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Abstract

Human mesenchymal stem cells (hMSCs) are expected to revolutionise the healthcare industry in the treatment
of clinical cases due to their therapeutic properties. However, their scarce presence in the body demands large-scale
manufacturing platforms for a consistent, reproducible, safe and cost-effective production of relevant cell doses. For
such, the optimisation of key bioprocess parameters is required for improving cell productivity. Although fetal bovine
serum (FBS)-containing media are still used in many clinical applications, reducing/eliminating the dependence on
this supplement is required since it raises safety, availability, but mostly variability issues. Serum-free media have then
been introduced as potential substitutes. The effect of FBS deprivation from culture was assessed over three passages
and resulted in lower cell growth and metabolic activity levels due to the lack of attachment/growth factors. The
expanded cells increased in size and the clonogenic ability decreased. Nevertheless, cells maintained the multipotency
capacity. The PRIME-XV EXPANSION SFM promoted greater expansion levels than traditional culture conditions
and, phenotypically, cells presented smaller dimensions and the spindle-shaped morphology. Since hMSCs form the
basis of the product in cell therapy manufacture, harvesting is equally important as the expansion strategy. A monolayer
baseline study was conducted to screen and select the dissociation agents with the best detachment performance for
further use in spinner flask cultures. TrypLE Express was considered the best agent for harvesting hMSCs from Plastic
P102-L microcarriers with a novel protocol. Cells retained the proliferative ability and immunophenotype. Moreover,
the hMSC niche was considered pure in the population originally analysed.
Keywords: Cell Therapy, Ex vivo expansion, Harvest, Human mesenchymal stem cells, Microcarriers, Serum-based/-free medium

1. Introduction
Mesenchymal Stem/Stromal Cells (MSCs) are mostly

fusiform and fibroblast-like adherent cells, characterized by the
immunophenotypical expression of CD73+, CD90+, CD105+,
CD34- and HLA-DR-, as well as the ability to differentiate into
adipocytes, osteocytes and chondrocytes under specific in vitro
differentiation conditions [1]. Due to their multipotency, rela-
tive ease of isolation from a variety of tissues, self-renewal and
proliferative capacity, ethical acceptability, low immunogenic-
ity, suppressive effect on immune cells and intrinsic secretory
activity [2], these cells have been envisioned for the healthcare
sector to treat or prevent several diseases/disorders.

The need of supplying hMSCs in sufficient numbers for po-
tential therapies is an actual industrial challenge since large
cell doses are required for therapeutic efficacy in clinical ap-
plications [3]. However, the frequency of MSCs in the hu-
man body is considerably low, it decays with age and, in some
cases, the number of cells needed to treat an adult patient
greatly surpasses the number of cells available from donors
[4]. Therefore, large-scale manufacturing processes are re-
quired for a reproducible, cost-effective and Good Manufac-
turing Practices (GMP)-compliant production of the clinically-
relevant cell numbers, in accordance with the quality attributes
[2, 3]. Microcarrier-based bioreactor systems are promising al-
ternatives to the static cultures to expand adult stem cells and
reach the required cell doses in a controllable, scalable and op-
erationally flexible manner. For such, key bioprocess parameters
with possible significant impact in culture must be optimised and
standardised to improve cell productivity.

FBS has been widely used as a medium supplement in hMSC
culture for providing important growth/attachment factors, pro-
tease inhibitors and protection against shear stress in agitated

cultures, as well as other nutritional compounds required for cell
maintenance and proliferation [5]. However, the use of serum
represents a risk of contamination with infectious agents and
transmission of the contaminants to the final product, it raises
batch-to-batch variability issues, safety concerns and ethical set-
backs [5]. In addition, serum supply and cost is also driven by its
limited availability in cell therapy manufacture [6]. Therefore,
given the need to reduce the dependence on serum and all the
clinical concerns, a study was here conducted investigating the
effect of gradual serum deprivation (10, 5 and 2% FBS-based
media) in hMSC monolayer culture over 3 passages.

The perceived aversion of regulatory agencies to the presence
of animal-derived components in culture and the inconsistent
serum composition have led to a coercive environment to ul-
timately remove serum from cell bioprocessing protocols, ap-
pealing to the development and implementation of potential al-
ternatives. Autologous or allogeneic human blood-derived ma-
terials have been studied as FBS substitutes (e.g. human serum,
plasma, human platelet lysates (hPL) and umbilical cord blood
serum). Nonetheless, the use of human-sourced additives also
raises some similar issues. The concerns can be overcome by
developing an optimised hMSC manufacture process with chem-
ically defined serum-free media. Therefore, an experiment was
conducted investigating the effect of a commercial serum-free
medium (SFM), the PRIME-XV EXPANSION SFM (Irvine Sci-
entific), in hMSC monolayer culture over 6 days, comparatively
to traditional FBS-based medium.

Currently, an extensive amount of publications regarding the
expansion of hMSCs on microcarriers can be found in the lit-
erature. However, little attention has been paid on cell harvest
post-expansion and just few mL samples are generally collected
for studying cell detachment and the entire culture is not totally
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harvested. Typical routine cell harvesting is performed with an
enzymatic agent, commonly trypsin. Other suggestions com-
prise the use of thermo-sensitive microcarriers and enzyme-free
dissociation buffers [7].

Agitation has also been introduced in the harvesting proce-
dure to speed up cell detachment. Nienow et al. developed a har-
vesting protocol where the suspension was treated with trypsin-
EDTA and submitted to agitation at 150 rpm for 7 min (speed
increased to 200 rpm at the final 5 seconds) in order to provide
high stress for a short time to ensure that cells detached from
P102-L microcarriers but were not directly damaged [7]. This
was due to the fact that the microcarrier manufacturer’s detach-
ment protocol, which involved the exposure of the microcarrier-
cell suspension to trypsin-EDTA for 15 min in non-agitated
conditions, was not exactly successful for two primary hMSC
lines (< 5% harvesting efficiencies) and modifying the micro-
carrier surface did not seem advisable or suitable for scale-up
[7]. On the other hand, the implementation of agitation during
trypsinization in the novel detachment technique leaded to the
collection of impressive cell numbers (> 95% of cells success-
fully harvested) from the microcarrier culture for both the hMSC
lines used [7]. The harvesting procedure demands not only the
cell dissociation from the microcarriers surface but also an ef-
ficient separation of the harvested cells from the microcarriers,
such as a vacuum filtration step. Nienow et al. used a Steriflip R©

60 μm filtration unit to retain the microcarriers present in the
suspension [7].

Here, a baseline study regarding the usage of different disso-
ciation agents for hMSC harvest was conducted in monolayer.
A range of reagents were screened in order to compare and as-
sess its performance on hMSC harvest under static culture con-
ditions. The optimal ones were identified and, in an attempt of
optimising the novel harvesting procedure developed by Nienow
et al. [7], the effect of these agents on cell detachment from
microcarriers in spinner flask cultures was compared and anal-
ysed.

