
ORIGINAL PAPER

Defined serum- and xeno-free cryopreservation
of mesenchymal stem cells

Shahla Hamza Al-Saqi • Mohammed Saliem • Hernan Concha Quezada •
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Abstract Mesenchymal stem cells (MSCs) have vast

potential in cell therapy, and are experimentally used in

the clinic. Therefore, it is critical to find a serum- and

xeno-free cryopreservation method. The aim of this

study was to compare two serum- and xeno-free

cryoprotectants for MSCs. Adipose tissue MSCs (Ad-

MSCs) and bone marrow MSCs (BM-MSCs) were

cryopreserved in two cryoprotectants: the defined

serum- and xeno-free STEM-CELLBANKERTM (CB)

and 10 % dimethyl sulfoxide (DMSO) in a xeno-free

serum replacement cell culture medium and compared

to non-cryopreserved MSCs. MSCs cryopreserved in

CB or DMSO had similar morphology and surface

marker expression compared to their respective non-

cryopreserved MSC. Ad-MSCs and BM-MSC in both

cryoprotectant media exhibited reduced mean

fluorescence intensity (MFI) for CD105, BM-MSCs

for CD73 and Ad-MSC increased MFI for HLA class I

compared to non-cryopreserved MSCs. Population

doubling time of CB cryopreserved and non-cryopre-

served Ad-MSCs was similar (38.1 ± 13.6 and 36.8 ±

12.1 h), but somewhat higher when cryopreserved in

DMSO (42.2 ± 10.8 h). BM-MSCs had higher popu-

lation doubling time (CB 47.7 ± 11.4 and DMSO

62.3 ± 32.9 h respectively, p\ 0.05) compared to Ad-

MSCs. The viability of Ad-MSCs was significantly

higher after cryopreservation inCBcompared toDMSO

(90.4 ± 4.5 % vs. 79.9 ± 3.8 % respectively). Ad-

MSCs and BM-MSCs retained their mesodermal

differentiation potential when cryopreserved in both

cryoprotectants. The characteristics of Ad-MSCs post-

thawing are better preserved by CB than by DMSO in

serum- and xeno-free medium. Furthermore, Ad-MSCs

and BM-MSCs are differently affected by the cryopro-

tectants, which may have implications for cell therapy.
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Abbreviations

MSCs Mesenchymal stem cells

Ad-MSCs Adipose tissue-derived MSCs

CB STEM-CELLBANKERTM

DMSO Dimethyl sulfoxide
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BM-MSCs Bone marrow-derived MSCs

HBSS Hanks balanced salt solution

PBS Phosphate-buffered saline

LDA Live/dead assay

PI Propidium iodide

PDT Population doubling time

DMEM-HG Dulbecco’s modified eagles medium-

high glucose

FBS Fetal bovine serum

IBMX Isobutyl-1-methylxanthine

Introduction

Mesenchymal stem cells (MSCs) are regarded as

promising in the field of regenerative medicine. MSCs

are characterized by their ability to adhere to plastic,

exhibiting a specific surface marker expression and

multilineage differentiation potential into bone, carti-

lage and fat (Dominici et al. 2006).

Adipose-derived MSCs (Ad-MSCs) were isolated

in 2001 from liposuction material (Zuk et al. 2001).

Since then, the interest in Ad-MSCs has increased due

to their therapeutic potential in cellular therapies in the

near future (Dicker et al. 2005). They are regarded as

an equivalent or even better alternative to the

commonly used bone marrow-derived MSCs (BM-

MSCs) for several reasons: adipose tissue can easily

be obtained in large volumes with minor donor

morbidity, they are present in the adipose tissue

regardless of the donor age, they can be isolated in

high numbers since 1 g of adipose tissue yield up to

5,000 Ad-MSCs, whereas 1 ml bone marrow yield up

to 100–1000 BM-MSCs, and they have higher prolif-

erative potential compared to BM-MSCs (Al-Saqi

et al. 2014, Basu et al. 2011; Casteilla et al. 2011;

Strem et al. 2005; Witkowska-Zimny and Walenko

2011; Zuk et al. 2001). Like MSCs from other tissues,

the beneficial effects of Ad-MSCs in terms of differ-

entiation and self-renewal are believed to be mediated

through their ability to produce soluble cytokines and

growth factors (Kim et al. 2009). Similarly as BM-

MSC, Ad-MSCs have immunosuppressive, anti-

inflammatory, anti-apoptotic and pro-angiogenic

properties (Lin et al. 2011, 2012).

It is of critical value to find an effective cryopres-

ervation medium and an optimized protocol to

preserve human Ad-MSCs in general and for potential

clinical use in particular. Optimized cryopreservation

is needed to facilitate expansion and validation of the

cells and for transport between laboratories and clinics

and to have a stored backup if repeated transplanta-

tions are necessary.

