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Abstract 
Human mesenchymal stem cells (hMSC) are promising candidates for cell therapy applications. The 
main goal of this work was the development of a scalable integrated strategy for the up- and down-
stream processing of hMSC. Different approaches for cell expansion, cell concentration (i.e. volume 
reduction) and washing steps were evaluated and the impact of operation mode on cells’ viability and 
quality (identity and potency) was compared. For cell expansion, a xeno-free microcarrier culture 
system was successfully implemented in stirred tank bioreactors. A continuous perfusion operation 
mode allowed to increase the hMSC expansion ratio (13.4), and led to a metabolic shift towards an 
aerobic/oxidative metabolism, when compared to a semi-continuous operation mode. The perfusion 
culture was also validated using a cell retention perfusion device (ATF™). For cell concentration and 
washing processes, tangential flow filtration (TFF) in hollow fiber devices was used. Cells were 
successfully concentrated up to a factor of 10, recovering 80% of viable cells. Membrane pore sizes 
larger than 0.45 µm have showed to be a key parameter to perform the cell concentration step. A 
continuous TFF allowed to operate longer with higher cell concentrations without affecting cell 
recovery yields during cell concentration step, and ensured higher protein clearance (98%) and lower 
cell death during cell washing than discontinuous TFF. The best operating conditions obtained were 
selected for the development of an integrated bioprocess. After cell expansion in bioreactors operating 
in continuous perfusion, cells were harvested, concentrated and washed in a shorter total process 
time (when comparing with the total process time of separate processes), having been able to recover 
70% of highly viable hMSC (> 95%). At the end of the bioprocess, hMSC displayed high cell viability 
and maintained their morphology, phenotype and multipotency. 
 
[Keywords: human Mesenchymal Stem Cells (hMSC); bioreactors; microcarriers; xeno-free; cell concentration; integrated 
process.] 

 

Introduction 

Human adult mesenchymal stem cells (hMSC) 
have been shown over the past years to be 
effective in the treatment of several diseases in 
a clinical setting, including immune diseases 
as well as in wound care, orthopaedics, 
amongst others (Wei et al., 2013). Since 
therapies require high doses (from 10

5
 to 10

9
 

cells per patient) (Mason and Dunnill, 2009), 
and given cells’ low abundance in vivo 
(Caplan, 1991), methods that can successfully 
expand hMSC are compulsory (Schop et al., 
2010). To achieve such demands, extensive 
efforts have focused on the development of 
cost-effective, scalable and robust upstream 
technologies; the use of microcarrier-based 
stirred culture systems combined with 
bioreactor technology (Chen et al., 2013) can 
significantly and cost-effectively increase the 
therapeutic cell culture productivity (Simaria et 
al., 2014), while assuming a culture 
homogeneity and controlling culture 
parameters. Ultimately, the increase in the cell 
numbers will also raise the harvest volumes 
depending on the therapy type (autologous or 
allogeneic). Large culture volumes will need to 

be concentrated and washed without 
compromising the cells’ characteristics in terms 
of identity, potency and viability, in order to 
ensure efficient removal of impurities (e.g. 
protein and DNA) (Pattasseril et al., 2013). 
Due to its ability for scale-up, and single use, 
tangential flow filtration appears as an 
attractive solution for cell therapy downstream 
processing (DSP) (Pattasseril et al., 2013; 
Vicente et al., 2014). 
The integration of up- and downstream unit 
operations can result in the elimination of hold 
steps, shortening residence and cycle times, 
thus decreasing the footprint, and ultimately 
creating robust closed system operations for 
processing biopharmaceuticals (Jungbauer, 
2013; Schaber et al., 2011; Warikoo et al., 
2012). This approach remains to be explored 
for cell therapy applications: preliminary 
studies already reported the potential of 
continuous perfusion in expanding hMSC 
(Santos et al., 2014). 
This work aimed to develop a potentially 
scalable integrated process for the expansion, 
volume reduction and washing of hMSC. Our 
strategy consisted on the evaluation of the 
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feasibility of different operation modes 
(continuous and discontinuous) on cell 
expansion and recovery, as well as on cells’ 
quality attributes in terms of morphology, 
identity, purity, potency, and viability 
throughout the processing steps. 

Materials and Methods 

The followed workflow is presented in Figure 1. 

Cell culture 

In this work, human bone marrow-derived 
mesenchymal stem cells (hMSC; 
STEMCELL™ Technologies, Grenoble, 
France), and human foreskin fibroblasts (hFF, 
ATCC collection, Cat nr CRL-2429) were used. 
All reagents used to perform the cell culture 
were purchased from Gibco® Life 
Technologies™ (Carlsbad, USA), unless 
otherwise stated. 