2. Matherials and Methods
MSC samples and media formulation hMSC lines isolated

from BM aspirates of two healthy adult donors (M0 and M2)
were purchased from Lonza, after informed consent. hMSCs
were cultured in Dulbecco’s Modified Eagles Medium (DMEM;
1 g/L glucose; Lonza) supplemented with 2, 5 or 10% (v/v) FBS
(Hyclone) and 2 mM UltraGlutamine (Lonza). Unless otherwise
stated, the growth medium used was the one supplemented with
10% FBS. PRIME-XV MSC EXPANSION SFM (Irvine Scien-
tific) was used in the serum-free experiment, in accordance with
the manufacturer’s instructions.

MSC cryopreservation and thawing After the first passage,
cells were cryopreserved at a density of 2×106 cells/mL. In a
sterile biosafety cabinet (BSC), the content of a cryovial was
transferred to a conical tube with 9 mL of growth medium. After
centrifugation at 220 g for 5 min, the cell pellet was resuspended
in 10 mL of medium, counted and seeded at 5,000 cells/cm2 to
two T-175 flasks, each one pre-filled with 35 mL of medium.
During passage 2, cells were incubated at 37 ◦C , 5% CO2 and
complete medium exchange was performed after 72 h.

MSC monolayer culture with serum-based media Cells were
passaged at day 6 of culture. On each passage, the medium was
aspirated, the T-75 flasks washed with 15 mL of Ca2+ and Mg2+-
free phosphate buffered saline (PBS; Lonza) and then cells were
enzymatically detached from the culture surface through expo-
sure for 5 min, at 37 ◦C and 5% CO2 in the incubator, either
to 5 mL of a 0.25% (v/v) trypsin/0.02% (w/v) EDTA solution
(Lonza), TrypLE Express (Life Technologies), StemPro Accu-
tase (Life Technologies), a 1:1 (v/v) mixture of the trypsin and
accutase solutions, dispase in DMEM (StemCell Technologies)
or to a collagenase type IV solution prepared at 1 mg/mL in PBS
(Life Technologies). Unless otherwise stated, the agent used was

the trypsin solution. The reagent was inactivated by adding an
amount of fresh medium equivalent to 2× the volume of the dis-
sociation solution used. Cells were then dislodged into a single
cell suspension. After centrifugation at 220 g for 5 min at room
temperature, the cell pellet was resuspended in an appropriate
volume of medium. Viable cells were quantified and seeded at
5,000 cells/cm2 into new culture flasks. A complete medium
exchange was performed every 72 h.

MSC monolayer culture with serum-free medium An experi-
ment was conducted with the PRIME-XV EXPANSION SFM
(Irvine Scientific). Firstly, culture flasks were pre-coated with an
adhesion substrate, a human fibronectin solution (Irvine Scien-
tific) prepared to a final concentration of 1 μg/mL in PBS. 6 mL
of this solution was added to each T-flask, which was then tilted
to completely cover the growth surface area and left at room tem-
perature in a BSC for 3 h. Then, the remaining coating solution
was aspirated. A complete medium exchange was performed
every 48 h with the SFM. When passaging, each T-flask was
rinsed with 25 mL of PBS after aspirating the medium. 5 mL of
TrypLE Express (Life Technologies) was then added and evenly
dispersed over the surface. After incubation for 5 min at 37 ◦C ,
5% CO2, the sides of each T-flask were gently tapped to aid the
detachment process and 6 mL of 10% FBS-based medium was
added to inactivate the enzymatic agent. Cells were then dis-
lodged into a single cell suspension which was centrifuged at
300 g for 5 min at room temperature. The cell pellet was resus-
pended in an appropriate volume of conventional medium and
cell counting was performed. The experiment did not involve
cell seeding for new pre-coated T-flasks.

Microcarrier culture in spinner flasks 100 mL spinner flasks
(BellCo; diam.=64 mm), were equipped with a vertical paddle
(lenght=50 mm) and a magnetic horizontal stir bar, set to 10 mm
above the bottom. The agitation was driven by a Bell-Ennium
Compact 5 position magnetic stirrer platform (BellCo). The mi-
crocarrier cultures were installed in a humidified incubator at 37
◦C , 5% CO2. The glass vessels were siliconized with Sigma-
cote (Sigma). SoloHill Plastic P102-L microcarriers were pre-
pared according to the manufacturer’s instructions. Around 1.4 g
of microcarriers (500 cm2) were transferred to each spinner and
autoclaved. After aspirating the distilled water, the cultures were
left in 50 mL of medium for 1 h under agitation at 30 rpm in the
incubator to condition microcarriers. Then, the medium was as-
pirated and a working volume of 100 mL of fresh medium was
added into the spinners, along with the cell inoculum at 6,000
cells/cm2. One side-arm cap was slightly loosened for gas ex-
change in the incubator and 1 h delay was established before
starting the agitation, which was then set to 30 rpm. Half the
volume was exchanged every 72 h with conventional medium.

At day 6, prior to harvesting, samples were collected to de-
termine the number of cells attached to the microcarriers. In the
BSC, the medium was aspirated and the cell-microcarrier com-
plexes were washed with 100 mL of PBS. Then, 50 mL of differ-
ent dissociation solutions (trypsin/EDTA, TrypLE Express, ac-
cutase and a trypsin/accutase mixture) were added to each spin-
ner flask, which was placed into the incubator for 7 min, at 150
rpm. For the last 5 seconds the speed was increased to 250 rpm.
After agitation, cells were quenched with 50 mL of standard
growth medium and dislodged. The suspension was then vac-
uum filtered using a Steriflip 60 μm filtration unit (Milipore).
After centrifuging the suspension for 5 min at 220 g, the pellet
was resuspended in a proper volume of conventional medium,
the viable cell counts were determined and the harvesting effi-
ciency calculated.

Analytical techniques In order to measure the concentra-
tion of nutrients/metabolites (glucose, lactate and ammonium)
in culture, medium samples were collected and analysed on a
Nova BioFLEX bioanalyser. Viable cell counting (acridine or-
ange/DAPI staining), size and aggregation was determined using
the automatic NucleoCounter NC-3000 (Chemometec). For the
microcarrier cultures, viable cells were counted whilst still at-
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tached. For more details, refer to [7]. The following parameters
were determined:

FI = X f /X0 (1)

where FI = fold increase, X f = final cell number at the end of a
passage and X0 = initial cell number

µ =
ln(Xt/X0)

∆t
(2)

where µ = specific growth rate (h-1); X0, Xt = cell numbers at the
start and end of the exponential growth phase, respectively and
t = culture time (h)

PD = 3.32× log(Xt/X0) (3)

where PD = population doubling

td = ln 2/µ (4)

where td = population doubling time (h)

qmet =
µ

X0
× [Met]t − [Met]0

eµt −1
(5)

where qmet = specific metabolite production rates
(mmol.cell-1.h-1) and [Met]0, [Met]t = metabolite concen-
trations (mM) at the start and end (t) of the exponential growth
phase, respectively

YLac/Glc = ∆[Lac]/∆[Glc] (6)

where YLac/Glc = lactate yield from glucose (mol/mol) and
∆[Lac], ∆[Glc] = lactate production and glucose consumption
(mM) over a specific time period, respectively

ce f f iciency = cactual/cinitial ×100 (7)

where ce f f iciency = clonal efficiency (%); cactual = number of
colonies generated and cinitial = initial number of plated cells

he f f iciency = hactual/hexpexted ×100 (8)

where he f f iciency = harvesting efficiency (%); hactual = cell num-
ber obtained after harvesting and hexpexted = cell number ex-
pected in culture based on sample analysis.

