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a b s t r a c t

Introduction: Stem cells for therapy are often suspended in a preservation solution, such as normal saline
or lactated Ringer's solution, for a short time before intravenous infusion. However, these solutions are
not necessarily ideal for maintaining cell viability and preventing the sedimentation of cells during
storage and infusion. In this study, we attempted to optimize the compositions of preservation solutions,
which could affect the efficacy and safety of stem cell therapy.
Methods: We determined the characteristics of a preservation solution that would optimize cell viability
and the percentage of cells in the supernatant using human adipose-derived mesenchymal stromal cells
(hADSCs). We compared solutions that differed by electrolytes (e.g., normal saline and Ringer's solution)
and the concentrations of dextran 40 and trehalose. The effects of the solutions on hADSCs were eval-
uated by assessing cell surface markers, colony-forming capacity, differentiation potential, and cell
concentrations in the infusion line.
Results: Optimized preservation solutions consisted of lactated Ringer's solution with 3% trehalose
without or with 5% dextran 40 (LR-3T and LR-3T-5D, respectively). The cell viabilities after 24 h of storage
at 5 �C in LR-3T and LR-3T-5D were 94.9% ± 2.4% and 97.6% ± 2.4%, respectively. The percentage of cells in
the supernatant after 1 h of storage at room temperature in LR-3T-5D was 83.5% ± 7.6%. These solutions
preserved the percentage of cell surface marker-positive cells, the colony-forming capacity, and the
adipogenic and osteogenic differentiation ability in hADSCs for at least 24 h after preservation at 5 �C and
25 �C.
Discussion: We determined the optimal composition of preservation solutions for hADSCs and confirmed
the effects of these solutions on cell viability and the stability of cell characteristics in vitro. Our results
suggest that LR-3T and LR-3T-5D can help maintain the quality of stem cells for therapy during pres-
ervation and infusion. However, further in vivo research is needed on the efficacy and safety of the so-
lutions in different therapeutic cell lines before clinical use.
© 2020, The Japanese Society for Regenerative Medicine. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Stem cell transplantation is a promising therapy for various
diseases, such as cardiovascular disorders [1,2], autoimmune dis-
eases [3], osteoarthritis [4], liver disorders [5e8], and graft-versus-
host disease [9,10]. Among stem cells, mesenchymal stromal cells
(MSCs) are attractive because of their multi-potency in differenti-
ation, immunosuppressive effect, and remodeling effect on extra-
cellular matrices. For intravascular transplantation, in many cases,
stem cells are suspended in an electrolyte solution, such as normal
saline or lactated Ringer's solution. However, these solutions are
sting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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not necessarily ideal for maintaining cell viability and preventing
the sedimentation of cells during storage and infusion.

Cellular volume homeostasis and ion homeostasis are important
formaintaining cell viability [11e14]. Osmolality and the electrolyte
composition of extracellular solutions affect homeostasis [12,15].
Thus, we examined the cytoprotective effects of Ringer's solutions
containing an alkalizing compound in comparison to normal saline.
These solutions are generally used as infusion solutions and thus
have abundant safety information.

Trehalose (a-D-glucopyranosyl-a-D-glucopyranoside) is a non-
reducing disaccharide that is known to be a protein and mem-
brane stabilizer and cryoprotective agent for different kinds of cells
[16]. In this study, we found that trehalosemaintains cell viability in
cell preservation solutions stored at 5 �C and 25 �C, and we
attempted to optimize its concentration in preservation solutions.

Cells precipitate onto the bottom of infusion bags during storage
and infusion; this may change the cell concentration during infu-
sion and possibly cause infusion toxicity, such as a cell embolism in
the lung. We used low molecular weight dextran 40 to prevent cell
sedimentation in this study. Dextran 40 has been clinically used as a
plasma expander to increase colloidal osmotic pressure in blood
[17]. We hypothesized that the viscosity and specific gravity of
dextran 40 would prevent cells from sedimentation in our pro-
posed solution.

The objective of this study was to optimize the compositions of
preservation solutions, which could affect the efficacy and safety of
stem cell therapy using human adipose tissue-derived mesen-
chymal stromal cells (hADSCs). Here, we tested various compo-
nents of cell preservation solutions to determine the optimal
combination of components for maintaining hADSCs.
2. Materials and methods

2.1. Study design

The present study was approved by the ethics committee of
Otsuka Pharmaceutical Factory, Inc.

