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To develop cryopreservation methods for cell-based medicinal products it is important to understand osmotic
responses of cells upon immersion into solutions with cryoprotective agents (CPAs) and during freezing. The aim
of this study was to assess the osmotic response of T cells by using flow imaging microscopy (FIM) as a novel cell-
sizing technique, and to corroborate the findings with electrical impedance measurements conducted on a
Coulter counter. Jurkat cells were used as a potential model cell line for primary T cells. Cell volume responses
were used to derive important cell parameters for cryopreservation such as the osmotically inactive cell volume
V), and the membrane permeability towards water and various CPAs. Unlike Coulter counter measurement, FIM,
combined with Trypan blue staining can differentiate between viable and dead cells, which yields a more ac-
curate estimation of Vi,. Membrane permeabilities to water, dimethyl sulfoxide (Me2SO) and glycerol were
measured for Jurkat cells at different temperatures. The permeation of Me,SO into the cells was faster in
comparison to glycerol. CPA permeation decreased with decreasing temperature following Arrhenius behavior.
Moreover, membrane permeability to water decreased in the presence of CPAs. V}, of Jurkat cells was found to be
49% of the isotonic volume and comparable to that of primary T cells. FIM proved to be a valuable tool to
determine the membrane permeability parameters of mammalian cells to water and cryoprotective agents, which
in turn can be used to rationally design CPA loading procedures for cryopreservation.

1. Introduction

Cell-based medicinal products (CBMPs) are emerging therapeutics
with several approved products on the market, as well as an increasing
number entering clinical trials [26]. Being complex and fragile entities
CBMPs pose challenges for drug product development including stabi-
lization and storage. In liquid state without cell culture conditions, e.g.,
during production, handling, administration and short-term storage,
cells typically survive only for 1-4 days depending on the cell type and
storage temperature (refrigerated or room temperature) [1,13]. There-
fore, CBMPs are usually stored at temperatures below —120 °C for
long-term storage and transportation [11]. Maintaining the biological
activity of CBMPs upon storage and transportation in frozen state is
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essential and several factors, such as the cooling rate, the cell concen-
tration or sample volume, may affect cryopreservation quality [3,4]. To
enable high viability after thawing, cryoprotective agents (CPAs) such as
dimethyl sulfoxide (Me3SO) or glycerol are commonly used in concen-
trations of 0.5-3 M [4]. Both molecules pass the cell membrane and
protect the cells by preventing intracellular ice formation as well as
reducing solute damage [7,17]. Additionally, disaccharides, e.g., su-
crose or trehalose can be used as non-permeating CPAs to protect cell
membrane proteins and cell membranes [4], and to increase the glass
transition temperature of the freeze-concentrated formulation [24]. A
better understanding of the osmotic response of cells aids in develop-
ment of rationally designed protocols for successful cryopreservation of
CBMPs. Key parameters are the osmotically inactive cell volume (V},) as
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well as cell membrane permeability to water (L) and CPA (P;) [8]. CPA
loading is a critical process step during cryopreservation because cell
volume excursions due to the osmotic pressure have to remain within
the tolerance limits of the cells [12]. Also, a sufficiently long equili-
bration time between adding the cryoprotectants and starting the
freezing has to be chosen to ensure permeation of the CPA into the cell
[12]. Upon addition of a CPA solution, water moves out of the cell due to
the osmotic pressure followed by CPA penetration into the cell in case of
Me,SO or glycerol. Based on the detected volume change (shrink — swell
process) Ly, and P can be calculated [14].

Chimeric antigen receptor (CAR) T cell therapy products are a
prominent class of CBMPs, which enable the treatment of various severe
cancer diseases [26]. To produce CAR T therapy products, human T cells
are isolated from the patient, shipped to a manufacturing site in which
they are transduced with a CAR gene construct, expanded, washed,
formulated (i.e., cryopreserved) and returned to the clinic for infusion
into the patient [2]. Because donated T cells as well as the final CAR T
cell therapy product are scarce and expensive, model cells are used.
Particularly Jurkat cells, an immortalized human T cell line, are
frequently used as model for T cells [9,10,20].