Static Culture 
hMSC were cultured in MesenCult®-XF 
Medium (STEMCELL™ Technologies) 
supplemented with 2 mM L-Glutamine and 
propagated in tissue culture flasks (Thermo 
Scientific™ Nunc™, Massachusetts USA), 
previously coated with MesenCult™-SF 
Attachment Substrate (STEMCELL™ 
Technologies), according to the manufacturer’s 
instructions. hFF were expanded using IMDM 
supplemented with 4 mM GlutaMAX™-I, 10% 
(v/v) Fetal Bovine Serum (FBS) and with 1% 
(v/v) PenStrep, in tissue culture flasks (Thermo 
Scientific™ Nunc™, Massachusetts USA). hFF 
were subcultured using a split ratio of 1:6, 

when cells reached a confluence of approx. 70 
– 80%, using 0.25% (v/v) Trypsin-EDTA for cell 
detachment. Cells were expanded at 37 ºC in a 
humidified atmosphere of 5% CO2 in air. 

Culture in Stirred Tank Bioreactors 
hMSC were cultivated in computer-controlled 
Biostat Qplus stirred tank bioreactors 
(Sartorius Stedim Biotech, Göttingen, 
Germany), equipped with low shear stress 
marine 3-blade impellers, under defined 
conditions (working volume: 400 mL; pH: 7.2; 
temperature: 37 ºC; pO2: 20% air saturation; 
surface aeration rate: 0.1 vvm). Data 
acquisition and process control were 
performed using Multiple Fermenter Control 
System for Windows Supervisory Control and 
Data Acquisition software (Sartorius Stedim, 
Germany). hMSC were inoculated at 0.25x10
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cell/mL on the bioreactors, containing 200 mL 
of xeno-free, serum-free Mesencult™-XF 
culture media (STEMCELL™ Technologies) 
and Synthemax® II microcarriers (Corning, 
New York, USA) at a concentration of 16 g/L. 
Cells were cultured under intermittent stirring 
(On: 60 rpm for 1 min; Off: 0 rpm for 20 min) 
during the first 6 hours. After this period, the 
remaining 200 mL of culture media were added 
and agitation was set to continuous at 40 – 60 
rpm. At day 6 of culture, empty microcarriers 
were added (32 g/L), increasing the 
microcarrier concentration up to 48 g/L. To 
facilitate cell migration from bead to bead, an 
intermittent stirring rate profile was set (On: 15 
rpm for 5 min; Off: 0 rpm for 55 min) from day 
6 to day 9. Cells were expanded for 14 days. 

(i) Continuous perfusion cultures: performed 
using the cell retention prototype ATF™ 
(Repligen Corporation, Massachusetts, USA) 
or with dip-tube adapted to the bioreactor cap; 
perfusion cultures were controlled using an 
automated gravimetric control system, as 
earlier described by our group (Serra et al., 
2011; Tostões et al., 2011), at a dilution rate of 
0.2 day

-1
 from day 5 to day 14 of culture. 

(ii) Semi-continuous cultures: conducted by 
replacing 50% of the culture media every 2.5 
days, from day 5 to day 14 of culture. 

Downstream processing 

Cell concentration (volume reduction) 
The clarified cell suspension was concentrated 
using tangential flow filtration (TFF). TFF was 
designed to be operated in two different modes 
– continuous (Figure 3B) or discontinuous 
(Figure 3A). To compare both modes, the 
retentate pump in the continuous operation 
was set to deliver the same volumetric 
concentration factor at the same time, as in the 
discontinuous operation. Hollow fiber devices 
with 50 cm