An ideal cryoprotectant should be non-toxic and non-

immunogenic for both the cells and the recipient,

maximally preserve cell viability and characteristics, be

chemically inert and highly water soluble in low

temperature, induce minimal ice-crystal formation,

have a low molecular weight and be affordable (Janz

Fde et al. 2012; Naaldjik et al. 2012; Pegg 2007).

Different types of cryopreservation solutions have been

evaluated to cryopreserve human MSCs. So far,

dimethyl sulfoxide (DMSO) in combination with serum

is the most commonly used cryoprotectant. DMSO can

certainly be used for cryopreservation of MSCs, but

used alone it increases extracellular sodium, calcium

and potassium and may have negative effects on the ion

transport pumps (Qi et al. 2008). A combination of the

extracellular cryoprotectant hydroxethyl starch and the

intracellular cryoprotectantDMSOfor cryopreservation

of unfractionated bone marrow (Stiff et al. 1987) and

xeno-free cryoprotectants (CryoStor medium) have

been tried to cryopreserve BM-MSCs (Ginis et al.

2012), with promising results in short term. STEM-

CELLBANKERTM (CB) is a new defined serum- and

xeno-free formulation having 3 cryoprotectants; 10 %

DMSO, glucose and high polymer anhydrous dextrose

(Saliem et al. 2012). CB has been demonstrated to

successfully cryopreserve hepatocytes and human

embryonic and induced pluripotent stem cells (Holm

et al. 2010; Saliem et al. 2012).

In a previous study, we compared Ad-MSCs and

BM-MSCs expanded in a defined serum-free or

serum-containing culture system and found that the

serum-free medium was superior for Ad-MSCs (Al-

Saqi et al. 2014). Therefore it is now of value to find

the best serum-free cryopreservation medium in order

to cryopreserve Ad-MSCs for clinical use. In the

present study, we compared a defined serum- and

xeno-free formulation (STEM-CELLBANKERTM,

CB) for cryopreservation of Ad-MSCs and BM-MSCs

cultured in a defined serum-free medium (Mesen-

cult�-XF), to DMSO in defined serum- and xeno-free

culture medium (Mesencult�-XF). Post-thaw viabil-

ity, growth potential, cell surface marker expression

and mesodermal differentiation capability was deter-

mined and compared to non-cryopreserved cells. Our
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results show that CB enhanced the preservation of

MSC viability, growth and mesodermal differentiation

potential when compared to DMSO in Mesencult�-

XF. Furthermore, the CB cryopreservation medium

was better for Ad-MSCs compared to BM-MSCs.

Materials and methods

Sample collection

Two types of human MSCs were used; Ad-MSCs and

BM-MSCs. Subcutaneous adipose tissue samples

from the lower abdomen were obtained at elective

caesarean sections from 5 female patients with mean

age of 33 years (range 27–42 years). Bone marrow

samples were obtained from the iliac crest of 5 healthy

volunteers with a mean age of 22.6 years (range

5–47 years, the young donor was a clinical bone

marrow donor for a sibling). The bone marrow donors

were 40:60 female:male. The study was approved by

the Regional Ethics Committee, Stockholm, Sweden.

Informed oral and written consent were obtained from

all participants.Written and oral informed consent was

obtained from guardians on behalf of the children.

Isolation of Ad-MSCs and BM-MSCs

Adipose tissue-derived MSCs were isolated as previ-

ously described with few modifications (Halvorsen

et al. 2001). In brief, samples were collected and

transferred to the laboratory in sterile Hanks Balanced

Salt Solution (HBSS) (Lonza, Vervviers, Belgium)

and processed within 2–3 h. The samples were washed

several times with HBSS until the eluent was clear,

and then cut into small pieces with a scalpel. The tissue

pieces were then treated with an equal volume of

1 mg/ml collagenase type II (GIBCO, Grand Island,

USA) for 45 min at 37 �C with manual shaking every

5 min to digest the extracellular matrix. When the

majority of the tissue was digested, collagenase

activity was inhibited by adding an equal volume of

Mesencult�-XF medium (Stem Cell Technologies,

Vancouver, Canada) and centrifuged at 3009g for

10 min at 4 �C. Three layers were then apparent; an

upper yellow layer (fat), a middle red layer (blood

cells and medium) and a cell pellet. Both upper layers

were discarded, and the cell pellet was resuspended in

medium as described below.

MSCs from BM were prepared as described before

(LeBlancet al. 2003).Briefly, heparinizedbonemarrow

was mixed with double volumes of phosphate-buffered

saline (PBS) and centrifuged for 10 min at 9009g at

room temperature. The cell pellet was resuspended and

brought to 107 cells/ml PBS. The cells were layered on

Percoll (Amersham, Biosciences, Sweden) and centri-

fuged at 5009g for 30 min at room temperature without

brakes. The interface was collected and washed with

PBS at 5009g for 10 min at room temperature and

resuspended in medium as described below.