This study consisted of five consecutive steps. First, we deter-
mined the effects of various medical electrolyte solutions for
dehydration on the viability of hADSCs. Second, we determined the
optimal concentration of trehalose for the viability of hADSCs.
Third, we determined the concentration of dextran 40 needed to
prevent cell sedimentation for 1 h and cell death. Fourth, we
evaluated the ability of the final compositions of the cell preser-
vation solutions to preserve cells for up to 96 h when stored at 5 �C
or 25 �C. Finally, we confirmed the characteristics of the cells (cell
surface markers, colony-forming capacity, and differentiation
ability) as well as the cell concentrations in the infusion line after
24 h and 1 h of preservation, respectively, in the preservation
solutions.
2.2. Components of the solutions

Normal saline, Ringer's solution, lactated Ringer's solution
(Lactec® Injection), bicarbonate Ringer's solution (BICANATE® In-
jection), 10% dextran 40 in lactated Ringer's solution (Low Molec-
ular Dextran L Injection), lactated Ringer's solution with 3%
trehalose (LR-3T; Cellstor®-W), and lactated Ringer's solution with
3% trehalose and 5% dextran 40 (LR-3T-5D; Cellstor®-S) were
supplied by Otsuka Pharmaceutical Factory, Inc (Tokushima, Japan).
Acetated Ringer's solution (Veen-F Inj.) was purchased from Fuso
Pharmaceutical Industries, Ltd (Osaka, Japan). Trehalose dehydrate
was purchased from Fujifilm Wako Pure Chemical Co. (Osaka,
Japan).
2.3. Preparation of hADSCs

Human ADSCs (Female, 51Y or 38Y, PT5006; Lonza Walkersville,
Inc., Walkersville, MD, USA) were used in this study; 51Y and 38Y
indicates the age of the donors. The results obtained using the 51Y
hADSCs are described in subsection 3.1, subsection 3.2 and
subsection 3.3 of the Results, while those described in subsection
3.4-subsection3.5 were 38Y. Human ADSCs were seeded in a 75-
cm2

flask with 15 mL of medium prepared from a medium kit
(ADSC BulletKit™, Lonza Walkersville, Inc.), and maintained at
37 �C in a humidified atmosphere of 5% CO2. All of the mediumwas
changed every 3 or 4 days. Cells were passaged at approximately
90% confluency, and passage 3 or 4 was used for the experiments.
Cells were trypsinized with Trypsin/EDTA solution (CC-5012, Lonza
Walkersville, Inc.) for 5 min at 37 �C.

2.4. Cell viability

In this experiment, 5.0 � 105 hADSCs suspended in 1 mL of
phosphate-buffered saline or LR-3T were added to low cell
adsorption tubes (STEMFULL™, Sumitomo Bakelite Co., Ltd., Tokyo,
Japan). After centrifugation, the supernatants were replaced with
1 mL of various preservation solutions, and the cells were resus-
pended. The samples were stored at 5 �C in a refrigerator or 25 �C in
an incubator. Cell viability was determined manually with a plastic
cell counting plate (OneCell Counter, Bio Medical Science, Ltd.,
Tokyo, Japan) after trypan blue staining.

In the experiments for determining optimal compositions,
viability was assayed immediately and 24 h after suspension. For
the evaluation of our optimized compositions (LR-3T and LR-3T-
5D), viability was assayed immediately and at 6, 24, 48, and 96 h
after suspension.

Cell viability was calculated according to the formula below.

Cell viability [%] ¼ (total number of cells � number of dead cells)/
(total number of cells) � 100.

2.5. Percentage of cells in the supernatant

In this experiment, 7.5 � 105 hADSCs suspended in 1 mL of
phosphate-buffered saline were added to low cell adsorption tubes
(STEMFULL™). After centrifugation, the supernatants were
replaced with 3 mL of phosphate-buffered saline or various pres-
ervation solutions, and the cells were resuspended. The samples
were stored at room temperature. Cells were counted in 3 mL of
supernatant immediately after resuspension for cells in phosphate-
buffered saline to establish the baseline values, or at 1 h after
resuspension for cells in the other preservation solutions. A sche-
matic drawing of the methods is shown in Supplement 1.

