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Efficient transfer of progenitor cells without affecting their survival is a key factor in any practical cell therapy.
Fibrin microbeads (FMB) were developed as hard biodegradable cell carriers. The FMB could efficiently isolate
mesenchymal stem cells (MSCs) from different sources and support the expansion of matrix-dependent cell
types in a three-dimensional culture in slow rotation. The cells on FMB could also undergo induced differen-
tiation for their eventual implantation to enhance tissue regeneration. FMB loaded with isolated human MSC
(hMSC) were sealed in tubes topped up with medium. Almost full cell survival was recorded when the sealed
cells were maintained in room temperature for up to 10 days, followed by a recovery period of 24 hrs at optimal
conditions. Assay of cells recovery after such long room temperature storage showed *80%–100% survival of
the cells on FMB, with only a marginal survival of cells that were kept in suspension without FMB in the same
conditions. The hMSC that survived storage at room temperature preserved their profile of mesenchymal cell
surface markers, their rate of proliferation, and their differentiation potential. The cell protective effect was not
dependent on the presence of serum in the storage medium. It was clearly shown that over-expression of
hypoxia induced factor-1a in hMSC with time, which may have protected the sealed cells on FMB at room
temperature storage, was not necessarily related to extreme hypoxic stress. Foreskin normal fibroblasts on FMB
sealed at room temperature were similarly protected, but with no elevation of their hypoxia-induced factor-1a
expression. The results also show that FMB, unlike other commercially available cell carriers, could be used for
delivery and shipping of progenitor cells at room temperature for extended time intervals. This could be highly
useful for cell transfer for therapeutic application and for simplified cell transfer between different research
centers.

Introduction

Cell-based therapies for tissue regeneration may in-
volve a time lag between the preparation of the relevant

cells or cellular matrices and their actual implantation. Spe-
cial conditions should be implemented for the maintenance
of cells for this prolonged time interval out of their optimal
controlled conditions of the CO2 incubator in 37�C. It is a
common understanding that cells in suspension may not
survive for extended time intervals while they are being
transferred in ambient conditions.1,2 The development of
alternative procedures for the transfer and delivery of the
progenitor cells is, therefore, crucial.3,4 This may involve
complicated and expensive strategies and special cell cul-
turing conditions, but simple methods with minimal ma-
nipulation and maximal survival may be superior and more
relevant for clinical applications. In spite of the importance of

this issue, reports on the prevention of cell death in subop-
timal conditions when cells are transported to the clinic are
scarce.5,6

Fibrin microbeads (FMB) are human fibrin-based, dense,
nonimmunogenic, and slowly biodegradable particles with
prolonged shelf life7,8 that were developed as cell carriers.
FMB can serve as a simple and highly efficient tool to isolate
mesenchymal stem cells (MSCs) from different mixed sour-
ces and to support the expansion of many matrix-dependent
cells in a three-dimensional (3D) culture with potential ap-
plication in cell-based regenerative medicine.9–14 Cells loa-
ded on FMB and cultured in slowly rotating 3D conditions in
suspension can reach a high density.9–11,13–16 We previously
proposed that cell attachment to FMB is probably aided by
conserved sequences on the C-termini of fibrin chains beta
and gamma,17 which are probably better exposed on the
FMB surface than on the surface of fibrin gels. Eventually,
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MSC on FMB can undergo mesenchymal differentiation into
the cell type of interest, such as chondrocytes and osteo-
blasts, and express the relevant genes. Eventually, these cells
can form on the FMB both in-vitro and in-vivo bone and
cartilage-like tissue constructs.9,13,14 Adult differentiated
cells, such as foreskin fibroblasts (FFs), could also be cultured
on FMB for their possible implantation.15 In recent years, a
number of other biodegradable microspheres and micro-
carriers were proposed for cell culturing in 3D,18–21 but un-
like FMB, most other carriers are not multifunctional and do
not provide all in one: stem cell separation, expansion, and
support them while differentiating and functioning as their
carrier for cell implantation for tissue regeneration.

The current study presents a simple FMB-based technique
for delivery of mesenchymal cells such as fibroblasts and
MSC and, possibly, other matrix-dependent cells in sealed
vials at room temperature for relatively long time intervals
of > 10 days, with high survival rate, without any need for
further supportive infrastructure. The role of a possible
protective mechanism of MSC attached to FMB by hypoxia-
induced factor (HIF)-1 is discussed.

