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The viability of cell-based medicinal products (CBMPs) is a critical quality attribute and must be assessed
throughout the product lifecycle to contribute to a safe and potent drug product. In this study, we investigated
the impact of short-term liquid storage conditions, encountered during manufacturing of CBMPs, such as holding
times outside cell culture conditions and medium composition, on cell viability.

As a model for T cells Jurkat cells were used and stored in different storage media for up to 24 h outside a
freezer and outside of cell culture conditions. The effect of storage in different storage media, i.e., cell culture
medium or phosphate buffered saline (PBS), dimethyl sulfoxide (DMSO) at different storage temperatures as well
as the impact of pH on the cell viability was assessed. The viability of the cells was assessed by (i) flow cytometry
with an Annexin V and CalceinAM staining or (ii) machine learning tools, leveraging the morphological infor-
mation of flow imaging microscopy images. Cell images obtained by flow imaging microscopy were analyzed
with both the ParticleSentry*' imaging software and a convolutional neural network (CNN) for fast and semi-
automated viability assessment.

Throughout storage conditions similar to those during processing of CBMPs, a decrease in cell viability was
observed over time for all conditions based on Annexin V and CalceinAM staining. Additionally, we observed a
damaging effect of DMSO over time, whereas this effect was more pronounced at room temperature compared to
refrigerated temperatures. The ParticleSentry*! software was useful to detect qualitative differences in the cell
viability as a shift towards non-viable cells could be observed throughout storage based on flow imaging mi-
croscopy images without prior sample preparation. Viability determination based on the CNN underestimated
cell viability when compared to the flow cytometry assays, however the same trends were determined.

In summary, non-frozen storage of CBMPs should be kept to a minimum. However, standing times throughout
the manufacturing of CBMPs as well as during in-use cannot be completely avoided and therefore, the optimal
storage conditions have to be carefully evaluated. Additionally, further analytical development is needed to
implement machine learning tools suitable for reliable viability quantification without additional sample prep-
aration such as staining.

1. Introduction

Cell-based medicinal products (CBMPs) are a promising new class of
biopharmaceuticals for the treatment of severe diseases such as cancer
or genetic diseases [1]. Most commonly used cell types in clinical
development are currently T cells, followed by stem cells and dendritic
cells [2]. Also, six chimeric antigen receptor (CAR) T cells products are
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approved by the European Medicine Agency [3]. CAR T cells are
genetically modified T cells to target cancer cells [4], whereas the CAR
consists of an antigen-recognition domain fused to the T cell receptor
[5]. The success of CBMPs depends on their effective manufacturing,
which has an impact on product quality, patient safety and therapy
effectiveness. CBMPs belong to the most complex biopharmaceutical
products. They consist of living cells, which are either derived from the
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patient, i.e., autologous therapy, or are obtained from a donor, i.e.,
allogenic therapy [6]. The production process of CAR T cells is complex
with several manufacturing steps from leukapheresis, transduction,
expansion to fill-finish and distribution [1]. Fig. 1 shows a schematic
overview of a CAR T cell production process from leukapheresis to the
CAR T cell infusion. Within this process up to two cryopreservation
processes may be applied, i.e., for the starting cell material after leu-
kapheresis and for the final product [7]. Additionally, short-term liquid
storage of the starting material is done up to 2-4 days at 2-8 °C [7,8].