The percentage of cells in the supernatant was calculated ac-
cording to the formula below.

% cells in the supernatant ¼ [(number of cells in the supernatant of
the sample) ∕ (mean baseline value)] � 100

2.6. Annexin V staining

Suspended cells were stained using an Annexin V-FITC Kit
(Beckman Coulter, Brea, CA, USA). Measurements were performed
using a Gallios flow cytometer (Beckman Coulter).
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2.7. Cell surface markers

To examine the surface immunophenotypes of the cells,
2 � 105 cells in 20 mL of staining buffer with fetal bovine serum (BD
Biosciences, San Jose, CA, USA) were incubated for 60e120 min on
ice with phycoerythrin-labeled antibodies against human CD14,
CD34, CD44, CD45, CD73, CD90, CD105, and HLA-DR (BD Bio-
sciences) or the respective isotype controls (BD Biosciences). After
washing, the labeled cells were analyzed using a Gallios flow cy-
tometer (Beckman Coulter).

2.8. Colony-forming capacity

After 6 and 24 h of storage at 5 �C and 25 �C in LR-3T or LR-3T-
5D, cells were suspended and diluted 100-fold in culture medium.
The diluted solution was added to a dish containing 4 mL of the
culture medium so that cells were plated at a density of 315 cells in
a 21-cm2 culture dish (15 cells/cm2). The culture medium was
changed every 3 days. After 8 days, the cells were washed with
phosphate-buffered saline, fixedwith ice-coldmethanol for 15min,
and then stained with Giemsa at room temperature. After 30min of
staining, cells were washed with distilled water. Colonies of more
than 50 cells were then counted. The colony-forming efficiency of
cells was calculated by dividing the number of colonies per dish by
the number of cells (315) seeded per dish.

2.9. Adipogenic and osteogenic differentiation ability

Adipogenic differentiation was induced according to the Poiet-
ics™ human ADSCs adipogenesis protocol (LonzaWalkersville, Inc.)
and evaluated by Oil Red staining. Osteogenic differentiation was
induced according to the Poietics™ human ADSCs osteogenesis
protocol (Lonza Walkersville, Inc.) and evaluated with an alkaline
phosphatase staining kit (AK20, Cosmo Bio Co., Ltd., Tokyo, Japan)
and a calcified nodule staining kit (AK21, Cosmo Bio Co., Ltd.).

2.10. Cell concentrations in the infusion line

Each blood bag (BB-T015CJ, 150 mL, Terumo Co., Tokyo, Japan)
was hung on a stand, and the height of the hook of the stand was
adjusted so that the liquid level in the blood bag was about 90 cm
from the top of the low cell adsorption tubes (STEMFULL™)
installed on a tube rack. A blood transfusion set (TB-U200L, Terumo
Co.) was used as the infusion line from the bag to the tubes. The
blood bags containing hADSCs suspended in LR-3T-5D or normal
saline (1.5 � 107 cells/100 mL) were placed on the stand after
mixing by inversion, and were allowed to stand for 1 h. A 22G
Surflash™ I.V. Catheter (SR-FF2225, Terumo Co.) was connected to
the blood transfusion set, and the needle tip was placed in the
numbered low cell adsorption tubes (STEMFULL™). The solution
was dropped into the tubes at a rate of approximately 3.3 mL/min,
and 5 mL of the test solution was collected per tube. At the end of
the 10th collection fraction, the test solution in the blood bag was
Table 1
Cell viability of human adipose tissue-derived mesenchymal stromal cells in various solu

Group n Immediately

S 6 98.6 ± 0.9
LR 6 98.7 ± 1.2
LRþ1.0% T 6 97.6 ± 0.8
LRþ3.0% T 5 98.1 ± 1.5
LRþ5.0% T 6 98.5 ± 1.6
LRþ7.0% T 6 98.6 ± 0.9
LRþ10.0% T 6 98.1 ± 1.8

Values are means ± SD (n ¼ 5e6). ***p < 0.001 vs. lactated Ringer's solution with Dunn
mixed approximately five times to stir the precipitated cells. These
procedures were performed three times for each solution. A sche-
matic drawing of the methods is shown in Supplement 2.