2
 kindly provided by Asahi Kasei 

Figure 1 – Schematic representation of the 
experimental workflow. In this work, we have evaluated 
the feasibility of different operation modes (continuous and 
discontinuous) on cell expansion and recovery, as well as 
on cells’ quality attributes in terms of morphology, identity, 
purity, potency, and viability throughout processing. With 
the most suitable conditions, an integrated process was 
designed where after hMSC expansion using microcarrier 
technology in controlled stirred tank bioreactors, cells were 
concentrated and washed from the system’s impurities into 
a formulation media. At the end of the bioprocess, an 
expansion factor of 14.6 was obtained, and 70% of hMSC 
were recovered, presenting proliferating capacity, 
multipotent differentiation potential, and with unaffected 
morphology and immunophenotype. 
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(Tokyo, Japan), were used to conduct the 
comparison experiments of continuous and 
discontinuous filtration. When performing the 
process integration, a hollow fiber with 24 cm
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from GE Healthcare Life sciences (New 
Jersey, USA) was used. Either Watson Marlow 
Model 120 S/DV 200 rpm pump (Watson-
Marlow Pumps Group, Massachusetts, USA) 
or Tandem Model 1081 peristaltic pumps from 
Sartoflow® Slice 200 benchtop crossflow 
system (Sartorius Stedim Biotech) were used. 
Pressure was monitored using SciPres luer 
pressure sensors (SciLog, Wisconsin, USA) on 
the inlet, outlet and permeate stream. Weight 
and pressure data were monitored and 
acquired every 15 seconds using the 
Sartoflow® Slice 200 benchtop crossflow 
system. In all experiments, the hollow fiber 
devices were operated at constant inlet flux 
and by controlling the permeate flux with a 
peristaltic pump (Watson Marlow Model 120 
S/DV 200 rpm). A water flux test was 
performed before and after each experiment to 
determine the membrane’s permeability. To 
ensure sterility, hollow fiber devices were 
sanitized with 0.5 M NaOH (Sigma-Aldrich, 
Steinheim, Germany) at 50 ºC for 45 minutes. 
The membranes were preconditioned with five 
membrane volumes of sterile DPBS before the 
concentration step. 

(i) Continuous concentration: To start the 
continuous TFF (Figure 3B), initially the air 
from the device was removed by filling the 
recirculation loop with DPBS using a peristaltic 
pump (Watson Marlow Model 120 S/DV 200 
rpm) on the feed side set up to a flow rate of 
200 mL/min, and with the recirculation pump 
(Tandem Model 1081) set to a flow rate of 30 
mL/min. The cell suspension was pumped into 
the TFF loop - the feed’s peristaltic pump was 
placed on the retentate stream and set to 30 
L.m

-2
.h

-1
 (LMH); the recirculation and permeate 

pumps were set to 2880 LMH (to ensure a 
shear rate of 3000 s

-1
) and to 250 LMH, 

respectively. Concentrated cells were 
continuously recovered on the retentate’s port. 
After all the cell suspension had passed 
through the feed port, the permeate, 
recirculation and retentate pumps were 
stopped, and the cell suspension was 
completely drained from the TFF loop. 

(ii) Discontinuous concentration: In 
discontinuous TFF (Figure 3A), the 
recirculation loop was initially filled with cell 
suspension. The recirculation pump (Tandem 
Model 1081) was set to 2880 LMH, and the 
permeate pump set to 250 LMH. 

Cell washing (diafiltration) 
The diafiltration (DF) step was performed using 
the same TFF cartridge previously used to 

conduct the concentration process. DPBS was 
used to validate the DF process. To initiate the 
DF step, the circulation loop was filled with 
concentrated cell suspension from the 
concentration step using a Tandem Model 
1081 peristaltic pump set to 750 LMH, initially 
clearing all the air from the loop and cartridge. 
The permeate pump was set to 250 LMH. In 
discontinuous DF permeable solutes were 
cleared, followed by redilution of the retentate 
with refiltration in repetitive steps. On the other 
hand, in continuous DF, the DF media was 
continuously added to the feed tank at the 
same rate as the permeate flux. 

Cell viability and characterization assays 

All reagents used to perform cell 
characterization assays were purchased from 
Sigma Aldrich, unless stated otherwise. 

Cell number and viability 
Cell viability and cell membrane integrity were 
assessed using three different methods: 

(i) Trypan Blue exclusion method: Cell 
concentration was estimated through counting 
cells using a Fuchs–Rosenthal 
haemocytometer (Brand, Wertheim, Germany). 
Viable cells were determined by using the 
trypan blue dye exclusion method. The cell 
recovery yield is always referred as a 
percentage, and was estimated taking into 
account the number of viable cells before 
(100%) and after processing. 

(ii) Fluorescein diacetate-propidium iodide 
staining: The qualitative assessment of the cell 
plasma membrane integrity was also 
performed using the enzyme substrate 
fluorescein diacetate (FDA), and the DNA-dye 
propidium iodide (PI), as described in the 
literature (Jones and Senft, 1985). Briefly, cell 
suspensions were incubated with 20 μg/mL 
FDA and 10 μg/mL PI in DPBS for 5 min and 
observed using fluorescence microscopy (DMI 
600 B, Leica Microsystems GmbH). 
Representative images were taken using a 
Leica DFC 360 FX digital camera. 

(iii) Lactate Dehydrogenase (LDH) Assay: The 
release of intracellular lactate dehydrogenase 
enzyme (LDH) into the supernatant can be 
correlated with the extent of cell lysis (Fotakis 
and Timbrell, 2006). Hence, LDH activity from 
the supernatant of centrifuged samples was 
determined by monitoring the rate of oxidation 
of NADH to NAD+ coupled with the reduction 
of pyruvate to lactate at 340 nm, as previously 
described in the literature (Vassault, 1983). 