Throughout each processing step cells may potentially be damaged
leading to a decrease in cell viability and an increase in cell related
impurities. Obtaining a high viability is critical to ensure a potent and
safe drug product. Outside cell culture conditions the cell survival is
limited to several hours to days depending upon the cell type and storage
conditions [9,10]. Following CAR T cell production, the cells are usually
cryopreserved with 5 to 10% dimethyl sulfoxide (DMSO) for frozen
storage [7]. Although DMSO is a very effective cryoprotectant it has
detrimental effects on cell viability at ambient temperatures [11].
Therefore, the exposure time of cells to DMSO must be kept to a mini-
mum [11]. However, during the production process hold-times in
cryoprotectant solution may occur, e.g., due to sample batch size and a
prolonged filling procedure [12]. The effect of DMSO on cells can
depend upon the used cell type, the storage condition (e.g., time and
temperature), and the concentration of DMSO [11,13]. Additionally, the
choice of the cell culture medium can influence the cell viability [14].
For T cells RPMI medium is commonly used for cell culture, however
PBS is a standard solution for some handling steps such as washing for
cell staining. Furthermore, some buffer systems are known to lead to
changes in pH upon freezing such as phosphate buffers [15], which may
influence the cell viability throughout cryopreservation. The implica-
tions of short-term liquid storage during CBMP processing on cell
viability need to be explored further to define accurate limits for holding
times.
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To evaluate cell viability, fluorescence-based assays are most
commonly used in combination with flow cytometry [16]. Additionally,
machine learning tools are increasingly explored for the analysis of cells
[17,18]. Previously, flow imaging microscopy (FIM) in combination
with a convolutional neural network (CNN) was used to differentiate
between viable and dead cells without any additional sample prepara-
tion such as staining [19]. Similarly, Thite and coworkers recently
investigated the viability of Jurkat cells by using both a supervised
(CNN) and unsupervised (variational autoencoder) machine learning
approach [18].

The aim of this study was to evaluate cell stability, i.e., cell viability
and membrane integrity, throughout liquid storage of cells in different
media. Jurkat cells, an immortalized T cell line, were used as a model for
CAR T cells [20,21]. Two novel Al tools trained on images derived from
FIM for assessment of cell viability were applied. In the first approach a
CNN was used as image classifier, i.e., the network is intended to process
an image of an unknown particle and to assign that particle to one of the
four training classes. Additionally, we used the software ParticleSen-
try?l, which is generating the morphological “fingerprints” of the cells in
a similar way as Thite et al. by combining a CNN with a dimensionality
reduction to a 2D embedding of the feature vectors. Subsequently, all 2D
embeddings of the cells are shown as probability density estimations, i.
e., as “fingerprints” using a kernel density estimation [22]. This
approach has been successfully applied to characterize differences in
morphology of particles in pharmaceutical protein formulations
[22,23].

Within the study, cell viability obtained from traditional flow
cytometry with cell staining was compared to viability obtained from
FIM by using either cell image classification as well as qualitative
morphological “fingerprints”.
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Fig. 1. Exemplary overview of the production process of CAR T cells. Leukapheresis is used to obtain the cellular starting material from the patient. Subsequently, T
cells are isolated and activated by using immunomagnetic beads. Viral vectors are used for the transduction of the CAR. CAR positive T cells are expanded and the
final drug product is prepared. Finally, CAR T cells are shipped to the treatment site and administered to the patient. During the production process cryopreservation
(highlighted by thermostat) or hold times (highlighted by clock) can occur after leukapheresis and after fill-finish.
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2. Material & methods
2.1. Cell material

Jurkat cells obtained from CLS GmbH (Eppelheim, Germany) were
used within this study. Jurkat cell culture medium consisted of Roswell
Park Memorial Institute (RPMI) 1640 medium (Gibco, ThermoFisher
Scientific) with 10% fetal calf serum (Bio&Sell GmbH). Cell concentra-
tions ranged between 0.5 and 3 x 10° cells/ml and Jurkat cells were
freshly harvested by centrifugation at 400 g for 5 min followed by
resuspension in the respective testing solution.

2.2. Stability of cells during short liquid storage

Cell stability, i.e., number of viable cells in comparison to apoptotic
and necrotic cells as well as cell debris, was evaluated in different media
throughout storage of cells.

The impact of medium on Jurkat cell viability was analyzed.
Therefore, freshly harvested cells were centrifuged (400 g, 5 min) and
resuspended in either RPMI 1640 or in PBS and subsequently stored in
glass vials for 24 h at 25 °C and 60% relative humidity. The impact of
medium was determined by analyzing the cells directly after harvest as
well as after 24 h.

