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Tannic acid-serum albumin (TASA) complex maintains cell viability and
protects from oxidative damage during hypothermic preservation
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Abstract

Rationale: Clinical translation of mesenchymal stem cell therapies requires preservation methods for
maintaining cell viability and function. Preserving mesenchymal stem cells (MSCs) at low temperature
represents a clinical approach for maintaining cellular viability during transport and short-term storage of
cells intended for therapeutic, diagnostic, and research applications. However, cold-induced stress presents
significant challenges in maintaining cell viability and functionality during storage. These challenges
underscore the need for strategies to maintain membrane integrity and protect cells from oxidative stress
under hypothermic conditions. Here, we developed a hypothermic preservation solution utilizing a
combination of tannic acid (TA) and bovine serum albumin (SA), TASA, in basal culture medium.
Methods: MSCs were stored in TASA solutions and evaluated for viability, differentiation capacity, and
therapeutic potential. The therapeutic efficacy of TASA-preserved MSCs was assessed further in a dextran
sulfate sodium (DSS)-induced colitis mouse model, using disease severity, survival rate, myeloperoxidase
activity, gene expression, and histological analysis.

Results: TASA kept MSCs viable in vitro for up to 48 h under hypothermic conditions and cleared reactive
oxygen species (ROS) better than a commercial preservation solution. TASA-preserved MSCs also retained
their therapeutic efficacy in a DSS-induced colitis model, recovering comparably to Fresh MSCs through
modulating antioxidant and anti-inflammatory pathways.

Conclusion: TASA maintained MSCs viability and therapeutic function under both in vitro and in vivo

conditions, overcoming cell storage and transport challenges in regenerative medicine.

Keywords: Tannic acid, serum albumin, hypothermic preservation, oxidative stress
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Introduction

Cell preservation plays a critical role across healthcare and the food industry [1], particularly in regenerative
medicine, where it enables long-term storage of biological products including stem cells, hepatocytes, islets,
and CAR-T cells [2]. Hypothermic preservation is the cornerstone of modern biobanking and
transplantation, extending the viability of cells, tissues, and organs by reducing metabolic activity and
slowing biochemical degradation [3]. Cells under low temperatures show suppressed antioxidant activity,
thereby resulting in ROS accumulation, cellular damage, and necrosis, and limiting preservation outcomes
[4]. Several hypothermic preservation solutions are now commercially available, including Celsior® (IGL
Group, France), Custodiol (Sigma-Aldrich, USA), and Belzer UW (Bridge to Life Ltd., UK) for tissues and
organs, and HypoThermosol™ (HTS™; Bio-Life, USA), NutriStor® (Sartorius, Germany), and ROKEPIE-
FDO1 (Sulfateq BV, Groningen, Netherlands) for cell storage [3, 5]. These formulations have been
meticulously designed to maintain ionic and osmotic equilibrium, inhibit acidosis, and prevent cellular
swelling during low-temperature storage, thereby enhancing cell viability and function [6]. However,
residual toxicity, pH change, limited duration, and insufficient protection during hypothermic preservation
remain major challenges in bio-preservation.

Tannic acid (TA) is a natural polyphenol that exhibits strong antioxidant activity by neutralizing ROS and
scavenging free radicals [7, 8]. It further enhances cellular defense mechanisms by upregulating antioxidant
enzymes such as SOD2 and catalase through activation of the Nrf2 pathway [9]. Previous studies have
demonstrated the protective effect of TA against oxidative stress in various cell types. For instance, TA has
been shown to protect hepatocytes from acetaminophen-induced oxidative damage and enhance albumin
synthesis in these cells [10]. TA has also been shown to attenuate intestinal oxidative damage by improving
antioxidant capacity in piglets and intestinal epithelial cells [11]. TA-based nanoparticles have been
developed as novel tools to counter oxidative stress, showing ROS-scavenging activity in cells and in vivo
[12]. However, TA undergoes polymerization and oxidation under various environmental conditions,

resulting in degradation and reduced functional activity [13]. Recent studies have reported that serum
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albumin (SA) stabilizes TA by forming stable complexes through its colloid-osmotic properties and
chaperone-like functions. These SA-polyphenol complexes exhibit enhanced functional properties,

including stability, antioxidant activity, and improved protection of biomolecular structures [13-16].
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Figure 1. Role of tannic acid-serum albumin (TASA) in hypothermic preservation of cells through modulating

oxidative stress.

In this study, we introduced TASA, a tannic acid-serum albumin complex, as a novel hypothermic
preservative solution for cells in basal culture media. We demonstrated that the synergistic pairing of TASA
strengthened cellular resilience by coupling effective ROS scavenging with enhanced structural integrity in
hypothermic preservation. In addition, this study demonstrated that TASA preserves cell viability and
metabolic activity, reduces oxidative stress, and promotes multi-lineage differentiation, addressing a key
challenge in cell storage and transport for regenerative medicine applications and potentially for clinical

use in the future (Figure 1).
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Materials and Methods

Animal

Six-to-seven-week C57BL/6 mice (20 + 2 g) were purchased from Orent Bio (Seongnam, South Korea).
The purchased mice were kept at the Laboratory Animal Research Center, Sungkyunkwan University. All
animal experiments were approved by the Institutional Animal Care and Use Committee of Sungkyunkwan
University (SKKUIACUC2024-07-67-1) and conducted in accordance with the relevant guidelines.
Ketamine/xylazine was used to anesthetize mice for collecting serum. Mice were humanely euthanized

using CO; gas.