Apoptosis and metabolic activity assay 

The percentage of apoptotic and metabolic 
active cells was evaluated using Apoptosis 
Assay Kit NucView™ 488 and MitoView™ 633 
(Biotium, Inc., California, USA), following the 
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manufacturer’s instructions. This kit contains 
the green fluorescent NucView 488 caspase-3 
substrate (detects intracellular caspase-3) and 
the far-red fluorescent MitoView 633 
mitochondrial dye (detects changes in 
mitochondrial membrane potential). After 
incubation with both reagents, cells were 
analyzed by flow cytometry (CyFlow® space, 
Partec GmbH, Münster, Germany). At least ten 
thousand events were registered per sample. 

hMSC adhesion and growth profile 
hMSC were inoculated in static culture 
conditions, in 24-well-plates, previously coated 
with MesenCult™-SF Attachment Substrate. A 
cell inoculum of 5 x 10

3
 cell/cm

2
 was used and 

cells were cultured as described in the Section: 
Cell Culture, Static Culture. Cells’ growth 
profile was monitored for 13 days. Cell 
concentration and viability were determined as 
previously described in the Section: Cell 
number and viability, Trypan Blue exclusion 
method. 

Metabolite analysis 
Glucose (GLC) and lactate (LAC) 
concentrations in the culture were analyzed 
using an YSI 7100MBS (YSI Incorporated, 
Ohio, USA). Ammonia was quantified 
enzymatically using a commercially available 
UV test (Roche, Basel, Switzerland). The 
specific metabolic rates (qMet, expressed in 
μmol.h

-1
.10

6
 cell

-1
), as well as the apparent 

yields of lactate from glucose (YLAC/GLC), 
oxygen from glucose (YO2/GLC) and ammonia 
from glutamine (YNH3/GLN) were determined as 
described in the literature (Serra et al., 2010; 
Tostões et al., 2011). 

Flow cytometry 
hMSC were washed once with DPBS and a 
total of 2 x 10

5
 cells were incubated with each 

of the antibodies (CD44-PE, CD73-PE, CD90-
PE, CD105-PE, CD166-PE, CD34-PE, CD45-
PE, HLA-DR-PE and isotype controls IgG1,κ-
PE, IgG2a,κ-PE and IgG2b,κ-PE, all from BD 
Biosciences) for 1 h at 4 °C. Cells were 
washed twice in DPBS, and analyzed in a 
CyFlow® space instrument. At least ten 
thousand events were registered per sample. 

Morphology 
hMSC were inoculated in static culture 
conditions, in 24-well-plates, previously coated 
with MesenCult™-SF Attachment Substrate, 
as described in the Section Cell Culture, Static 
Culture. After 2 days, cells’ morphology was 
analyzed as described elsewhere (Cunha et 
al., 2014). Cells were incubated with each one 
of the primary antibodies for 2 h at room 
temperature. After two washing steps with 
DPBS, cells were incubated with the 
secondary antibodies for 1 h at room 

temperature. hMSC were then washed two 
times with DPBS and cell nuclei were 
counterstained with 4,6-diamidino-2-
phenylindole (DAPI, Life Technologies). Cells 
were visualized using inverted (Leica 
Microsystems GmbH) fluorescence 
microscopy. Representative images were 
taken using a digital camera (Leica DFC 360 
FX). The primary antibodies used were Alexa 
Fluor® 488 Phalloidin (Life Technologies), 
Anti-Vimentin (Sigma Aldrich), and Anti-α-
Tubulin (Sigma Aldrich). Anti-Vimentin and 
Anti-α-Tubulin were conjugated with secondary 
antibody Alexa Fluor® 594 Goat Anti-Mouse 
IgG (H+L) Antibody (Life Technologies). 

In vitro multipotency assays 
hMSC potency was evaluated through their 
capacity to differentiate into two different 
lineages (adipogenic and osteogenic), 
following the manufacturer’s guidelines and as 
described in a previous study (Cunha et al., 
2014). 

Protein and DNA quantification 
Process samples were centrifuged at 300 g for 
5 minutes at room temperature, and the 
supernatant was kept at 4 ºC for further 
analysis. Total protein concentration from the 
process samples was determined using either 
bicinchoninic acid protein assay (Pierce 
Biotechnology, Rockford IL, USA), according to 
the manufacturer’s instructions, or using direct 
detect (Merck Millipore) infrared (IR)-based 
assay. Protein samples were analyzed (using 
standard running conditions) by SDS-PAGE 
electrophoresis (XCell SureLock mini-cell 
system; Life Technologies), by loading the 
same protein amount onto NuPAGE™ 
Novex™ 4–12% (w/v) bis-tris precast 
polyacrylamide gels (Life Technologies). 
Proteins were visualized by Instant Blue 
staining (Expedeon, Harston, UK). Total 
double strand DNA content on the process 
samples was determined in 96-well plates 
using a PicoGreen™ dsDNA Assay kit (Life 
Technologies) according to the manufacturer’s 
instructions. 