The osmotic response of cells, i.e., the process of cell swelling or
shrinking upon exposure to hypotonic or hypertonic solutes is
commonly studied with microscopic set-ups [8,25,30] or with the
electrical sensing zone/Coulter principle [5,27]. Both options have their
limitations and drawbacks, e.g., a limited number of investigated cells
(microscopy) and the inability to discriminate viable cells from dead
cells and other particulate impurities of the same size (Coulter counter).
To circumvent those drawbacks, in this work new methods based on
flow imaging microscopy (FIM) were established to determine osmotic
parameters of Jurkat and primary T cells. Using a microscopic flow-cell
setup, FIM instruments provide bright-field images of a large number of
cells per measurement and are commonly used for sizing and charac-
terization of particles in the micrometer size range [31]. In this work,
FIM was used to differentiate viable cells from dead cells and cell debris
based on the observed morphology and the osmotic response was
determined for viable cells obtained from the change in the calculated
cell volume. In particular, Me,SO and glycerol were used as permeable
CPAs, whereas sucrose was chosen as an impermeable CPA. Membrane
permeabilities were determined from cell volume upon exposing the
cells to CPA solutions or anisotonic media by fitting the data with the 2P
formalism [14]. Cell volume responses were recorded at different tem-
peratures to determine activation energies of water and CPA transport
across the cell membranes.

2. Material & methods
2.1. Jurkat cells cultivation and T cell isolation

The immortalized T cell line Jurkat (clone E6.1) was purchased from
CLS GmbH (Eppelheim Germany) and cultured in Roswell Park Memo-
rial Institute (RPMI) 1640 medium (Thermo Fisher Scientific) supple-
mented with 10% fetal calf serum (FCS) (Bio&Sell GmbH) at a density
between 0.5 x 10°-3 x 10° cells ml~*. Cells were freshly harvested prior
experimental work by centrifugation at 400g and resuspended in fresh
RPMI medium. Cells were diluted to a concentration of 1 x 10° cells
ml ™! as starting material.

Peripheral blood mononuclear cells (PBMC) were purchased from
PeloBiotech (Planegg, Germany). PBMC were stored frozen at —145 °C
before use. T cells were isolated by using the Pan T cell isolation Kkit,
human obtained from Miltenyi Biotec (Bergisch Gladbach, Germany)
according to the manufacturer’s instruction. In short, PBMC were
thawed at 37 °C in a water bath, centrifuged at 400 g for 8 min and
resuspended in phosphate buffered saline (PBS; Gibco, pH 7.4) supple-
mented with 0.5% bovine serum albumin (BSA) and 2 mM EDTA. All
non T cells were labelled by adding Pan T cell Biotin-Antibody cocktail
to the PMBC suspension and incubated for 5 min in the refrigerator
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(2-8 °C). In the following Pan T cell Microbead Cocktail was added and
incubated for 10 min in the refrigerator. Subsequently, T cells were
manually separated in the magnetic field of a MACS separator. Isolated T
cells were directly used for experiments within 5 h after initial cell
thawing.

PBS and Trypan blue solution 0.4% (Gibco) were obtained by
ThermoFisher. Fluorescent dyes Calcein AM and Dead Cell Apoptosis Kit
containing AnnexinV, fluorescein isothiocyanate (FITC) and propidium
iodide (PI) were also obtained from ThermoFisher. Sucrose, dimethyl
sulfoxide and glycerol were purchased from Sigma Aldrich.

2.2. Cell volume determination by flow imaging microscopy (FIM)

Cell volumes were determined by FIM using a FlowCam 8100 (Fluid
Imaging Technologies, Scarborough, USA). A 10x magnification
objective was used and particles were captured by a high-resolution
CMOS camera (1920 x 1200 pixels) at 34 frames per second. The in-
tensity thresholds, which pixel difference compared to the background
defines a particle, were 17 for dark pixels and 15 for light pixels. In
between measurements the flow cell was thoroughly flushed with 1%
(w/v) Terga-a-zyme enzyme detergent and highly purified water. Jurkat
cells as well as primary human T cells were analyzed. As described
below, the cell volume was measured after equilibration in osmotic so-
lutions as well as kinetic measurements directly upon addition to os-
motic solutions. To all cell samples measured with FIM Trypan blue
solution was added to stain dead cells. Osmotically equilibrated exper-
iments were performed with a flow rate of 0.2 ml min! over a mea-
surement time of 2 min and the sample volume was 500 pl. Three
replicates were measured on different measurement days. To measure
the kinetic volume change of cells several adaptions were made to the
instrumental set-up (Fig. S1). In short, the upper tubing of the in-
strument’s original sample holder was removed and an alternative
sample port was built based on a 25-ml Combitip generating a broader
sample funnel and shortening the dead-volume until the flow cell.
Consequently, the time lag until the first cell image is obtained is
dramatically reduced to ca. 8-10 s after starting the measurement. First,
osmotic solutions were pipetted into the sampling funnel and upon cell
addition the measurement was directly started. A homogenous cell
suspension was achieved by pipetting the liquid in the funnel up and
down. Based on the visual distribution of Trypan blue in the funnel, the
cells and the osmotic solution were completely mixed within 3-4 s. The
flow rate was kept at 0.2 ml min~!, whereas the sampling volume was 1
ml and the measurement time 5 min. A cell volume measurement in PBS
was performed to determine isotonic cell volume at the beginning of
each measurement day. Cell volumes were derived from the in-
strument’s software (VisualSpreadsheet version 4).

