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Abstract

Organic solvents, such as dimethyl sulfoxide (DMS&)d glycerol, have been
commonly used as cryoprotectants (CPASs) in celbprgservation. However, their
cytotoxicity and need of complex freezing protocls/e impeded their applications
especially in clinical cell therapy and regenemtiwedicine. Trehalose has been
explored as a natural CPA to cryopreserve cellg, itsu poor cell permeability
frequently results in low cryopreservation efficaby this work, we presented that a
natural zwitterionic molecule—L-carnitine—could seras a promising CPA for
solvent-free cryopreservation. We demonstrated thaarnitine possessed strong

ability to depress water freezing point, and wittrawapid freezing protocol, we
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studied the post-thaw survival efficiency of fowliclines (GLC-82 cells, MCF-7
cells, NIH-3T3 cells and Sheep Red Blood Cellshgdi-carnitine without addition
of any organic solvents. At the optimum L-carnitec@ncentration, all four cell lines
could achieve above 80% survival efficiency, conegawith the significantly lower
efficiency using organic CPAs and trehalose. Afteropreservation, the recovered
cell behaviors including cell attachment and pesition were found to be similar to
the normal cells, indicating that the cell functihes were not affected. Moreover,
L-carnitine showed no observable cytotoxicity, whiwas superior to the organic
CPAs. This work offered an attractive alternativetraditional CPAs and held great
promise to revolutionize current cryopreservatiechnologies, to benefit the patients

in various cell-based clinical applications.

Keywords. cryopreservation, cryoprotectant, L-carnitine, &ibnic, ultrarapid

freezing

1. Introduction

With the continued development of cell-based apgibms, there are burgeoning
demands of living cells for human healthcare [1RJt example, due to their capacity
of self-renewal and multilineage differentiatiotera cells have been explored to treat
a broad spectrum of human diseases, including cara cardiac disease, etc [4].
However, stem cells are susceptible to tumoriggnioi heterogeneity in incubated
flasks at physiological conditions, so cell pres¢ion pausing the “life clock” of
living cells is critical technique for cell-basedpdications [5].For another example,
in the U.S. there are 2.2 million units of bloodueed per year [6], but ~1.7 million
units of blood from donors have to be discardechiyalue to short shelf-life (i.e., 42

days), leading to an undesired waste (~382 mill@D annually) in clinical therapy
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(National Blood Collection and Utilization Surveyeport) [2]. Therefore, effective
preservation methods for cells are highly desiredi lzold the potential to improve the

outcome of clinical cell-based applications.

Cryopreservation is an essential and effectiverteldyy for the long-term storage
of biological samples, such as cells, tissues agdns, etc [7, 8]. Biological systems
can be cryopreserved, because their metabolism beillhalted at the cryogenic

temperatures (-8Cor -196C), and then resumes at the physiological tempearatur

after a proper thawing process. However, duringftbezing process, cells could be
damaged due to ice formation, which results in tymes of cryoinjuries: ice injury
and solute injury [9, 10]. To solve this problenRA3 have been developed to protect
cells from cryoinjuries, and now they have beconme tkey to successful
cryopreservation. The current state-of-the-arttsgfias for cryopreservation require
the addition of large amounts of organic solvestssh as DMSO and glycerol, to
prevent ice formation and maintain cell integritgpwever, the organic solvent CPAs
have shown several problems. Glycerol is used &PA at the earliest time for
successful cryopreservation of fowl spermatozahénlate 1940s by Polge [11], but a
major disadvantage of glycerol is its poor pen&iraability into most types of cells,
leading to the difficulty of intracellular proteoti. Subsequently, Lovelock and
Bishop reported the use of DMSO, which has the atdwpe of rapid penetration into
cell membrane, and currently it has been widelliagmue to its high cryoprotective
efficacy [12]. However, its intrinsic cytotoxicityemains as the bottleneck of its
clinical applications. It has been reported that 3 could affect metabolism,
enzymatic activity and cell cycle [13], which hawelirect impact on cellular function