Results 

hMSC expansion in continuous perfusion 
and semi-continuous cultures 

hMSC were cultured on microcarriers in 
controlled stirred-tank bioreactors under xeno-
free conditions (Stirred-tank Bioreactors 
Culture section). The impact of culture 
operation mode on cell growth, volumetric 
productivities and metabolism was assessed. 
Two different culture operation modes were 
evaluated from day 4 onwards: i) 50% medium 
renewal every 2.5 days (designated as semi-
continuous culture) and ii) continuous 
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perfusion cultures at a dilution rate of 0.2 day
-1

, 
which was selected to simulate the media 
renewal established in semicontinuous culture 
strategy. 
Our results showed that hMSC achieved 
higher cell concentrations (3.7 x 10

5
 cell/mL), 

expansion ratios (14.6) and maximum growth 
rate (0.016 h

-1
) in continuous perfusion culture 

when compared to the semi-continuous 
strategy (2.9 x 10

5
 cell/mL, 11.5 and 0.011 h

-1
, 

respectively) (Figure 2A). In both culture 
strategies, hMSC were able to migrate to 
empty microcarriers and further proliferate 
using the bead-to-bead transfer strategy 
(Hervy et al., 2014). However, the percentage 
of colonized microcarriers was higher from day 
7 onwards in continuous perfusion cultures 
(Figure 2B). The culture operation mode 
showed not to impact cells’ morphology, since 
hMSC attached to the microcarriers displayed 

organized intracellular f-actin during culture 
(Figure 2C). 
Measurements of glucose and glutamine 
confirmed that there was no depletion of these 
nutrients during culture time (data not shown). 
Moreover, the accumulation of lactate and 
ammonia was always below the growth-
inhibitory concentrations (<6 mM and <1 mM, 
respectively) (Schop et al., 2010) (data not 
shown). From day 4 onwards, lower specific 
rates of glucose consumption and lactate 
production were obtained in the continuous 
perfusion than in semi-continuous culture, 
although comparable specific rates of oxygen 
consumption could be observed in both 
strategies (Table 1). Furthermore, lower 
YLAC/GLC (0.40 ± 0.02 vs 1.74 ± 0.17, Figure 2D) 
and higher YO2/GLC (1.11 ± 0.12 vs 0.34 ± 0.11, 
Figure 2E) were obtained in continuous 
perfusion than in semi-continuous culture, 

Figure 2 - Continuous perfusion and semi-continuous hMSC expansion in controlled stirred tank bioreactors. Growth 
curves expressing the increasing cell number per volume of medium (A) and percentage of colonized microcarriers (B) 
throughout the culture time. (C) hMSC adherent to microcarriers morphology during cell expansion – immunofluorescence 
staining of f-actin (green), and cell nuclei (blue). Scale bars: 100 μm. Metabolic characterization of the cultures - (D) Lactate - 
glucose and (E) oxygen - glucose ratios. (F) ATF™ prototype. (G) Volumetric productivities, expressed in million cells per 
culture volume per day, of both the continuous perfusion (ATF™ and with dip-tube) and semi-continuous cultures. Values are 
represented as the average and error bars of 3 measurements. 

Table 1 – Specific rates of 
glucose and oxygen 
consumption and lactate 
production of hMSC cultured 
on microcarriers using 
stirred-tank bioreactors 
operated in continuous 
perfusion and semi-
continuous culture modes. 
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suggesting that the continuous perfusion 
strategy induced a shift on hMSC metabolism 
towards energy production, whereas semi-
continuous favored a more anaerobic glycolytic 
metabolic phenotype. Similar profiles of 
specific rates of glutamine consumption and 
ammonia production, as well as YNH3/GLN were 
observed in both culture strategies (data not 
shown). A prototype ATF™ system was 
evaluated as an alternative device for 
continuous perfusion operation mode (Figures 
2F and 2G). In both perfusion cultures, hMSC 
displayed similar cell growth rates (0.016 day

-

1
), metabolic profiles (data not shown), and 

volumetric productivities (Figure 2G). 
Furthermore, hMSC showed high viability (> 
95%) throughout culture time, as confirmed by 
trypan blue exclusion method and 
measurement of LDH release into culture 
supernatant (data not shown). 

hMSC concentration using tangential flow 
filtration (TFF) in hollow fiber devices 

Due to their resemblance with hMSC (Alt et al., 
2011), hFF were used as a proof-of-concept to 
evaluate the impact of different operation 
modes (continuous and discontinuous) and of 
pore size on cell recovery yields and viability 
during concentration and diafiltration 
processes. The most suitable operation modes 

and conditions were then selected for the 
implementation of an integrated process for 
hMSC.  