Similarly, the impact of different pH values on Jurkat cells was
assessed, as pH shifts during freezing may occur, depending on the
buffer system used [15]. Two different solutions were prepared by
adjusting the pH of RPMI 1640 medium (pH 7.4) to pH 6.4 with hy-
drochloric acid or with sodium hydroxide to pH 8.4. Additionally, un-
treated RPMI 1640 was used as normal pH medium at pH 7.4. Freshly
harvested cells were aliquoted, centrifuged (400 g, 5 min) and resus-
pended in the required pH solution. The solutions were aliquoted into
glass vials and stored for 24 h at 25 °C and 60% relative humidity.

Additionally, the impact of DMSO on cell viability was determined.
Therefore, Jurkat cells were centrifuged (400 g, 5 min) and resuspended
in RPMI 1640 supplemented with 10 % DMSO. The cells were filled in
glass vials and subsequently stored at 25 °C and 60% relative humidity
or refrigerated at 2-8 °C for 24 h. The cells were analyzed after 3 h, 6 h
and 24 h.

All measurement timepoints were analyzed with FIM to capture
brightfield images as well as imaging flow cytometry (IFC) to measure
viability based on fluorescence staining as described below.

2.3. Cell viability obtained from imaging flow cytometry (IFC)

An Amnis FlowSight imaging flow cytometer with a 488-nm fluo-
rescence excitation laser was used to assess cell viability based on
fluorescence staining. A combination of CalceinAM (Sigma Aldrich) and
propidium iodide (Invitrogen, ThermoFisher Scientific) was used to
stain viable and dead cells, respectively. Therefore, 200 ul of cells with
1x10° cells/ml were centrifuged (400 g, 5 min) and resuspended in PBS
(Gibco™, ThermoFisher Scientific) prior addition of 0.5 pl of 2.5 ug/ml
of CalceinAM and 2 pl of 100 ug/ml of PI. Cells were incubated in the
dark for 20 min and subsequently analyzed via IFC.

Additionally, Annexin V staining was performed by using the Dead
Cell Apoptosis Kit with Annexin V for flow cytometry with FITC and PI
(Invitrogen, ThermoFisher Scientific) according to the manufacturer’s
instructions. In short, cells were washed with PBS followed by centri-
fugation and resuspension in 1x Annexin V binding buffer. To 100 pl of
1x10° cells/ml sample 5 ul of Annexin V-FITC and 1 pl of 100 pg/ml PI
were added. The cells were incubated in the dark for 15 min prior IFC
measurements.

CalceinAM and Annexin V staining was performed for samples stored
at different pH and in different media. Jurkat cells stored in 10% DMSO
solutions were only measured with Annexin V-staining and FIM. Cal-
ceinAM was not measured for the samples stored in DMSO for practical
reasons as the samples were analyzed in short intervals after 3 h, 6 h and
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12 h. Both assays CalceinAM and Annexin V require an incubation time
of 20 min and 15 min, respectively. As duplicates were measured the
measurement time for all three methods, i.e., Annexin V, CalceinAM and
FIM would have been too long to adequately measure after 3 h and 6 h.
Therefore, only Annexin V and FIM were measurable in parallel.

2.4. Cell viability obtained from flow imaging microscopy (FIM)

A FlowCam 8100 (Fluid Imaging Technologies) with a high-
resolution CMOS camera (1920x1200 pixels) and a 20x magnification
objective was used to image the cell samples. Intensity thresholds to
detect particles were set to 12 for light and dark pixels and an imaging
rate of 27 frames per seconds was used. Between measurement the in-
strument was cleaned with Terg-a-zyme enzyme detergent solution (1%
[w/v]) and highly purified water.