Hypothermic preservation of cells

TASA was used to preserve cells in hypothermic conditions. Different concentrations of TA in the TASA
complex (SA fixed) and different concentrations of SA in TASA (TA fixed) were used to determine the final
optimized conditions of the TASA complex, supplemented with ascorbic acid. Briefly, C57BL/6 mouse
adipose-derived mesenchymal stem cells (MSCs) were cultured in DMEM high-glucose medium
containing 10% FBS and 1% antibiotics, and incubated in a 5% CO, incubator at 37 °C. Once MSCs were
confluent, cells were collected and suspended in 1 mL-of basal medium with or without TASA solution and
stored at 4 °C for 24, 48, and 72 h. Afterward, cell viability was determined using the live/dead assay and
the Cell Counting Kit-8 (CCK-8) assay. As a positive control, Hypothermosol™ (HTS™) was used, which
is known to be effective for hypothermic preservation of cells. Additionally, TASA-preserved MSCs were
characterized for positive surface markers (CD73 and CD105) and a negative surface marker (CD11b) using

flow cytometry [17].

Characterization of TASA complexes

Dynamic light scattering analysis was conducted to confirm complex formation between TA and SA based

on size, zeta potential, and polydispersity (PDI) using Zeta Sizer (Nano ZS90, Malvern Instruments, UK).
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TA, SA, and TASA solutions were prepared in DMEM and then analyzed. Furthermore, the stability of the
TASA complex was evaluated by measuring size, zeta potential, and PDI at days 0, 1, 5, 7, 10, 14, and 21.
Additionally, pH and osmolarity were determined in DMEM containing TASA. Moreover, TASA
complexes were further characterized using a UV-visible spectrophotometer and fluorescence quenching

assay.

In silico analysis of molecular binding

The molecular structure of TA was illustrated using ChemDraw Professional 20.1.1.125 (PerkinElmer Inc.).
Docking studies were carried out with AMDock 1.5.2 (Assisted Molecular Docking) against albumin (PDB:
1E7H), employing the CHARMM (Chemistry at Harvard Molecular Mechanics) force field. Before
docking, the protein was refined through the Prepare Protein Module in Discovery Studio 2022
(v22.1.0.21297; BIOVIA, California, USA). The binding region was determined from the native ligand site
in the PDB structure. During the docking procedure, ten binding poses were generated, and the most
energetically favorable pose was selected and visualized with PyMOL (Version 2.1.0; Schrédinger, LLC,
NY, USA). Binding affinity values were further calculated to assess the strength of interaction between TA
and albumin. To further examine the stability of the TA-SA complex, molecular dynamics (MD) simulations
were performed using the Standard Dynamics Cascade protocol in Discovery Studio. The simulations were
conducted under an isothermal-isobaric (NPT) ensemble with the generalized distance-dependent dielectric
implicit solvent model, running a 5 ns production phase. The resulting simulation trajectories were

visualized and analyzed using Discovery Studio software.

Distribution of TASA on the cell surface

To visualize TASA binding to the cell surface, SA was labeled with fluorescein isothiocyanate (FITC)
according to the standard conjugation protocol provided by Sigma-Aldrich. SA-FITC was used instead of

SA to prepare the TASA-FITC. Briefly, MSCs were incubated with free FITC, SA-FITC, or TASA-FITC,
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as in the TASA preservation protocol. Subsequently, MSCs were washed three times with PBS to remove

unbound materials, and fluorescence images were taken using a confocal microscope.

Western blot (WB) analysis

Cells and tissues were lysed, and proteins were extracted with RIPA lysis buffer (Sigma-Aldrich, USA)
supplemented with protease inhibitors. Protein concentration from each sample was determined using the
BCA assay. Briefly, equal amounts of protein were loaded into each well of a 12% SDS-PAGE gel, followed
by transfer to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA). Then, the transferred protein
membranes were blocked with 5% BSA, followed by incubation with primary antibodies: Bcl-2 (1:1000,
Rabbit, BioLegend, USA), Bax (1:1000, Rabbit, Cell Signaling Technology, USA), B-actin (1:1000, Rabbit,
Cell Signaling Technology, USA), and secondary antibodies (goat anti-rabbit HRP, Invitrogen, USA) at
4 °C overnight. The next day, the membranes were washed and then incubated with goat anti-rabbit
horseradish peroxidase secondary antibody (Invitrogen, USA). B-actin was used as a loading control in WB

analysis, while GelQuantNET was used to quantify the protein bands from the blot.