2.3. Cell volume determination of Jurkat cells by Coulter counter

Experiments were performed with a Coulter counter Multisizer 4
(Beckman Coulter) using a 100-pm aperture tube. Similar to FlowCam
measurements static measurements as well as time resolved measure-
ments were performed with Jurkat cells. For static measurements the
Beckman Coulter sampling vials were used and three replicates were
measured. Time resolved measurements were performed in a 100-ml
beaker including the built-in stirrer option. Cells were added into the
beaker pre-filled with the respective osmotic solution and the mea-
surement was directly started. To evaluate the mixing of cells and so-
lution Trypan blue dye was used and a homogeneous staining was
observed within approximately 3 s. Prior to each measurement the os-
motic solution was replaced and the system was calibrated using 10-pm
latex beads (Beckman Coulter). Cell volume was derived from the in-
strument’s software (Multisizer 4.01). Similar to FIM a measurement of
cell volume in PBS was performed to determine isotonic cell volume at
the beginning of each measurement day as also the Coulter counter has a
small time lag of ca. 8 s until the first cells are measured.
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2.4. Osmotically inactive cell volume derived from Boyle van’t Hoff plot

Osmotic solutions were prepared by adding 50-150 mM sucrose to
PBS resulting in tonicities of 350, 400, 420 and 450 mOsm kg’l. PBS was
used as isotonic solution (Mp). To determine the osmotically inactive cell
volume, cells were incubated in different osmotic solution for 5 min
prior to measurements. By dividing the cell volume by the volume in
isotonic solution the normalized cell volume V, was calculated. Boyle
van’t Hoff plots were generated by plotting V; against the reciprocal of
the external medium osmolality divided by the isotonic osmolality (“%).
The normalized cell volume V;, can be described using the following
equation:

M,
V,=(1-V,) x {ﬁ“} +V,.

An overview of the described parameters and their units is provided
in Table 1. The osmotically inactive cell volume V4, can be derived from
the y-intercept, i.e., the normalized cell volume at infinite osmolality
[16]. Jurkat cells were measured with FIM and Coulter counter, whereas
T cells were only measured with FIM. Viable cells were selected by using
morphological filter applied to the particle images obtained by FIM.
Several morphological parameters provided by the instrument’s soft-
ware were used to differentiate between viable and dead cells: “Pixel
intensity” was used to differentiate Trypan blue stained dead cells from
viable cells. Additionally, “aspect ratio”, “circle fit” and “symmetry”
were used to remove aggregated cells or cell debris. A size filter based on
the cell’s diameter was also applied. Furthermore, “sigma intensity” and
“edge gradient” were used to remove out-of-focus cells. The remaining
cells were considered as viable cells. For Coulter counter measurements
all cells within the same diameter range as used for FIM (6-22 pm) were
used to calculate the average cell volume per osmotic solution. Detailed
settings of the mentioned morphological parameters which were used
for both cell types are provided in Tables S1 and S2.

2.5. Membrane permeability of cells towards water and cryoprotective
agents

Cell membrane permeability was determined by time resolved
measurements upon addition of cells to different CPAs. The two-
parameter transport formalism was used to derive L, and Pg [14]:

Vi _ —LpxAXRxT x [M*—M],
dt
Table 1
Overview of parameters and their unit in the order of appearance in the text.
Parameter  Description Unit
v cell volume um®
Vi normalized cell volume relative unit
M, isotonic osmolality mOsm kg !
M external medium osmolality mOsm kg ™!
Vi osmotically inactive cell volume relative unit
L, cell membrane permeability towards water pm min~! atm ™!
Py cell membrane permeability towards CPA pm min~!
A cell area um?
R ideal gas constant pm? atm K~! mol !
T temperature Kelvin (K)
M medium osmolality mol pm~3
M internal osmolality mol pm~3
V. partial molar volume of permeating solute pm?® min~?
Epp activation energy for water transport keal mol ?
Eps activation energy for CPA transport keal mol ™!
Ly ref cell membrane permeability towards water at pm min ! atm ™!
reference temperature Tef
Py ref cell membrane permeability towards CPA at pm min !