The volume and cell concentration of each fraction were
measured. The cell recovery rate was calculated as the ratio of the
total number of collected cells to the total number of cells
(1.5 � 107 cells/100 mL) at the time the blood bag was filled.

2.11. Statistical methods

Results are presented as the mean ± standard deviation (SD).
Dunnett's multiple comparison test and the Student's t-test were
used. The doseeresponse relationship of the percentage of cells in
the supernatant was evaluated with the maximum contrast
method [18]. Alpha was set at 0.05, and all tests were two-tailed.
Data were analyzed with SAS 9.2 (SAS Institute Inc., Cary, NC, USA).

3. Results

3.1. Electrolyte composition

Cell viability was significantly higher in the various Ringer's
solutions than in normal saline (p < 0.001 for all of the Ringer's
solutions). On the other hand, we found no significant difference in
cell viability among the Ringer's solutions. Viability after storage for
24 h was highest in lactated Ringer's solution (Supplement 3).

3.2. Appropriate concentration of trehalose

Cell viability was significantly higher in the lactated Ringer's
solutions containing more than 3% trehalose than in the other
lactated Ringer's solutions (p < 0.001; Table 1).

3.3. Appropriate concentration of dextran 40

The percentage of cells in the supernatant after 1 h of settling in
normal saline and lactated Ringer's solutions was less than 30%, and
the percentage in the lactated Ringer's solution containing 3%
trehalose was less than 40% (Fig. 1). Increasing the concentration of
dextran 40 in lactated Ringer's solution containing 3% trehalose
increased the percentage of cells in the supernatant (Fig. 1). The
doseeresponse relationship of the percentage of cells in the su-
pernatant with 13 patterns of hypothesized monotonic increases
was evaluated with the maximum contrast method (Supplement
4). The maximum sum-of-squared contrast weights was indicated
by the 2-start 4-end pattern (Supplement 5). Therefore, we
concluded that the percentage of cells in the supernatant reached a
plateau in lactated Ringer's solution containing 3% trehalose and 5%
dextran 40. The mean ± SD of the percentage of cells in the su-
pernatant after 1 h of settling in lactated Ringer's solution con-
taining 3% trehalose and 5% dextran 40 was 83.5% ± 7.6% (Fig. 1).

Cell viability was significantly lower in the lactated Ringer's
solution containing 3% trehalose and 10% dextran 40 than in the
tions, with and without trehalose, after storage at 5�C.

after suspension (%) 24 hours after suspension (%)

70.6 ± 6.2
89.0 ± 2.7
90.2 ± 2.5
98.0 ± 1.6***
97.1 ± 2.0***
97.4 ± 2.9***
96.4 ± 2.5***

ett's test. S: normal saline, LR: lactated Ringer's solution, T: trehalose.



Fig. 1. The percentage of cells in the supernatant after 1 h of settling in various cell preservation solutions. Each point and vertical bar indicates the mean and standard deviation
(SD; n ¼ 6). The percentages are the numbers of hADSCs in 3 mL of supernatant of various solutions after 1 h of settling at room temperature relative to the baseline values. LR:
lactated Ringer's solution, LRþ3.0% T: lactated Ringer's solution containing 3% trehalose, LRþ3.0% Tþ1.0%e10.0% D40: lactated Ringer's solution containing 3% trehalose þ1.0%e
10.0% dextran 40.
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lactated Ringer's solution containing only 3% trehalose (p < 0.001;
Table 2).

3.4. Evaluating the optimal cell preservation solutions

We concluded that the optimal composition for the wash and
preservation solution was lactated Ringer's solution containing 3%
trehalose (LR-3T), and the optimal composition for the suspension
and preservation solutionwas lactated Ringer's solution containing
3% trehalose and 5% dextran 40 (LR-3T-5D; Supplement 6). We
subsequently tested LR-3T and LR-3T-5D against four endpoints:
cell viability, cell surface markers, colony-forming capacity, and
adipogenic and osteogenic differentiation. Furthermore, we tested
the stability of the cell concentration in the infusion line with LR-
3T-5D.