2.5. Image generation for training of the supervised machine learning
tools

For each class, i.e., viable, apoptotic, necrotic cells and cell debris,
training images were generated by FIM. Jurkat cells were measured
directly after harvest to obtain images for mostly viable cells. Further-
more, apoptosis was induced with Staurosporin (1 uM to 5x10° cells for
3 h) to generate a mostly apoptotic cell sample, which was measured
with FIM. An apoptosis rate of 90-95% was confirmed by Annexin V-
FITC staining and subsequent measurement via flow cytometry. Addi-
tionally, necrotic cells were generated by heat stress (55 °C for 90 min)
as well as ethanol (10% (v/v) for 90 min) resulting in viabilities of 3.0%
and 55.2%, respectively. Lastly, images of cell debris were measured for
cell samples either vortexed for two minutes or after two freeze-thaw
cycles (=140 °C to 37 °C). For all four classes training images were
manually selected (4000-4500 images per class).

2.6. Qualitative cell viability obtained from cell image fingerprints

FIM images were analyzed using the commercial software Parti-
cleSentry®! (SentrySciences, version 2.3.1.0) to obtain the morpholog-
ical “fingerprint” of the cell images. The “fingerprinting” approach is
described in detail elsewhere [22]. In short, selected training images of
cells for each class, i.e., viable, apoptotic, necrotic and cell debris, were
used to train a CNN using a triplet loss approach. For each class above
mentioned 4000 to 4500 images were used to train the CNN. The trained
network was subsequently used to map the FIM images of testing data
sets as individual 2D image embeddings or as a probability density
function, i.e., sample fingerprint showing mode (max density value).
Changes in the fingerprints of cell samples throughout storage were
evaluated upon comparison to the trained model and observed visually.

2.7. Quantitative cell viability obtained from CNN classification

To quantify the loss in cell viability, the cell images obtained from
FIM were classified as live (viable), apoptotic, or dead (necrotic or
debris) cells by using a trained CNN model. A CNN was trained using a
base EfficientNet BO network pretrained on ImageNet [24] and then,
with the first layer frozen, refined to predict between viable, apoptotic,
necrotic, or debris classes as selected from the FIM images as mentioned
above. Images were prepped for training by padding out to a consistent
image size with pixels at zero. This technique permits initial image size
to play a role in training. These images were normalized and flipped
horizontally and vertically to increase sample size. Each experiment’s
images underwent the same pre-processing steps prior to prediction by
the trained CNN. The trained CNN was used to predict the viability of
stressed Jurkat cells.



A. Roesch et al.
2.8. Statistical analysis

Statistical analysis was performed by using Graphpad Prism 9.5.
Results are reported as mean values + standard deviation. One-way
ANOVA followed by Tukey’s test was performed to compare cells
stored in different conditions. Results were considered significant, when
p < 0.05.

3. Results

3.1. Implementation of image analysis based on machine learning tools
Two different machine learning approaches were used to evaluate

changes in cell viability qualitatively and quantitatively based on FIM

images. An overview of the established tools can be seen in Fig. 2. Four
different cell classes were differentiated, i.e., viable, apoptotic or

A
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necrotic cells and cell debris. For each class except viable training im-
ages were generated by treatment of the cells to enrich for debris and
apoptotic and necrotic cells and subsequent manual selection in these
treated cell populations (Fig. 2A). Images of viable cells for training
were obtained by manual selection of cells measured directly after cell
harvest. These images were (i) used to train a CNN for image classifi-
cation (Fig. 2B and D) as well as (ii) analyzed with the ParticleSentryAI
software to generate a fingerprint for each sample (Fig. 2C and E). In
ParticleSentry™ the CNN is trained to create a two-dimensional repre-
sentation of each image. The fingerprint is the probability density esti-
mate of the lower dimensional 2D representation of a collection of
images (Fig. 2C and E). The confusion matrix for the CNN shows good
classification for all four classes with around 0.84 to 0.89 correctly
classified images (Fig. 2B). Subsequently, the CNN was used to deter-
mine the viability of cells stored under different conditions, e.g., upon
storage in PBS in comparison to RPMI (Fig. 2D). The ParticleSentr‘yAI
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Debris 0.06 0.89 0.00 0.05 Debris 0.03 0.95 0.0 0.02
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Fig. 2. Exemplary images of the manually curated set of training images (A). Training images were used to train a model within ParticleSentry®' as well as a CNN.
Confusion matrices for both models are shown (B: CNN; C: ParticleSentryAI), whereas rows represent the actual class (true) and columns the predicted class (pred.).
The CNN was used to determine cell viability of cells stored at different conditions (D). The established ParticleSentry model was used to generate a fingerprint (E),
which shows the 2D embeddings of all four classes in an estimated probability density. The fingerprints were used to evaluate qualitative viability changes