Ex vivo cell expansion

All cultures were performed in triplicates with Ad-

MSCs and BM-MSCs. MSCs were cultured according

to the manufactures instructions up till passage 5 in

Mesencult�-XF (Stem Cell Technologies), which is a

defined serum- and xeno-free medium. MesencultTM-

SF attachment substrate was used to pre-coat the

culture plates overnight at 4 �C or for 2 h at room

temperature. After isolation, MSCs were plated at

1–1.5 9 105 cells/cm2 and maintained at 37 �C in a

humidified environment containing 5 % CO2. Non-

adherent cells were discarded after 2 days and the

medium replaced and there after changed every

3–4 days. MSCs were passaged when they reached

70–80 % confluence using Mesencult�-ACF Dissoci-

ation Kit (Stem Cell Technologies). All samples were

counted in triplicates at all passages using trypan blue

exclusion in a hemocytometer. MSCs were thereafter

re-plated at a density of 4 9 103 cells/cm2 at each

passage and cultured until the 3rd passage when they

were cryopreserved as described below. After cryo-

preservation and subsequent thawing, MSCs were

propagated for two more passages (passage 4–5) at a

density of 4 9 103 cells/cm2.

Cell morphology was documented by photography

using an inverted microscope with a XM10 camera

(Olympus IX81, Tokyo, Japan).

Cryopreservation

Ad-MSCs and BM-MSCs harvested from the 3rd

passage were cryopreserved using either 10 % DMSO

in Mesencult�-XF or STEM-CELLBANKERTM (CB)

(ZENOAQ, Fukushima, Japan). CB is a new defined

serum- and xeno-free formulation including 3 cryo-

protectants; 10 % DMSO, glucose and high polymer
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anhydrous dextrose (dextran). It also contains NaCl,

KCL, NaHPO4, HK2PO4 and NaHCO3. All ingredi-

ents are of United States, European and Japanese

Pharmacopeia grade. Cold cryoprotectant (4 �C) was
added directly to the cell pellet and cells were

transferred to pre-cooled CryoTubes�, (Nunc�,

Sigma-Aldrich, Stockholm, Sweden) on ice and

moved directly to -80 �C in a polystyrene cryopres-

ervation box, a protocol optimized in our laboratory.

The cooling rate was -1 �C per minute. The cells

were frozen at a concentration of 0.5–1 9 106 in 1 ml.

After 24 h the cells were transferred to liquid nitrogen.

Cell thawing

The cells were thawed by incubating the cryo tubes at

37 �C for 1–2 min in a water bath. The tubes were

removed from the water bath while there were still ice

crystals in the medium. The cells were transferred to a

15 ml Falcon tube, suspended in 5 ml medium and

centrifuged at 3009g for 5 min. Cells that were

cryopreserved in CB were suspended in CELLO-

TIONTM cell washing solution (ZENOAQ), which is a

chemically defined cell washing solution that opti-

mizes cell recovery. It contains no serum, proteins or

sugars. The cells that were cryopreserved in DMSO

were suspended in Mesencult�-XF.

Cell viability

Viability of Ad-MSC and BM-MSCs was assessed

using a fluorescence-based live/dead assay (LDA)

(Molecular Probes, Eugene, USA) immediately post-

thawing to determine the percentage of live to dead

cells according to manufacturer’s instructions. Live

cells show green fluorescence in the cytoplasm due to

the conversion of non-fluorescent calceinAM to green-

fluorescent calcein after hydrolysis by intracellular

esterases. The cell nuclei in dead cells stain red by

Ethidium-1, which enters into the intracellular com-

partment through damaged cell membranes. All

experiments were performed in triplicates, stained

cells were photographed and 3 fields per sample were

blindly quantified by counting live and dead cells.

Percent viability was calculated by dividing the

number of live cells with the total number (live ?

dead) of cell in the same field.

Cell viability was also analyzed by flow cytometry

at early passage (passage 1–2) and at late passage

(passage 5) using Propidium Iodide (PI) (Molecular

Probes, Invitrogen, Paisley, UK). PI was added

immediately before the analysis, and 10,000 events

were recorded. Trypan blue exclusion method was

used for viability analysis during passaging and

plating.

The percent cell recovery was calculated using the

equation [100 9 (total number of cells recovered after

thawing 9 % ‘live’ cells)/(total number of cells

cryopreserved)].