Pore size impact on the TFF 
The impact of the pore diameter on the 
concentration performance was assessed 
using three different hollow fiber (HF) devices: 
HF A (0.65 µm), HF B (0.45 µm) and HF C 
(0.20 µm). The process was performed using 
shear rate and permeate flow conditions in 
agreement with the operating conditions and 
methodology previously reported by our group 
(Cunha et al., 2014).  For a volume reduction 
factor of 10, higher pore sizes (0.65 µm) 
allowed for a cell recovery of 82%, while 
smaller pore sizes (0.45 µm) allowed for only 
72% cell recovery (Figure 3E). Furthermore, 
when pore size was even more reduced (0.20 
µm), the membrane became prone to fouling, 
leading to a drop in the permeate flow and a 
raise of the transmembranar pressure (TMP), 
hampering the process to continue past a 
volume reduction factor of 4 (data not shown). 
The membrane’s permeability was also 
determined before and after the process 
according to the manufacturers’ protocols, in 
order to assess fouling and clogging 
phenomena (data not shown). Membrane 
permeability decreased 10 - 15 % when using 

Figure 3 – Continuous and discontinuous (batch) cell concentration. Schematic representation of two TFF operation 
modes – (A) discontinuous and (B) continuous. (C) Cell concentration profile through time. (D) Cell characterization in terms of 
apoptosis, metabolic activity, LDH and DNA release profile after the concentration processes. Results are presented as fold 
changes regarding cells before TFF. These proof-of-concept experiments were conducted with hFF. Error bars denote SD of 2 
independent experiments. No significant differences were observed (p > 0.05). (E) Cell recovery profile during discontinuous 
concentration in hollow fibers with three diferent pore sizes. 
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larger pore sizes (0.65 and 0.45 µm), being 
always higher than the recommended 
operating level of 9000 L.m

-2
.h

-1
.bar

-1
. 

However, when a pore size of 0.20 µm was 
used, a clogging of the membrane was 
observed, being the membrane permeability 
reduced to 5% of its original value. Facing 
these results, hollow fibers with a pore size of 
0.65 µm were used in all the following 
experiments. 

Continuous and discontinuous cell 
concentration  
Continuous and discontinuous TFF operations 
were applied to concentrate cells, according to 
the schematic diagrams presented in Figures 
3A and 3B. Both processes were performed 
using shear rate and permeate flow conditions 
in agreement with the operating conditions and 
methodology previously reported by our group 
(Cunha et al., 2014). Cell concentration was 
performed up to a volume reduction factor of 6 
in both TFF processes (Figure 3C). Moreover, 
results showed that cell recovery yield was not 
affected by the operation mode; continuous 
and discontinuous modes allowed to recover 
more than 80% of viable cells (cell viability ≥ 
95%) after 9 minutes of operation. The 
observed cell loss (less than 20%) might be 
attributed to cell death throughout processing, 
since an increase in the percentage of 
apoptotic cells as well as in DNA and LDH 
release were observed after both TFF 

processes (Figure 3D). Although the final cell 
recovery yield was similar on both process 
modes, the concentration profile was distinct. 
In continuous TFF, higher concentration 
factors were achieved sooner than in the 
discontinuous operation (Figure 3C), in 
agreement with the literature (Ho and Sirkar, 
1992). Additionally, the use of a peristaltic 
pump controlling the feed instead of the 
permeate flux lead to a decrease of 20% in 
viable cell recovery yields (data not shown). 

hMSC washing (diafiltration) using TFF in 
hollow fiber devices 

Continuous and discontinuous diafiltration 
Continuous and discontinuous diafiltration (DF) 
were compared to perform cell washing of 
protein impurities. 
The results show that protein removal is 
effective in both operation modes (Figure 4A). 
Nevertheless, with discontinuous DF, to 
achieve the same level of protein clearance a 
higher number of diafiltration volumes (DVs) 
(5-6) was needed. To confirm this result, SDS-
page was performed (Figure 4D). As expected, 
the total number of total proteins decreases 
along the increasing number of DVs, i.e. 
protein is being efficiently removed from the 
concentrated cell suspension. 
In the discontinuous DF, lower cell recoveries 
(Figure 4B) were observed in the end of the 
process, as well as increased cell death 
(Figure 4C). On the other hand, continuous DF 

Figure 4 - hMSC washing with DPBS, using TFF in HF devices. Protein removal (A) and cell recovery (B) through 6 
diafiltration volumes, LDH and DNA released during the process (C), SDS-PAGE analysis of protein samples from 1 up to 6 DVs 
DVs for discontinuous and continuous DF. 5 µg (total protein) were loaded in each lane of the gel (D). 
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allowed for a recovery of 70% of total cells, 
with viability above 90%. 
Overall, the continuous washing mode proved 
to be more suitable to remove impurities 
(higher protein clearance), providing a shorter 
processing time, and allowing for a better cell 
recovery while maintaining high cell viability. 