Fig. 2A shows the time course of cell viability during 96 h of
preservation in LR-3T, LR-3T-5D, and lactated Ringer's solution at
5 �C. The mean values for cell viability were significantly higher in
LR-3T and LR-3T-5D than in lactated Ringer's solution at all time
points after 6 h of storage. The cell viabilities after 24 h of storage at
5 �C in LR-3T and LR-5D were 94.9% ± 2.4% and 97.6% ± 2.4%,
respectively. The mean values for cell viability in LR-3T-5D were
higher than 90% even at 48 h after storage. Fig. 2B shows the time
course of cell viability after storage in various solutions at 25 �C. The
Table 2
Cell viability of human adipose tissue-derived mesenchymal stromal cells in various solu

Group Immediately after susp

S 97.3 ± 1.7
LR 97.1 ± 1.4
LRþ3.0% T 97.4 ± 1.8
LRþ3.0% Tþ1.0% D40 97.1 ± 1.5
LRþ3.0% Tþ3.0% D40 97.5 ± 1.7
LRþ3.0% Tþ5.0% D40 98.4 ± 1.2
LRþ3.0% Tþ10.0% D40 98.4 ± 1.4

Values are means ± SD (n ¼ 6). ***p < 0.001 vs. LRþ3.0% T with Dunnett's test. S: norma
mean values for cell viability were significantly higher in LR-3T-5D
than in lactated Ringer's solution at all time points after 6 h of
storage. The mean value for cell viability was significantly higher in
LR-3T than in lactated Ringer's solution at 6 h. The mean values for
cell viability tended to be higher in LR-3T than in lactated Ringer's
solution at 48 h (p ¼ 0.0569) and 96 h (p ¼ 0.0979). The mean
values for cell viability were higher than 90% in LR-3T and LR-3T-5D
for up to 48 h.

Table 3 and Supplement 7 show the time course of the Annexin
V-positive ratio, a marker of the early phase of apoptosis, during
24 h of preservation in LR-3T, LR-3T-5D, and lactated Ringer's so-
lution at 25 �C. The Annexin V-positive ratio of hADSC stored in LR-
3T and LR-3T-5D remained at the same level before and after the
24 h of storage; in contrast, the Annexin V-positive ratio of cells
stored in LR was increased after 24 h of storage.

The cells were negative for CD14, CD34, CD45, and HLA-DR
before preservation, and also at 24 h after preservation at 5 �C or
25 �C in LR-3T and LR-3T-5D. The cells were positive for CD44,
CD73, CD90, and CD105 before preservation and at 24 h after
storage at 5 �C or 25 �C in LR-3T and LR-3T-5D (Tables 4 and 5, and
Supplement 8).

Table 6 and Supplement 9 show the results of the colony-
forming assay with hADSCs before preservation and at 6 and 24 h
after preservation at 5 �C and 25 �C in LR-3Tor LR-3T-5D. In the case
tions, with 3% trehalose, with and without dextran 40, after storage at 5�C.

ension (%) 24 hours after suspension (%)

68.4 ± 6.4
90.2 ± 5.4
95.1 ± 3.2
95.8 ± 1.9
96.8 ± 2.4
96.4 ± 3.0
83.8 ± 5.6***

l saline, LR: lactated Ringer's solution, T: trehalose, D40: dextran 40.



Fig. 2. Changes in the cell viability of hADSCs in test solutions after storage at 5 �C (A)
and 25 �C (B). Each point and vertical bar indicates the mean ± SD (n ¼ 4). *p < 0.05,
**p < 0.01, ***p < 0.001 vs. lactated Ringer's solution with Dunnett's test. LR-3T:
lactated Ringer's solution with 3% trehalose, LR-3T-5D: lactated Ringer's solution
with 3% trehalose and 5% dextran 40.

Y. Fujita et al. / Regenerative Therapy 14 (2020) 95e102 99
with LR-3T at 25 �C, the number of colony-forming units remained
unchanged at least 24 h after preservation. Although the mean
number of colony-forming units at 24 h after preservation at 5 �C in
LR-3T tended to be lower when compared to that before preser-
vation (p ¼ 0.0818), with the other preservation conditions, no
significant difference was found in the values before and after
preservation.