reference temperature Tef
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WS _ powAx (M~ M) x Vi,

dt

where Vyy is the water volume, V; the solute volume, A refers to the cell
area, T to the temperature and R is the ideal gas constant, which equals
8.206 x 103 pm3 atm K~ ! mol ™! (Table 1). Osmolalities are described
by M® for medium osmolality, Mt for internal cell osmolality, M® refers to
the extracellular permeating solute osmolality and M. to the intracel-
lular permeating solute osmolality. Partial molar volume of the perme-
ating solute is described by V;. The equations were used to fit cell
volume versus time plots with the software MATLAB. As osmotic solu-
tions sucrose in PBS (osmolality: 450 mOsm kg’l), 1.4 M Me5SO in PBS
as well as 1.4 M glycerol in PBS were used. Membrane permeability was
determined with FIM for Jurkat cells and primary T cells and with
Coulter counter for Jurkat cells. Cell volume was normalized using the
isotonic cell volume measured for each day (=starting volume). A
Gaussian filter, i.e., gaussian-weighted average over 1500 datapoints,
was applied to smooth the data points. Tables S3 and S4 provide
morphological parameters used for kinetic measurements for Jurkat and
primary T cells. Membrane permeability was measured at different
temperatures for Jurkat cells, where each solution was precooled, i.e.,
on ice or in a refrigerator, or prewarmed in a water bath. The actual
temperature of each sample was measured at the beginning of the
measurement.

2.6. Activation energy of transport processes of Jurkat cells

To determine the temperature dependence of L, and Ps for Jurkat
cells an Arrhenius plot was generated based upon [27]:

E, 1 1
In(L,) = In(Ly.y) — (%) % (f - Tmf)v

i) =n(eu) - () < (71,

where Ej;, and Ep, represent the activation energies (in kcal mol ™) for
water and CPA transport across cell membrane, respectively (Table 1).

2.7. Cell viability determination with imaging flow cytometry

To determine cell viability two different fluorescence assays were
used and measured with imaging flow cytometry using an Amnis
FlowSight instrument (Luminex) and data were analyzed with the soft-
ware IDEAS 6.2.183 (Luminex). Calcein AM and propidium iodide dye
were used to stain viable and dead cells, respectively. Additionally,
AnnexinV-FITC and PI were used to stain apoptotic and dead cells,
respectively. Each measurement was performed in duplicate.

3. Results
3.1. Determination of cell viability with flow imaging microscopy

FIM provides bright-field images of the cells that are captured by
camera in the flow cell. During one measurement of 0.27 ml, approxi-
mately 30,000-80,000 particles in a size range of 1-100 pm were
detected (Tables S5 and S6). During data analysis with the instrument’s
software, morphological filters (Tables S1 and S2) are used to classify
the particle images. Based on the morphology of the detected cells
stained with Trypan blue, viable and dead cells could be differentiated
(Fig. S2). The results from FIM were compared to the viability obtained
from imaging flow cytometry (Fig. 1). In general, the viability of the
freshly harvested Jurkat cells was higher in comparison to primary
human T cells, which encountered a freeze-thaw and several purification
steps. The viability of Jurkat cells with a mean of 86% was in good
agreement for all three methods. In contrast, FIM showed slightly higher



A. Roesch et al.

10047 — " " * =
——
5
2
3
8
>

04 |
AnnV CA—PI| FIM |AnnV CA-PI| FIM (AnnV|CA-PI| FIM

Cryobiology 113 (2023) 104587

B
100 e . =
1 ] 1
l
804 — +
< -
z
3
S
s

04 |
AnnV CA—PI| FIM |AnnV CA-PI| FIM |AnnV|CA-PI| FIM

Replicate 1 Replicate 2 Replicate 3

Replicate 1 Replicate 2 Replicate 3

Fig. 1. Comparison of viability determined based on FIM and two different fluorescence assays. Viability of Jurkat cells (A) and T cells (B) derived from FIM images
as well as determined by fluorescence assays Calcein AM & propidium iodide (CA-PI) and AnnexinV-FITC & PI (AnnV) for each measurement day. Duplicate
measurements were performed for CA-PI and AnnV, whereas for FIM all viability data points generated for the osmotically inactive cell volume was taken into
account (n = 5). *p < 0.05 was considered statistically significant, **p < 0.01 and ***p < 0.001 highly significant (one-way ANOVA).

viabilities of T cells of ca. 79% compared to imaging flow cytometry
based on either AnnexinV-FITC/PI (66%) or Calcein AM/PI (64%)
staining.