Materials and Methods

Fibrin microbeads

FMB were prepared by a procedure previously described
in detail.7 For the current work, the FMB were prepared from
paste 2 fibrin-enriched fractionated plasma, which was ob-
tained from NABI Biopharmaceuticals. The raw fibrin rich
material was further purified by sedimentation in 10% eth-
anol in 4�C, reconstitution of the sediment in Tris buffer to
yield 60–80 mg/mL soluble clotable protein.7 The fibrinogen
solution was treated with *1 U/mL thrombin (Omrix) with
Ca + 2 at a final concentration of 3 mM. On initiation of the clot,
the mixture was immediately added to fast stirring, MCT pure
mineral oil at 80�C was added to form an emulsion with small
droplets. Within 7–9 h of fast stirring in heat, very dense de-
hydrothermally crosslinked beads were formed from the
droplets of the fibrin emulsion, as previously described.7 The
resulting solid FMB were thoroughly cleaned from oil and
soluble salts by a series of rinses in organic solvent and then
by water, ethanol, and acetone; dried; and sieved. The main
fraction of FMB, which has the size range of 105–180mm, is
used. Before use, the beads are sterilized by incubation for 12 h
in 70% ethanol, which is then replaced by the medium in
which the FMB are re-hydrated for a few hours.

Foreskin fibroblasts

Foreskin samples were prepared from skin derived from
circumcision of normal 7 day-old new-born babies given as a
throw-away material. Commercial FF were prepared by
Forticell Biosciences (Ortec International). In-house isolated
FF were prepared from dermal connective tissue as follows.
The source (*800 mg) was harvested into a full medium of
Dulbecco’s modified Eagle’s medium + 10% fetal calf serum
(FCS) + 10% penicillin-streptomycin for up to 1.5 h in room
temperature. The sample was then cleaned from fat, stripped
from epidermal cells, and chopped by scalpel and scissors in
sterile conditions into pieces of *1–3 mm. The pieces were
rinsed several times in normal full medium (Dulbecco’s
modified Eagle’s medium + 10% FCS + 1% penicillin-

streptomycin + 1% glutamine, 1% nonessential amino-acids +
1% vitamins solution; all from Biological Industries). More
than 10 pieces were distributed evenly, placed onto the
surface of culture plastic flasks, and left standing overnight
vertically in the 37�C 7%CO2 incubator. A day later, 2 mL full
medium were added to the flask carefully so that the pieces
stayed attached to the surface. Medium was replaced twice
weekly for 2–4 weeks till downloaded cells formed a mono-
layer. Cells reaching confluence were split by trypsinization.
Cells were used after 2–3 passages, when the culture stabi-
lized into homogenous fibroblast-shaped cells for any ex-
perimental purposes. The isolated expanded cells from each
source were tested to have normal chromosomal karyotype.

Separation and growth of human MSC
from bone marrow

Samples of bone marrow from four different normal
young adult volunteers were purchased from Lonza Biolo-
gics. Bone-marrow-derived human MSCs (hMSC) were iso-
lated by FMB by a modified protocol that was previously
used for mouse and rat MSC. Essentially, the source bone
marrow was diluted 1:3 in full hMSC minimum essential
medium-a (MEM-a) + 1% penicillin-streptomycin, 1% gluta-
mine (all from Biological Industries) with 20% Gibco FCS
(Invitrogen). Nutristem� (supplied by Biological Industries)
was used as serum-free medium (SFM) for a relevant ex-
periment with hMSC.

Diluted bone marrow was loaded on FMB in the ratio of
10 mL/150mL of hydrated FMB in a 50 mL tube with a filter
cap for gas exchanging and incubated for 48 h in rotation.
After 48 h of incubation, the medium was changed to remove
nonattached cells, and FMB with isolated mesenchymal cells
were downloaded on plastic to get a monolayer of pure
mesenchymal cells (Fig. 1). Cells from isolated hMSC popu-
lation after two to three passages were tested positive by
fluorescence activation cell sorting (FACS) to hMSCs markers
CD160, CD105, CD166, CD90, CD73, and CD146 Anti HLA-
ABC. They were also examined for CD45, CD3, HLA-DR, and
CD117, which are not expected to be expressed in hMSC.

Extended storage in sealed condition
at room temperature

About 50mL of FMB + cells were loaded into Nunc Cryo-
Tubes� cryovials (Nunc). Subsequently, the tubes were filled
with medium with FCS or with Nutristem (volume *800mL)
and sealed tightly with special care, avoiding the inclusion of
any residual air bubbles. The cells on FMB sealed in CryoTubes
were kept in room temperature for different time periods,
the cell survival on FMB or in suspension were examined
with triplicates at each time point. In addition, the viability of
hMSC cells on FMB stored in CryoTubes for 6 days was tested
at - 4�C, 24�C–27�C (room temperature), and after freezing at
- 80�C with 10% dimethylsulfoxide (DMSO), bovine serum
albumin in different concentration, and/or FCS. At the end of
the storage, the frozen cells were thawed by a standard de-
freezing procedure. When DMSO was used, the cells on FMB
were rinsed after thawing to remove the residual DMSO. The
cells on FMB in the different arms were transferred for 24 h
recovery in optimal conditions of 7% CO2 incubator at 37�C.
The number of cells attached and surviving on the FMB was
assayed by the MTS colorimetric cell proliferation assay.