Adipogenic differentiation and osteogenic differentiation were
induced using hADSCs 24 h after storage at 5 �C or 25 �C (Supple-
ments 10 and 11). Adipocytes containing oil droplets stained with
Oil Red were observed in every preservation condition tested; no
obvious difference was seen before and after preservation for any of
Table 3
Annexin V-positive ratio of human adipose tissue-derived mesenchymal stromal cells pr

Group Annexin V-positive ratio (%)
Time after suspension

0 hours

LR 9.7 ± 3.1
LR-3T 11.4 ± 4.6
LR-3T-5D 12.5 ± 4.9

Values are means ± SD (n¼ 4). LR: lactated Ringer's solution, LR-3T: lactated Ringer's solu
dextran 40.
the preservation conditions. Similarly, osteogenesis was also
observed in every preservation condition tested; no obvious dif-
ference was seen before and after preservation for any of the
preservation conditions.
3.5. Cell concentration in the infusion line

The cell concentration of hADSCs suspended in LR-3T-5D or
normal saline in the infusion line from the blood bag was evaluated
in the worst-case scenario model of infusion, in which the infusion
was started without mixing after 1 h of settling, and mixing was
performed at the halfway point of infusion (the end of the 10th
fraction). The cell concentrations of fractions in normal saline were
lower than the ideal concentration until mixing, and they gradually
increased after mixing. The cell concentration of the final fraction
(the 20th fraction) in normal saline was much higher than the ideal
concentration. On the other hand, the cell concentrations of frac-
tions in LR-3T-5D were stable over time throughout the infusion,
even in the worst-case scenario (Fig. 3A). The cell recovery rate was
significantly higher with LR-3T-5D than with normal saline
(77.9% ± 5.0% vs. 67.6% ± 3.6%, respectively; Fig. 3B).
4. Discussion

The osmolality and electrolyte composition of extracellular so-
lutions affect cell viability via cellular volume homeostasis and ion
homeostasis [12e15]. Normal saline is isotonic, but it contains only
sodium ions and chloride ions. On the other hand, various Ringer's
solutions contain potassium ions and calcium ions, in addition to
sodium ions and chloride ions, and they are more similar to the
extracellular fluid in the human body. The ions in Ringer's solutions
prevent cell death, and account for the difference between normal
saline and Ringer's solutions in maintaining cell viability. We found
no major differences among the various Ringer's solutions. How-
ever, among the solutions tested, cell viability was the highest in
lactated Ringer's solution. Therefore, we chose the composition of
electrolytes in lactated Ringer's solution for our cell preservation
solution.

Trehalose is a stabilizer of proteins and cell membranes, and a
cryoprotective agent for different kinds of cells [16]. Trehalose is
also a component of ET-Kyoto solution, which is used for lung and
pancreas islet transplantation as an organ-preservation solution
[19,20]. Trehalose is superior to other saccharides, such as glucose,
maltose, sucrose, and raffinose, as an organ protectant in an iso-
lated rat model of lung perfusion [21]. A modified-Euro-Collins
solution, in which glucose is replaced by trehalose, had better
preservation effects than the original Euro-Collins solution in a 12-
h canine model of lung preservation and transplantation [22]. LR-
3T and LR-3T-5D containing 3% trehalose were more effective at
preserving the viability of hADSCs stored at 5 �C and 25 �C than
lactated Ringer's solutions. The mechanism of the protective effect
of trehalose on cell membranes and proteins against desiccation
and cryopreservation has been explained at a molecular level in
eserved in LR, LR-3T and LR-3T-5D after 0, 6, and 24 hours of storage at 25�C.

6 hours 24 hours

12.0 ± 1.8 62.1 ± 13.0
11.0 ± 2.2 13.5 ± 1.3
9.0 ± 0.6 12.9 ± 1.5

tion with 3% trehalose, LR-3T-5D: lactated Ringer's solution with 3% trehalose and 5%



Table 4
Cell surface marker analysis of hADSCs before preservation and 24 hours after preservation in LR-3T at 5�C and 25�C.