Integration of hMSC cell expansion, 
concentration and diafiltration processes 

Combining the results from the previous result 
sections, we have developed an integrated 
process of expansion, concentration and 
washing for hMSC (Figure 1 and 5A). After 
hMSC expansion using microcarriers and 
stirred-tank bioreactors operating in continuous 
perfusion, cells were clarified from the 
microcarriers using operating conditions 
reported previously by our group (Cunha et al., 
2014). Cells were then concentrated (up to a 
concentration factor of 10) and washed (5 
DVs) into a formulation media, using the same 
hollow fiber device and process parameters of 
shear rate (3000 s

-1
) and pump controlled 

permeate flux (250 L.m
-2

.h
-1

) described 
previously by our group (Cunha et al., 2014); to 
integrate both processes, a discontinuous 
concentration and continuous diafiltration, as 
described in a previous section, were 
performed (Figure 5A). The integrated process 

allowed for a faster processing after cell 
expansion (1 hour, rather than typical 2 – 3 
hours of separate processes), having been 
able to recover over than 70% of highly viable 
hMSC (> 95%) (Figure 5B). The integrated 
process showed not to impact cell morphology, 
since after plating hMSC (after up- and 
downstream processing) could successfully re-
acquire their typical spindle-like morphology, 
presenting organized intracellular f-actin, 
expressing α-tubulin and vimentin (Figure 5C). 
The expression of the main characteristic 
hMSC’s surface receptors, as described in the 
literature (Dominici et al., 2006), remained 
unaltered after processing (Figure 5D). More 
specifically, hMSC were negative for 
hematopoietic CD34 and CD45 markers, as 
well as for HLA-DR and displayed high levels 
of CD44, CD73, CD105 and CD166 
mesenchymal stem markers. hMSC 
maintained their ability in adhering to plastic 
surfaces and remained proliferative, having 
reached a population doubling level (PDL) of 
approximately 3 after plating (Figure 5E). 
Furthermore, hMSC maintained their 
differentiation potential, successfully 
differentiating into adipocytes and osteocytes 
(Figure 5F). No spontaneous differentiation 
was ever observed (data not shown). 

Figure 5 – Integrated bioprocess of hMSC and cell characterization. (A) Schematic representation of the 
experimental layout of the integrated bioprocess. (B) Cell recovery yield after clarification, concentration and 
diafiltration steps. (C) hMSC morphology after up- and downstream processing - immunofluorescence staining of 
f-actin (green), α-tubulin (red), vimentin (red), and cell nuclei (blue). Scale bars: 100 μm. (D) Expression of 

specific cell-surface antigens (CD166, CD105, CD73, CD44, CD45, CD34, HLA-DR) typical for hMSC, after up- 
and downstream processing. (E) Growth curves expressing the population doubling level throughout the culture 
time of re-plated hMSC after up- and downstream processing. Values represent the average of 3 measurements. 
(F) Multipotent differentiation potential of hMSC. Red-oil solution stained lipid droplets (adipocytes, left panel), and 
alizarin red stained calcium deposits (osteoblasts, right panel). Magnification: 400x. 
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Discussion 

The biopharmaceutical industry is upgrading 
into integrated, continuous and single-use 
bioprocessing strategies. The aim of this work 
was to explore and develop an integrated 
bioprocess for the expansion, concentration 
and washing of hMSC; continuous and 
discontinuous operation modes for each one of 
the steps were compared, and with the most 
suitable conditions an integrated process was 
designed. Particular focus was given on the 
effect that continuous and discontinuous 
operation modes have on the cellular 
characteristics. Results show that continuous 
processes (continuous perfusion, 
concentration and diafitlration) had higher 
productivities, i.e., number of 
expanded/recovered cells per unit of time, 
when compared with discontinuous operations. 
hMSC expansion in bioreactors operating in 
perfusion mode has been preliminarily 
described; however, deep characterization of 
the effect of different operation modes on cells’ 
growth, metabolism and characteristics was 
absent (Santos et al., 2014). In our study, we 
have observed that expanding hMSC in a 
continuous perfusion operation mode provided 
a higher expansion ratio, and led to changes in 
the cells’ metabolism, particularly after day 4 of 
culture; YLAC/GLC ratios decreased and YO2/GLC 
ratios remained high, when compared to the 
semicontinuous culture. The continuous 
perfusion system appears to be leading to a 
metabolic shift from a mostly glycolytic 
metabolism towards a metabolism based on 
the TCA cycle, which is a more energy-efficient 
pathway, thus contributing to improved cell 
growth when compared to the semi-continuous 
culture. The maximum cell concentration 
achieved in our study (4 x 10