and growth. Moreover, in cell-based therapeutidiagpons, DMSO is believed to be



the main causal agent of various adverse reactinakiding allergic/cardiovascular
complications, and renal/hepatic dysfunctions, Eté, 15]. For example, after
infusion of DMSO-cryopreserved hematopoietic stathsc14 out of 17 patients were
found to develop cardiac arrhythmia [16]. Anothexadvantage of traditional organic
CPAs is their need of complex and time consumingtqmol. They require

controlled-rate freezing process and washing stepsCPA removal, as well as
well-developed equipment. In addition, the requeamof high CPA concentration
(commonly 10%-20%) also increases the risk of @athage during their introduction
or removal, because the cells will suffer from oimmjury. Therefore, an ideal CPA

should be effective, while can avoid any detrimeetfect.

Many efforts have been made to search ideal CPAs dolvent-free
cryopreservation, but no significant progress hagnb achieved. For example,
antifreeze proteins (AFPs) found in some livingamgms (polar fish, insects and
plants) are linked to freezing avoidance [17], ibsuffers from low availability from
natural sources, limited post-freezing recoverye rahd potential immunogenicity
[18-20]. For another example, trehalose, a natdisdccharide of glucose found in
organisms [21], has been applied to the bioprairodf various biologicals, such as
proteins, vaccines and bacteria. However, trehalogenot provide sufficient
intracellular protection, which results from thepenmeability of trehalose into cell
membranesSo, it is often necessary to add the supplemerdaygnic CPAs when

using trehalose to cryopreserve cells [22, 23].

Inspired by nature, a zwitterionic molecule—L-céime—has attracted our
attention as a promising CPA (Fig.S1). L-carnitise vitamin-like molecule, and is

correlated with cold tolerance in many biologicgtems. For example, after exposed



to a cold shock, the dietary L-carnitine suppleragan could significantly improve
the survival rate of ornamental cichlid fish [24). addition, as an osmoprotectant,
L-carnitine can protect cells from osmotic injueyhen the cells are exposed to the
hyperosmotic environment [25]. More importantly, carnitine is natural and
non-toxic, which can be found in microorganismgnpé, and most animals, it is an
essential metabolite and a 70kg human body canhesize about 11-34 mg
L-carnitine per day. These findings motivate ugxplore the potential of L-carnitine
as a non-toxic CPA for solvent-free cell cryopreaéion[26-28]. In this work, with
ultrarapid freezing protocol, we cryopreserved salvdifferent cell lines (GLC-82
cells, MCF-7 cells, NIH-3T3 cells and SRBCs) usingarnitine as the sole CPA and
evaluated the functionalities of post-thaw cellacluding cell attachment and

proliferation.

2. Materials and methods

2.1 Materials

L-carnitine was purchased from Dalian Meilun Bidte€Co. Ltd. Trehalose and
glycerol were all purchased from Alfa Aesar. DMS&nicillin-streptomycin (PS),
trypsin- ethylenediamin tetraacetic acid (trypsiDi&), and phosphate buffered
saline (PBS) were all purchased from Beijing Satai®cience and Technology Co.
Ltd. 0.22um filters were purchased from Millipor&oswell Park Memorial
Institute-1640 (RPMI-1640), Dulbecco’s modified k&g medium (DMEM) and

fetal bovine serum (FBS) were all obtained fromdsib

2.2 Cell culture



GLC-82 cells were cultured in RPMI-1640 medium dappented with 10% FBS,
streptomycin (100 Ul/mL), and penicillin (100 UI/mMLMCF-7 cells and NIH-3T3
cells were cultured in DMEM medium supplementedhwi0% FBS, streptomycin
(200 Ul/mL), and penicillin (100 UI/mL). All the tke types of cells were incubated

at 37Cwith 5% CO2 (Model HERA cell-BB15; Thermo).

