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¢ Head of Stem Cell Manipulation Unit, Nineveh Health Directorate, Al-Hadbaa Specialized Hospital for Hematology and Bone Marrow
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ABSTRACT

Background: Hematopoietic stem cells (HSC) are cells that can differentiate according to the tissue they are lying
in. The transplantation of such cells is either autologous or allogeneic. Autologous storage is required until the patient
finishes his intensive chemotherapy. Whilst allogenic storage is required until finding the suitable matched recipient
for this cellular therapy. Storage is in deep frozen state (-80° C) with cryoprotectant compound. Dimethyl sulphoxide
(DMSO) has been used as cryoprotectant due to its electrophilic property that makes H-bond between DMSO and H,O,
which is 2.6 times stronger than the H bond between two water molecules. As a result, minimal concentration of DMSO
prevents formation of water crystals during freezing storage of cells.

Objectives: Assessing the cytotoxicity of DMSO on stored HSC, by determining the cells’ viability after adding DMSO
with concentration of 10%, after deep-freezing in specialized deep freeze at (-80° C), then in ordinary freeze at (-20°
C), in room temperature, in ordinary refrigerator at (+4° C), and lastly in water bath incubation at (+ 37 ° C), each for
24 hours.

Methods: Using trypan blue dye, the vitality was assessed by counting the alive cells (uncolored), and dead cells (blue
colored).

Results: Cells retain high membrane integrity when kept at (-80° C) and (-20° C), but when exposed to room
temperatures (+22° C) and physiological temperature (+ 37° C), this will rapidly decrease cell viability.

Conclusions: Although prolonged incubation time further decreases viability, the essential driver of DMSO cyto-
toxicity is elevated temperature. The post-thaw cytotoxicity of 10% DMSO cryopreserved peripheral HSCs is greatly
temperature dependent.

Keywords: Dimethyl sulfoxide, Cryopreservation, Cytotoxic effect, Hematopoietic stem cells, Viability

1. Introduction

Hematopoietic stem cells (HSC) are cells that can
differentiate according to the tissue they are lying
in. Stem cell transplantation is either autologous or
allogenic transplantation (Baldomero et al., 2011;
Bensinger, 2012; Hristova and Zhivkov, 2023).

In autologous setting, after collection of the autolo-
gous stem cells, the patient will receive chemotherapy
where the malignant and healthy mature leukocytes

are destroyed, the patient will be then infused with
his own stem cells. During this interval, the cells are
kept in a deep freeze state at a temperature of (-80° C)
for few weeks or months. Whereas, in allogenic one,
after chemotherapy treatment, the patient receives
HSC from a healthy human leukocyte antigen (HLA)
matched donor. The process of donor selection, in
allogeneic setting, is difficult and time consuming,
because the requirement of maximal matching of the
HLAs between the stem cells of the donor with that of
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the recipient. Therefore, the donors’ stem cells could
be stored for months or years until an appropriate
recipient is in need for these stem cells.

At room temperature, the collected stem cells have
an intensive metabolism, which must be minimized to
save the cell viability. So, the cells have to be cooled
down, if it was intended to be stored for a short time,
or to be deeply frozen with cryoprotective solution in
a freezer at a temperature of —-80° C, if it was intended
for prolonged storage (Hristova and Zhivkov, 2023).
Cryoprotective solutions is a chemical compound that
act by preventing the formation of ice crystals. (Agar-
wal and Singh, 2023).

Dimethyl sulphoxide’s (DMSO) cryoprotective
characteristic is attributed to two strong electrophilic
atoms (s and o), which have negative partial charge
that leads to subsequent increase in potential of
proton acceptance, so even one molecule of DMSO
will form hydrogen bonds with two water molecules.
The strength of one H-bond between DMSO and H,0
is 2.6 times stronger than the strength of a hydrogen
bond between two water molecules (Oh and Baiz,
2018). As a result, DMSO with such an electrophilic
property, even at very low concentration will prevent
the development of water crystals during the process
of freezing (Mohanna et al., 2023).

A crucial requirement for cryoprotectant is that
they should be nontoxic to the cells, but there are
many data showing that DMSO is cytotoxic at temper-
ature above (+4° C) (Kang et al., 2002; Best, 2015).

Although the wide use of DMSO as intracellular
cryoprotectant for variety of animal cells, in addition
to stem cells, the influence of temperature on DMSO
cytotoxicity after longer incubation is not fully ex-
plored (Tonev et al., 2020).