Lipid peroxidation assay

Lipid peroxidation was assessed using a malondialdehyde (MDA) assay kit (MedChemExpress, USA)
according to the manufacturer's instructions. Briefly, cells were lysed in RIPA buffer supplemented with
0.5% antioxidant prior to lysis, and protein concentration was determined using the BCA assay. Samples
were mixed with MDA detection solution and incubated at 95 °C for 30 min to form the MDA -thiobarbituric
acid (TBA) adduct. Following centrifugation, the supernatant was transferred to a 96-well plate, and
fluorescence was measured at Ex/Em = 515/548 nm using a microplate reader. MDA content was calculated

from a standard curve and normalized to protein concentration.
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Assessment of cellular fluidity

Cellular fluidity was evaluated using the C-Laurdan probe (MedChemExpress, USA) based on lipid
arrangement in the cell membrane. Briefly, cultured MSCs in a 6-well plate were stored at 4 °C for 24 h,
and then the cells were exposed to the C-Laurdan probe according to the manufacturer's guidelines.

Fluorescence was then measured, and the generalized polarization (GP) value was calculated.
Assessment of reactive oxygen species (ROS) scavenging effect

The intracellular ROS-scavenging effect of TASA was determined with the help of 2', 7°-dichlorofluorescin
diacetate (DCFDA) assay (Abcam), following the manufacturer's protocols. Briefly, preserved MSCs were
washed with PBS and subsequently incubated with 20 uM DCFDA for 30 min. Then, cells were washed
with PBS to remove excess dye, and a fluorescence image was taken using a fluorescence microscope
(Nikon Eclipse Ti, Japan). For quantitative analysis, the exact number of cells was transferred into black

96-well plates, and fluorescence intensity was measured using a Spark® multimode microplate reader.
Assessment of mitochondrial superoxide and mitochondrial membrane potential

Briefly, MSCs were seeded on a 6-well plate and incubated overnight in a 5% CO2 incubator at 37 °C.
Medium from each well was then replaced with DMEM only, HTS™, or TASA, respectively, and the
cultured plate was moved to a refrigerator (4 °C) for 24 h. For MitoSOX™ staining, cells were incubated
with MitoSOX™ Red reagent (Invitrogen) as per the manufacturer's protocol. For mitochondrial membrane
potential, cells were stained with JC-1 dye (Invitrogen), according to the manufacturer's protocol.
Fluorescence images were captured and analyzed using a fluorescence microscope (Nikon Eclipse Ti,

Japan).
Assessment of cellular senescence

Briefly, 1 x 10*preserved cells per well were seeded in 6-well plates and incubated overnight in a 5% CO:

incubator at 37 °C. The next day, cells were washed with PBS and fixed using fixative solution from the
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senescence f-galactosidase staining kit (Cell Signaling Technology, USA). Then, the fixed cells were
incubated in f-galactosidase staining solution prepared according to the manufacturer's protocols.
Subsequently, senescent cells were stained with S-galactosidase, and then all images were captured using

Optical Microscopy (Nikon Eclipse Ti, Japan).
Assessment of in vitro migration study

The wound-healing model was used to evaluate the migration ability of preserved MSCs treated with the
TASA solution. Briefly, 3 x 10* preserved cells per well were seeded in 3-well insert plates and cultured
until > 95% confluency. Then, cells from the plates were removed, and a narrow, wound-like gap was
created, followed by washing with PBS to remove detached cells. Further, the cells were cultured in culture
medium for the next 24 h. Then, microscopic images were captured using a fluorescence microscope (Nikon
Eclipse Ti, Japan) and further quantified using ImageJ software. For better imaging, the cells were stained

with acridine orange (AO).
Assessment of MSCs differentiation

TASA-preserved MSCs were assessed for their osteogenic, adipogenic, and chondrogenic differentiation
ability [18]. Briefly, preserved MSCs were cultured in culture medium and exposed to osteogenic,

adipogenic, and chondrogenic induction media. Cells were maintained for 21 days, and the media were
changed every 3 days. On day 21, the MSCs were stained with Alizarin Red S, Oil Red O, and Alcian Blue
to evaluate osteogenic, adipogenic, and chondrogenic differentiation, respectively. Images were captured

using Optical microscopy (Nikon Eclipse Ti, Japan).
Assessment of anti-inflammatory activity

Briefly, RAW264.7 cells were seeded in 6-well plates and incubated overnight. Subsequently, RAW264.7

cells were treated with 500 ng/mL of lipopolysaccharide (LPS; Sigma-Aldrich) for 6 h and then co-cultured
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with preserved-MSCs (MSC,) for the next 18 h. Cells were collected and prepared for analysis of

inflammatory gene expression via polymerase chain reaction (PCR).

Therapeutic effect of TASA on the colitis mouse model

After one week of acclimatization, C57BL/6 mice were treated with 2% dextran sulfate sodium (DSS) in
drinking water (DW) for 5 days [19], followed by dividing into different groups; Control (n =3, PBS only),
PBS (n=35, DSS + PBS), Fresh MSC (MSCr; n=5, DSS + MSCf¥), preserved-MSC in DMEM only (MSCp;
n =5, DSS + MSCp), 1 h-TASA-treated MSCs (TASA-MSC; n = 5, DSS + TASA-MSC), and TASA-
preserved MSCs (TASA-MSCp; n = 5, DSS + TASA-MSC). On day 5, 2 x 10° cells per mouse were
administered intraperitoneally, and the experiments were terminated on day 11. Colons from each mouse
were collected and used for colon length measurement, PCR, histology, and myeloperoxidase (MPO) assay.
Body weight changes, rectal bleeding, and stool conditions were checked every day before and after

treatment with MSCs, which were used for scoring the disease activity index (DAI) [20].

