cell-populated scaffold provided with a 
channel ( R R/

i e = 0.375) cultured in the 
perfused bioreactor and under static 
conditions. (E) Results on cell morphol-
ogy. SEM pictures of the PCL scaffolds 
( R R/

i e
= 0.375) cultured in perfused 

conditions. (F) Results on cell morphol-
ogy. SEM pictures of the PCL scaffolds 
( R R/

i e = 0.375) cultured under static 
conditions at day 5. (G) Cell metabolic 
activity normalized by the DNA content 
calculated by estimate in the cell-popu-
lated scaffold provided with a channel  
( R R/

i e
= 0.375) cultured under per-

fused and static conditions at days 0, 1, 
3 and 5. *p<0.01
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than the values specific for chondrocytes (33) and in agree-
ment with previous studies (27).

To assess the glucose consumption and the lactate pro-
duction rate of the cells, we measured the glucose and the 
lactate concentration (Fig. 5A, B, respectively) in the cell-pop-
ulated scaffold provided with the channel ( . )R Ri e/ = 0 375  
cultured with perfusion and under static conditions. The 
glucose concentration in the perfused scaffolds decreased 
from 1 mg/mL ad day 0 to 0.75 mg/mL at day 5 (Fig. 5A, black 
line), whereas the glucose concentration decreased signifi-
cantly, from 1 to 0.03 mg/ml at day 5 under static conditions  
(Fig. 5A, red line). As expected, the lactate concentration 
showed a specular trend. In fact, the lactate concentration 
measured in the perfused cell-populated scaffolds slightly 
increased from 0.00 (day 0) to 0.12 mg/mL (day 5) (Fig. 6B, 
black line). By contrast, the lactate concentration measured 
in the static controls was notably higher and reached a value 
of 0.94 mg/mL (Fig. 6B, red line) at day 5 under static culture 
conditions. As previously described, we estimated cell pro-
liferation during culture time (Figs. 5C, D) and we calculated 
both the glucose consumption and lactate production of cells 
by means of Equations [3] and [4]. The results over 5 days of 
culture are depicted in Figure 5E, F, respectively. The calcu-
lated values for glucose consumption ranged from approxi-
mately 5.00 to 6.09 µmol/h·106 cells and from approximately 
5.00 to 7.33 µmol/h·106 cells for the scaffold provided with 
the channel ( . )R Ri e/ = 0 375  cultured in the perfusion biore-
actor and under static conditions, respectively, in agreement 
with previous studies (34). The calculated lactate production 
was significantly lower (from 1.16 to 2.90 µmol/h·106 cells) 
for cells cultured on the scaffold provided with the channel 
( . )R Ri e/ = 0 375  in the perfusion bioreactor compared to the 

one calculated for cells cultured in static conditions (from 
14.00 to 25.18 µmol/h·106 cells).

Taken together, these results showed that the fluid could 
flow both through the channel and, a relatively lower frac-
tion, through the porous scaffold region. In addition, the scaf-
fold provided with the channel allowed oxygen and glucose 
delivery to cells while enabling a significantly lower retention 
of lactate with respect to the static culture condition.

The results of the computational fluid dynamics (CFD) 
are shown in Figure 6. We modeled the culture chamber 
with 4 different scaffold geometries having different values 
for R Ri e/ , namely =R R/ 0.743

i e , R Ri e/ = 0.375 correspond-
ing to the experimental model, R Ri e/ = 0.185 and R Ri e/ = 
0.000, corresponding to the full macroporous scaffold model  
(Fig. 3C). It is worth noting that with the exception of the 
full macroporous scaffold R Ri e/ = 0.000, in which the high-
est velocity was localized at the strictions, corresponding to 
the scaffold pores (115.59 ± 14.47 µm/s), the majority of the 
flow rate flowed through the scaffold channel because of its 
low hydrodynamic resistance. The resulting velocity in the 
channel decreased from 584.59 ± 120.22 µm/s for the scaf-
fold with a ratio R Ri e/ = 0.185, 262.31 ± 64.90 µm/s for the 
scaffold with a ratio R Ri e/ = 0.375, to an average velocity of 
83.06 ± 34.36 µm/s for the scaffold with the highest R Ri e/ = 
0.743 ratio. However, an increasing fraction of the total flow 
rate was able to flow through the porous architecture of the 
scaffold as the R Ri e/  decreased (Fig. 6A, B).