3.2. Osmotically inactive cell volume of Jurkat cells

The osmotically inactive cell volume V}, was determined for Jurkat
cells based on FIM as well as Coulter counter by using the Boyle van’t
Hoff plot, which sets the cell volume in relation to the normalized
osmolality. Fig. 2 shows the mean of three individual preparations (FIM)
and three replicates (Coulter counter). The Vj, value obtained from the y-
intercept, which corresponds to the apparent cell volume at infinite
osmolality, was calculated for each preparation (Table S7). Because of
the morphological differentiation of the cells by FIM, V3, values for live
as well as dead cells were obtained. In addition, both cell states were
combined in order to mimic the situation of the Coulter counter. As
expected, viable cells showed a strong change in cell volume when the
tonicity of the medium was changed, which resulted in a low V}, of 49.3
+ 12.6%. In contrast, dead cells showed almost no osmotic response
with a V}, of 84.6 + 9.6%. Because of the overall high viability of the
Jurkat cell preparation (see previous section), V}, of viable and dead cells
combined of 53.8 + 12.7% was only slightly higher than V;, of viable
cells alone. Coulter counter measurements provided a V}, value of 65.5
+ 11% for the whole preparation because the measurement principle

does not allow differentiation among viable and dead cells or debris
particles. Moreover, FIM allowed exclusion of debris particle of similar
size from the analysis which is not possible with the Coulter counter.

3.3. Membrane permeability of Jurkat cells towards water and CPA over
time

Cell volume changes within the first 5 min upon addition of cells into
CPA solutions were measured with FIM as well as Coulter counter at
different temperatures. Fig. 3 shows an example of the kinetics of the cell
volume response of Jurkat cells after exposure to 1.4 M Me,SO at 22 °C.
A huge variability in cell volumes were obtained but best-fit model and
smoothed data were in good agreement for both methods. The mean cell
volume decreases between start and the fastest possible measurement 8 s
after addition of cells to sucrose solution (Fig. 4A and D) until the cell
volume reaches an equilibrium value over time. L, was determined
based on cell volume shrinkage in the presence and absence of CPA.
Upon exposure to permeable CPAs Me,SO and glycerol Jurkat cells
initially shrink and then swell back to their original volume (Fig. 4B-C
and E-F). In addition, CPA permeability values (Pg) were calculated.
Table 2 shows an overview of determined L, and Ps values for Jurkat
cells. As expected, L, and P decreased at lower temperatures. However,
L, obtained for 30 °C was lower than expected as the value was
decreasing compared to 20 °C. Water permeability in the presence of
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Fig. 2. Determination of osmotically inactive cell volume V}, for Jurkat cells based on FIM (A) and Coulter counter (B). Shown is the mean of three replicates and

error bars represent the standard deviation. CI, confidence interval.
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Fig. 3. Cell volume response of Jurkat cells during exposure to 1.4 M Me,SO at 22 °C measured with FIM (A) and Coulter Counter (B). Blue symbols show individual
cell volume measurements and the red line gaussian smoothed data points. The black line shows best-fit model predictions.
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Fig. 4. Cell volume response of Jurkat cells during exposure to CPAs. Panels A—C show the osmotic response upon addition to sucrose in PBS (450 mOsm kg™1) (A),
1.4 M Me,SO in PBS (B) and 1.4 M glycerol in PBS (C) determined by FIM at four different temperatures. Panels D-F show the osmotic response upon exposure to
sucrose in PBS (450 mOsm kg’l) (D), 1.4 M Me,SO in PBS (E) and 1.4 M glycerol in PBS measured by Coulter counter at three different temperatures. Best fit of
approximately 20,000 and 35,000 data points are shown for FIM and Coulter counter, respectively.

permeating CPA, i.e., MesSO or glycerol, was lower compared to L,
determined for Jurkat cells upon exposure to sucrose in PBS. In general,
glycerol showed a significant slower permeation for all temperatures
except 8 °C in comparison to Me2SO. The overall trends for L, and P
obtained with FIM and Coulter counter were similar. Nevertheless, dif-
ferences in L, upon exposure in sucrose in PBS were not as pronounced
for the different temperatures for Coulter counter in comparison to FIM.
Especially, L, determined by Coulter counter at 30 °C was lower
compared to FIM (Fig. 4D). L, values obtained by Coulter counter in the
presence of MesSO showed a higher increase with increasing tempera-
tures in comparison to FIM. Glycerol permeability obtained by Coulter
counter at room temperature was lower than expected because an in-
crease in glycerol permeation at higher temperatures was observed for
FIM.