Immunophenotype characterization assay The harvested hM-
SCs were examined in a Guava easyCyte 8HT flow cytome-
ter (Merck Milipore) equipped with dual blue and red excita-
tion lasers (488 and 635 nm). Each sample comprised 2×105

cells and a panel of mouse anti-human monoclonal antibodies
was used to target cell surface antigens: CD34-PE-Cy5, CD73-
PE-Cy7, CD90-APC, CD105-PE and HLA-DR-FITC (BD Bio-
sciences). The mixture was incubated for 30 min in the dark
at room temperature. Associated isotype controls and samples
with only cells were also prepared. After centrifugation cycle
repeats, samples were washed 3× in 200-300 μL of stain buffer.
The FlowJo v7.6.5 software (Treestar Inc) was used for data ac-
quisition. For more details on the multiparameter assay, refer to
[8].

Multilineage differentiation assays Samples of the harvested
hMSCs were induced with the StemPro Adipogenesis, Chon-
drogenesis and Osteogenesis differentiation kits (Life Technolo-
gies).

Cells undergoing adipogenic or osteogenic differentiation
were seeded onto a 12-well plate at, respectively, 1×104 and
5×103 cells/cm2 in growth medium and incubated for 3 days at
37 ◦C , 5% CO2. It was then replaced with the respective differ-
entiation medium. Medium exchanges were performed every 3
days during 21 days, period after which cells were stained with
0.3% (v/v) Oil Red O (adipogenesis), and with alkaline phos-
phatase (ALP) and von Kossa stains (osteogenesis). For adi-
pogenic differentiation, the medium was aspirated, cells were

washed with PBS and then fixed in 1 mL of a 4% (v/v) PFA so-
lution, for 30 min at room temperature. After fixation, cells were
washed 3× with PBS, 1× with water and then 2 mL of 60%
isopropanol were added to each well. Finally, the isopropanol
was removed after 5 min, the Oil Red O solution applied and
cells left incubating for 60 min at room temperature. Prior to
observing under the light microscope, samples were rinsed 3×
with PBS and 1 mL of water was added. For osteogenic dif-
ferentiation, the medium was aspirated, cells were washed with
PBS and then fixed in 1 mL of a 4% (v/v) PFA solution, for 5
min at room temperature. After fixation, cells were washed with
PBS and the von Kossa staining was performed by incubating
samples with a 2.5% (v/v) silver nitrate solution (Sigma) for 30
min at room temperature under UV light. The samples were
then rinsed 3× with water and incubated in 1 mL of a 4% (v/v)
Naphthol AS-MX phosphate alkaline solution (Sigma), in the
dark at room temperature for 45 min. Prior to observing under
the microscope, samples were washed 3× with water.

Chondrogenesis involves the generation of micromass cul-
tures. For that, a cell suspension of 1.6×107 cells/mL was pre-
pared and small droplets of 5 μL were seeded onto a 12-well
plate. After 2 h of incubation at 37 ◦C , 5% CO2, the chondro-
genesis differentiation medium was added and refreshed every
3 days during 21 days. The medium was aspirated, cells were
washed with PBS and then fixed in 2 mL of a 4% (v/v) PFA
solution, for 20 min at room temperature. After fixation, cells
were washed 3× with PBS and stained, at room temperature for
30 min, with 2 mL of a 1% (w/v) Alcian Blue solution. Prior
to observing under the microscope, the samples were rinsed 3×
with 0.1 N HCl and water.

CFU-F assay T-25 flasks with 5 mL of growth medium were
seeded with 250 cells and kept at 37 ◦C , 5% CO2 in an incubator
for 14 days, with medium exchanges every 5 days. Following
this period, the medium was aspirated, cells were washed twice
with PBS and fixed, for 30 min at room temperature, in a 4%
(v/v) PFA solution. The culture was then rinsed 2× with water
and stained for 30 min at room temperature in the presence of a
1% crystal violet solution in methanol (Sigma). Colonies were
washed 2× with water, left drying and then stained colonies with
at least 25 cells were counted.

Plastic-adherence and morphological analysis T-75 flasks were
seeded with the spinner havested cells, at 5,000 cells/cm2, and
cultured for 6 days. Cells were observed under the microscopy.

Statistical analysis Results are presented as mean ± standard
deviation (SD) of the values obtained or the range of data in
n replicates. When deemed appropriate, statistical significance
was assessed at a p-value < 0.05 and 0.01 with the Student’s t-
test or the one-way ANOVA tool on the Microsoft Office Excel
data analysis.

3. Results and Discussion
3.1. hMSC monolayer culture using serum-based media at
different concentrations over 3 consecutive passages

Cell growth kinetics

This work was carried out from passages 3 to 5 and, from this
moment on, will be referred with respect to the experimental
passage number, passages 1 to 3. M2 hMSCs were collected
through enzymatic dissociation with a trypsin solution and the
total viable cell numbers were counted in order to assess cell
expansion over 3 serial passages for the 2, 5 and 10% FBS-based
medium conditions (Fig. 1A).

As expected, FBS plays an important role in cell growth ki-
netics and, therefore, the greater the reduction of serum con-
centration in the basal culture medium, the lower the cell yield
(Fig. 1A) and fold expansion level at the end of each passage.
The highest cell yields were obtained after passage 1, in which
2.28×106 cells were counted when using the 10% FBS-based
medium, whereas significantly lower numbers resulted from the
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Figure 1: Total viable cell (A) numbers (mean value±SD,n=7) and
(B) cell sizes (mean value±range of data,n=7) for the 2, 5 and 10%
FBS-based medium conditions over 3 consecutive passages. Statistical
significance was assessed with an one-way ANOVA analysis for com-
paring the cell counts obtained after each passage for the three FBS-
based media and the cell numbers and sizes obtained over the multiple
passages for the same medium condition.

5 and 2% FBS cultures, 1.47×106 and 8.75×105 cells, respec-
tively (p<0.01). The culture of hMSCs under complete serum
starvation led to an average of 3.05×104 viable cells per flask
(not shown), which were not enough to proceed the study under
this condition. Therefore, the omission of serum from culture
limits cell proliferation and the possibility of further cell pass-
ing. Montzka et al. also verified that FBS non-supplemented
medium resulted in a progressive detachment of hMSCs possi-
bly due to the lack of binding proteins normally present in serum
(e.g. fibronectin) [9]. From passages 1 to 2, there is a notice-
able consistent decrease of almost 50% in the total viable cell
numbers acquired for all medium conditions (p<0.01). The re-
duction in the cell counts did not persist and, although the viable
cell number increased for all medium conditions from passages
2 to 3, the cell yields did not reach the mean values determined
at passage 1. Under 10% FBS conditions, 1.75×106 cells were
obtained after passage 3, whilst 1.13×106 and 5.38×105 cells
were obtained from the 5 and 2% FBS cultures, respectively
(p<0.01).