Population doubling time

Ad-MSCs and BM-MSCs cultured in Mesencult�-XF

were plated at a density of 4x103 cell/cm2 in

triplicates. Cells were harvested when they reached

70–80 % confluence. Population doubling time (PDT)

was estimated by dividing hours in culture by the

logarithm of number of cells harvested divided by

number of cells plated. PDT after cryopreservation

was compared to PDT of freshly expanded non-

cryopreserved Ad-MSCs and BM-MSCs at the 4th and

5th passage.

b-Galactosidase staining

Beta-Galactosidase staining was performed using

Senescence Cells Histochemical Staining Kit

(SIGMA, Saint Louis, USA) to stain cells at passage

5 according to manufacture’s instructions. The stain-

ing is based on histochemical assay of Beta-Galacto-

sidase activity in senescent cells at pH 6. The staining

was performed by washing MSCs with PBS and

0.5 ml (12-well plate) fixation buffer was added and

incubated for 7 min at room temperature. The fixation

buffer was removed andMSCs were rinsed with PBS 3

times. Staining mixture was added and incubated at

37 �C without CO2 overnight. MSCs were viewed

under an inverted microscope with XM10 camera

(Olympus IX81, Tokyo, Japan). Beta-Galactosidase

positive MSCs stained blue. The total cell number and

blue-stained cells were counted. The percent of Beta-

Galactosidase positive MSCs were calculated from a

mean of 5 fields photographed from 3 samples.

Phenotype of Ad-MSCs and BM-MSCs

The surface marker expression by Ad-MSCs and BM-

MSCs frozen in CB or DMSO was characterized by
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flow cytometry (FACS Calibur, Becton–Dickinson,

Mountain View, USA). The analysis was performed at

passage 5 (2 passages after cryopreservation). Surface

marker expression on cryopreserved cells was com-

pared to same-passage cells that had never been

cryopreserved. The following surface antigens were

analyzed using monoclonal FITC or PE conjugated

antibodies: CD3, CD14, CD31, CD34, CD45, CD73,

CD80, CD90 (Becton–Dickinson), CD105 (Ancell,

Bayport, USA), HLA-I (A, B, C) and HLA-II (DR)

(DakoCytomation, Glostrup, Denmark). Isotype anti-

bodies (c1 FITC and c2 PE, Becton–Dickinson) were

used as negative control. Ad-MSCs and BM-MSCs

were harvested as described above and 1 9 106 cells

were resuspended in PBS, incubated with the antibod-

ies at 4 �C for 30 min in the dark and washed with

PBS. The data composition and analysis was per-

formed with CELLQuest Pro v 5.2 software (Becton–

Dickinson). Viability of the cells was evaluated by

staining with Propidium Iodide (Molecular Probes,

Invitrogen, Paisley, UK) immediately before the

analysis and for dead cell exclusion. In each sample,

a minimum of 10,000 events were recorded in the

analysis region of viable cells using log amplified

fluorescence and linearly amplified side- and forward

scatter signals.

To estimate changes in expression of each surface

markers, the mean fluorescence intensity (MFI) values

were calculated for cryopreserved and non-cryopre-

served MSCs. This was done by dividing the expres-

sion value with antigen specific antibody by the MFI

value for the same cells stained with isotype

matched control Ig [MFI non-cryopreserved, cryopre-

served in CB, cryopreserved in DMSO/MFI isotype

control].

Differentiation of Ad-MSCs and BM-MSCs

Ad-MSCs and BM-MSCs were cryopreserved at the

3rd passage, thawed and cultured for another 2

passages. The differentiation ability of the cells

towards osteogenic and adipogenic lineages was

evaluated in duplicates at passage 5 as described

before (Santos et al. 2002). Non-cryopreserved MSCs

at the same passage was added as comparison.

Adipogenic differentiation was started at 70 % cell

confluency by changing to adipogenic induction

medium and thereafter the mediumwas replaced every

3–4 days for 3 cycles alternating between induction

and supportive media. Adipogenic induction medium

consisted of Dulbecco’s Modified Eagles Medium–

High Glucose (DMEM-HG) (GIBCO), 50 U/ml pen-

icillin, 50 lg/ml streptomycin, 10 % fetal bovine

serum (FBS), 1.0 lM dexamethasone, 0.2 mM indo-

methacin, 0.5 mM 3-isobutyl-1-methylxanthine

(IBMX) (all from SigmaAldrich, Stockholm, Sweden)

and 0.01 mg/ml insulin (GIBCO). Adipogenic sup-

portive medium consisted of DMEM-HG, 50 U/ml

penicillin, 50 lg/ml streptomycin, 10 % FBS and

0.01 mg/ml insulin. Cells cultured in medium made

of DMEM-HG, 50 U/ml penicillin, 50 lg/ml strepto-

mycin, and 10 %FBS served as negative control. Lipid

droplets in the cells were identified by Oil Red O

staining, as described before (Le Blanc et al. 2003).