746 GORODETSKY ET AL.



Comparison of cell growth and survival on FMB
and diethylaminoethyl-derivatized dextran
microspheres (Biosilon)

Biosilon� microspheres (diethyl-aminoethyl-derivatized
dextran microspheres, Nalgen; Nunc International) were
used for cell culturing in suspension. Five milligram of Bio-
silon were added to disposable polypropylene tubes and
sterilized overnight in ethanol 70%. Then, the beads were
washed by culturing medium for hMSC. Cell loading and
estimation of cell number on Biosilon were done according to
the protocol just described for estimation of cell density rel-
ative to a similar amount of FMB by using the modified MTS
colorimetric assay.

FACS analysis

For FACS analysis, the cells were trypsinized away from
the FMB before storage in room temperature, after 6 days of
storage, and 1 week expansion on plastic to reach the ade-
quate cell number needed. For each reading, 20,000 cells
were assayed. They were washed in phosphate-buffered sa-
line, suspended in 1 mL of staining buffer (2 · 106/mL). Each
FACS tube contained 60 mL of cell suspension (1.2 · 105/tube)
and 20 mL of antibodies. The cells were incubated with
the antibodies for 30 min on ice, rinsed with cold phosphate-
buffered saline, and then centrifuged in the cold for 6 min
at 1000 rpm. The cell pallet was re-suspended in 400 mL
of staining buffer and filtered through 40 mm nylon filter.
The antibodies for the different CDs were labeled with ei-
ther fluorescein isothiocyatate or picoerythrin. The results
were compared with adequate isotype controls that served
as references. The antibodies were purchased from SA
Bioscience.

MTS quantitative assay for cell density, survival,
and proliferation

The number of cells on FMB was measured by the MTS
assay (CellTiter 96; Promega), which monitors the total
number of living cells in the sample. The assay was modified
for FMB, as previously described.9 Essentially, tubes of
FMB + cells and their matching noncellular negative controls
were tested in triplicates. At the end of MTS color develop-
ment, samples of the supernatant were transferred to 96
wells plate and monitored at OD492 by a computerized OD
plate reader (Tecan Sunrise). OD492 results were translated
into number of viable cells using a calibration curve of
known cell numbers grown on plastic multiwell dishes.

Microscopy

Microscope images were obtained with a DS-R1 color light
and fluorescence camera with DS-L2 controller mounted on
Eclipse TE200 microscope equipped with Nomarski optics
and a fluorescence set-up (all from Nikon). Samples for
scanning-electron microscopy were fixed with Karnovsky
fixative, pH 7.4, dehydrated in ethanol and Freon, coated
with gold, and then subjected to scanning-electron micros-
copy (FEI Quanta 200).

Nuclear staining to evaluate visually
cell density on FMB

An aliquot of FMB loaded with cells was fixed and per-
meabilized, then 2.5mL of 500mg/mL propidium iodide (PI)
solution (Sigma) was added for an additional 5 min in the dark.
The staining solution was subsequently removed, and the
sample of FMB + cells was mounted on a slide by mounting

FIG. 1. The set up of cells cul-
tured on fibrin microbeads (FMB)
in regular 50 mL tubes placed in a
slow rotator in a CO2 incubator
(A). Attached cells on the surface
of the FMB are shown in (B) by
electron scanning microscopy. The
cells grown in special tubes with a
covered perforated cover for air
exchange with preservation of
sterility, as shown in (C). The cells
on FMB are loaded for storage in
sealed CryoTubes topped up with
medium (D). Color images avail-
able online at www.liebertonline
.com/tec
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solution (Sigma). The red PI-stained nuclei of the cells loaded
on FMB were visualized by fluorescent microscopy.

Induction of hMSC differentiation to bone and cartilage

Bone differentiation was induced as previously described.9,11

Essentially, the MEM-a was supplemented with 20% FCS, 1%
glutamate, and 1% penicillin-streptomycin-nystatine. For bone
differentiation, 10 mM b glycerolphosphate 10- 8 M dexa-
methasone and 50mg/mL of ascorbic acid were added for 2
weeks before the assay. For chondrogenesis, the medium was
supplemented with 3% FCS, 100 ng/mL TGF-b3, 6.35 insulin,
and 50mg/mL ascorbic acid for 3 weeks.