3.4. Osmotic behavior of primary T cells determined by FIM

FIM experiments at room temperature were also performed with
primary human T cells. V}, of T cells were measured by FIM based on
three individual preparations (Fig. 5). For viable cells V}, was deter-
mined to be 47.8 £ 3.1%, which is comparable to V}, for viable Jurkat

cells. Dead cells showed a higher V4, of 74.8 + 3.6% increasing the value
of the combined cell population to 53.8 + 4.0%. Additionally, mem-
brane permeability of T cells was measured at 22 °C by FIM upon
addition of 150 mM sucrose in PBS (450 mOsm kg’l), 1.4 M Me,SO in
PBS as well as 1.4 M glycerol in PBS as illustrated in Fig. 6. Calculated
membrane permeabilities of T cells are shown in Table 3. Upon exposure
to sucrose, water is moving out of the cells reaching their equilibrium
volume after approximately 30 s. In comparison to Me3SO glycerol is
permeating significantly (p < 0.05) slower into the cell resulting in a
lower Pg of 1.17 + 0.154 pm min~'. The P values of MesSO of Jurkat
cells and T cells obtained by FIM were comparable, whereas Ps of
glycerol for T cells was significantly lower (p = 0.01). However, L, for
primary T cells was determined to be approximately 3-fold lower in the
presence of Me,SO and glycerol compared to the values obtained for
Jurkat cells (Table 3). Moreover, L, in the presence of sucrose is an order
of magnitude higher compared to that in the presence of glycerol or
Me,SO, which indicates that CPAs influence the membrane permeability
towards water.
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Table 2
Membrane permeability of Jurkat cells towards water and CPAs at different
temperatures. —, not measured; n.a., not applicable because sucrose is an

impermeable CPA.

FIM Coulter counter
CPA Temp. Ly [pm min~! P [um Ly [pm min~! P [um
[°C] atm '] min '] atm '] min ']
Sucrose 8 0.201 + n.a. 0.116 + n.a.
0.034 0.013
12 0.527 + n.a. - n.a
0.245
20 0.479 + n.a. 0.244 + n.a.
0.091 0.028
30 0.264 + n.a. 0.142 + n.a.
0.073 0.014
Me,SO 8 0.136 + 0.606 + - -
0.006 0.102
12 0.192 + 1.37 + 0.144 + 1.09 +
0.025 0.309 0.005 0.079
20 0.143 + 3.90 + 0.224 + 3.13 +
0.034 1.20 0.025 0.362
30 0.320 + 20.42 + 0.468 + 25.3 +
0.058 2.50 0.119 7.20
Glycerol 8 0.127 + 0.444 + 0.103 + 0.273 +
0.015 0.062 0.019 0.079
12 0.141 + 0.616 + - -
0.021 0.089
20 0.151 + 1.80 + 0.175 + 0.242 +
0.009 0.182 0.004 0.011
30" 0.060 + 2.66 + 0.157 + 1.55 +
0.005 0.500 0.022 0.241
@ Based on duplicate measurement.
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Fig. 5. Determination of osmotically inactive cell volume V;, for T cells based
on Boyle van’t Hoff plot by FIM. Shown is the mean of three replicates and error
bars represent the standard deviation. CI, confidence interval.

3.5. Temperature dependence of membrane permeability of Jurkat cells

To determine the temperature dependence of membrane perme-
ability of Jurkat cells towards water (L,) in the absence of CPA, Arrhe-
nius plots for both FIM and Coulter counter were generated as shown in
Fig. 7. Additionally, the temperature dependence of L, with CPA present
and Ps; were determined based on FIM (Fig. 8) and Coulter Counter
(Fig. 9). Table 4 shows an overview of the resulting activation energies.
Arrhenius plots for P resulted in a relatively good linear fit for both
methods, whereas L, showed a higher variation. Notably, the initial
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Table 3
T cell membrane permeability at 22 °C calculated from FIM data. n.a., not
applicable because sucrose is an impermeable CPA.

CPA Ly [pm min~! atm™1] P [pm min 1]
Sucrose 0.345 + 0.094 n.a.

Me,SO 0.051 + 0.017 3.30 £+ 0.568
Glycerol 0.041 + 0.002 1.17 £ 0.154

volume response cannot be measured within the first 8-10 s due to
method limitations, which is particularly impacting the determined L at
higher temperatures, when the response is faster. This can be seen from
lower response values, which reduce the slope and consequently lead to
apparently lower activation energies. For instance, activation energies
for L, without CPA of 1.5 kcal mol ! were measured with both FIM and
Coulter counter. Excluding the highest temperature L;, value changes Ey,,
from 1.5 keal mol ™! to 10-11 keal mol ! for FIM and Coulter counter.
Nevertheless, slightly lower values for E;, were obtained in the presence
of Me,SO with Coulter counter and a 2-fold reduction was observed with
FIM. Also, glycerol reduced Ey to 2.1 keal mol ! obtained for FIM and to
3.9 kcal mol ! determined with Coulter counter. The activation energies
for CPA permeabilities of Me3SO and glycerol were in good agreement
for both methods. The obtained activation energies of MeySO were
approximately twice as high in comparison to glycerol for both methods.