Quantification of the stainingwas performed by eluting

the Oil Red O dye using 100 % isopropanol and

measuring the optical density at 500 nm by a spectro-

photometer. Background values for negative controls

were multiplied by differentiation measurements.

Osteogenic differentiationwas initiated at 70 %cell

confluency by culturing the cells in bone induction

medium made from DMEM-Low Glucose (DMEM-

LG), 50 U/ml penicillin, 50 lg/ml streptomycin, 10 %

FBS, 10 nM dexamethasone, 0.05 mM ascorbic acid,

10 mM glycerophosphate (all from Sigma Aldrich).

The negative control was cultured in DMEM-LG,

50 U/ml penicillin, 50 lg/ml streptomycin and 10 %

FBS. The cultures weremaintained for 17 days and the

media was replenished every 3 to 4 days. Extracellular

calcium deposition was visualized using Alizarin red S

and Von Kossa staining as described before (Le Blanc

et al. 2003). Quantification of the Alizarin Red S

staining was performed by eluting the dye with 10 %

cetylpyridinium chloride and measuring the optical

density at 562 nm by a spectrophotometer. Back-

ground values for the negative controlsweremultiplied

by differentiation measurements.

Statistics

All data is presented as mean ± SD. Analysis of

variance (ANOVA) and paired Student t test was

performed. Results were considered statistically sig-

nificant when p values were\ 0.05. Regression

analysis was performed to identify differences

between the individual groups when the ANOVA

analysis showed significant values.
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Fig. 1 Morphology of Ad-MSCs and BM-MSCs at passage 5.

A Ad-MSCs and BM-MSCs (n = 5 of each) were isolated and

cultured for 3 passages, cryopreserved in CB and DMSO and

thereafter thawed and cultured for another 2 passages. MSCs

from the same donor that had never been cryopreserved (fresh)

were used as a control. Representative pictures at passage 5 are

shown of: Ad-MSCs non-cryopreserved (I); CB (II) and DMSO

(III); BM-MSCs non-cryopreserved (IV); CB (V) and DMSO

(VI). Arrows indicate intra-cytoplasmic vacuoles. B Cells were

stained for Beta-Galactosidase at passage 5. Ad-MSCs in CB (I);

Ad-MSCs in DMSO (II) and BM-MSCs in CB (III); BM-MSCs

in DMSO (IV). Blue staining indicates Beta-Galactosidase

positive cells. CB STEM-CELLBANKERTM, DMSO dimethyl

sulfoxide. Original magnification 910. (Color figure online)
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Results

Cell culture and morphology

All Ad-MSCs and BM-MSCs (n = 5 of each) were

successfully isolated and expanded inMesencult�-XFand

cryopreserved in CB and DMSO at passage 3. After

thawing, MSCs were expanded for 2 more passages. At

passage 5, Ad-MSCs and BM-MSCs had a homogenous

morphologywith the typicalfibroblast-like spindle-shaped

morphology, but with thin and long cytoplasmic exten-

sions more prominent in BM-MSCs (Fig. 1). There was

no gross change in the morphology of Ad-MSCs before

and after cryopreservation (Fig. 1A I–III). Intra-cytoplas-

mic vacuoles were apparent in the cytoplasm of BM-

MSCs (indicated by arrows) at passage 4 to 5 regardless of

the cryopreservation condition (Fig. 1A IV–VI).

b-Galactosidase staining

OnlyBM-MSCs cryopreserved in both cryoprotectants

revealed positive Beta-Galactosidase activity by blue

staining of the cells (Fig. 1B III&IV). Percent Beta-

Galactosidase-positive BM-MSCs were 15 ± 2.5 %

in both groups (CB and DMSO). Ad-MSCs were

negative for Beta-Galactosidase (Fig. 1B I&II).

Viability

Viability of Ad-MSCs and BM-MSCs cryopreserved

in either CB or DMSOwas assessed by live/dead assay

(LDA) immediately post thawing. There was a

significant difference in viability between Ad-MSCs

cryopreserved in CB compared to DMSO (90.4 ±

4.5 % vs. 79.9 ± 3.8 %, p\ 0.024, Fig. 2A, B),

Fig. 2 Cell viability. The viability of MSCs was determined at

passage 5 after cryopreservation in either CB or DMSO. A The

amount of live and dead Ad-MSCs and BM-MSCs after

cryopreservation was determined using Live/Dead assay. Green

staining in the cytoplasm depicts live cells and red staining of the

nucleus depicts dead cells. Representative pictures are shown of:

Ad-MSCs in CB (I), Ad-MSCs in DMSO (II), BM-MSCs in CB

(III) and BM-MSCs in DMSO (IV). Original magnification 920.