RNA extraction and real-time polymerase
chain reaction

RNA was extracted by a modified Trizol-based protocol
(Invitrogene). The samples of cells on matrix were placed
in small cap-locked Eppendorf tubes with 1 mL Trizol.
After vigorous shaking with small metal steel balls for 30 s,
a fully homogenized solution was obtained. Then, 200 mL
of chloroform was added and mixed well. After 10 min of
incubation in 4�C, the samples were centrifuged at 12,000 g
for 15 min. The RNA in the colorless upper aqueous phase
was transferred to fresh 1.5 mL Eppendorf tube and pre-
cipitated from the aqueous phase by mixing with 0.5 mL
100% isopropyl alcohol. After 10 min of incubation of the
samples at room temperature and centrifugation by 12,000
g for 15 min at 4�C, the precipitated RNA pellet was col-
lected and washed with > 1 mL 70% and 100% ethanol at
4�C. The RNA pellet was air dried for 3 min, then dis-
solved in purified RNase-free water (20–50 mL), and stored
at - 80�C.

The RNA integrity was confirmed by electrophoresis on
ethidium bromide-stained 1% agarose gel. The RNA con-
centration was determined by NanoDrop (Thermo Scien-
tific). A sample of RNA (1mg) was amplified with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosys-
tems) to generate 20mL of cDNAs. A sample of 1–2 mL of the
cDNA was then quantified by real-time polymerase chain
reaction (PCR) using the 7900 HT FAST Real-Time PCR
System (Applied Biosystems). TaqMan Gene Expression
Master Mix and TaqMan were used with Gene Expression
Assays (Applied Biosystems). The quantity of PCR product
generated from amplification of the gene was standardized
using human b actin house keeping gene (Hs 99999903_A1).
The probe for HIF-1a was Hs 00936366_A1. For bone dif-
ferentiation assay, the probe for bone sialoprotein (BSP) was
used (Hs-00913374-g1). For cartilage differentiation, probes
for both collagen II (Hs0106356) and aggrecan
(Hs00153936_A1) were used. For these differentiation stud-
ies, the reference housekeeping probe was that of hTATA
binding protein-hTBP (Hs99999910_A1).

Evaluation of gases and pH in the medium before
and after storage in room temperature

A sample of the medium in which the cells were cultured
was taken from the incubator and collected by a thin needle
through the wall of the tubes in which the cells were stored at
room temperature. The samples were sealed and immediately
taken for analysis (Cobas b 221 Blood Gas system; Roche).

Results

FMB isolation of hMSC and their culture
in 3D conditions

hMSC were isolated from bone marrow of four donors
with the use of the FMB-based adhesion protocol (Fig. 1A). A
higher yield of MSC and improved purity is obtained with
this protocol compared with plastic adherence.9–11 After 2
days in rotation, the FMB attached and isolated the mesen-
chymal cells. The hMSC were downloaded from the FMB to
plastic plates after 4 days in culture and expanded for two
to three passages as previously shown.9,11,12 The purified
expended hMSC were stored and when needed they were
reloaded on FMB in a slow, rotating suspension culture
(Fig. 1A, B).

Survival of stored cells treated at different
conditions and protocols

For room temperature storage, hMSC were loaded on
FMB by mixing trypsinized cells with sterile FMB and cul-
turing for 1 day, after which the non-FMB attached cells were
disposed. The FMB with cells were then sealed in CryoTubes
and stored for 6 days at different temperatures; either frozen
at - 80�C with DMSO and FCS in different concentrations at
4�C or at room temperature (*24�C). Then, the cells were
allowed to recover in a CO2 incubator at 37�C for 24 h; and
the number of surviving cells was monitored with the use of
the modified MTS assay (Fig. 2). The cells preloaded on FMB
and then stored at room temperature survived and were
fully recovered. In parallel, cells on FMB were also frozen at
- 80�C by conventional protocols used for maximal cell re-
covery with adequate concentrations of DMSO and/or high
serum levels, as shown in Figure 2. Only a small fraction of
the frozen cells on FMB recovered and survived after the
different protocols tested. In parallel, freezing of FF on FMB
that was also tested with the same protocol also resulted in
poor cell survival. Further, only a small fraction of the cells
on FMB that was stored at 4�C for 6 days survived (Fig. 2).

Follow-up of cells survival on FMB as a function
of time: Comparison of hMSC with FF