Cell surface marker Positive ratio (%)

Before preservation 24 hours after preservation at 5�C 24 hours after preservation at 25�C

CD14 1.2 ± 0.3 0.9 ± 0.1 0.9 ± 0.2
CD34 9.0 ± 0.4 8.7 ± 2.0 8.0 ± 1.5
CD45 1.3 ± 0.2 1.1 ± 0.1 1.0 ± 0.4
HLA-DR 1.1 ± 0.2 0.9 ± 0.2 0.8 ± 0.3
CD44 97.9 ± 0.8 97.1 ± 12 97.5 ± 0.2
CD73 99.7 ± 0.1 99.4 ± 0.3 97.6 ± 0.8
CD90 99.9 ± 0.1 99.9 ± 0.0 99.9 ± 0.0
CD105 99.9 ± 0.0 99.8 ± 0.1 96.9 ± 3.3

Values are means ± SD (n ¼ 4). LR-3T: lactated Ringer's solution with 3% trehalose.

Table 5
Cell surface marker analysis of hADSCs before preservation and 24 hours after preservation in LR-3T-5D at 5�C or 25�C.

Cell surface marker Positive ratio (%)

Before preservation 24 hours after preservation at 5�C 24 hours after preservation at 25�C

CD14 1.0 ± 0.3 1.0 ± 0.1 1.2 ± 0.2
CD34 9.4 ± 0.4 9.1 ± 0.7 6.5 ± 0.9
CD45 1.1 ± 0.3 1.1 ± 0.3 1.3 ± 0.1
HLA-DR 1.1 ± 0.3 1.0 ± 0.2 1.2 ± 0.2
CD44 95.9 ± 3.1 94.6 ± 2.3 96.8 ± 1.1
CD73 99.3 ± 0.4 99.1 ± 0.5 97.3 ± 1.4
CD90 99.9 ± 0.1 99.9 ± 0.0 99.8 ± 0.1
CD105 99.9 ± 0.1 99.9 ± 0.1 99.2 ± 0.1

Values are means ± SD (n ¼ 4). LR-3T-5D: lactated Ringer's solution with 3% trehalose and 5% dextran 40.

Table 6
Colony-forming capacity of human adipose tissue-derived mesenchymal stromal cells preserved in LR-3T and LR-3T-5D.

Group Immediately after suspension (CFU/100 cells) 6 hours after suspension (CFU/100 cells) 24 hours after suspension (CFU/100 cells)

LR-3T 5�C 21.6 ± 2.5 21.0 ± 2.0 16.3 ± 5.4
25�C 21.5 ± 2.1 21.9 ± 1.7

LR-3T-5D 5�C 21.3 ± 1.9 21.9 ± 3.2 22.0 ± 2.7
25�C 19.1 ± 1.0 21.6 ± 2.5

Values are means ± SD (n¼ 4). No significant difference was foundwhen values at 6 or 24 hours were compared to the value immediately after suspension with Dunnett's test.
CFU: colony-forming unit, LR-3T: lactated Ringer's solution with 3% trehalose, LR-3T-5D: lactated Ringer's solution with 3% trehalose and 5% dextran 40.
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some reports [16,23]. For example, the clam-shell conformation of
trehalose facilitates interactions between the sugar and the polar
head region of phospholipids by creating hydrogen-bonding ge-
ometry that is appropriate for the adjacent lipids to prevent air
from delaminating the lipid membrane [23]. However, the mech-
anism by which trehalose prevents cell death in a preservation
solution, other than desiccation and freezing, is unclear.

Cells precipitate onto the bottom of infusion bags during storage
and infusion, and this creates variability in cell concentrations
during infusion. This variability affects the efficacy of cell therapy as
changes in cell concentrations can induce infusion-related toxicity,
such as a pulmonary embolism. In fact, the package insert of
TEMCELL® HS Inj. (JCR Pharmaceuticals Co., Ltd., Hyogo, Japan),
which contains human allogeneic bone marrow-derived mesen-
chymal stem cells used to treat acute graft-versus-host disease after
hematopoietic stem cell transplantation, says to gently mix the
infusion bag by hand because sedimentation likely makes the cell
concentration non-uniform [24]. In our study, the cell suspension
was saturated in lactated Ringer's solution containing 3% trehalose
and 5% dextran 40. In addition, lactated Ringer's solution contain-
ing 3% trehalose and 5% dextran 40 did not affect cell viability. In
fact, LR-3T-5D stabilized the cell concentration in the infusion line
even in the worst-case scenario, which was 15 min of infusion
without mixing after 1 h of settling, followed by 15 min of infusion
after mixing (Supplement 2). The cell concentrations of fractions in
LR-3T-5D and the percent recovery were lower than the ideal
values. This suggested that a portion of the cells attached to the
infusion bags when cells were transferred to the bags.