B Quantification of percentage live and dead Ad-MSCs and BM-

MSCs after cryopreservation in CB or DMSO. All samples were

performed in triplicates and 3 photos of each sample were blindly

quantified. The percent viability was calculated by dividing the

number of live cells by the total number of cells (live and dead) in

the same field. *p\ 0.05. C The viability of Ad-MSCs and BM-

MSCs (n = 5 of each) cryopreserved in CB or DMSO at passage

5 was evaluated by flow cytometry at passage 5 and compared to

non-cryopreserved (fresh) MSCs. Propidium Iodide was added to

the cell suspension immediately before running the experiment.

CB STEM-CELLBANKERTM, DMSO dimethyl sulfoxide.

(Color figure online)
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while there was no difference in BM-MSCs cryopre-

served in CB compared to DMSO (85.6 ± 5.7 % vs.

86.0 ± 4.7 %) (Fig. 2A, B). However, there was no

significant differences in viability assessed by flow

cytometry at passage 5 (after the cryopreserved cells

had been propagated for two more passages post

thawing) both in the inter- and intra-groups of Ad-

MSCs and BM-MSCs freshly propagated or cryopre-

served in CB or DMSO (Fig. 2C).

We calculated the percent cell recovery after

cryopreservation and thawing in each group. We

found that the recovery of Ad-MSCs cryopreserved in

CB was higher compared to Ad-MSCs cryopreserved

in DMSO (87.8 ± 15.4 % vs. 65.4 ± 26.7 %, non-

significant difference). For BM-MSCs the recovery

was lower, although statistically non-significant, in

both groups compared to Ad-MSCs with no significant

differences between BM-MSCs cryopreserved in CB

(56.7 ± 16.1 %) or in DMSO (54.9 ± 19.1 %).

Growth kinetics

The population doubling time (PDT) of cryopreserved

Ad-MSCs and BM-MSCs was evaluated at passage

4–5 and compared to non-cryopreserved freshly prop-

agated Ad-MSCs and BM-MSCs at the same passage.

None of the cryopreservation media significantly

affected the PDT of Ad-MSCs. There was a trend for

a difference in PDT between non-cryopreserved

BM-MSCs and DMSO-cryopreserved BM-MSCs

(43.0 ± 12.2 vs. 62.3 ± 32.9 h) (p\ 0.069) (Fig. 3).

Ad-MSCs cryopreserved in CB or DMSO had signif-

icantly shorter PDT (38.1 ± 13.6 and 42.2 ± 10.8 h,

respectively) compared to BM-MSCs (47.7 ± 11.4

and 62.3 ± 32.9 h respectively) (p\ 0.013) (Fig. 3).

Phenotype

Cell surface marker expression was analyzed by flow

cytometry before and after cryopreservation of Ad-

MSCs and BM-MSCs at passage 3 and after subsequent

culture for 2 more passages. Cryopreserved and non-

cryopreserved Ad-MSCs showed a stable expression of

the classicalMSCsurfacemarkers at passage 5with cells

being positive ([95 %) for CD73, CD90, CD105, HLA-

I and negative (\5 %) for CD3, CD14, CD34, CD45,

CD80 and HLA-II (Fig. 4A, data not shown for passage

1–2 before cryopreservation). Cryopreserved and non-

cryopreserved BM-MSCs (Fig. 4A) showed a signifi-

cant down regulation of CD90 at passage 5 compared to

Ad-MSCs (54.6 ± 19.2 % vs. 97.1 ± 3.5 % respec-

tively, p\0.00015), and a significant up regulation of

HLA class II (11.6 ± 12.3 % vs. 0.2 ± 0.3 %,

p\0.003), which we previously have attributed to the

Mesencult�-XF media (Al-Saqi et al. 2014). BM-MSCs

at passage 2 also displayed the same features, but to a

lower extent (data not shown). There were no significant

changes in the mean fluorescence intensity in any of the

Fig. 3 Population doubling time at passage 4-5. Triplicates of

Ad-MSCs and BM-MSCs (n = 5 of each) were cryopreserved

at passage 3, thawed, plated at 4 9 103 cell/cm2 and passaged at

70–80 % confluency. Non-cryopreserved MSCs (fresh) at the

same passage were included as control. The cells were counted

using Trypan blue exclusion and the population doubling time

(PDT) calculated over passage 4–5. CB STEM-CELLBAN-

KERTM, DMSO dimethyl sulfoxide. *p\ 0.05
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Fig. 4 Surface marker

expression at passage 5.

MSCs were cryopreserved

at passage 3 and thereafter

cultured for 2 passages and

surface marker expression

evaluated by flow

cytometry. A Ad-MSCs and

BM-MSCs cryopreserved in

CB or DMSO or non-

cryopreserved (fresh).