The predicted hydrodynamic shear stress of the full mac-
roporous scaffold (R Ri e/ = 0.000) was localized at the pore 
walls (2.61 ± 0.54 mPa) and this value was slightly greater 
than the one predicted in a previous study (median wall shear 
stress, 1.2 mPa) from our group (7). In the porous section for 

Fig. 5 - Results of the chemical 
analysis. (A) Glucose concentration 
profiles for scaffolds provided with 
a channel ( R Ri e/ = 0.375) cultured 
in the perfused bioreactor and un-
der static conditions measured by 
HPLC. (B) Lactate concentration 
profiles for scaffolds provided with 
a channel ( R Ri e/ = 0.375) cultured in 
the perfused bioreactor and under 
static conditions measured by HPLC. 
(c, d) Number of cells estimated in 
the scaffold provided with a channel 
( R Ri e/ = 0.375) cultured in the per-
fused bioreactor and under static 
conditions. (E) Glucose consump-
tion per million of cells estimated 
in the cell-populated scaffold pro-
vided with a channel ( R Ri e/ = 0.375) 
cultured in the perfused bioreactor 
and under static conditions. (F) Lac-
tate production per million of cells 
estimated in the cell-populated 
scaffold provided with a channel  
( R Ri e/ = 0.375) cultured in the per-
fused bioreactor and under static 
conditions. * p<0.01
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the scaffolds provided with the channel, the viscous stress 
decreased to 0.64 ± 0.17 mPa, 0.34 ± 0.05 mPa and 0.10 ±  
0.01 mPa for the scaffolds with a ratio of R Ri e/ = 0.185, 
0.375. 0.743, respectively. To assess whether the fluid shear 
stress negatively affected the cells eventually located close 
to the scaffold opening (i.e., channel section), we calculated 
the value and it turned out to be equal to 1.78 ± 0.78 mPa,  
0.71 ± 0.21 and 0.09 ± 0.02 mPa for the scaffolds with a ratio 
of R Ri e/ = 0.185, 0.375, 0.743, respectively (Fig. 6C, D).

These findings turned out to be lower than the critical 
fluid shear stress values affecting cell detachment in 3-D, po-
rous, perfused constructs reported in the literature for cells 
cultured in a 3-D environment (10, 22, 23). In particular, the 
CFD results showed that both the hydrodynamic shear stress 
and velocity decreased as the R Ri e/ of the porous scaffold 
provided with the channel increased, demonstrating that 
such a channel can reduce the resistance against the fluid, in 
particular at a high R Ri e/ , as expected. Moreover, the chan-
nel not only prevented shear stress increase and its potential 
harmful effect on cells (i.e., cell death or detachment), but 
also diminished the fluid shear stress exerted on cells. Thus, 
the decrease of low shear stress at short-term and long-term 
culture can minimize the cell washout, preserve the number 
of viable cells, and positively affect the homogeneity of the 
seeded cells on the scaffold to help functional tissue develop-
ment and maturation (18-21).

To assess whether the porous part of the scaffold provided 
with the channel can take advantage of the direct exposure to 
a fraction of the culture medium and therefore to the convec-
tive nutrient transport, we illustrated the fluid flow by means 
of streamlines. It turned out that streamlines may easily pene-
trate the porous scaffold (Fig. 7B). In addition, we coupled the 
fluid dynamics to the oxygen and glucose transport modeled 
by the convection-diffusion-reaction equations (Eqs. [9-11]). 
The predicted oxygen concentration at the outlet c

O OUT2
 of the 

full macroporous scaffold (R Ri e/ = 0.000) was 0.02 ± 0.004 
mol/m3, meaning a hypoxic cell condition. The oxygen ten-
sion increased up to 0.12 ± 0.04 mol/m3, 0.14 ± 0.05 mol/m3  
and 0.17 ± 0.03 mol/m3 for the scaffolds provided with the 
channel, with a ratio of R Ri e/ = 0.185, 0.375, 0.743, respec-
tively (Figs. 7A, B). Concerning the glucose concentration, 
at the outlet of the culture chamber c

GluOUT
, we predicted a 

value of 1.01 ± 0.20 mol/m3 for the full macroporous scaffold  
(R Ri e/ = 0.000). The glucose concentration at the outlet was 
2.27 ± 1.79 mol/m3, 3.86 ± 1.60 mol/m3 and 4.85 ± 0.74 mol/
m3 for the scaffolds provided with the channel, with a cor-
responding ratio of R Ri e/ = 0.185, 0.375, 0.743, (Fig. 7C, D).