2.3 Cryopreservation solutions

Cryopreservation solutions were prepared as follothe experiment group was
L-carnitine solution of different concentrations5%, 1%, 2%, 4%, 6%, 8%, 10%,
20%, 50%); the control groups were the blank medigdMI-1640/DMEM medium
containing 10% FBS), DMSO, trehalose, and glycewspectively. L-carnitine,
DMSO, trehalose and glycerol were added to the amediontaining 10% FBS and
dissolved to obtain the designated cryopreservaidutions. All the cryopreservation

solutions were sterilized with 0.2@&n filters.

2.4 Differential scanning calorimetry tests

The influences of L-carnitine, DMSO, trehalose ghgterol on ice formation were
studied by Differential scanning calorimetry (DS@Jettler-Toledo DSC 1/500).
5~10 mg solution was sealed in an aluminum panchviias set on the calorimeter

sample chamber. The measurements were carriedsoud a Mettler-Toledo DSC

1/500 with the cooling rate of I0/min and the heating rate of&min. Calorimetric

measurements were performed in the range fromo-30°C.

2.5 Cytotoxicity assay



NIH-3T3 cells suspended in 0.1 mL DMEM medium atamcentration of 1.0 x
104 cells/mL were seeded in 96-well TCPS plateserAhcubating for 24 h at 37°C,
0.1 mL cryopreservation solution of different conications was added to each well.
Then, the samples were incubated by 72 h. To meathe cell viability, the
supernatant was discarded from each of the well,enth 1QL
3-(4,5-dimethylthial-2-yl)-2, 5-diphenyltetrazaliubromid (MTT) and 9L DMEM
medium were added to the cultured cells, followgdfurther incubating for 4 h at
37°C with 5% CO2. After removing the remaining medj 0.1 mL formazan
solution was added to each well to dissolve theipitation. The resulted color
intensity, which was proportional to the numberv@ble cells, was measured by a

microplate reader (Infinite M200 pro, Tecan) at 490.

2.6 Cell cryopreservation with ultrarapid freezprgtocol

When the cells grew to 70%-80% confluence, they eweligested with
trypsin-EDTA and suspended in phosphate bufferédes@BS). All the cells were
counted using a hemocytometer and the cells wéugedito a density of 1.0 x 106
cells/mL. The cryovials containing 1.5 mL of varsoaryopreservation solutions and

1.0 x 106 cells were directly immersed into ligaittogen (LN2).

2.7 Cell recovery

After overnight preservation, samples were takenfamm LN2 and immediately
placed into a 3T water bath with gently shaking until completely leal. Cell
suspensions were transferred to sterile centrituges (15 mL, Corning, USA) and
diluted in the RPMI-1640/DMEM medium. After 4 min§centrifugation (800 RPM),

the cells were collected for further analysis.



2.8 Cell viability assay

The viability of post-thaw cells was detected byiae/Dead Viability kit (Life
Technologies). The Live/Dead Viability kit includédio kinds of molecular probes,
named calcein-AM and ethidium homodimer (EH). Tkeitation setting for calcein-
AM was 488 nm and EH was 543 nm; the emission seitgge 500-530 nm and 560
nm, respectively. The cryopreserved cells and dgeevadded to 96-well TCPS plates
(n=3, per sample), incubated 30 mins in the damld, then observed with an inverted
fluorescence microscope (Nikon Eclipse Ti-S). Tikimd) cells were stained as green,
whereas the dead cells were stained as red. Thwaluefficiencies were the ratios of

living cells numbers over total cell numbers (n=3).

2.9 Post-Thaw hemolysis tests

All SRBC samples were thawed at the’@water bath with gently shaking. Cell

recoveries (hemolysis) were assessed by a miceopéader at 450 nm. 100% cell
recovery (0% hemolysis) was prepared by the addiioPBS to SRBCs suspension
and left unfrozen. 0% cell recovery (100% hemolysias prepared by osmotic shock
through addition of water to SRBCs suspension. @mbvery was calculated by
subtracting the attained hemolysis (%) from 100 ¢eng a figure for cell recovery

(%) (n=5).