The purpose of this current research is to study the
effect of incubation temperature and time of exposure
on the cytotoxicity of DMSO on the human HSC cry-
opreserved with 10% DMSO for up to 24 hours. To
determine the cytotoxic effect of DMSO at different
temperatures: (-80° C) in deep freezing condition,
(-20° Q), in an ordinary freezer, (+4° C) in an or-
dinary refrigerator, (+22° C) in room temperature,
and (+37° C) in physiological temperature, during
incubation for 10, 30, and 60 minutes respectively.
All these conditions were tested to simulate and man-
age any emergency conditions threatening the frozen
stem cells such as shutdown or shortage of electricity
or power instability, or even any technical issues or
failure inside the deep freeze.

2. Material and methods

Experimental study was done to evaluate the post-
thaw cytotoxicity of 10% DMSO on HSCs. Ten

cryovials containing frozen peripheral stem cells be-
longing to a single donor. These vials represent
technical replicates sourced from a single donor’s
aphaeretic collection, which had been aliquoted and
cryopreserved under standard hospital protocols, for
one month in specialized deep freeze at (-80° C),
then transferring to different temperature, for differ-
ent incubation time. Examination is then done via
counting the viable stem cells, using trypan blue dye
(0.4% solution) to test the percentages of viable stem
cells.

This trypan blue viability test depends on the stain-
ing of dead cells as blue, as the dye is able only
to penetrate the dead cells through damaged mem-
branes.

Ethical Considerations. This study adhered to the
ethical principles outlined in the World Medical Asso-
ciation’s Declaration of Helsinki for medical research
involving human subjects. This study was also ap-
proved by the Ethical Committee of Research at the
Nineveh Directorate of Health on May 8%, 2025
(number: 19772). Patient’s written consent form for
publication was also obtained.

Data from experiment were analyzed using a two-
way ANOVA statistical test (temperature x time).

Commercial DMSO (OriGen Biomedica- CryoPur™,
with 99.9% purity) was used as cryoprotective solu-
tion in a concentration of 10% here in this study.

After stimulation of healthy donor or patient to
release stem cells from the bone marrow to the pe-
ripheral blood, then hematopoietic stem cells were
isolated from the peripheral blood via leukapheresis
using a cell separator.

Two cell separators are employed; Com.Tec Cell
Separator, software 04.03.09, and Amicus Cell Sep-
arator, software 4.4, both from Fresenius Kabi.

The cell suspension was then concentrated by
removing the plasma. Then a cryopreserved solu-
tion was added to the cellular suspension. This
cryoprotectant solution consists of DMSO, and extra-
cellular cryoprotectant: normal saline, and plasma,
in a way that the final concentration of DMSO was
10%, while normal saline was 20% and plasma was
10%.

Then stored in specialized deep-freezing device at
(-80° C) for one month. After that the viability testing
started.

The ten cryovials were divided into pairs to un-
dergo different temperature treatments.

The first two vials were thawed immediately. The
remaining four pairs were stored for 24 hours under
varying conditions: in an ordinary freezer (-20° C), an
ordinary refrigerator (+4° C), at room temperature
(+22° €), and in an incubator (+37° C). After the
24-hour period, the vials that were kept at —20° C,
they were thawed.
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Finally, trypan blue dye was added to all samples,
and the viable cells were counted at 10, 30, and 60
minutes respectively.

Trypan blue test is based on the difference in the
permeability of membranes of living and dead cells
for dyes. Under optical microscope, the vitality was
assessed by counting the alive cells (uncolored), and
dead cells (blue colored).

In our bone marrow transplantation center, cryop-
reservation at deep freeze (-80° C) is adopted for a
maximum of six months storage. During which the
patient undergoes intensive conditioning with high
dose chemotherapy for eradication of malignant cells
and creating space for the newly infused cells.

Statistical analysis: Two-way ANOVA was used to
evaluate the main effects of temperature and incuba-
tion time, and their interaction, on stem cell viability.

3. Results

Chart 1 illustrates the progressive and temperature
dependent decline in stem cell viability following post
thaw exposure to 10% DMSO at 10, 30 and 60 min-
utes intervals.

100.00%
90.00%
80.00%
70.00%
60.00%
50.00%

40.00%

Stem Cell Viability

30.00%

20.00%

10.00%

0.00%

-80°C -80°C -20°C -20°C

B % alive cells-after 10 min— ™% alive cells after 30 min

+4°C

Viability across all groups was examined utilizing
the trypan blue exclusion test. The data are presented
as the mean percentage of viable cells + standard
deviation (Kang et al., 2002), standard error of the
mean (SEM), and 95% confidence intervals for tech-
nical replicates (n = 2), as in Table 1.