4. Discussion

During cryopreservation intracellular ice formation as well as high
solute concentration, known as the “two factor hypothesis” developed
by Mazur et al. [18], are the two main factors influencing the success of a
cryopreservation process of cells. In general, an intermediate freezing
rate has to be chosen to enable sufficient dehydration of the cell to avoid
intracellular ice formation as well as limit the stress due to increasing
solute concentration during slow freezing [4,18]. To develop
cell-specific cryopreservation processes biophysical characteristics such
as Vp, Lp and P; need to be determined [8]. Based on these parameters
freezing protocols can be rationally developed ensuring sufficient CPA
permeation while keeping the cells within their osmotic tolerance limits
[12]. After CPA loading, the optimal cooling rate for cryopreservation
can be predicted if L, and its corresponding activation, Ej; at subzero
temperatures are known [29]. Generally, CPAs with a high P are
favorable for cryopreservation as the equilibration time prior freezing
can be minimized. Nevertheless, current methods to measure
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permeability parameters suffer from the inability to discriminate be-
tween viable and dead cells (Coulter counter) and the limited number of
analyzed cells (microscopic set-ups). FIM already demonstrated its ca-
pabilities to discriminate cells from other particulate impurities. For
instance, Vollrath et al. used FIM to differentiate cells from cell debris,
silicone oil, glass particles and rubber stopper particles [28]. Further-
more, Dynabeads, a common particulate reagent to activate T cells in the
process of CAR T cell production could be identified and discriminated
from Jurkat cells using machine learning [10]. Furthermore, machine
learning allowed to determine the viability of Jurkat cells using FIM in
previous work [9].

In this study, we stained dead cells by using Trypan blue which
allowed the differentiation of viable and dead cells with traditional
morphological filters from the FIM software. The FIM-based method was
well in line with the fluorescence-based viability methods using imaging
flow cytometry. However, as T cells are smaller in comparison to Jurkat
cells, it is more challenging to differentiate cell debris and dead cells and
a stricter lower diameter filter was used to exclude debris particles with

FIM. This might have impacted the viability determination of T cells
resulting in a slightly higher (10-15%) apparent viability obtained with
FIM as compared to fluorescence.

Whereas Coulter counter cannot differentiate between viable and
dead cells as well as debris, the morphological differentiation by FIM
allowed to measure the osmotic response of the subpopulations. As ex-
pected, dead cells showed no osmotic response [19], which increases the
average V}, of all cells (53.8%) compared to the subpopulation of only
viable cells (49.3 + 12.6%). Comparable V4, values of Jurkat cells over a
broad range are reported in literature: 48.0% [22], 49.6% [30], 53.1%
[25] and 67.4% [8]. Possibly, differences in the obtained V}, values could
result from the fact that the methods used in mentioned studies could
not discriminate cell condition and thus the viability of the preparation
directly impacted the measured Vj, values. The resulting V}, determined
by Coulter counter for the whole population of Jurkat cells (incl. dead
cells) was 65.3 + 12%, which is at the upper end of reported literature
values. Thus, possibly overestimating the osmotically inactive cell vol-
ume, which can lead to inaccurately designed cryopreservation
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Table 4

Activation energies of membrane permeabilities determined by FIM and Coulter
counter for Jurkat cells. n.a., not applicable because sucrose is an impermeable
CPA.

CPA FIM Coulter counter
Eypp [keal Eps [kcal Eyp [keal Eps [kecal
mol 1] mol 1] mol ] mol 1]
Sucrose 1.5+27 n.a. 1.6 £ 2.3 n.a.
Me,SO 55+1.8 279+ 1.3 9.7 +1.2 26.3 £ 2.1
Glycerol 21" +1.2 14.7 £ 1.2 39+15 12.2 + 4.1

@ Based on 8 °C, 12 °C and 20 °C.

procedures [21]. Thus, a CPA loading and unloading regime based on
the more correct Vj, of viable Jurkat cells is warranted. Interestingly, the
obtained V4, of viable primary T cells was 47.8 + 3.1%, which is com-
parable to the value for viable Jurkat cells indicating that they may be a

good model cell line for primary human T cells to establish cryopres-
ervation protocols. Slower permeabilities of water and CPAs could be
observed by both FIM and Coulter counter measurements. Moreover, at
room temperature, Me,SO is permeating faster into the cell in compar-
ison to glycerol for both Jurkat and primary T cells. For Jurkat cells this
trend was also shown at temperatures 8, 12 and 30 °C. The obtained
permeabilities for Jurkat and primary T cells L, in the presence of su-
crose in PBS as well as L, and Ps in the presence of Me,SO in PBS was in
range with reported literature values (Table 5). However, the values
vary between applied techniques, and also different media were re-
ported in the literature (PBS or 0.9% sodium chloride solutions). For
both Jurkat as well as primary T cells L, in the presence of permeable
CPA is reduced compared to L, without permeable CPA indicating an
influence of CPA on the transport of water. A reduction of L, in the
presence of permeable CPA has been previously reported [8,23,25],
although the mechanism of action is currently unknown. The slower
permeation of glycerol in comparison to MesSO results in a higher cell