2.10 Cell attachment and proliferation

After cryopreservation, the samples were thawatleaB7Cwater bath with gently

shaking, then the cells were transferred to 24-WEIPS plates, and cultured in the
incubator. After 12 hours, cell attachment andrti@phologies were observed using

the inverted microscope. To study cell proliferatgroperties after cryopreservation,
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the NIH-3T3 cells were seeded at the cell numbéer.@fx 104 (the seeded number of
GLC-82 cell was 5.0 x 104) in 48-well TCPS platesitaining 1 mL medium each

well (n = 5). After seeding, the cell number wasimed at 24, 48, 72, 96 and 120 h
respectively. According to the results, we plotteé growth curve, calculated the

doubling time and evaluated the cell proliferatpyoperties.

3 Resaultsand Discussions

3.1 Influences on phase transition

CPA can protect cells from damage caused by icendton during the
freeze-thawing cycle. CPAs, such as DMSO, glycard trehalose, are commonly
hydrophilic solutes that can strongly interact wittater molecules, leading to a
significant decrease of freezing point and inhdmtiof ice formation [29, 30].
Therefore, to study the potential of L-carnitineaa€PA, we tested its influence on
the ice formation by DSC (Fig. 1). The aqueous tsmhs of L-carnitine showed an
endothermic peak upon thawing, and the peak vatoeedsed with the increasing
solution concentration, similar to DMSO, glycercdnd trehalose. However,
L-carnitine samples showed the smallest value oftimge peak at the same
concentration, indicating that L-carnitine possdse strongest ability to inhibit ice
formation. Moreover, the freezing point of L-cané was significantly lower than
the other solutions at corresponding concentratismggesting the strongest ability of
L-carnitine to depress the freezing point (Fig..1B)addition, the amount of unfrozen
water, which is the key factor to increase cryoprestion efficiency [31, 32], is
determined by the integration of the endothermiekpand as was shown in Fig. 1A—
D, the unfrozen water content of L-carnitine salo§ was more than the other

solutions. In summary, compared with DMSO, glyceaad trehalose, L-carnitine
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showed an advantage of the inhibition of ice fororatWe supposed the reason was
that DMSO, glycerol and trehalose prevented wateleoules from attending the ice
crystallization through hydrogen bonds [33, 34],ewdas zwitterionic L-carnitine

could inhibit ice formation by strong electrostatlg induced hydration [35, 36].

3.2 Cytotoxicity assessments

Currently, the cytotoxicity of CPAs is still a majobstacle to the widespread
application of cryopreservation. The toxicity maguse the alteration of cellular
morphology, the failure of the cell attachment, émel change of cell growth rate, or
even the cell death [37]. In this work, the cytatity assessments of L-carnitine and
DMSO were performed by MTT test [38], and Fig. 2Aowed the microscope
images of NIH-3T3 cells incubated for 3 days witlesreasing concentrations (0-3%)
of L-carnitine or DMSO. Both the cell number andrptwlogy of L-carnitine group
were similar to those of the normal cells, and wsergerior to the DMSO group. Fig.
2B presented the results of the MTT test, which ewvar accordance with the
microscope images. NIH-3T3 cells exposed to diffesncentrations of L-carnitine
for 3 days showed no remarkable difference frommadrcells in cell viability and
growth rate. On the contrary, DMSO induced a sigaiftly decreased cell viability
even at the low concentration of 0.5%. At the cotregion of 3%, the cell viability
was down to 40.19%. These results suggested thaarritine was highly
biocompatible and nontoxic, while DMSO was cytotota affect cell proliferation, at

low concentration.