A two-way ANOVA statistical test was applied to ex-
amine the effects of storage temperature, incubation
time and their interaction on the viability of pe-
ripheral hematopoietic stem cells suspended in 10%
DMSO.

The analysis revealed a highly significant main ef-
fect of temperature on cell viability (p = 1.36 * 107!3).
As temperature increased from (-80° C) to (+37° C),
the mean cellular viability decreased.

Furthermore, there was a highly significant main
effect of incubation time on viability (p = 1.43 *
107°), with cell viability decreasing across all temper-
ature groups as the exposure time extended from 10
minutes to 60 minutes.

The interaction effect between temperature and
time was statistically significant (p = 0.414). This
indicates that cytotoxic effect of prolonged DMSO
exposure is independent of the temperature condi-
tions. Extended incubation time consistently reduces

% alive cells after 60 min

+4°C  +22°C +22°C +37°C +37°C

Temperatures and Incubation Times

Chart 1. Percentage of viable HSCs across varying temperatures and incubation times.
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Table 1. Mean viability and statistical variance of HSCs across different temperatures and incubation conditions.

Temperature Incubation Time N  Mean Viability (%) SD SEM 95% CI Lower  95% CI Upper
+37°C 10 min 2 29.835 0.247487 0.175 27.61141 32.05859
+37°C 30 min 2 24.96 3.662813 2.59 -7.94907 57.86907
+37°C 60 min 2 19.315 6.625591 4.685 -40.2136 78.84357
+22°C 10 min 2 71.335 1.576848 1.115 57.16758 85.50242
+22°C 30 min 2 60.77 1.088944 0.77 50.98622 70.55378
+22°C 60 min 2 49.46 9.33381 6.6 -34.401 133.321
+4°C 10 min 2  80.54 0.763675 0.54 73.67865 87.40135
+4°C 30 min 2 71.57 1.385929 0.98 59.11792 84.02208
+4°C 60 min 2  69.05 3.365828 2.38 38.80923 99.29077
-20°C 10 min 2 93.96 5.119453 3.62 47.96354 139.9565
-20°C 30 min 2 87.835 8.506495 6.015 11.40718 164.2628
-20°C 60 min 2 77.645 1.661701 1.175 62.71521 92.57479
-80° C 10 min 2 97.21 0.014142 0.01 97.08294 97.33706
-80° C 30 min 2 94.84 0.226274 0.16 92.80701 96.87299
-80° C 60 min 2 90.235 0.445477 0.315 86.23255 94.23745

viability, regardless of the temperature at which the
cells are kept.

The Figs. 1 to 5 below show the microscopical
images of HSC suspension incubated at 10% DMSO
at different temperatures (-80° C, -20° C, +4° C,
+22° C and +37° C) respectively, and were stored
for 24 hours, then were defrosted and stained with

trypan blue dye, then finally were examined under
microscope after 10, 30, and then after 60 minutes.

4. Discussion

Although the wide use of DMSO as a cryoprotectant
for human cells, there are few studies focusing overtly

after 10 min

after 30 min

after 60 min

Fig. 1. Microscopic images of HSCs that were stored in deep freeze at (—80° C).

after 10 min

after 30 min

after 60 min

Fig. 2. Microscopic images of HSCs that were stored (—20° C).
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after 10 min

after 30 min

after 60 min

Fig. 3. Microscopic images of HSCs that were stored at (+4° C).

After 10 min

after 30 min

after 60 min

Fig. 4. Microscopic images of HSCs that were stored at (+22° C).

After 10 min

after 30 min

after 60 min

Fig. 5. Microscopic images of HSCs that were stored at (+37° C).

on its post-thaw cytotoxicity under varying tempera-
ture conditions.

According to previous literatures, DMSO leads to
significant modification in the function and struc-
ture of the cell membrane, nucleic acids and proteins
(Best, 2015).

This intrinsic cytotoxicity together with logistical
challenges, as the need for specialized equipment and

strict temperature-controlled supply chain, makes it
difficult to maintain ideal post-thaw conditions in
resource-limited clinical settings (Hunt, 2019).

In the current study, cell viability was assessed only
by using the trypan blue exclusion test, to ensure
strict methodological standardization. This method is
highly dependable, economical, and rapid in appli-
cation (Strober, 2015). The test mainly depends on
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membrane permeability. Living cells have an intact
lipid bilayer that serves as an impermeable barrier
to the large, negatively charged trypan blue dye. As
a result, living cells remain uncolored, while dead
or damaged cells are penetrated by the dye and are
stained blue (Hristova and Zhivkov, 2023; Tonev et
al., 2020).