After pre-culture, the tissue culture flasks under 2 and 5%
FBS conditions were seeded with cells which were previously
resuspended in 10% FBS-based medium and thus, until ex-
changing totally the medium on day 3, it is possible that the
presence of residual serum could be the reason of an improved
cell growth under these conditions at passage 1. However, this
seems unlikely to have happened since, after passage 1, each in-
oculum was prepared in the respective medium and still, it was
verified a reduction on the cell counts at a same extent in all the
conditions from passages 1 to 2, including the cell culture with
the 10% FBS-based medium (Fig. 1A). Moreover, it is likely
that there would have been a dilution effect given that the vol-
ume of the inoculum which was resuspended in 10% FBS and
added to each T-flask was minimal comparatively to the volume
of medium initially present in culture. On day 3 the exchange
was also performed with the medium correspondent to the ex-
act culture condition. Therefore, it is unlikely that the presence
of residual serum in the beginning of culture for the conditions
with lower concentrations of FBS had had a crucial effect on the
cell yields obtained at the first passage.

As previously referred, the reduction on the cell numbers was
verified for all medium conditions at the end of passage 2 (Fig.
1A). Overcounting cells of the inoculum could have led to lower
cell densities than the 5,000 cells/cm2 upon seeding. However,
these manual manipulation errors are unlikely the reason of this
trend since the samples for cell counting were individually taken
from the cell suspensions and treated the same way after each
passage. Moreover, the error bars displayed at passage 2 are not
as large as in the other passages, for 7 replicas. Therefore, this
suggests that, during the second passage, for an unclear reason,

the lag phase was probably extended due to the need of cells to
readapt to the experienced conditions, to adhere to plastic and
grow.

Different from the data herein obtained, Rafiq reported that
cultures in 10% FBS-based medium consistently yielded around
3.0×106 cells after the exact same three passages [10]. Nonethe-
less, the study was performed with the M0 hMSC line that has
revealed itself more proliferative than the M2 hMSC line and
the FBS used as supplement of the basal medium was derived
from another batch. The disparity of the results may lie in the
donor-to-donor and lot-to-lot variability and thus, it is extremely
important to ensure that the research is standardized on a single
serum lot/sources of serum.

hMSCs are known to have a definitive life span in vitro and
they undergo a limited number of cell divisions, state which is
referred as replicative senescence [11]. Therefore, it is expected
that, as the passage number increases, cells enter senescence,
resulting in the reduction of the viable cell numbers, the growth
rates and population doublings and an increase of the doubling
times. This effect was not verified in the experiment due to the
decrease in cell number at passage 2 and a subsequent increase
in cell number at passage 3. Some more repeats would have to be
performed in order to confirm this trend and the evolution of cell
growth would have to be assessed over the 6 day culture period
of the second passage to verify if the lag phase is prolonged in
the proliferation pattern.

The specific growth rates calculated (Fig. 2A) after each pas-
sage corroborate the pattern verified with the MSC counts. The
cumulative doubling levels obtained consistently increased over
culture time (Fig. 2B). The medium conditions prepared with
higher concentrations of FBS seem to facilitate cell proliferation
which results in an improved specific growth rate and greater
cumulative population doublings after each passage (Fig. 2).

Figure 2: Impact of 2, 5 and 10% FBS-based medium conditions on
(A) specific growth rate and (B) cumulative population doublings (mean
value±SD,n=7), at the end of 3 consecutive passages.

The cell viabilities acquired for each medium condition were
similar at the end of each passage (p>0.05). For the 2% FBS
culture, they were higher than 93% but not as high as in the 5
and 10% FBS conditions in which the average values could at
least reach 97%. The cell suspensions analysed after each pas-
sage revealed different cell sizes between the FBS-based media
(Fig. 1B). In the 2% FBS cultures cells presented more variable
dimensions after each passage (p<0.05). The cell sizes at the lat-
ter medium condition over the 3 passages hovered, on average,
17.6 μm whereas, at the 5 and 10% FBS conditions, the values
obtained were slightly lower, around 16.6 and 16.2 μm, respec-
tively. The amount of FBS present in the basal medium had then
an impact on cell dimensions. The increase in cell size was also
observed by Hass et al. when reducing the serum concentration
in culture [12].

In addition to the nutrients provided in the basal culture
medium, FBS supplies with extra nutrients which may lack or
may not be present in sufficient quantities in the medium for
growth promotion [5]. Moreover, FBS incorporates components
of the extracellular matrix and other attachment factors improv-
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ing cell adhesion and spreading in culture, along with growth
factors supporting cell proliferation [5]. Therefore, when cul-
tured on lower serum concentrations, cells may take more time
to adhere to the surface and grow due to the more limited pro-
vision of attachment/growth factors from serum. Furthermore,
they might stretch and spread more to uptake the nutritional
compounds needed, whereas cells cultured on higher serum con-
centrations may not need to spread that much in culture to get the
factors and nutrients required to grow and proliferate, displaying
smaller cell sizes. Moreover, it is also worth considering that
cells which proliferate faster tend to be smaller, maybe due to
the fact that cells are routinely undergoing mitosis.

Metabolic analysis

Fig. 3 provides respectively the glucose, lactate and ammo-
nium concentrations over the course of the 3 consecutive pas-
sages for each medium condition. It is instantly noticeable that,
in general, the nutrient/metabolite concentration profiles fol-
lowed the same trend over each passage between all FBS-based
medium conditions. Moreover, the glucose consumption and
lactate/ammonium production patterns correlated nicely with the
total viable cell numbers obtained. Therefore, from higher cell
counts resulted greater levels of lactate/ammonium accumulated
in the media in addition to the simultaneous reduction of glucose
levels during culture. Midway through each passage, a complete
medium exchange was performed for every experimental condi-
tion (spikes at 72, 216 and 360 h represented in Fig. 3). Cultures
on media with gradually higher serum concentrations provided
greater cell densities which led to an increased consumption of
glucose (Fig. 3A) and production of lactate/ammonium (Fig. 3B
and C) over the 3 passages. Neither lactate nor ammonium ever
reached inhibitory concentration values (greater than around 35
and 2 mM, respectively [13]) throughout time in culture for all
the studied conditions (Fig. 3B and C).

The yields of lactate from glucose determined for each
medium were similar at the end of the passages (p>0.05). The
successive decrease in the lactate production from cells cultured
in media with lower supplementations of serum resulted in con-
sistently inferior values for this yield. However, at all the studied
conditions the amount of lactate produced when compared to the
glucose consumed did not exceed the 2 mol.mol-1, the maximal
theoretical yield of lactate from glucose [14], throughout time in
culture.

Cell characterization

Cells were able to attach to the surface and proliferate over
the 3 serial passages at all the studied conditions, presenting the
common elongated, fibroblast-like morphology. The reduction
of serum concentration impacted cell culture, which started pre-
senting gradually fewer cells attached to the plastic surface after
each passage (Fig. 4). Moreover, within the same condition,
the cell confluence was identical and no distinct effects were ob-
served on the cellular phenotype between passages.