MSCs from bone marrow of four different donors were
loaded on FMB, sealed in CryoTubes, and then kept at room
temperature for different time intervals. Then, the cells were
allowed to recover for 24 h in slow rotation in optimal con-
ditions. In parallel, trypsinized cells were kept in suspension
in the same conditions without FMB. Then, the number of
cells on FMB or in suspension was evaluated by the MTS
assay. A representative full experiment in four replicates
with MSC from one donor is given in Figure 3A. Most of the
cells that were kept in suspension in slow rotation without
FMB died within the first day (*20% survived). About 80%
of the cells incubated with FMB got attached to them and
survived the first day (Fig. 3A1). The surviving cells at day 1,
both in suspension or on FMB, served as a reference (100%)
for further follow-up of cell survival in sealed tubes in room
temperature (Fig. 3A2). Tubes with hMSC, both on FMB and
in suspension, were cultured in parallel in optimal conditions
in a CO2 incubator at 37�C; and their number was assessed at
different time points by the MTS assay. At the relevant time
points, the sealed vials were opened, and the samples were
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allowed to recover for 24 h at optimal conditions in rotation
in the CO2 incubator. Although the cells on FMB in the in-
cubator continued to proliferate until they reached over-
confluence, most hMSCs on FMB in the sealed vials that
were kept in room temperature prevailed for up to 10 days
with no significant change in their number (Fig. 2B). Most
cells that were kept in suspension culture without FMB did
not survive more than a few days in both room temperature
and optimal conditions at 37�C in the CO2 incubator. The
cells that survived were typically organized into aggregates.
Similar data were obtained from hMSC isolated from the
three donors, and the range of the results was within the
shaded areas plotted around the relevant survival curves.

As a comparison, similar experiments were done with
human normal FFs from three different sources. A similar
tendency was seen, suggesting that the phenomenon of cell
survival on FMB at room temperature is not limited only to
hMSC (Fig. 3B1, 3B2).

To further demonstrate the effect, the cell density on the
FMB for both cell types after sealing in room temperature is
demonstrated nonquantitatively in fixed samples of FMB
with cells taken at different time points and stained with PI
to show the density of cells nuclei on the FMB. Although cell
density increased in the cells that were allowed to proliferate
on FMB in the incubator to reach confluence (Fig. 3C1, 3C5,
3C6), the density of cells on FMB that were kept at room
temperature did not change even after 10 days at room
temperature (Fig. 3C1–3C3).

Of interest are the findings that long-term storage of cells
on FMB sealed in room temperature did not affect both pH
and gas level in the medium. When we monitored these
parameters in the medium before and after 6 days of room
temperature, no major change in the pH and partial pressure
of the gases in the medium was recorded in spite of the long-
term sealing. The HCO3

- level in the medium was the only
slightly altered parameter, probably reduced in the process
of buffering the pH of the medium within the long-term
sealing in room temperature (Fig. 3D).

Effect of SFM on the survival of the sealed hMSC
at room temperature

To rule out the possibility of involvement of the FCS in the
medium on the survival of hMSC on FMB in room temper-
ature, one of the bone marrow sources was examined for
prolonged survival in sealed room temperature conditions
using SFM (Nutristem) for stem cells. The survival of the
cells on FMB was examined after 5 and 10 days sealing at
room temperature, followed by a recovery period of 24 h in
the incubator (Fig. 3E). Similar cell survival was recorded in
the FCS containing medium and SFM. Only the rate of
proliferation of the hMSC on FMB in optimal conditions in
the CO2 incubator was somehow slower with SFM.

Cell functions after sealing in room temperature

To verify that the cells after room temperature storage and
after recovery retained their properties, the rate of prolifer-
ation was examined before and after 6 days in room tem-
perature storage. The results indicated that the cells not only
fully survived but also retained the same proliferation rate
(Fig. 4A). FACS analyses was performed before and after the
cell exposure at room temperature. Both mesenchymal and
hematopoietic markers were examined. The FACS results
showed the purity of the hMSC expressing only the typical
mesenchymal markers that were tested (CD105, CD166,
CD90, CD73, and HLA-ABC and none of the hematopoietic
markers) (Fig. 4B). Moreover, no changes in this profile of
markers were recorded after room temperature exposure.

The ability of the hMSC to differentiate to both bone and
cartilage was fully preserved after room temperature. This
issue was examined for cells obtained from two different
donors. Though there was a difference between the cells
from the two different donors in the degree of the genes
expressed for BSP and cartilage (collagen II and aggrecan),
after induction for relevant differentiation (Fig. 4C, #37 and
#39), in each of the two samples tested, the differentiation
potential into these phenotypes was not reduced by the