The primary objective of this study was to assess
the cytotoxicity of 10% DMSO on cryopreserved HSCs
across different temperatures (-80° C, -20° C, +4°
C, +22° C and +37° C) and at different incubation
times (10, 30 and 60 minutes). These specific vari-
ables were selected to simulate real world technical
emergencies, such as power outage or freezer failures,
which are practical concerns in our hospital’s specific
infrastructure.

Our results reveal that DMSO cytotoxicity is highly
temperature dependent. When stem cells were stored
at (-20° C) for up to 60 minutes, there was a
non-significant decrease in percentage of vital cells.
However, keeping the cells at room temperature
(+22° C) reduced stem cell viability to an average
of (60.77%) by 30 minutes, and incubation at (+37°
C) quickly decreased viability to about (24.96%) in
the same timeframe.

The two-way ANOVA proved a highly significant
primary effect of temperature on the cell death (p =
1.36 * 10713).

Interestingly, the statistical interaction between
temperature and time was non-significant (p =
0.414), indicating that while higher temperature ex-
tremely reduces cell viability, the main damage is
really temperature dependent rather than compound-
ing significantly over the 10-to-60-minute windows
tested.

These findings align with Tonev et al. (Tonev et al.,
2020), who found that upon incubation at lower tem-
peratures, the number of dead cells remains relatively
stable over time, whereas at higher temperatures, the
number of dead cells increases significantly.

Furthermore, our results are consistent with Hris-
tova and Zhivkov (Hristova and Zhivkov, 2023),
who showed that the percentage of viable stem cells
significantly decreases as incubation temperature in-
creases. They also concluded that the deep-freezing
process itself induces additional delayed damaging
effect on the cells, rendering them much more vul-
nerable to DMSO during thawing.

This contrast with findings by Elmoazzen et al.
(Elmoazzen et al., 2007), who observed that in hu-
man chondrocytes, the incubation temperature did
not significantly affect the vitality of cells suspended
in 8% DMSO for 120 minutes. However, compar-
ing chondrocytes to HSCs gives sever physiological
limitations, because HSCs are single-cell suspension

with rapid DMSO equilibrium because the cells are
not surrounded by a dense matrix, whereas chondro-
cytes in intact articular cartilage are protected by a
dense extracellular matrix that severely delays DMSO
infusion.

Furthermore, Elmoazzen et al. showed that DMSO
toxicity at (+4° C) for 24 hours was significantly
higher on deep frozen cells compared to non-frozen
controls. This really supports our basic idea; the phys-
iological and osmotic stress of deep freeze storage
compromises membrane integrity, making HSCs sig-
nificantly more sensitive to the cytotoxic effects of
DMSO during post thaw holding.

5. Limitations of the study

This study tried to present a valuable practical un-
derstanding for resource-limited settings, but there
are several limitations.

First, the sample size was limited to 10 cryovial
technical replicates derived from single donor’s stem
cells, due to serious resources constraints and limited
sample accessibility at our center during our study pe-
riod. We acknowledge that the absence of biological
replicates limits the broad generalization of our sta-
tistical findings across a diverse patient population.

Second, as our study used pre-existing clinical in-
ventory, all samples already contained the standard
10% DMSO concentration. Consequently, we could
not examine a DMSO- free control group or lower
DMSO concentrations to completely isolate chemical
toxicity from freeze-thaw mechanical injury.

Finally, viability was examined only by trypan blue
exclusion, which measures membrane integrity, but
does not confirm functional biological capacity as
CD34" engraftment.

Future studies utilizing functional assays and larger
sample size with controlled groups are recommended.

6. Conclusions

The post-thaw cytotoxicity of 10% DMSO cry-
opreserved peripheral HSCs is greatly temperature
dependent. Cells retain high membrane integrity
when kept at (-80° C and -20° C), but when exposed
to room temperatures (+22° C) and physiological
temperature (4 37° C), this will rapidly decrease cell
viability. Although prolonged incubation time further
decreases viability, the essential driver of DMSO cy-
totoxicity is elevated temperature.

These findings highlight the vital role of providing
strict temperature control after thawing cryopre-
served HSCs. Especially in resource limited settings
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were equipment shortage, logistical delays or power
instability may happen.

It is necessary to reduce the duration that the cells
spend at elevated temperatures. To increase viability
for cellular therapy, thawed stem cells suspended in
DMSO must be reinfused as early as possible.
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