Fig. 5 displays the clonal efficiency values obtained, along
with an illustration of the density of colonies formed in each cul-
ture condition. In the 2% FBS cultures, no colonies were formed
or its presence was completely negligible. The 5% FBS cul-
tures generated a slightly higher number of colonies, leading to
a clonal efficiency of 7.0%. The greatest efficiency was obtained
at the 10% FBS-based medium conditions (20.3%) where more
colonies of larger size were presented. Therefore, the clonogenic
ability directly depends on the serum concentration used in the
medium, which is consistent with the data previously obtained.

After passage 3, in order to ascertain whether the expanded
cells retained their multilineage differentiation potential, they
were also cultured in adipogenic, osteogenic and chondrogenic
differentiation media for 21 days (Fig. 6). The multipotential-
ity of the expanded cells towards the three lineages was con-
firmed in all FBS-based conditions. Adipogenic differentiation

was demonstrated by Oil Red O staining showing small lipid
vacuoles (stained red) in the cytoplasm of mature adipocytes
(Fig. 6A). Cells cultured under osteogenic differentiation condi-
tions stained positive for ALP and von Kossa, showing capacity
to differentiate into osteocytes. Reddish stains were detected, in-
dicative of the ALP activity from proliferating osteoblasts, along
with dark calcium deposits of the mineralised extracellular ma-
trix (Fig. 6B). Chondrogenic differentiation was confirmed by
Alcian Blue staining showing bluish stains, indicative of pro-
teoglycans synthesis by chondrocytes (Fig. 6C). Moreover, no
differences were detected between all experimental conditions
which indicates that the serum reduction from cultures did not
affect the differentiation capacity of the expanded cells.

3.2. hMSC monolayer culture using serum-free and -based
media over 6 days

Cell growth kinetics and morphology

Daily viable M0 hMSC counts were obtained over 6 days for
a serum-free culture and FBS-based controls, with exchanges
every 2 or 3 days (Fig. 7A). The cell counting data enabled the
determination of growth parameters, such as the daily specific
growth rate (Fig. 8A) and the cumulative population doublings
(Fig. 8B).

In the Irvine’s SFM condition (Fig. 7A), cells entered the
exponential growth phase after day 1 and on day 6, the max-
imum viable cell number obtained at confluency was remark-
able, 1.6×107 cells. On the other hand, cell proliferation pro-
files in the FBS-based cultures, with medium changes every 2
and 3 days, were pretty similar but not as good as in the serum-
free culture, yielding maximum numbers of just 3.1×106 and
2.7×106 cells by day 6 (Fig. 7B), respectively. After day 3, sta-
tistical analysis suggests that significant difference is detected in
the total viable cell numbers generated in both control cultures
(p<0.05 or 0.01).

On day 1 the viable cell counts dropped to inferior values
than the cell numbers seeded in all conditions but specially in
the serum-free culture (Fig. 7A). Initially, it was thought that
the concentration of the fibronectin coating solution in the lat-
ter conditions could be quite low to promote cell attachment
and growth. Nevertheless, as on the next days, the cell yields
increased in the serum-free culture and in the control medium
conditions, even before the media exchange, this option was dis-
carded. Cells in culture were probably just struggling to adhere
to the plastic surface and acclimatise to the new conditions.

Following day 1, from the increase in the cell counts (Fig.
7A) resulted increased daily specific growth rates (Fig. 8A) and
an exponential growth of the cumulative population doublings
(Fig. 8B) in all medium conditions. The growing trend of the
daily specific growth rate verified for the control FBS-based cul-
tures has been differently reported at the same conditions. For
instance, Sekiya et al. found that, regardless the initial seeding
densities, a maximum specific growth rate was achieved early
in 12-day cultures [15]. Similarly, Jung et al. reported that, the
specific growth rate reached a maximum early in a 7-day culture
and then rapidly decreased [16].

Regarding the data obtained for the control cultures, it raises
the uncertainty if the 10% FBS-containing medium should be re-
plenished every 2 days instead of 3 days, as generally performed,
since the former provides slightly more cells after one passage.
The cell counts are statistical different by day 6 (p<0.01; Fig.
7B) but it is also important to consider that it would involve the
addition of more serum, which is expensive, for supplement-
ing the media over a couple more of passages. Therefore, spe-
cially when scalling up, it may not probably worth exchanging
the medium more often for cost reasons and considering that
the cell yields obtained with the gold standard culture are not
that low. Moreover, this adds another process step which is both
time and resource intensive.
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Figure 3: Concentration profile of (A) glucose, (B) lactate and (C) ammonium for the 2 (blue), 5 (red) and 10% (green) FBS-based medium
conditions over 3 consecutive passages (mean value±SD,n=7).

Figure 4: Representative illustration of cell morphology for the 2,
5 and 10% FBS-based medium conditions at the end of each passage
(scale bar: 250 μm).

Figure 5: Clonal efficiency of hMSCs after 3 consecutive passages
(mean value±SD,n=4) at the 2, 5 and 10% FBS-based medium condi-
tions.

Figure 6: Multipotency assays of hMSCs after 3 consecutive passages
under 2, 5 and 10% FBS-based medium conditions, depicting the (A)
adipogenic, (B) osteogenic and (C) chondrogenic differentiation poten-
tial (scale bar: 250 μm).

The greater expansion efficacies and higher proliferation rates
verified in this experiment for the PRIME-XV EXPANSION
SFM have also been investigated and reported with other serum-
free media, studied side-by-side with serum-based cultures (in
general with 10% FBS-supplemented media), for instance, with
the StemPro MSC SFM [17] and MesenCult-XF medium [18].

The cell viabilities acquired on a daily basis for all media un-

Figure 7: (A) Daily viable cell number for the Irvine’s SFM and con-
trol media over 6 days and (B) comparison of the cell counts for the 10%
FBS-based media conditions, with exchanges every 2 or 3 days (mean
value±SD,n=4). Statistical significance was assessed with a student’s
t-test for comparing the cell counts obtained for the control media.

Figure 8: Impact of the Irvine’s SFM and control media on (A) daily
specific growth rate (mean value±SD,n=4) and (B) cumulative popula-
tion doublings, over 6 days.

der study were greater than approximately 90%. When observ-
ing the phase-contrast images of the cell cultures, it is notice-
able that the media formulations used had an impact on the cell
morphological structure (Fig. 9). After the 6-day period cul-
ture, serum-free expanded MSCs displayed a small (12.8 μm)
spindle-shaped morphology, compared to 10% FBS-based cells
which were larger in size (15.8 and 15.6 μm for the control cul-
tures with media exchanges every 2 and 3 days, respectively)
and presented a more extended fibroblast-like morphology in
culture. No differences were observed on cellular phenotype
between the experiments conducted with 10% FBS-containing
media. During the serum-free culture, the cell size gradually
decreased from 16.6 to 12.8 μm, whilst in the FBS-based cul-
tures the cell size decreased from 17.2 to approximately 15.4
μm over the first two days and then appeared to stagnate with
around 15.7 μm of dimension. The serum-free media are deliv-
ered at optimal quantities and contain selectively defined com-
ponents which are provided at specific concentrations, namely
growth factors and nutritional compounds. This way, cells may
not need to stretch and spread that much in culture for the uptake
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process, consistently leading to lower cell sizes over the culture
period. The morphological changes verified in this experiment
for cells grown in SFM over FBS-based cultures have also been
widely reported by other research groups [16, 17, 18].