We observed a difference of approximately 12.04% 
and 12.98% between the experimental measurements and 
numerical predictions for the scaffold provided with the chan-
nel, with R Ri e/ = 0.375 for both the oxygen and glucose ten-
sion, respectively. These differences were due most likely to 
the assumptions in the numerical model. In particular, we 
assumed a 1-µm-thick homogeneous cell monolayer all over 
the macroporous scaffold surface area, thus overestimating 
the reaction (i.e., oxygen and glucose consumption) terms 
in Equations [10] and [11], as well as the relevant predicted 
concentration species. A further simplification consisted in ne-
glecting the cell as well as the ECM growth, which will be a topic 
of further investigation in future work. The tissue growth pro-
cess depends on biochemical and biophysical variables vary-
ing both in space and time, therefore an essential step toward 
the development of functional tissues is to precisely model 
the dual/mutual interaction between the bioreactor micro-
environment and the cell-matrix dynamics (1, 28). However, 
the perfused bioreactor employed in this study belongs to the 
first-generation of bioreactors (i.e., macroscopic devices host-
ing cell-populated constructs of several mm in dimensions) in 
which the global culture parameters can be experimentally 
measured on the construct by means of classical destructive 

Fig. 6 - Results of the CFD model. (A) 
Predicted average velocity in differ-
ent areas/section of the model as a 
function of the R Ri e/ . (B) Color map 
of the velocity magnitude in the cul-
ture chamber holding scaffold with 
decreasing R Ri e/ . (C) Predicted hy-
drodynamic in different areas/sec-
tion of the model as a function of 
the R Ri e/ . (D) Color map of the pre-
dicted hydrodynamic shear stress 
and fluid velocity streamlines (in 
red) in the culture chamber holding 
scaffold with decreasing R Ri e/ .
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assays (Fig. 4E-G) or directly measured at the inlet and outlet 
channels (Figs. 4A-D and 5). Thus, as it was conceived, the cell 
construct was not experimentally accessible and did not allow 
assessment of the evolution of cell/matrix growth at different 
time points during culture unless done destructively.

Despite these limitations, cells cultured in such macro-
porous scaffolds provided with a channel may offer several 
advantages; i) they are exposed directly to flow, ii) they do 
not experience harmful viscous stresses, iii) they are deliv-
ered nutrients by convection, all of this without the need of 
a hollow fiber. Taken together, these results allowed us to 
demonstrate that the macroporous scaffold provided with a 
channel can be considered the equivalent of a hollow fiber in-
tegrated into a porous scaffold without the need of a physical 
fiber. Unless a physical barrier is needed for the separation of 
compartments, our results imply several technical and prac-
tical advantages, including the fabrication, characterization, 
and integration of fibers within a macroporous scaffold (3). 
In addition, our findings showed that the macroporous scaf-
fold can be used as a “reference domain” for a systematic in-
vestigation of culture parameters in perfused bioreactors for 
large-size constructs, including hollow fiber-integrated biore-
actors, and as a reliable experimental device for an in silico 
evaluation of scaffold designs.

Conclusions

We developed an experimental-numerical investigation 
on the effects of the macroporous scaffold geometry on cell 
culture parameters. In particular, the experimental model 
consisted of a perfused bioreactor to culture a macroporous 
scaffold provided with a channel in its center. We also devel-
oped a numerical model in the aim to further describe the 
contribution of the geometry of such a scaffold on fluid dy-
namics and nutrient transport (i.e., oxygen and glucose).

The experimental findings showed that our bioreac-
tor allowed several crucial parameters to be easily assessed. 
Coupling these experimental results with the numerical model 
we were able to predict both fluid dynamics (i.e., the velocity 
field and the viscous stress, which would be practically impos-
sible to measure) and mass transport variables in a good agree-
ment with the experimental measurements and the literature.

The computational results showed that both the hydro-
dynamic shear stress and velocity decreased as the ratio in-
creased, confirming that the reduction of the resistance against 
a fluid flow can be employed as a potential strategy for low 
scaffold porosity caused by cell growth and matrix secretion. 
The scaffold not only prevented the increase of shear stress ex-
erted on cells but allowed them to be exposed to low and not 
harmful values. We demonstrated that cells cultured in these 
macroporous scaffolds provided with a channel may offer sev-
eral advantages; i) they are exposed directly to flow, ii) they do 
not experience harmful viscous stresses, iii) they are delivered 
nutrients by convection without the need of a hollow fiber. In 
conclusion, our macroporous scaffold with a channel can be 
interpreted as a simplified “representative/reference unit” for 
the systematic study of both perfused culture systems and hol-
low fiber-integrated scaffolds for large-scale tissue engineer-
ing, overcoming their technological and practical limitations.
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