throughout cell storage.
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CNN showed a slightly better classification rate with 0.92 to 0.97, except
for necrotic cells with 0.83 (Fig. 2C). The resulting fingerprint of the
images shows a good differentiation between viable and non-viable
cells, whereas apoptotic and necrotic images overlap (Fig. 2E).

3.2. Stability of cells during short liquid storage outside cell culture
conditions

To evaluate the impact of storage conditions on cell viability outside
cell culture conditions, Jurkat cells were stored in different conditions
over a period of up to 24 h hours and subsequently analyzed via IFC and
FIM. In general, a decrease in cell viability was observed over time for all
samples including control in RPMI medium. Fig. 3 shows a viability
comparison of Jurkat cells stored at 25 °C and 60% relative humidity
(RT) as measured with CalceinAM and Annexin V staining as well as
CNN analysis and changes in the fingerprint of the FIM images. A
decrease in viability was determined based on fluorescence measure-
ments with CalceinAM and Annexin V staining (Fig. 3A and B). For both
assays an approximately 20% lower viability was observed for the cells
stored PBS in comparison to RPMI. Additionally, Annexin V viabilities
were around 20% lower than the values obtained for CalceinAM. The
CNN is generally underestimating the cell viability with 62% viable cells
for TO in comparison to 90% (CalceinAM) and 87% (Annexin V). The
overall viability trend measured based on CNN is similar to the fluo-
rescence assays with PBS resulting in lower viabilities than RPMI
(Fig. 3C). At TO most cells are located in the viable region of the
fingerprint as well as in the debris region (compared to Fig. 2D), whereas
after 24 h the fingerprint slightly shifts towards apoptotic and necrotic
cells for cells stored in RPMI medium. The fingerprint of Jurkat cells
stored in PBS shifts completely towards apoptotic, necrotic and debris
cells.

Furthermore, the impact of different pH values on cell viability was
determined for cells stored at room temperature over 24 h in RPMI at pH
6.4, pH 7.4 and pH 8.4 (Fig. 4). A decrease in viability was observed
during storage based on fluorescence measurements, although

A 100 B"'1oo
- = 100
g a a =
= >
< . c .
8 80 b £ 80
S 60 S 60+
o ?
S 40 @ 40-
2 >
= 204 £ 204
] =
K] 3
> 0+ S 0
TO PBS RPMI

European Journal of Pharmaceutics and Biopharmaceutics 211 (2025) 114703

CalceinAM based viabilities were slightly higher in comparison to
Annexin V measured values. For CalceinAM no difference can be
observed for cells stored at pH 6.4 and pH 7.4 with viabilities of 90.6%
+ 0.5% and 89.0% =+ 1.0%, respectively. A minor decrease was observed
at pH 8.4 (79.7% =+ 2.7%). However, the differences upon storage are
more pronounced when using Annexin V to measure viability with the
decreasing viability from pH 6.4 (76.8% =+ 5.0%) over pH 7.4 (55.7% +
3.7%) to pH 8.4 (46.2% =+ 2.5%). The viability values based on the CNN
are lower (between 36% and 67 %), whereas the overall trend is the
same in comparison to the fluorescence staining. Similar to cells stored
in different media a shift of the ParticleSentryAI fingerprint can be
observed after 24 h of storage towards non-viable cells, especially
necrotic cells and cell debris (Fig. 4D). This shift is slightly more pro-
nounced for cells stored at pH 7.4 and pH 8.4.