Figure 9: Cell morphology at day 6 of culture for the Irvine’s SFM
and control media (scale bar: 250 μm).

Metabolic analysis

Fig. 10 provides respectively the glucose, lactate and ammo-
nium concentrations throughout the 6 day period for the Irvine’s
medium and both control cultures. Every 2 or 3 days, media
were completely exchanged (spikes at 48 and 96 h or at 72 h of
the culture period in Fig. 10).

Both FBS-based cultures had similar performances in terms
of growth kinetics and metabolic activity despite the medium
exchange applied at different time points. Cells cultured in 10%
FBS-containing medium with exchanges every 2 days consumed
slightly more glucose during the 6 days (5.1 mM) when com-
pared to the glucose used in the other FBS-based condition with
the medium exchange at day 3 (4.2 mM), what is in line with
the final cell counts obtained. However, they consumed a higher
amount of glucose (7.7 mM) in the SFM culture taking into ac-
count the greater number of cells present in culture. The lactate
and ammonium produced in the latter condition over the 6 day
period (13.8 mM and 3.4 mM, respectively) were also higher
than the production verified in the controls. From the FBS-based
culture with medium exchanges every 2 days, which provided a
greater cell yield after the 6 day period than the other control,
resulted slightly higher lactate and ammonium productions dur-
ing culture, respectively 12.0 and 0.83 mM, compared to 10.8
and 0.79 mM obtained for the other control condition. After 72
h of culture with the Irvine’s SFM, the concentration of glucose
clearly declined due to its high demand in culture given the in-
creasing cell counts obtained after this time point in the growth
phase (Fig. 7A). At the end of the 6 days, the glucose levels in
the SFM were able to drop to values as low as 0.78 mM and the
ammonium concentration almost reached 1.7 mM. Cell growth
limitation was not likely to occur due to glucose starvation since
its levels in culture were always above the non-limiting concen-
tration range (0.13-1 mM) [19]. Moreover, lactate/ammonium
concentrations did not reach values considered inhibitory for cell
proliferation. However, if the hMSC culture with the SFM did
not require more than one medium exchange, it is likely that am-
monium would accumulate in culture and reach inhibitory levels
for cell growth.

The experiments herein performed revealed that, as expected,
medium formulations have undoubtedly an impact on cell mor-
phology, its growth kinetics and metabolic activity and, there-
fore, the selection of an optimal culture medium is important for
providing an efficient hMSC expansion process. However, this
selection must be performed before a cell therapy enters clin-
ical trials since, as alluded to by Brindley et al., the reversion
from serum-containing to serum-free conditions in late clinical
trial phases would represent a “major process cost” and it would
probably imply repetitions/comparability studies [6]. This way,
some key criteria must be identified and analysed for an appro-
priate medium selection for developing a cell therapy, namely
the cell yields and the expansion time required; the cost of the
medium, reagents and volumes needed; its impact on hMSC

functionality; the amenability for large-scale expansion, regu-
lation and usability [10]. Ultimately, it depends on the required
application and the intended outcome.

Despite the existence of regulatory issues on the use of serum,
Brindley et al. argue that it does not seem to be the primary con-
cern for the avoidance of serum from cell cultures [6]. Serum
availability is far more limited than its demand for cell therapy
manufacture and for this reason the serum cost is increasing.
This problem has also been accelerating the research on alterna-
tive sources for media supplementation and on the development
of serum-free processes, which are still considered technically
challenging for further scale-up. Serum-free media are more ex-
pensive comparatively to the conventional serum-based media
and thus, employing a large-scale serum-free process would im-
ply extremely high associated costs. However, SFM seems a
more cost-effective alternative in the overall process if compa-
nies apply economies of scale and, therefore, reduce the cost of
the commercial SFM for the hMSC expansion at increased scale.
Brindley et al. proposed an alternative solution in which serum
is not totally removed from the process, but solely used to gener-
ate the master cell banks since less than 1% of the total medium
required to manufacture a given cell therapy product is used for
that purpose in conventional allogeneic strategies [6]. There-
after, for all cell expansion and processing, a serum-free proto-
col would be established. Others have shown that by adding a
reduced quantity of serum into defined serum-free media, higher
proliferation and cell yields are obtained [9]. While serum is not
totally abandoned from cultures, the aforementioned approaches
seem to be pragmatic alternatives on the attempt of limiting its
use from the overall manufacturing process, reducing the impact
of serum supply and avoiding the technical risks that companies
may be pointlessly accepting towards the use of serum-free me-
dia [6].

3.3. Harvest of hMSCs in monolayer culture using different
dissociation agents

The analysis in this experiment was essentially based on the
total viable M2 hMSC counts obtained by day 6 after detach-
ment with different reagents (trypsin, TrypLE Express, accutase,
a trypsin-accutase solution, dispase and collagenase). After dis-
sociation, the cultures treated with trypsin, TrypLE Express or
with trypsin-accutase yielded maximum viable cell numbers of
around 1.15×106 cells. hMSCs harvested from culture with ac-
cutase resulted in lower cell yields, 4.11×105 cells (p<0.01).
The lowest cell counts were recorded for dissociations with dis-
pase and collagenase, which respectively yielded just 1.53×105

and 6.23×104 cells (p<0.01), less cells than the numbers seeded
into each culture flask. In the three cultures in which the harvest-
ing procedure was more efficient, cell viabilities were quite high,
hovering from 96 to 98%. For the other enzymatic treatments,
viabilities were slightly higher than 85%, except when cells were
detached with collagenase, which simply displayed 38.2%, in-
dicating that from the latter condition resulted total cell counts
with mostly dead cells. Microscopic images of the hMSCs af-
ter enzymatic dissociation with dispase and collagenase clearly
showed that a large number of hMSCs did not detach from the
plastic surface.

Dispase is a protease suitable for passaging human ESCs and
human induced pluripotent stem cells and, likewise, the colla-
gen type used (IV) is considered of low tryptic activity, which
is appropriate for digesting islet cells from pancreas. However,
the same way some medium formulations designed for other cell
types have been tested in hMSC cultures, herein the performance
of these agents, which are not recommended for detaching hM-
SCs, was either way analysed on the cell disaggregation process.
Since these treatments yielded less counts by day 6 than in cell
seeding and also the lowest viabilities, these dissociation agents
were not considered for further investigation in the microcarrier-
based cultures.
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Figure 10: Concentration profile of (A) glucose, (B) lactate and (C) ammonium for the Irvine’s medium (blue) and control media with exchange
every 2 (red) or 3 days (green), over 6 days of culture (mean value±SD,n=4).