Quantitative real-time polymerase chain reaction (QRT-PCR)

TRIzol (Ambion Life Technology, CA, USA) was used to extract RNA from cells and colon tissues, and
RNA quantification was performed using the NanoDrop method (SPARK 10M, TECAN, Austria). Briefly,
1 pg of isolated RNA was used to synthesize complementary DNA (cDNA) using the RevertAid First
Standard ¢cDNA Synthesis Kit (Thermo Fisher Scientific). SYBR Green (Thermo Fisher Scientific) was
used for qRT-PCR on the QuantStudio real-time PCR system to examine gene expression in cells and colon

tissue samples (Table S1). Gapdh was used as a housekeeping gene for qRT-PCR analysis.
Histological analysis

All feces were removed from the retrieved colon and fixed in 4% formalin for 48 h. Colon tissues were then
stored in 30% sucrose solution for the next 24~48 h, followed by sectioning (5 um) and rehydration. Tissue

sections were then soaked in hematoxylin solution for 8 min, and excess stain was washed away with acid
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alcohol. Stained tissue sections were incubated in eosin solution, then dehydrated in an ethanol gradient.
Furthermore, dehydrated tissue sections were mounted using mounting medium and dried at normal room

temperature. Optical images were captured using an optical microscope (Nikon Eclipse Ti, Japan).

In vivo biodistribution study

Briefly, MSCs from different groups: preserved MSCs in DMEM (MSCp; n = 3), 1 h-TASA-treated MSCs
(TASA-MSC; n = 3), and TASA-preserved MSCs (TASA-MSCp; n = 3) were stored under hypothermic
preservation for 24 h and then stained with DiR dye (PerkinElmer, Inc., Waltham, USA), while DiR-stained
Fresh MSCs (MSCr; n = 3) were the control sample. Then, 2 x 10° stained MSCs per mouse were
administered through intraperitoneal injection, and their retention was checked at different time intervals

(0, 1, and 3 days) using an in vivo imaging system (/VIS).

Safety evaluation of TASA-preserved MSCs

Fresh MSCs (MSCr; n = 3)and TASA-preserved MSCs (TASA-MSCp; n = 3, DSS + TASA-MSCp) were
administered to normal C57BL/6 mice (n = 3), and the serum, bronchoalveolar lavage fluid (BALF), and
organs such as the kidney, liver, and lungs were collected after 24 h to assess the biosafety of MSCr and
TASA-MSCp. Normal C57BL/6 mice without treatment were taken as the control group (Control; n = 3).
Serum glutamic pyruvic transaminase (GPT), serum glutamic oxaloacetic transaminase (GOT), and
creatinine were measured to assess liver and kidney function, while BALF was used to check the total

immune cells. Moreover, the collected organs: kidney, liver, and lungs, were used for histological analysis.
Statistical analysis

All the data were presented as mean =+ standard error of the mean (SEM). Statistical analysis was performed
using GraphPad Prism V8.4 (GraphPad Software, CA, USA). A one-way analysis of variance (ANOVA)
with Tukey's multiple comparisons test was used to assess differences among groups. A p-value of less than

0.05 was considered statistically significant. Moreover, the SRplot was used to generate the heatmap [21].
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Results and discussion

Fabrication and characterization of TASA

Although TA is an efficient free radical scavenger, it was essential to optimize its concentration to maximize
cell viability; furthermore, SA was employed to stabilize TA. To determine the optimal TASA concentration,
different TA and SA ranges were tested for MSC preservation and evaluated by cell viability. Notably, the
TASA solution (0.02% TA and 0.05% SA) maintained significantly higher cell viability for over 48 h than
the control group (Figure S1A-B). Furthermore, we investigated whether TA or SA alone could maintain
cell viability. Neither TA nor SA alone maintained cell viability after 24 h of storage (Figure S1C). However,
previous studies have demonstrated that TA maintains cell viability only at high concentrations [22],
whereas SA concentrations exceeding 2% have been reported to maintain cell viability during cell storage
or transport [22]. These results suggest that SA stabilizes the TA, forming the TASA complex, thereby
maintaining cell viability during cold-induced cellular injury during hypothermic storage or transport.
Moreover, the pH and osmolarity, as major factors in the culture medium, were analyzed after adding TASA.
It seems that the pH and osmolarity of the medium were moderately altered in TASA medium, comparable
to free DMEM, indicating its cellular compatibility (Figure S2). Overall, these findings suggest that
enhanced hypothermic preservation using TASA is not mainly due to the physicochemical properties of the

medium, but rather to its antioxidant and membrane-stabilizing effects.