Lastly, the impact of 10% DMSO on the viability of Jurkat cells was
evaluated based on ParticleSentry?!, Annexin V staining and CNN.
Therefore, the cells were stored in either RPMI alone or in RPMI with
10% DMSO at room temperature as well as refrigerated (2-8 °C). Fig. 5
shows the impact of DMSO on Jurkat cells throughout storage for up to
24 h at room temperature and Fig. 6 shows the impact at 2-8 °C. For cells
stored at both temperatures a decrease in cell viability over time was
observed for both RPMI only and RPMI with 10% DMSO, whereas the
damaging effects at 2-8 °C seem to be reduced. Jurkat cells in RPMI
dropped to 42.7 % + 5.9 % viability at room temperature, but only to
61.8% =+ 0.3% at 2-8 °C after 24 h based on Annexin V. Also, the
damaging effect of DMSO was slightly reduced for cells stored refrig-
erated (23.3% + 2.2%) compared to RT (7.9% + 0.2%) based on
Annexin V. A damaging effect of DMSO was already visible after short-
term storage of 3 h at RT (Annexin V). Based on CNN no clear effect of
DMSO over time could be observed with a drop in viability for DMSO
only after 24 h. A clear shift towards non-viable cells and cell debris can
be seen in the fingerprints for cells stored at room temperature after 24
h, whereas this effect is more pronounced in the cells stored in RPMI
with 10% DMSO. The damaging effect of liquid storage can also be
observed after 24 h in the fingerprints for the cells stored at 2-8 °C,
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Fig. 3. Impact of the used medium on Jurkat cell viability stored for 24 h at room temperature as measured using IFC analysis with CalceinAM (A), Annexin V (B),
CNN (C) and with ParticleSentry*! (D). Colored regions highlight the approximate location of cell classes of the fingerprint models (blue: viable cell; pink: apoptotic
cells; red: necrotic cells; green: cell debris). Statistically significant differences (p < 0.5) based on one-way ANOVA followed by Tukey’s test are indicated by different
letters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Impact of the pH value on cell viability as measured with CalceinAM (A), Annexin V (B), CNN (C) and ParticleSentryAI (D) for Jurkat cells stored for 24 h at
room temperature. RPMI at pH 6.4 (A), pH 7.4 (N) and pH 8.4 (B). Colored regions highlight the approximate location of cell classes of the fingerprint models (blue:
viable cell; pink: apoptotic cells; red: necrotic cells; green: cell debris). Statistically significant differences (p < 0.5) based on one-way ANOVA followed by Tukey’s
test are indicated by different letters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

although to a lesser extent.
4. Discussion

To produce efficacious CBMPs of high product quality it is critical to
ensure a high cell viability and low impurities such as dead and
apoptotic cells and other debris particles. Therefore, it is important to (i)
characterize the composition of cells and particular impurities in the
CBMP and (ii) understand different impact factors on cell viability
throughout manufacturing and in-use of the CBMP such as hold times
outside cell culture conditions and medium composition (formulation).
In this study the viability of Jurkat cells was determined based on
analysis of FIM images by ParticleSentry™ software (qualitatively) as
well as a CNN (quantitatively) without any sample preparation such as
staining as well as imaging flow cytometry by using two fluorescent
stains.

Regarding the stability of Jurkat cells, several observations were
made. In general, longer standing times of cells should be avoided as
cells outside cell culture conditions will show a decrease in cell viability.
It has been previously shown that prolonged storage of peripheral blood
stem cells (PBSC) at 4 °C for up to 4 days did lead to a reduced cell re-
covery and cell viability after storage [10]. Additionally, the choice of
intermediate storage solutions should be selected with care and long
hold times should be avoided as storage in PBS led to a lower cell
viability in comparison to storage in RPMI within this study. Decrease of
cell viability upon prolonged storage in PBS was previously reported in
the literature for different cell types [25,26]. For instance, storage of
Chinese hamster ovary cells in PBS for 1 h prior viability measurements
did already result in a reduced viability compared to cells measured
directly after dilution in PBS [25], highlighting the need to limit the
standing time of cells in PBS. Furthermore, the impact of pH upon cell