3.4. Harvest of hMSCs from microcarriers in spinner flask
cultures using different dissociation agents

Detachment efficiency and growth kinetics

At day 6 of culture in duplicate spinner flasks, prior to har-
vesting, samples were taken and analysed while cells were still
attached to the microcarriers (Fig. 11A) in order to obtain the
viable cell numbers expected in the spinner flasks. Based on
the cell densities acquired from the samples, on average, around
11.9×106 viable cells were present in each spinner flask. From
the data obtained, the detachment protocol with TrypLE Ex-
press was the most successful, resulting in around 90% harvest-
ing efficiency after 9.50×106 cells were successfully harvested
from the microcarriers from an expected number of 10.8×106

cells (Fig. 12A and B). When detaching cells with trypsin, a
slightly lower harvesting efficiency was calculated, around 65%,
since just 8.15×106 cells were successfully harvested from the
12.5×106 cells, expectably present in the spinner flasks (Fig.
12A and B). However, after applying the protocol with accu-
tase and the trypsin/accutase solution, only 5.00×106 (p<0.05)
and 2.98×106 cells were harvested from the 10.8×106 and
13.5×106 cells in the spinner flasks, resulting in the lowest har-
vesting efficiencies, around 47 and 21% (p<0.05), respectively
(Fig. 12A and B).

Figure 11: Phase-contrast images of (A) hMSCs attached to microcar-
riers preharvest, (B) hMSCs detached from microcarriers post-harvest,
and (C) microcarriers from filter cake post-harvest step, using trypsin,
TrypLE Express, accutase and a trypsin/accutase solution for dissocia-
tion (scale bar: 250 μm). Blue arrow: hMSCs attached to microcarriers.
Red arrow: Single hMSCs successfully detached from microcarriers.

Fig. 11B depicts that cells were successfully detached from
microcarriers using the different dissociation agents, especially
when the harvesting protocol was applied with TrypLE Express
where more cells were detected in suspension.

For all the detachment cases, the cell viability of the harvested
cells was higher than 95% but the greatest values (almost 99%)
were obtained when cells were treated with trypsin and TrypLE

Figure 12: (A) Viable cell number (mean value±SD,n=2), (B) har-
vesting efficiency (mean value±range of data,n=2) and (C) cell aggre-
gation (mean value±SD,n=2) obtained by day 6 of culture after detach-
ment with several dissociation agents. Statistical significance was as-
sessed with a student’s t-test for comparing the cell counts and harvest-
ing efficiencies.

Express. Irrespective of the detachment reagent used in the har-
vesting procedure, the estimated cell sizes were similar, around
14.4 μm, showing that the dissociation agent did not have an
impact on the cell dimensions. Nevertheless, the same was not
verified for cell aggregation, which seemed to be influenced by
the enzymatic agent used (Fig. 12C). Cellular agglomeration
was more predominant in hMSCs post-harvest when detached
from microcarriers with accutase (27%) and the trypsin/accutase
solution (31%). Following these two agents, 13% of the trysin-
treated cells formed agglomerates of 5 or more cells but the low-
est aggregation rate was verified in cells detached with TrypLE
Express, which dropped to only 2%. When looking at the phase-
contrast images of the filter cake, not only microcarriers can be
identified but also some detached or still attached cells, which
did not pass through the filter pores and, therefore, got entrapped
(Fig. 11C). A low amount of single cells can be observed in the
cake when cells were treated with TrypLE Express, suggesting
that the majority of the dissociated cells were successfully har-
vested. However, some aggregation was verified in the other dis-
sociation conditions which may have led to cell retention among
the microcarriers and, thus, the detached cells were lost.

Contrarily to the results herein obtained, Goh et al. found that
the exposure of a Cytodex 3 microcarrier-hMSC suspension to
TrypLE Express for just 5 min provided a lower harvesting effi-
ciency (61%) in comparison to trypsin (84%) [20]. Even after in-
creasing the incubation period up to 15 min, no improvements in
the efficiency were achieved for both the enzymatic agents. Ac-
cording to these performances, they considered trypsin the best
agent for detaching hMSCs from the microcarrier surface with
their harvesting procedure. In another study, Weber et al. found
that, when cells were detached from the P102-L microcarriers
using the combined solution of trypsin and accutase, the har-
vesting efficiency was about 100% and much more effective than
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when the dissociation agents acted individually (around 80 and
60% for trypsin and accutase, respectively). Herein, the same
did not occur and the harvesting procedure was more successful
with the separate action of the agents for 7 min. The discrep-
ancy in the results may reside in donor/tissue source variability,
the different growth media and supplementation used, including
the variations of the serum and the different concentrations of
other added supplements. The period of culture and exposure
time to the dissociation agents in the other studies were not that
different from the present experiment.

For a harvesting procedure to be considered successful it
seems reasonable to establish as criteria at least a 90% harvest-
ing efficiency. In these terms, TrypLE Express was successful on
detaching cells from the microcarriers and, therefore, the results
suggest that it can be considered a great dissociative candidate
for replacing trypsin in the new harvesting protocol. Neverthe-
less, the spinner experiment must be repeated using the same
harvesting protocol given that Nienow et al. was able to ob-
tain higher cell yields and harvesting efficiencies greater than
95% using trypsin for dissociating cells from the microcarriers.
The cell numbers expected in the spinner flasks after the 6-day
period culture, similarly calculated by Nienow et al., were in
general higher than 15.0×106 cells [7], which was around 1.3
times greater than the average values here obtained. This way,
it is possible that, due to the inexperience on cultivating cells
in the spinner flasks, a considerable cell amount may have been
lost during the medium exchanges on day 3 of culture. There-
fore, more replicates must be performed in order to assess the
consistency of these results.

When considering the scale-up of the process, a major limi-
tation is the separation step since larger suspension volumes are
generated. For cells not to get accumulated within the micro-
carriers, huge filters would be required and, even with the in-
troduction of volume reduction steps after detaching cells in the
process, the increase in scale may still be an issue. Nevertheless,
efforts seem to be underway to incorporate scalable separation
devices in the harvesting procedure, such as the kSep R© centrifu-
gation system.

Metabolic analysis

In general, in all the spinner flask cultures the same trend with
respect to glucose consumption and lactate/ammonium produc-
tion was verified during the 6-day period. Therefore, the culture
conditions in each spinner flask were kept identical and thus, the
cell yields acquired in each spinner flask by the end of culture
were similar. In fact, as previously stated, the cell numbers ex-
pected in each spinner culture were identical. Moreover, glucose
was present in the spinner flask cultures at levels above the non-
limiting concentration range and the lactate/ammonium concen-
trations in the media did not reach inhibitory levels. The yields
of lactate from glucose calculated were similar but the values ob-
tained exceeded the maximum theoretical yield of 2 mol.mol-1,
suggesting that another carbon source, most likely glutamine,
was also consumed and metabolised into lactate.

Cell characterization

In order to assess the functionality of the harvested cells and
to ascertain whether there was any phenotypical change post-
harvest with the several dissociation reagents, a morphological
and immunophenotype analysis was performed on the cells sep-
arated from the microcarriers after the filtration process.

The harvested cells were able to adhere to the culture flasks
and grow with the characteristic fibroblast-like morphology.
Therefore, it seems that the harvest protocol, irrespective of the
dissociation agent used, did not affect the expanded cell mor-
phology.