B Mean fluorescence

intensity (MFI) of positive

([95 %) surface marker

expression on Ad-MSCs and

BM-MSCs in non-

cropreserved (fresh) and

cryopreserved in CB and

DMSO. CB STEM-

CELLBANKERTM, DMSO

dimethyl sulfoxide.

*p\ 0.05. (Color figure

online)
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markers between non-cryopreserved and cryopreserved

MSCs (Fig. 4B).

Differentiation ability

Ad-MSCs andBM-MSCs cryopreserved in eitherCBor

DMSO were induced towards adipogenic and osteo-

genic lineages at passage 5. Non-cryopreserved Ad-

MSCs and BM-MSCs at the same passage were

included for comparison (results not shown). Ad-MSCs

cryopreserved in CB showed a trend for higher adipo-

genic differentiation compared to BM-MSCs cryopre-

served in CB, p = 0.06 (Fig. 5A, B). On the contrary,

both Ad-MSCs and BM-MSCs displayed similar oste-

ogenic differentiation potential in both cryoprotectant

media (Fig. 6A, B).

Discussion

Most cellular therapies include cryopreservation,

whereby the demand for an efficient clinical grade

cryopreservation solution is increasing. In this study,we

compared a chemically defined serum- and xeno-free

cryopreservation medium to the traditional DMSO-

based cryopreservation in serum- and xeno-free med-

ium (Mesencult�-XF) usingMSCs as themodel system.

The morphology of Ad-MSCs and BM-MSCs

cryopreserved in CB or DMSO were comparable

with typical fibroblast-like cells with thin and long

cytoplasmic extensions before and after cryopreser-

vation, which is typical for MSCs cultured in

Mesencult�-XF (Al-Saqi et al. 2014, Bray et al.

2012, Miwa et al. 2012). BM-MSCs cryopreserved in

either CB or DMSO showed signs of senescence at

passage 4–5 confirmed by positive Beta-Galactosi-

dase stain. However, we have previously reported

that BM-MSCs expanded in Mesencult�-XF in

comparison to DMEM with FBS underwent earlier

senescence compared to Ad-MSCs in the same

culture medium (Al-Saqi et al. 2014). Hence, these

results should be accounted to the expansion medium

rather than cryopreservation medium. Of note is also

that if the culture medium had been optimized for

BM-MSCs, it may have positively influenced the cell

recovery after thawing.

Regardless of the cryopreservation media, Ad-

MSCs displayed shorter PDT compared to BM-MSCs,

which others and we have reported before (Al-Saqi

et al. 2014; Ikegame et al. 2011). Interestingly, BM-

MSCs cryopreserved in DMSO had longer PDT

compared to non-cryopreserved BM-MSCs, showing

that the cryopreservation medium indeed can influ-

ence PDT as long as 2 passages after thawing. It can be

explained by delayed cell death of cells cryopreserved

in DMSO compared to CB or that BM-MSCs require

longer recovery time after cryopreservation in DMSO

compared to CB. The effect on PDT seems to be

Fig. 5 Adipogenic differentiation of cryopreserved MSCs.

In vitro adipogenic differentiation potential by Ad-MSCs and

BM-MSCs that had been cryopreserved in CB or DMSO at

passage 3 and then cultured for 2 passages was analyzed. A The

cells were stained with Oil Red O to visualize lipid droplets (red

color) after 3 cycles of induction. All samples were performed in

duplicates. Representative pictures are shown of: Ad-MSCs in

CB (I), Ad-MSCs in DMSO (II), BM-MSCs in CB (III), BM-

MSCs in DMSO (IV). Original magnification 920. B Quantifi-

cation of the Oil Red O stain was performed by eluting the dye

using 100 % isopropanol and measuring the optical density at

500 nm. Negative control values have been multiplied by

differentiation values. CB STEM-CELLBANKERTM, DMSO

Dimethyl sulfoxide. (Color figure online)
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source specific since it was not apparent in the more

highly proliferating Ad-MSCs.

The viability of Ad-MSCs immediately post thaw-

ing was significantly higher when cryopreserved in CB

than in DMSO and BM-MSCs cryopreserved in either

cryopreservation medium. An even more prominent

increase in viability was seen in embryonic and

induced pluripotent stem cell cryopreserved in CB.

In this study the cells had a viability of more than 90 %

in CB compared to 50 % in DMSO (Holm et al. 2010).

Similarly, hepatocytes cryopreserved in CB showed

higher viability than those cryopreserved in DMSO

Fig. 6 Osteogenicdifferentiationof cryopreserved MSCs. Oste-

ogenic differentiation ability of Ad-MSCs and BM-MSCs

cryopreserved in CB or DMSO at passage 3 and then cultured

for 2 passages was determined by in vitro culture for 17 days.