We performed molecular docking simulations to evaluate interactions between TA and SA, and between TA
and cell surfaces. The molecular structure of TA was docked into the SA-binding site (Figure 2A). A 5 ns
MD simulation was then performed under an isothermal-isobaric (NPT) ensemble using a generalized
distance-dependent dielectric implicit solvent model (Figure 2B). TA remained bound to the three-
dimensional structure of albumin without dissociation throughout the simulation. Notably, hydrophobic
interactions with several residues, including ASP187, were critical for stable binding, consistent with our

previous findings [16, 23]. The TASA interaction network comprised 49-hydrogen bonds, 11-hydrophobic
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bonds, and 2 electrostatic interactions (Figure 2C). Van der Waals and interaction energies remained stable
with minimal fluctuation throughout the simulations (Figure 2D). Collectively, these results suggested that
the TASA complex can be stably formed and maintained under physiological conditions (Figure 2E). To
further demonstrate TASA binding to cells, SA was conjugated with FITC to provide a fluorescent signal.
Interestingly, a stronger fluorescent signal was observed in the TASA-FITC group compared to the SA-
FITC group, indicating stable binding of TASA-FITC on the cell surface (Figure 2F and Figure S3).
Similarly, we assessed UV-visible spectroscopy and a fluorescence quenching assay, which confirmed the
concentration-dependent interaction between TA and SA (Figure S4A-B) and were consistent with UV-
visible spectral changes and fluorescence quenching upon formation of the TASA complex compared to
BSA alone [16, 24]. Long-term stability of the TASA complex was analyzed under hypothermic conditions
and remained stable throughout the 21 days (Figure S4C). Collectively, these results suggested stable
complex formation, which could be applied to protect cells during hypothermic preservation. However,
detailed studies of binding stoichiometry and precise molecular structure would be further considered for

an in-depth complexation study.
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Figure 2. Analysis of the interaction between tannic acid (TA) and serum albumin (SA) through molecular
dynamics (MD) simulation and fluorescence analysis. (A) Docking simulation of TA with albumin, highlighting
the binding pocket and docking analysis. (B) Representative MD simulation snapshots at 0, 0.1, 1, and 5 ns showing
the TA molecule within the albumin binding site, including superimposed trajectories of TA during simulation. (C)

Classification of major non-bonded interactions observed during the MD simulation. (D) Time-dependent profiles of
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van der Waals energy and interaction energy during the MD simulation. (E) Representative image showing the
interaction between TASA and the cell membrane (CM). (F) Confocal analysis of mesenchymal stem cells (MSCs)
after preserving SA-FITC and TASA-FITC solutions; Hoechst color-stained nuclei, while green color represents the
TASA complex (n=15). Scale bar: 10 um. Data are expressed as mean =+ s.d. A one-way ANOVA with Tukey's multiple

comparison test was used for statistical analysis. **p < 0.01, and ***p < 0.001.

Assessment of cell viability on TASA-preserved MSCs

MSCs were stored at 4 °C in three different conditions, DMEM only, TASA, and HTS™, to check their
effect on cell viability. CCK-8 assay results showed that TASA maintained cell viability above 70%
throughout the 48 h period, which was still higher than that of commercially used HTS™ after 48 h (Figure
3A). However, viability declined across all groups by 72 h, with TASA maintaining significantly higher
viability than HTS™ and DMEM only. These results were further confirmed by a live/dead assay, indicating
a higher proportion of viable cells in TASA and HTS™ (Figure 3B). During hypothermic preservation, cells
undergo stress-induced injury, which significantly affects cell viability. Bax expression showed moderate
change across groups, while TASA enhanced Bcl-2 expression (Figure 3C—D and Figure S5-S6). Overall,
this analysis demonstrated enhanced survival signaling in TASA-treated MSCs compared to DMEM- and
HTS™ preserved cells. A 4 h recovery period allowed time for cell attachment and stabilization. MSCs
preserved in TASA rapidly regained function after storage, with adhesion and spreading similar to freshly
cultured cells (Figure 3E). This suggested that TASA maintains cell viability and therapeutic function under

cold storage, addressing a major challenge in cell transportation.
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Figure 3. Assessment of cell viability of MSCs after preservation in Tannic acid-Serum albumin (TASA) solution.
Cells were suspended in preservation solutions: DMEM only, TASA solution, and HTS™, and stored for 0, 24, 48,
and 72 h. Cell viability of MSCs was evaluated in different ways: (A) Quantitatively measured using Cell Counting
Kit-8 (n = 8); (B) Qualitatively determined using a live/dead assay with the help of acridine orange (AO; green
fluorescence representing living cells) and propidium iodide (PI; red fluorescence representing dead cells); Scale bar:
100 pm. (C) Ratio of Bcl-2 and Bax apoptotic protein levels (n = 3) with their representative protein band and (D)
mRNA levels (n = 6) determined using Western blot (WB) and qRT-PCR analysis, respectively. B-actin and Gapdh
were used as a loading control and a housekeeping gene in WB and qRT-PCR analysis, respectively. (E) Representative
morphology of fresh and preserved MSCs after culture. Scale bar: 100 pm. Data are expressed as mean + s.d. A one-
way ANOVA with Tukey's multiple comparison test was used for statistical analysis. **p < 0.01, and ***p < 0.001;

ns, not significant.
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Evaluation of intracellular ROS production and senescence on TASA-preserved MSCs