FIG. 2. Survival of human mesenchymal
stem cell (hMSC) attached to FMB and
stored tightly sealed in CryoTubes for 6
days at room temperature (*24�C). The
results are compared with storage at 4�C
and freezing at - 80�C with different
levels of fetal calf serum (FCS) and di-
methylsulfoxide (DMSO). The results are
presented relative to the initial cell num-
ber taken from the CO2 incubator, before
sealing the cells on FMB in CryoTubes
(100%). The advantage of storage of the
cells for many days at room temperature
is obvious.
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FIG. 3. Follow-up of the survival of hMSC (A) and foreskin fibroblast (FF) (B) loaded on FMB at different time points after
sealing in CryoTubes at room temperature. The results are compared with trypsinized cells in suspension or cells on FMB that were
left in optimal conditions in the CO2 incubator 37�C. For each time point, the results are based on triplicate tubes. The range of similar
experiments done with four different donors of hMSC (A) or from three FF lines (B) are within the shaded area within each graph.
Initially, the cells were mixed with FMB or kept in suspension at 37�C for 24 h in slow rotation; then, the number of residual living
cells in each arm was evaluated (A1, B1). The cells on FMB or in suspension were then sealed at room temperature, and MTS assay
for the survival at different time points was done. The results were normalized to the initial cell number at day 1 (A2, B2). In parallel,
hMSC nuclei stained by propidium iodide (PI) show cell density on minute FMB samples taken and fixed at the different time points
(C). A stable density of cells that were kept at room temperature at different time points is evident (C1–C3). The elevated density of
the cells that continued to proliferate in the optimal conditions at the incubator to reach confluence are also shown (C1, C5, C6).
Eventually, at the end of the follow-up, at day 12, the FMB with cells were placed on a plastic surface, and downloading of functional
living cells from both arms was evident (C4, C7). Samples of the medium before and after storage for 6 days in room temperature
were taken in syringes and immediately tested for the partial pressure of O2, CO2, and pH (D). The role of the serum in the medium
in enhancing survival of hMSC on FMB sealed at room temperature was also evaluated. A comparison of the effect of serum-free
medium (Nutristem) relative to the regular FCS containing medium on the survival of cells on FMB sealed at room temperature was
evaluated (E). MTS assay showed no significant difference in the survival at room temperature with the different media, though the
proliferation rate in optimal conditions was slower with the serum-free Nutristem medium. Color images available online at
www.liebertonline.com/tec
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6 days storing in room temperature and for some genes, it
was even somehow elevated.

Correlation of HIF-1a with time of storage
in room temperature

In an attempt to find a major parameter that may be as-
sociated with the survival of the cells for extended time in-
tervals on FMB in room temperature, the expression of the
HIF1a was examined by real-time quantitative PCR. The
reference was the expression of this gene by cells grown in
monolayers. Essentially, in all the hMSC loaded on FMB and
cultured in 3D at 37�C in the CO2 incubator, a higher ex-
pression of HIF1a was observed, even immediately after
loading on FMB. After sealing in room temperature, a time-
dependent elevation of HIF1a was recorded, reaching a 8.5–
12-fold increase in hMSC isolated from the four different
donors tested (Fig. 5A). Returning the cells to optimal CO2

incubator conditions for 24 h significantly downregulated the
expression of this gene in all the samples as shown for every

specific sample and in the average data presented on the
right side for each of the cell types tested (Fig. 5A).

It is of interest that, unlike hMSC, human FF on FMB
which were treated in the same conditions did not show any
elevation of HIF1a in 3D culture even after long-term sealing
in hypoxic conditions, though they survived in a similar
manner (Fig. 5B).

As an additional control, suspended hMSC were sealed in
the same conditions at room temperature without FMB. Only
a small proportion of hMSC in suspension survived these
conditions by spontaneously forming small aggregates. The
mRNA was isolated from the cells that survived in such cel-
lular aggregates. The cells in such aggregates were obviously
exposed to additional stress of matrix deprivation. When an-
alyzed for HIF1a expression, these survivors showed ex-
tremely higher levels of this gene in the range of 40–80-fold,
almost an order of magnitude higher than the elevated values
recorded for cells on FMB (Fig. 5B). Here again, recovery of
the cells for 24 h in optimal conditions significantly reversed
the elevation of the expression of HIF1a in these cells. As for

FIG. 4. The performance
and phenotype of the hMSC
after 6 days of storage was
evaluated. The rate of prolif-
eration was not altered after 6
days at room temperature
with 1 day recovery (A).
Fluorescence activation cell
sorting (FACS) profile of the
different typical mesenchy-
mal cell markers and non-
mesenchymal markers before
and after room temperature
storage are presented in (B).
In two hMSC samples from
different donors, the cells
were tested for their gene
expression by real-time poly-
merase chain reaction for os-
teogeneic and chondrogeneic
differentiation before and af-
ter storage (C). Both cell lines
had a very significant in-
crease in the relevant genes
after induction. However,
each sample had different
levels of the genes expressed.
Therefore, the results from
these donors are presented
separately. Of interest is that
storage in room temperature
caused no changes in the
ability of the cells from both
donors to be induced to dif-
ferentiate to the desired cell
types.
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FF, unlike the case of cells on FMB, the cells in suspension that
survived as aggregate in sealing condition in room tempera-
ture, HIF1a expression was elevated, though much less than
the elevation recorded for hMSC in the same conditions.