The trends of viability differed between the 5 �C (Figs. 3A) and
25 �C (Fig. 3B) conditions in lactated Ringer's solution, LR-3T, and
LR-3T-5D. Rauen et al. reported that hypothermic injury starts to
occur in rat hepatocytes at temperatures below 16 �C, and it reaches
a maximum at 4 �Ce8 �C [25]. Our results also suggested that
storage at 5 �C caused more severe hypothermic injury to hADSCs
than storage at 25 �C.

CD14, CD34, CD45, and HLA-DR are known as negative markers
of MSCs [26]. CD14 is prominently expressed on monocytes and
macrophages; CD34 marks primitive hematopoietic progenitors
and endothelial cells; CD-45 is a pan-leucocyte marker; and HLA-
DR marks HLA class II cell surface receptors. In contrast, CD73,
CD90, and CD105 are known as positive markers of MSCs [26,27].
We found no obvious changes in the ratios of cells positive for CD14,
CD34, CD45, HLA-DR, CD44, CD73, CD90, or CD105 when the cells
were preserved in LR-3T and LR-3T-5D for 24 h at either 5 �C or
25 �C when compared to the ratios before preservation. This indi-
cated that storage in LR-3T and LR-3T-5D did not affect the
expression of cell surface markers.

There were no obvious differences in colony-forming capacity
before and after preservation when cells were preserved in LR-3T
and LR-3T-5D for at least 24 h at either 5 �C or 25 �C. This indi-
cated that storage for at least 24 h in LR-3T and LR-3T-5D did not
affect the ratio of cells with proliferation ability.



Fig. 3. The concentrations of hADSCs suspended in LR-3T-5D or normal saline in the infusion line from blood bags (A). The values indicate the mean ± SD (n ¼ 3) of the cell
concentration in each fraction. The dashed line indicates the ideal value of the cell concentration in each fraction. The arrow indicates the time point at which the bags were mixed.
Comparison of percent recovery (B). The values indicate the mean ± SD (n ¼ 3) of the percent recovery. *p < 0.05 with the Student's t-test. LR-3T-5D: lactated Ringer's solution with
3% trehalose and 5% dextran 40.
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One of the criteria for defining MSCs is multipotent differenti-
ation potential [26]. We confirmed that hADSCs still had adipogenic
and osteogenic differentiation ability after 24 h of storage in LR-3T
and LR-3T-5D at 5 �C or 25 �C. This indicated that 24 h of storage in
LR-3T and LR-3T-5D did not affect the differentiation ability of
hADSCs.

Taken together, we concluded that the cell characteristics (cell
surface markers, colony-forming capacity, and differentiation
ability) of hADSCs stored in LR-3T and LR-3T-5D were stable for at
least 24 h at 5 �C and 25 �C.

Another study reported that hADSCs could be stored for 24 h
between 2 �C and 8 �C in acetated Ringer's solution with 5% human
serum albumin [28]. In that study, 5% human serum albumin could
protect cells; in our study, the human serum albumin was replaced
by 3% trehalose and 5% dextran 40. LR-3T and LR-3T-5D are
beneficial in that bio-derived materials, which are at risk from
contamination with adventitious virus, are not required. Further-
more, our solution prevents cell sedimentation for at least 1 h, a
characteristic that we have not found in any reports of other
solutions.

5. Conclusions

Our data showed that LR-3T, consisting of lactated Ringer's so-
lution with 3% trehalose, and LR-3T-5D, consisting of lactated
Ringer's solution with 3% trehalose and 5% dextran 40, could pre-
serve the cell viability and cell characteristics of hADSCs during
storage at 5 �C and 25 �C for at least 24 h. LR-3T-5D stabilized the
percentage of cells in the supernatant for at least 1 h. These results
suggest that LR-3T and LR-3T-5D can help maintain the quality of
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stem cells for therapy during preservation and infusion. However,
further in vivo research is needed on the efficacy and safety of the
solutions in different therapeutic cell lines before clinical use.
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