As oxidative stress is a major limitation in hypothermic preservation [3, 4], we further tested the effect of
TASA on intracellular ROS production to confirm the maintenance of MSC viability in the TASA solution.
Preserved MSCs were treated with hydroperoxide for 24 h to check the intracellular ROS production.
Interestingly, MSCs preserved in TASA produce significantly less ROS and exhibit ROS-scavenging
activity similar to that of Fresh MSCs. Commercialized HTS™ failed to scavenge ROS, as in DMEM alone
and preserved MSC groups (Figure 4A—B). This effect is directly associated with significantly enhanced
cellular antioxidant gene expression, including Sod?2, Cat, and Gpx-1, in TASA-preserved MSCs compared
to other preserved MSCs (Figure 4C—E). These results also confirm that the maintenance of cell viability
and functionality in TASA-preserved MSCs reflects the synergistic effect of TA and SA, whereas neither
TA nor SA alone preserves MSC viability and functionality. Previous studies have also reported that SA
stabilizes TA by forming the TASA complex, reducing its oxidation and prolonging its antioxidant activity
[13, 15]. On the other hand, consistent with increased ROS, significantly elevated MDA levels in the
DMEM-only group under cold storage conditions indicate peroxidation of membrane phospholipids,
resulting in disruption of cell membrane integrity (Figure S7A). However, the TASA group showed an
attenuated MDA level, supporting structural integrity of membrane phospholipids comparable to Fresh cells.
Beyond the biochemical protection, TASA is expected to confer direct physical protection to the plasma
membrane through surface coating, consistent with fluorescence images showing the TASA interaction with
the cell surface (Figure 2E-F) as well as with the well-established affinity of hydroxyl groups from tannic
acid for forming stable interactions with biomolecular surfaces, independent of its antioxidant activity [25].
In parallel, membrane fluidity assessed by C-Laurdan dye showed increased rigidity under cold storage
relative to Fresh cells, and TASA was preserved comparably to HTS™ (Figure S7B—-C), supporting a

structural, coating-based mode of membrane protection in addition to its antioxidant effect.
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As mitochondrial homeostasis is a central determinant of hypothermia-induced cell injury and survival,
mitochondrial integrity and dysfunction were evaluated using JC-1 staining and MitoSOX™ staining. Our
results demonstrated that DMEM alone under hypothermic conditions could not maintain membrane
potential, with a significant reduction compared to Fresh cells (p < 0.01), whereas TASA remarkably
preserved membrane potential compared with DMEM alone and HTS™, but was comparable to Fresh cells
(Figure S8). Consistent with membrane potential, TASA also significantly reduced mitochondrial
superoxide accumulation, as indicated by MitoSOX™ fluorescence (Figure S9). These findings support the
protective effect of TASA on mitochondrial integrity and oxidative stress in hypothermic-stored cells. While
membrane potential is a direct determinant of oxidative ATP synthesis, TASA supports cellular energy
metabolism during hypothermic storage. Since cellular ATP levels and energy metabolism have not been
studied, further investigations are required to define the effects of TASA on mitochondrial energy
metabolism. We evaluated cellular senescence, which is accompanied by increased oxidative stress and a
decline in the cellular antioxidant defense system [26-28]. The p53, a hallmark of senescence, is activated
in response to oxidative stress and DNA damage, which triggers the transcription of p21, a cyclin-dependent
kinase inhibitor. As the p53/p21 pathway plays a major role in the onset of senescence, p16INK persistently
maintains and stabilizes the senescent state of cells [27, 29]. Consistent with this mechanism, MSCs
persisted in DMEM only, and HTS™ showed elevated mRNA expression of senescence biomarkers p2/
and p16, whereas TASA-preserved MSCs demonstrated a senescence biomarker level similar to that of
Fresh MSCs (Figure 4F—G), indicating initiation and maintenance of the senescence phase. Likewise, -
galactosidase-positive cells were reduced in TASA-preserved MSCs, indicating that TASA effectively
suppresses cold-induced cellular senescence (Figure 4H). In summary, TASA upholds cellular antioxidant
activity, thereby inhibiting oxidative stress-driven cellular senescence by modulating p53/p21 and

p16INK4a pathways.
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Figure 4. Intracellular reactive oxygen species (ROS) scavenging and the cellular senescence effect of TASA
solution after preservation. (A—B) Representative intracellular ROS as green fluorescence and relative ROS levels
using DCFDA analysis (n = 7). Scale bar: 100 pum. (C—E) The mRNA levels of antioxidant genes: Sod2, Cat, and Gpx-
1 in preserved MSCs (n = 3). (F—G) Senescence-associated gene expression: p/6 and p2/ analysis (n = 3). (H)
Representative images of senescence levels in MSCs using a f-galactosidase kit. Scale bar: 100 pm. Gapdh was used
as a housekeeping gene. Data are expressed as mean + s.e.m. A one-way ANOVA with Tukey's multiple comparison

test was used for statistical analysis. *p < 0.05, **p <0.01, and ***p < 0.001; ns, not significant.