viability was determined. In general, fluctuations of the pH should be
avoided as cells are sensitive towards the environmental pH [27,28].
Cells are usually cultured in buffered solutions using a CO,-bicarbonate
system, which requires a 5% CO; atmosphere [29]. Additionally, non-
volatile buffers such as HEPES, PIPES or MES can be used, which
maintain the pH independent of the atmospheric CO; level and are ad-
vantageous when handling cells outside a cell incubator [29]. The buffer
system also comes into play upon freezing of cells. Due to the limited
shelf-life of liquid CBMPs, CBMPs are usually stored cryopreserved.
Depending upon the used buffer system changes in the pH can occur
upon freezing with sodium phosphate buffer resulting in the highest pH
change compared to acetate or citrate [15].

Furthermore, the impact of DMSO on the viability of Jurkat cells was
evaluated during intermediate storage at room temperature or 2-8 °C. A
decrease in viability for cells stored in DMSO was observed during
storage at room temperature with ParticleSentry”' and with Annexin V
staining but not with the CNN. Storage at 2-8 °C minimized the DMSO
stress. A lower cytotoxicity of DMSO upon storage at refrigerated tem-
peratures has previously been reported for different cell types [30,31].
The detrimental effect of DMSO after intermediate storage prior cryo-
preservation has been shown before for cord blood mononuclear cells,
when incubation times exceeded 1 h [11]. Numerous studies have
demonstrated the negative impact of DMSO on cell proliferation of T
cells [13,32,33] and proinflammatory cytokine production such as
interleukin-2 and interferon-y [32-34]. One possible mechanism of
toxicity of DMSO is related to its impact on cell membranes, which is
membrane thinning, induction of water pores or disintegration of the
bilayer structure depending upon the DMSO concentration [35]. The
damaging effect of DMSO is temperature-dependent and destabilization
of cell membranes is increased at higher temperatures [36].

Also, viability values for cells stored in RPMI without DMSO at 2-8 °C
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were higher than for storage at room temperature within this study,
indicating the potential benefit of refrigerated temperature for short-
term Jurkat cell storage. A similar temperature effect was previously
reported for leukapheresis starting materiel, which showed higher
viability for storage at 2-8 °C in comparison to 10-25 °C [37]. Addi-
tionally, it was shown that for hematopoietic progenitor cells interme-
diate storage in a refrigerator led to higher cell recoveries than for cells
stored at room temperature [38]. Also, refrigerated overnight storage of
peripheral blood stem cells led to a higher cell recovery compared to
overnight storage at room temperature [39]. On the other hand, pro-
longed storage of blood at refrigerated temperature did have a negative
impact on the subsequent isolation of peripheral mononuclear blood
cells and room temperature storage is recommended [40], highlighting
the need to analyze the appropriate (intermediate) storage conditions
for each cell type and application.

In general, the liquid storage of cells should be avoided especially for
prolonged periods. However, if immediate processing of cells is not
feasible the storage conditions such as medium and temperature should
be evaluated carefully for each cell type. Within this study storage in
RPMI as well as refrigerated temperatures were identified as optimal

conditions for short-term liquid storage of Jurkat cells outside cell cul-
ture conditions. Storage of Jurkat cells in RPMI should be less than 3 h,
when stored at room temperature and less than 6 h, when stored at 2-8
°C. Due to the toxicity of DMSO storage in DMSO should generally be
avoided and contact time in liquid solution should be kept to a mini-
mum. However, if intermediate storage is unavoidable due to the fill-
finish process of CBMPs, storage in DMSO should be at 2-8 °C and
limited to a maximum of 3 h considering that shorter storage results in
less cell damage. Storage conditions for primary human T cells may
differ, possibly also depending on the donor. However, limits and stor-
age conditions for Jurkat cells can be used as a guidance, when evalu-
ating T cells.