A Alizarin Red S (red staining) and Von Kossa (black staining)

were used to stain extracellular calcium deposits. All samples

were performed in duplicates. Typical pictures are shown of:

Ad-MSCs in CB with Alizarin Red Stain (I), Von Kossa stain

(II), Ad-MSCs in DMSO with Alizarin Red stain (III), Von

Kossa stain (IV), BM-MSCs in CB with Alizarin Red Stain (V),

Von Kossa stain (VI), BM-MSCs in DMSO with Alizarin Red

stain (VII), Von Kossa stain (VIII). Magnification 920.

B Quantification of Alizarin Red S staining was performed by

eluting the dye using 10 % cetylpyridinium chloride and

measuring the optical density at 562 nm. Negative control

values have been multiplied by the differentiation values. CB

STEM-CELLBANKERTM, DMSO Dimethyl sulfoxide. (Color

figure online)
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(46.4 vs. 31.3 % respectively) (Saliem et al. 2012).

However, all these cells have previously been difficult

to cryopreserve. Our results also showed better

recovery of Ad-MSCs cryopreserved in CB compared

to Ad-MSCs in DMSO and BM-MSCs in any cryo-

preservation media, although not statistically signifi-

cant. The difference between Ad-MSCs cryopreserved

in CB or DMSO might be explained by less cryo-

damage to the cell membrane thanks to the CB

formulation, as it is composed of both intra- and extra-

cellular cryoprotectants.

Expressionof surfacemarkers byAd-MSCs andBM-

MSCs was examined 2 passages after cryopreservation

and compared with the same sample of non-cryopre-

servedMSCs. The expression ofCD90andHLAclass II

by BM-MSCs deviated from the normal expression

pattern ofMSCs, which previously have been attributed

to the cell culture medium (Al-Saqi et al. 2014; Bray

et al. 2012; Campioni et al. 2008; Pal et al. 2009). One

study that examined cryopreservation of MSCs in a

cryopreservation solution made of human serum, 10 %

DMSO and 20 % hydroxyethyl starch (Plasmin �

460/0.7, 6 % solution; HalexIstar) showed alterations

in surface expression of CD73 and CD146 (de Lima

Prata et al. 2012), which our and others reports did not

demonstrate (Naaldjik et al. 2012).However, evenwhen

more than 95 %of theMSCs expressHLA class I on the

surface, the cells do not activate the immune system in

miss-matched transplantations (Le Blanc 2006).

In this study we showed that both CB and DMSO

preserve MSCs ability to differentiate to mesodermal

lineages. Similar findings were reported in other

studies where BM-MSCs (Ginis et al. 2012; Naaldjik

et al. 2012) and Ad-MSCs (Zeisberger et al. 2011)

were cryopreserved using combinations of DMSO and

hydroxyl ethyl starch. Osteogenic differentiation was

similar over all groups, whereas there was trend for

increased adipogenic differentiation for Ad-MSCs

cryopreserved in CB. Hence, the differentiative

capacity of MSCs may be affected by the cryoprotec-

tant formulation. It may also have diverse actions

depending on the cell source or gender as all Ad-MSC

donors were female compared to 40 % female bone

marrow donors.

Both CB and DMSO in Mesencult�-XF are chem-

ically defined, serum- and xeno-free cryoprotectant

media. However, CB is simple, it does not need

preparation by adding medium as with DMSO.

Cryopreservation in CB results in significantly higher

cell viability and proliferation compared to when

DMSO in Mesencult�-XF is used and it maintains

MSC multi-potentiality. Both CB and DMSO in

Mesencult�-XF, are safe cryoprotectants with medical

graded ingredients with no risk for animal product

contamination or serum batch-to-batch variability. In

addition, the CB formulation has both intra- and extra-

cellular cryoprotectants, which prevents cell dehydra-

tion and cell swelling ultimately minimizing the risk

of cell damage. In contrast, the DMSO formulation has

no extracellular cryoprotectant (Motta et al. 2014).

The higher post-cryopreservation viability and func-

tionality of Ad-MSCs in CB may be due to the

presence of both intra and extra-cellular cryoprotec-

tants. However, CB is more expensive, approximately

the double price, when compared to DMSO.

We conclude from this study that both CB and

DMSO in Mesencult�-XF are good alternative for

MSCs storage. However, we prefer CB to DMSO in

Mesencult�-XF as a first choice for Ad-MSCs cryo-

preservation. This is based on that Ad-MSCs cryopre-

served in CB retain higher viability and better growth

potential than when cryopreserved in DMSO in

Mesencult�-XF. CB cryopreservation medium can

be applied in many fields of MSCs research and

regenerative medicine. Our aim is to use CB in the

cryopreservation of Mesencult�-XF expanded Ad-

MSCs for cellular therapy in urogenital atrophy and

urogynecology.
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