Assessment of cell migration and multi-lineage differentiation analysis in TASA-preserved MSCs

As MSCs are known for their potential for cell migration and multi-lineage differentiation, as well as their
anti-inflammatory properties [28-30], it was necessary to determine whether MSCs retain their functions
throughout the TASA preservation process. Therefore, a scratch-wound healing experiment was performed
to confirm cell migration. Fresh cells (unpreserved MSCs) with strong wound-closure effects were used as

a positive control. Interestingly, TASA-preserved MSCs retained their migratory capacity, demonstrating a
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wound-closure rate similar to that of Fresh cells. The TASA group maintained clear superiority over the
DMEM-only and HTS™.-preserved groups, indicating rapid and effective migration into the scratch area at
12 and 24 h, respectively, and demonstrating that TASA preservation preserves indispensable cellular
functions (Figure 5A and Figure S10). In addition to cell migration, multi-lineage staining confirmed the
significant preservation of differentiation properties, which have also been used to distinguish MSCs from
other cells. TASA-preserved MSCs successfully underwent adipogenic, osteogenic, and chondrogenic
differentiation, comparable to Fresh cells (Figure 5SB—C). These properties enable MSCs to home to injury
sites and contribute to tissue regeneration, making them valuable for cell therapy applications. TASA-
preserved MSCs also expressed CD73 and CD105 while lacking CD11b, consistent with standard MSCg

surface markers (Figure S11).

In addition, we tested the anti-inflammatory activity of MSCs, employing a co-culture system with
RAW264.7 cells in the presence of LPS (Figure 5SD). TASA-preserved MSCs significantly downregulated
the expression of pro-inflammatory markers, /I-6, Nf-kf3, and Pd-/1, while the levels of //-10 and [/-22 were
well maintained (Figure 5E). Thus, TASA preservation maintains cell viability as well as upholds the
functional integrity of MSCs, particularly their anti-inflammatory capacity and multi-lineage differentiation

potential.
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Figure 5. Effect of TASA solution on cell migration and differentiation activities of MSCs. (A) Representative
image of cell migration using the wound healing model. Scale bar: 100 pm. (B) Representative image of MSCs
differentiation: Adipogenic (Oil Red O staining), Osteogenic (Alizarin Red S staining), and Chondrogenic (Alcian
Blue staining) differentiation. Scale bar: 100 um. (C) Relative quantification of multi-lineage differentiation using

ImageJ (n = 3). (D) Schematic representation of the methodology for the inflammatory study. (E) The mRNA level of
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inflammatory-associated gene expression (n = 3). Gapdh was used as a housekeeping gene. Data are expressed as
mean = s.d. A one-way ANOVA with Tukey's multiple comparison test was used for statistical analysis. *p <0.05, **p

<0.01, and ***p < 0.001; ns, not significant.

Therapeutic efficacy of TASA-preserved MSCs in DSS-induced acute colitis model

As the main objective of this study was to preserve MSCs with maintained cell viability and functional
integrity, we checked the therapeutic effects of TASA-MSCp on the DSS-induced acute colitis model to
demonstrate the effectiveness of TASA (Figure 6A). DSS-containing drinking water (DW) was given to
C57BL/6 mice and withdrawn on day 5, resulting in significant body weight loss. Subsequently, the TASA-
MSCp group showed significant recovery in body weight, comparable to that of the MSCr group (Figure
6B). DAI also confirmed a remarkable recovery from colitis, although neither group of mice died (Figure
6C-D). Retrieved colons from PBS-treated animals were significantly shortened due to severe
inflammation, which typically leads to tissue contraction and a reduction in colon length. Notably, TASA-
MSCr demonstrated significant recovery from colon injury, with colon lengths comparable to those of the
control, MSCr, and TASA-MSC groups (Figure 6E-F and Figure S12). Consistent with the colon length, a
remarkable reduction in neutrophil infiltration was confirmed by the MPO assay in colon tissue of the
TASA-MSCp group (Figure 6G). Correspondingly, pro-inflammatory cytokines //-6 and Tnf-a were
downregulated, indicating an overall attenuation in the inflammatory response (Figure 6H). Under DSS
treatment, oxidative stress is a major contributor to colon injury, which suppresses or inhibits the Nrf2
antioxidant pathways and plays a key role in maintaining intestinal barrier integrity [30, 31]. Consequently,
it causes oxidative damage and impairs cell survival, disrupting intestinal barrier proteins, including
occludin, claudins, and zonula occludens-1 [32]. Interestingly, the mRNA expression of Ocin, Zo-1, Nrf-2,
and Vegf was markedly enhanced in the TASA-MSCp compared to the PBS and MSCp groups, reaching
levels comparable to those of the control and the MSC groups (Figure 61). This demonstrates that MSCs

activate the antioxidant defense system via Nrf-2, which plays a crucial role in reducing oxidative stress
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and restoring the intestinal epithelial barrier. In addition, high Vegf expression may indicate improved

vascular repair and tissue regeneration.

Furthermore, H&E results showed that both the TASA-MSC and TASA-MSCp groups markedly reduced
epithelial damage, immune cell infiltration, and crypt damage in the colon compared with the PBS and
MSCp groups. Similarly, PAS staining showed improved mucus layer integrity, with a high number of goblet
cells, thereby protecting and maintaining mucosal homeostasis at the intestinal barrier (Figure 6J).
Altogether, the TASA preservative solution demonstrated the preservation of MSCs cell viability and

functional integrity, proving the comparable therapeutic potential to MSCr.