To determine cell viability different methods based either on fluo-
rescence staining or machine learning tools were applied. In summary,
the same trends were determined with regard to the effect of storage
formulation and temperature on cell viability based on the Parti-
cleSentry™! software as well as the CNN. Based on the ParticleSentry”™!
software qualitative differences in the cell viability of Jurkat cells could
be observed during 24 h storage in different media. However, viability
determination based on CNN resulted in lower cell viability compared to
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the biochemical assays routinely used. Depending upon the used storage
condition the viability prediction deviated more or less from the values
obtained by fluorescence staining. For instance, storage of the cells in
PBS for 24 h led to very low viability values by CNN (11% =+ 3%) in
comparison to fluorescence staining with Annexin V (47% =+ 1%),
whereas the DMSO experiments showed a slightly better correlation
between the methods, e.g., after 24 h at room temperature with 39% +
0% (CNN) and 43% =+ 6% (Annexin V). As CNNs are highly specific
models the selection of the training images can influence their predic-
tion capabilities. In this study, training images for apoptotic cells were
generated by using staurosporin, whereas necrotic images were gener-
ated with ethanol or by applying heat. Viable training cell images were
measured with freshly harvested cells. However, the testing samples
were stored for up to 24 h outside cell culture conditions in different cell
media. Based on fluorescence-based assays a cell can be measured as
viable if its membrane is still intact (CalceinAM) or apoptosis markers
are absent (Annexin V), although the cell morphology might have
changed leading to a non-viable classification based on the CNN. We
acknowledge that there is deviation between the CNN predicted value

and the results of flow cytometry. While we did attempt to optimize the
CNN model by providing different training image sets for each of the
conditions (data not shown), further optimization of the CNN could
possibly be achieved by including additional training images of cells
under different storage conditions, e.g., after storage at room tempera-
ture or after storage in DMSO. Additionally, image size did possibly have
an impact on the CNN’s viability prediction. Images were prepared for
training and testing with the CNN by padding to the same image size.
Within this study two different padding approaches were initially tested,
i.e., padding with 0 and padding with the average pixel. A comparison
for both padding approaches can be found in the appendix (Fig. S1). A
better correlation with fluorescence-based viability values were ob-
tained for the padding with 0 approach and therefore used throughout
this study. We trained a series of Als with varying model hyper-
parameters, such as number of layers and learning rate. However,
further investigation into varying these parameters, in particular image
size, could help improve the predictability of the CNN [41].

In general, the development of novel approaches to determine cell
viability based on stain-free image analysis by using machine learning
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tools would improve CBMPs quality assessment. Currently used fluo-
rescence assays require (multiple) dyes and several preparation steps
including cell washing and incubation times are needed [19]. Prepara-
tion steps can have a detrimental effect on cell viability, e.g., washing
and resuspension of cells in PBS can lead to cell damages due to osmotic
stress or cell loss [42-44]. On the other hand, stain-free approaches
allow for minimal cell manipulation reducing the risk of cell damages
throughout sample preparation. However, fluorescence staining remains
to be the gold-standard for cell viability determination and machine
learning based approaches need to be further optimized.

5. Conclusion

In this study the stability of cells during short-term liquid storage was
evaluated as standing times of cells can occur during processing of
CBMPs. In general, liquid storage of cells outside of cell culture condi-
tions should be avoided and limited to 3 h as cell viability will decrease
quite quickly. Additionally, storage in saline solutions such as PBS is not
recommended and RPMI is the preferred intermediate storage solution.
Furthermore, prolonged exposure to DMSO should be avoided as it has a
detrimental effect on cell viability. This effect can be slightly reduced by
storing the cells at 2-8°C. Novel machine learning tools can complement
standard flow cytometric analysis of cells. FIM with image analysis
based on machine learning can be used to qualitatively and quantita-
tively determine cell viability without complex sample handling. In
general, CNN and fluorescence staining showed the same trend, but
viability values highly varied between the methods. Although different
methods will not necessarily result in the same outcomes as they are
based on different measurement principles, more investigation is
required to understand the observed differences. As cell samples are
never alike and cell quality can fluctuate depending upon the time of
harvest, analytical development is challenging. Therefore, more
research is necessary to improve the analytical characterization as well
as our understanding on stability of CBMPs.
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