The immunophenotype analysis was performed using a mul-
tiparameter flow cytometry assay developed by Chan et al. to

examine simultaneously several surface markers expression on
hMSCs, at a single cell level [8]. The dual analyses of the
different associations of the CD73, CD90 and CD105 mark-
ers in all the dissociation conditions revealed more than 97.5%
expression among the population. The cells harvested with
trypsin showed the highest combined expression level, 99.5%,
followed by those detached with TrypLE Express with an av-
erage of 99.0% positive expression and lastly, the accutase and
trypsin/accutase solution conditions in which 98.4% of the pop-
ulation expressed these markers. Moreover, in all the dissoci-
ation cases, at least around 98% of the population fell within
the negative CD34/HLA-DR gate. The combined expression
of these non-stromal cell markers lacked more in cells treated
with trypsin, TrypLE Express and the accutase/trypsin mixture,
at around 98.6%, whilst for cells harvested with accutase the
lack of expression slightly dropped to 98%. Thus, the har-
vesting procedure seemed to have no discernible impact on the
hMSC immunophenotype. Afterwards, serial gating was per-
formed to further determine the co-expression of the surface
markers in the hMSC population (Table 1). The frequency
of cells with the CD73+/CD90+/CD105+/CD34-/HLA-DR- sur-
face marker expression was found to be higher than 94.5% of the
original gated population. Thus, the hMSCs also revealed high
purity values in the starting population.

Table 1: Co-expression of the markers in the cell population harvested
from the microcarrier cultures with the dissociation agents, obtained
through a serial gating strategy in the multiparameter experiment (mean
value±SD,n=1 to 3).

Dissociation agent Co-expression of the surface markers (%)
Trypsin 98.22 ± 0.33

TrypLE Express 97.41 ± 0.00
Accutase 94.78 ± 0.81

Trypsin+Accutase 96.15 ± 0.31

4. Conclusions and Future work
As expected, the gradual FBS deprivation on the ex vivo

hMSC expansion resulted in lower cell yields at the end of mul-
tiple passages. When completely omitted from culture, the cell
growth is limited and further cell passaging is not possible due
to the lack of attachment/growth factors and other nutrients.
The progressive FBS eradication from culture had also an im-
pact on the clonogenic ability and on cell dimensions, which in-
creased in size. Nonetheless, no discernible effect was detected
in the multilineage differentiation potential between experimen-
tal conditions. If for reducing the serum dependence, cell culture
should be performed under lower serum conditions, the addition
of certain supplements will be required at optimal concentrations
in order to sustain cell attachment/proliferation.

PRIME-XV EXPANSION SFM was reported to promote cell
growth and proliferation at a greater extent, enabling the gen-
eration of astonishing cell numbers after 6 days of culture, 16
million cells, whereas in the FBS control cultures only 3 million
cells were obtained. The Irvine’s SFM culture provided cells
with a small spindle-shaped morphology, whilst cells in the con-
trol conditions presented wider dimensions in culture.

The hMSC lines used in the experiments revealed different
performances when cultured at the exact same conditions, high-
lighting the impact of biological variability. Another source of
variation is the use of serum from different batches. FBS lots,
sources and composition should be pre-screened in order to se-
lect the best one for an enhanced hMSC expansion without com-
promising the final functionality. After prequalifying the sera,
if it fits the available budget, the reservation and purchase of
large lots of material may help minimizing this variation. Other-
wise, the only option is targeting a potential serum for replace-
ment, with similar performance and specification, through a sera
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lot-matching strategy generally provided by the manufacturers.
Therefore, these two features pose significant challenges that
must be overcome if the manufacturing process is envisioned
to universally develop high-quality cell therapies.

Another issue lies on the fact that the Irvine’s SFM is offered
in a non xeno-free format, containing animal-derived compo-
nents. Despite the regulation of the SFM, there is always a risk
of contamination of the expanded cells through the introduction
of adventitious xenogeneic agents. Hence, there is a great need
for developing xeno-free SFM, capable of supporting the large
expansion of hMSCs, widely desired for clinical applications. It
also requires two medium exchanges and the use of an attach-
ment substrate for hMSC growth which may be problematic.
Moreover, the SFM sale prices would have to be reduced for
a realistic medium commercialization.

While the technical/economical concerns on the use of SFM
are not solved, potential medium supplements other than FBS,
can be further studied (e.g. human serum and hPL at different
concentrations) in order to verify whether those conditions pro-
mote the hMSC expansion and a decrease/increase in the time
required to reach confluence. Further work would also involve
the evaluation of the hMSC proliferation capacity when cul-
tured in the Irvine’s SFM over multiple passages to assess if the
expanded cells would reach senescence earlier in culture than
in FBS-based medium conditions, the verification of MatrIS F
(proprietary adhesion substrate) performance on cell attachment
and the investigation of possible negative effects on cell quality.
Later on, commercially available serum-free media would have
to be compared with respect to the cell yields, user-friendliness
and the overall costs of culture, and the hMSC line specifically
derived in the SFM selected.

Before looking to expand and harvest the hMSCs via an ag-
itated microcarrier system in spinner flasks, it was conducted
a baseline screening study in static monolayer culture in which
the harvesting performance of a range of dissociation agents was
analysed for developing a robust hMSC microcarrier-based pro-
cess. The lowest cell counts were verified when the cells were
detached with dispase and collagenase, which were excluded for
the further harvesting experiment in the spinner flasks.

Metabolite data suggested that the hMSCs were cultured in
identical conditions in each spinner flask with neither inhibitory
levels of lactate/ammonium nor glucose limitation in culture
and cells were also most likely consuming glutamine as a car-
bon source. No matter the dissociation agent used, no impact
was verified on the cell dimensions. However, cell aggregation
seemed to be responsible for cell loss in the procedure due to its
retention among the carriers in the filter cake. TrypLE Express,
with the lowest aggregation rate (2%) and the highest harvesting
efficiency (90%), is proposed as a potential dissociation agent
for the harvesting procedure.

The harvest protocol had no discernible impact on the mor-
phology of the cells expanded post-harvest, irrespective of the
dissociation reagent used, and the hMSCs retained the im-
munophenotype characteristics. Moreover, the co-expression re-
sults showed that the samples were highly pure in hMSCs.

Some features can be optimised in the harvesting proce-
dure, namely the selection of ideal volumes of the dissociation
reagents and the period cells should be exposed to the agent con-
ditions. Moreover, the agitation and filtration processes can also
be studied and adjusted for improving both the cell detachment
and separation techniques. Anyway, this spinner experiment
must be repeated a couple more times with the same harvesting
procedure to confirm the consistency of the results here obtained
and then switch to serum-free conditions. It would then require
the development of an attachment protocol to precoat microcar-
riers.

By optimising and standardising bioprocess parameters in the
several stages of the culture process, it will certainly be possible
to create a holistic bioprocess from the outset for successfully

manufacture hMSCs and achieve high cell productivities. Ul-
timately, the whole optimised methodology, with potential for
further scale-up, will generate consistent large cell doses for al-
logeneic therapeutic purposes.
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