5
 cell/mL) was 

lower than the one reported by Santos et al. (5 
x 10

5
 cell/mL) (Santos et al., 2014). The 

difference in cell growth profile may reflect the 
distinct cell origins (hMSC were isolated from 
the bone marrow of different donors), and the 
different culture conditions used in both 
studies, such as the microcarriers’ type and the 
culture medium formulation. In this work, we 
also showed the feasibility of using a prototype 
ATF™ system as an alternative device for 
continuous perfusion of hMSC cultured in 
microcarrier-based stirred systems. Both 
perfusion systems assured an efficient and 
automated operation management, 
overcoming the major drawbacks of the semi-
continuous strategy, which requires repeated 
manipulation. 
In optimal continuous operations, the required 
time to reach steady state is usually negligible 
when compared to overall process time, 

leading to higher productivities than in 
discontinuous operations (Jungbauer, 2013). 
Moreover, the residence time of particles within 
the system is longer in discontinuous 
processing (Cheryan, 1998). We have 
observed that both filtration operations can be 
applied to concentrate cells, recovering in both 
more than 80% of highly viable cells (more 
than 95%). They yield different advantages; 
higher cell concentrations were achieved 
sooner when operating TFF in a continuous 
mode, as validated experimentally, leading to a 
higher productivity (number of concentrated 
cells per unit of membrane area and time). 
Therefore, if we tailor the system to achieve a 
determined cell concentration, cells at the 
intended concentration will be available sooner 
than when operating in discontinuous mode. 
Conversely, discontinuous TFF allows to 
couple a diafitlration step within the same HF 
device, decreasing not only the equipment’s 
footprint necessary for processing, but also 
hold up volumes and overall process time. 
Since both operation modes achieve similar 
recovery yields, cell concentration factors and 
viabilities, the choice should depend on the 
occupational workflow advantages each of 
them pose. Differences existed between the 
experimental data and the predictive mass 
balance; although, conceptually the membrane 
fully rejects the cells based on its pore size, 
previous results (Cunha et al., 2014) showed 
that the membrane’s polysulfone material is 
prone to interact with the cellular suspension 
(Koehler et al., 1997). Effective removal of host 
cell contaminants is required by regulatory 
agencies to ensure product safety (European 
Medicines Agency, 2008), since trace amounts 
of host-cell DNA and proteins if injected into 
patients may potentially cause allergic 
reactions or even cause transfection of cells, 
resulting in tumor formation (Wolter and 
Richter, 2005). Within this context, we have 
performed cell washing by diafiltration after the 
concentration process, so that the volume of 
cell suspension washed minimizes the process 
time, as well as the volume of wash buffer 
used. As previously reported (Watler and 
Rozembersky, 2011), continuous diafiltration 
showed to be more efficient and gentle than 
discontinuous DF (Schwartz, 2003), where 
lower cell recoveries and increased cell death 
were observed in discontinuous DF. One 
possible explanation is that the process of 
concentrating and diluting a solution can affect 
molecular interactions, causing possible 
product loss, which may damage cells. 
Furthermore, the continuous circulation of the 
diafitlration buffer was shown to improve 
protein clearance, which increased from 93% 
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(discontinuous DF) to over 98% (continuous 
DF). Overall, continuous DF cleared up to 3 
logs of total protein from the cell suspension. 
Adult stem cells have a limited life span, and 
their characteristics change along the 
population doublings. Therefore, for cell 
therapy products, the advantages of a 
continuous, integrated process (up- and 
downstream) should be evaluated against 
current strategies where cell expansion is 
improved through medium renewal. 
For the particular case of hMSC, by evidencing 
the feasibility and comparing the advantages of 
continuous and discontinuous operations, it 
was possible to design a more efficient 
process workflow. Higher productivities were 
achieved without compromising cells’ 
characteristics. Moreover, the use of 
mathematical models for mass balancing 
throughout time of TFF processes allows 
prediction and fine tuning of desirable cell 
concentrations. The work herein described is, 
to the best of our knowledge, the first 
demonstration of the impact that continuous 
and/or integrated processing have on hMSC 
biomanufacturing, in terms of productivity and 
cell quality attributes. 
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