Though the number of living cells on FMB at room tem-
perature was kept constant; we observed that the total
amount of extractable cellular RNA was reduced with time.
In the case of cells in suspension, there was initially much
less extractable RNA, which was further reduced with time
(Fig. 5C). At the same time, the gene expression of HIFa was
elevated. With the 24 h recovery, the total extractable RNA
was restored, whereas the HIFa over-expression in hMSC
dropped sharply (Fig. 5A). Although it could be claimed that
the general reduction of RNA level in the cells affected the
relative calculation of the HIFa levels, it is of notice that the
expression level of the reference gene, the human b-actin

housekeeping gene, had not changed with time. In FF, a
similar decline in the total extractable RNA was recorded in
the storage condition at room temperature with no elevation
in the HIFa expression.

Comparison of cell storage on FMB relative
to Biosilon cell carriers

To compare FMB with other carriers, similar quantities of
Biosilon microcarriers and FMB were incubated in parallel
with the same number of hMSC. The proportion of cells at-
tached to the two types of beads was assayed on the first day,
and the rate of proliferation of the cells in the incubator in the
CO2 incubator at 37�C was assayed at different time points. In
parallel, the cells that attached to the two types of beads were
stored at room temperature according to the protocol just

FIG. 5. Follow-up of relative hypoxia-induced factor (HIF)-1a gene expression in hMSC from three different donors sealed
at room temperature for up to 5 days, after 1 day recovery, as recorded by real-time polymerase chain reaction. The data
derived from the cells from different donors loaded on FMB are presented separately, and the average and errors are given in
the frames on the right (A). The data obtained from cell suspension in the same conditions are similarly presented in (B). FF
on FMB in the same conditions were tested in parallel (A, B, on the right). The total extractable RNA at different time points
and after recovery is also given for both arms of hMSC and FF (C). *p < 0.05, **p < 0.01.
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mentioned. Although initial cell attachment was similar, the
cells proliferated on FMB much faster (Fig. 6A). After sealing
of the cells on FMB at room temperature for 6 days, no sig-
nificant reduction of cell number was recorded on FMB,
whereas the survival of cells on Biosilon gradually and sig-
nificantly decreased with time (Fig. 6B). The difference is also
demonstrated in the nuclei-stained cells on both types of
carriers, before and after room temperature storage (Fig. 6C).

Discussion

The survival of cells in extreme conditions is highly relevant
to cell therapy. Cells in suspension or impregnated within
different matrices need to survive the transportation from the
laboratory to the clinic or to the operation room where they
are expected to be delivered alive and fully functional. The
time interval between cell preparation and their implant is not
always easily controlled. Strategic planning of the timing and
conditions for cell transfer is critical for the success of relevant
procedures, and it may affect the efficacy of such treatments.
This critical factor may become irrelevant if cells could be
transported on FMB sealed at room temperature.

Simple procedures for transport of functional cells for a
number of days are needed. This has special relevance for
delivery of adult progenitor cells between different centers
enabling their maximal survival. So far, the common concept
is that to enable the transfer of living functional cells for ex-
tended periods, they should be kept in special conditions re-
sembling their normal complex culturing conditions. Another
approach is to transfer cells at 4�C for no more than a few
hours, similar to the procedures used for organ preservation
for implantation. The current study shows that hMSC on

FMB, frozen at - 80�C by commonly used procedures used for
preserving cells in suspension, as well as those cooled in 4�C,
did not survive well. Rather, cells on FMB that were just
sealed at room temperature fully survived even for many days
in such conditions. The phenomenon was dependent on
preattachment of the cells to FMB, which provide efficient
isolation of MSCs and serve as carriers of choice for matrix-
dependent cells grown in suspension culture.8–11,16 The com-
parison with other gold-standard microcarriers, such as
Biosilon, showed the specific advantages of the FMB in en-
abling faster proliferation of the cells in normal culturing
conditions and better survival after being storage sealed at
room temperature conditions. Further, the slowly biodegrad-
able FMB could also be used for regenerative medicine, as they
enable the isolation of the hMSC from sources such as bone
marrow and can eventually support the induced differentiation
of the cells and serve as carriers for their implantation.8,13,14

Here, we show that the cells cultured on FMB could also be
stored or shipped for > 10 days at room temperature with no
need for further strategic support. Eventually, after a long
period at room temperature, the cells on FMB can fully recover,
differentiate, expand, and be transferred for implantation.