3.3 Post-thaw cell viability

The optimized cryopreservation protocol is highigportant for cell recovery

viability. Several strategies have been reportethw4reezing, fast-freezing,
10



vitrification, and ultrarapid freezing. Ultrarapifieezing means that samples are
frozen by direct immersion into liquid nitrogen. ift an effective cryopreservation
method due to its high time-efficiency and low sost equipment and labor [39]. In
this work, four types of cells (GLC-82 cells, MCFe@lls, NIH-3T3 cells and SRBCS)
were selected. Results showed that, with the altidrfreezing protocol, L-carnitine
could achieve high cryopreservation efficiency, abhivas significantly better than
those of traditional CPAs. Fig. 3A showed represtve images of the Live/Dead
assay of GLC-82 cells, MCF-7 cells and NIH-3T3 sdlfter thawing and Fig. 3B
presented the survival efficiency of the GLC-82lxalt different concentrations of
L-carnitine, DMSO, glycerol and trehalose. As waswn in Fig. 3B, the survival
efficiency of the optimum was 89.42 % at 6% of ltrgine, which was much higher
than the three other CPAs. At the optimal surviefficiencies of DMSO, glycerol
and trehalose were only 56.64%, 4.06% and 68.38%pectively, and the blank
control was only 17.86%. Fig. 3C-D presented thevigal efficiencies of MCF-7
cells and NIH-3T3 cells. The optimal cell recovefyMCF-7 cells was 77.91% at 10%
of L-carnitine, and that of the NIH-3T3 cells wa3.80% at 8% of L-carnitine.
Similarly, the survival efficiencies of the threther CPAs were significantly lower
than L-carnitine. Effective preservation of RBCsswaportant for patients suffering
from severe blood loss. Clinical cryopreservatiomot@cols utilized high
concentrations of glycerol (up to 40wt%) as the 39\ However, deglycerolization
procedures were time-consuming after thawing. lis study, we used natural
zwitterionic L-carnitine to replace glycerol as tG®A, and the SRBCs recoveries
were shown in Fig. 3E. At 8% of L-carnitine, the EBES recovery was up to 83.99%,
showing distinct advantage over the other CPAs.

3.4 Evaluation of post-thaw cell behaviors
11



Besides viability, it is also important that postiv cells can well retain their
functionalities. During freezing process, cellulmembranes and enzyme systems are
damaged by the osmotic shock and the ice crystaidton, which directly impacts
cell attachment and proliferation abilities [40}lCattachment is a fundamental cell
function and can also indicate cell damage. Toh@rrtstudy the influence of
cryopreservation on post-thaw cell, we studied agichment. As was shown in Fig.
4A, GLC-82 cells cryopreserved by L-carnitine coatthch to the TCP&nd present
similar morphology to normal cells. In contrast, GB2 cells cryopreserved with
three other CPAs almost completely lost their &itag ability. As was shown in Fig.
S2A, there was also no negative impact on the MGfells and NIH-3T3 cells
cryopreserved by L-carnitine. Among the various cfionalities relating to
cryopreserved cells, CPA could affect proliferatijpotential of the post-thaw cells.
Cell proliferation ability was evaluated by measgricell doubling time, which
impacted the quantity of nucleolar proteins andg@mB23 in human cancer cells.
Fig. 4B and Fig. S2B showed the proliferation canad the GLC-82 cells and
NIH-3T3 cells after cryopreservation by L-carnitimath the ultrarapid freezing
protocol. Cells cryopreserved by L-carnitine maimga growth ability, without any
loss of proliferation potential. Fig.4C and Fig. Gdresented doubling times of
GLC-82 cells and NIH-3T3 cells respectively. Doulglitimes were comparable
between unfrozen cells and cryopreserved by L-tiaenicells, indicating that

cryopreserved by L-carnitine did not affect thelfiecative capacity.
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concentrations of L-Carnitine and three other tradal CPAs.
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Highlights

Natural zwitterionic L-carnitine can as an efficient cryoprotectant for solvent-free cell

cryopreservation is presented.

» For the first time, L-carnitine is proven as an efficient CPA without addition of
any organic solvent CPAs.

» L-carnitine shows no observable cytotoxicity.

» L-carnitine enables cell cryopreservation with ultrarapid freezing protocol which
is much simpler and more timesaving than traditional stepwise freezing using

organic solvent CPAs.
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