Additionally, we performed in vivo cell retention studies in healthy mice for up to 3 days after
intraperitoneal administration of DiR-labeled MSCs: MSCg, MSCp, TASA-MSC, and TASA-MSCp. MSCp
group showed a remarkable decline in DiR fluorescence until day 3, indicating poor cell survival after
hypothermic preservation (Figure S13). Interestingly, fluorescence from the TASA-MSC and TASA-MSCp
groups was retained on days 0, 1, and 3, comparable to the MSCr group. It is well known that hypothermic
storage of cells triggers ROS accumulation, followed by lipid peroxidation, inflammatory signaling, and
cell death before or after transplantation [33, 34]. These results parallel our cell survival and ROS results,
which suggest a significant reduction of oxidative stress along with long-term retention in the TASA group,

comparable to the Fresh cells group.
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Figure 6. Therapeutic efficacy of preserved MSCs using TASA solution in a dextran sulfate sodium (DSS)-
induced colitis mouse model. (A) Schematic timeline for study design. (B) Body weight change analysis. (C) Disease
activity index analysis (DAI). (D) Survival rate analysis. (E-F) Representative colon length from different groups and
their quantitative analysis after treatment. (G) MPO analysis for neutrophil infiltration. (H) The mRNA level of

inflammatory gene expression in colon tissues. (I) Heatmap representing the expression of recovery-related genes
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from colon tissues. (J) H&E staining and PAS staining of colon tissues. Scale bar: 100 um. Gapdh was used as a
housekeeping gene. Data are expressed as mean + s.e.m. A one-way ANOVA with Tukey's multiple comparison test

was used for statistical analysis. *p < 0.05, **p <0.01, and ***p < 0.001; ns, not significant.

The protein-polyphenol chemistry of TASA may directly stabilize the membrane structure. Albumin within
the complex can act as a compliant protein scaffold, while tannic acid provides multivalent crosslinking,
thereby reinforcing membrane-associated proteins and lipid packing, analogous to reported tannic acid-
mediated supramolecular crosslinking of protein and lipid interfaces that reduces permeability and
mechanical fragility [35, 36]. Supramolecular stabilization has been reported to suppress membrane
permeability, inhibit lipid peroxidation, and preserve cytoskeletal integrity in polyphenol-coated cells and
vesicles, consistent with its role in TASA-treated MSCs. This may explain the maintenance of MSC viability,
reduced stress-induced injury, and suppressed intracellular ROS generation following hypothermic
preservation, phenomena that closely parallel outcomes in other polyphenol-based cell-coating systems [37,
38]. These effects can persist after removal of the external coating solution; similar transient coatings have
been shown to imprint a "protective phenotype" or durable functional shift at the cell surface, despite the

noncovalent and reversible nature of the assembly [12, 36].

Conceptually, TASA behaves as a bioinspired, ECM-mimetic interface. The extracellular matrix naturally
protects stem cells by providing mechanical buffering, redox regulation, and biochemical signaling;
polyphenol—protein supramolecular matrices have been proposed as synthetic analogs that partially
recapitulate ECM functions at the cell boundary [39, 40]. TASA recapitulates these roles through a
supramolecular, noncovalent, and reversible coating that transiently remodels the MSC surface without
genetic modification or permanent chemical alteration, aligning with prior demonstrations of tannic acid-
based, cytocompatible surface assemblies on mammalian cells. Therefore, the functional equivalence
between TASA-treated and TASA-preserved MSCs supports the interpretation that TASA acts as an

autonomous protective coating that integrates physical barrier formation, antioxidant activity, and
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membrane-stabilizing protein—polyphenol interactions and is a promising approach for robust stabilization

of cells and therapeutic cargo under clinically relevant stress conditions.

Though TASA maintains cell viability and their characteristics, such as multi-lineage differentiation,
migration properties, and surface markers, under hypothermic conditions comparable to Fresh MSCs, some
limitations need to be addressed for clinical translation. Fresh Cells and TASA-MSCp did not show
remarkable changes in liver markers (GPT and GOT), a renal marker (creatinine), or immune cells in
bronchoalveolar lavage fluid (BALF), including H&E staining of liver, lungs, and kidney (Figure S14).
Long-term safety evaluation, such as tumorigenicity, genetic stability, and immunogenicity, should be
conducted after administration of TASA-preserved MSCs to support comprehensive safety studies before
clinical application. As BSA has a xenogeneic origin, this may directly limit clinical translation when used
for cell transport. Given that albumin is a stabilizing component in TASA under hypothermic preservation,

further investigation will be needed with Xeno-free alternatives or human serum albumin.

Conclusion

We developed TASA, a cell preservative solution, and characterized its ability to maintain cell viability and
functional properties such as antioxidant activity, multi-lineage differentiation, migration, and anti-
inflammatory activity. MSCs preserved in TASA recovered well after storage and did not undergo cellular
senescence. Beyond MSCs, this formulation could be adapted for storing other therapeutic cell types,

including hepatocytes, islets, and induced pluripotent stem cells.
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