Current understanding of the response of mammalian
cells to subphysiological temperatures (hypothermia) is less
extensive than of the response to heat shock that has been
widely studied. Cold shock response in mammalian cells
involves the coordination of transcription, translation, cell
cycle, metabolism, and cell cytoskeleton organization.
However, the exact mechanism by which they are modulated
needs to be further elucidated.22 Moreover, mammalian cells
respond to mild hypothermia (25�C–35�C) in a different
manner than to more severely reduced temperatures (0�C–

FIG. 6. FMB were compared
with commercial Biosilon mi-
crocarriers for their perfor-
mance as hMSC carriers and
allowing cell survival at room
temperature. The proportion
of cells attached to the two
types of beads was assayed
by MTS on the first day, and
the rate of proliferation of the
cells in the incubator in the
CO2 incubator at 37�C was
assayed at different time
points. The cells attached to
the two types of beads were
sealed at room temperature
according to the protocol just
mentioned. Initial cell attach-
ment on Biosilon and FMB
and the proliferation rate are
shown in (A). Comparison of
the survival of hMSCs on
FMB and Biosilon after seal-
ing of cells on beads for 6
days at room temperature is
shown in (B). The range of
data for the hMSC on FMB is
taken from the detailed data
presented in Figure 3A.

PI fluorescence for nuclei staining of cells on FMB or Biosilon with dim light before (day 1) (C) and after sealing in room
temperature (day 7) (D), demonstrate the cell density on these beads *p < 0.05, **p < 0.01. Color images available online at
www.liebertonline.com/tec
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10�C), and this is reflected in the results obtained in the current
study. At moderate temperatures, such as the room tempera-
ture used here, cells may show prolonged viability, though cell
division and protein synthesis may be slowed down.22 There
have been some previous hints on the possible induced pro-
tective antiapoptotic effect of hypoxic conditions.23 Cold shock
may expose cells to two major types of stress; those related to
temperature effect on cellular biochemical processes and those
related to the higher oxygen solubility at reduced tempera-
tures.24 The interplay between low temperatures and gases in
the medium is complicated and gained specific attention in
organ preservation. Although oxygen is necessary for aerobic
energy metabolism, it could lead to an increase in reactive ox-
ygen species, resulting in damage to cellular membranes and
other cell components. The amount of oxygen consumed by
organs in reduced metabolic state at low temperatures is a
logarithmic function of temperature.25 Some previous studies
showed the advantages of hypoxic preconditioning of MSC to
promote their regenerative potential.26 Short-term hypoxic
conditions could protect against apoptosis in what was also
called metabolic flexibility by a mechanism that has not yet
been fully understood.27 Induction of hypoxic mediated in-
creased survival was reported even when the MSC were
eventually exposed to low temperature storage.28

It may be suggested that the mechanisms for the drastic
protection of the sealed cells on FMB in room temperature
may involve the elevation of the expression of the classical
hypoxia-related genes such as HIF1a. This indeed happened
with hMSC, where a very significant up-regulation of the
expression of HIF1a was observed. However, similar pro-
longed survival was recorded also for FF loaded on FMB in
the same conditions, without any significant elevation of the
expression of this gene. Moreover, the levels of gases dis-
solved in the sealed atmosphere-free medium at room tem-
perature have not changed significantly within a week,
whereas the pH was found to be stable in the buffered me-
dium. This indicates that sealing cells on FMB at room
temperature is not necessary highly stressful in terms of
hypoxia. Therefore, the elevation of the expression of HIFa in
the sealed hMSC at room temperature may express stress,
but probably it is not necessarily the protective mechanism
that enables the high cell survival in room temperature.

So far, only a few straightforward differences between
hMSC and fibroblasts have been reported, other than the
ability of MSC for pluripotent differentiation. In terms of
morphology in culture and mesenchymal surface cell mark-
ers, they are very similar, though a few reports attempted to
demonstrate some specific differences in the balance of sur-
face markers expression on the membranes of the two cell
types, which fade in high passages.29 MSC are expected to be
able to differentiate into different mesenchymal phenotypes,
but there are reports that hint at the possibility that some
fibroblasts, especially those from neonates and maternal
placenta, could also trans-differentiate to a certain extent to
cells of other mesenchymal phenotypes.30–32 In addition, they
also showed the ability to induce immunomodulation, which
was initially reported as a unique MSC property.30,33–35 We
found here clear-cut differences between the FF and hMSC
grown on FMB. It could be suggested that since HIF1a ex-
pression results from hypoxic or other stress, the MSC may be
more sensitive and respond earlier to the hypoxic stress,
whereas the conditions were not stressful enough to reach the

threshold in fibroblasts. Nevertheless, with matrix depriva-
tion, this gene expression was somehow elevated also in FF.

The use of FMB as a matrix on which cells can be trans-
ported at room temperature in sealed conditions with pro-
tection of their survival may have enormous implications.
These include shipping of living cells in sealed ampoules for
long time intervals for clinical regenerative medicine, as well
as for cell dispatching between laboratories for prolonged
time intervals.

The mechanism of this protection of cells on FMB at room
temperature is not straightforward. Further study may find
hints as to the possible contribution of specific cell binding
epitopes on FMB to this phenomenon. Another major issue
that deserves further investigation is the ability to correlate
the stemness of mesenchymal cells with their expression of
HIF1a in stressful conditions.
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