Table 5
Comparison of Lp and Pg of different cell types.
Cell line Temp. [°C] CPA L, [pm min~ ! atm P [pm Technique Ref.
| min ']
Jurkat cells 20 1.4 M Me,SO in PBS 0.143 + 0.034 3.90 +1.20 FIM Current
study
Jurkat cells 20 1.4 M Glycerol in PBS 0.151 + 0.009 1.80 + 0.182 FIM Current
study
Jurkat cells 22 10% (v/v) Me,SO in PBS 0.158 + 0.011 0.42 + 0.04 Microfluidic device [8]
Jurkat cells 22 10% (v/v) Me,SO in PBS 0.148 + 0.051 34+1.4 Microfluidic device [30]
Jurkat cells 22 10% (v/v) MeoSO in 0.9% 0.1564 + 0.0018 5.453 + Micro-vortex System (Microfluidic [25]
NaCl 0.054 based)
Granulocytes 21 10% (v/v) Me,SO in DPBS 0.21 6.4 Coulter Counter [27]1
Granulocytes 21 0.7 mOsm kg ! Glycerol in 0.18 1.0 Coulter Counter [27]
DPBS
Human vaginal mucosal T Room 10% (v/v) MeySO in 0.9% 0.089 + 0.051 4.72 + 2.30 Microfluidic perfusion system [23]
cells temp. NaCl
Human vaginal mucosal T Room 1.5 M Glycerol in 0.9% NaCl 0.055 + 0.003 0.05 + 0.04 Microfluidic perfusion system [23]
cells temp.
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volume excursion, which might impact the cell viability [23]. In general,
CPA permeation of primary T cells and Jurkat cells showed a similar
osmotic response upon exposure to CPA solutions at room temperature.
Therefore, also the CPA equilibration process and freezing rate for T
cells could be derived from L, and P values of Jurkat cells.

Additionally, the activation energy for L, and Ps was determined for
Jurkat cells based on FIM and Coulter counter measurements. The
resulting activation energy for L, of 10-11 kcal mol ! excluding the
value at 30 °C is in range with reported literature values of 7.075 kcal
mol ! [8] and 11.36 kcal mol ! [25]. In general, lower activation en-
ergies for water permeability were calculated in the presence of CPA,
with values obtained by FIM being even lower in comparison to Coulter
counter values. In literature different trends were reported. Tseng et al.
observed an Ejp, of 11.36 kcal mol ! for a binary system, which slightly
decreased to 10.87 kcal mol ! in presence of Me,SO [25]. In contrast,
Fang et al. reported an increase of the water permeability activation
energy in the presence of Me,SO from 7.075 keal mol ™! to 9.566 kcal
mol ! [8].

A good correlation between the activation energies for Ps of Me3SO
obtained for FIM and Coulter counter was observed with Eps of 27.9 and
26.3 keal mol !, respectively. Both values were in the range of literature
values with Epg of 34.416 kcal mol~! [8] and 18.64 kcal mol ! for
Me,SO [25]. Furthermore, activation energy for glycerol was compa-
rable to reported activation energies for granulocytes with 16.24 kcal
mol~! [27] and for spermatozoa with 11.6 kcal mol™! [6]. Having a
higher activation energy, membrane permeability towards MeySO is
influenced more by changes in temperature in comparison to glycerol,
possibly making it a more suitable CPA for Jurkat cells as equilibration
times during CPA addition at slightly higher temperatures can be
shortened [8]. Within this study a faster permeation of MeySO into
Jurkat and primary T cells was observed compared to glycerol, con-
firming that Me,SO is a more suitable CPA for these cell types.

Nevertheless, FIM as well as Coulter counter techniques have their
advantages and disadvantages. Both methods measure cell volume after
a time lag of several seconds, which possibly has an impact on measuring
the cell volume decrease. Therefore, L, was difficult to determine
especially at higher temperatures as water is moving out of the cells
within the first 30 s. Overall obtained osmotic values for FIM and Coulter
counter showed similar trends, although some experiments resulted in
different values such as with samples containing glycerol, which can
possibly be attributed to the different measurement principles. In FIM
cell size is based on bright-field images after selection of viable, Trypan
blue-stained cells whereas in Coulter counter a change in electrical
resistance is correlated with cell size. The Coulter counter instrument
has to be calibrated for each used solution and differences in the ionic
strength and temperature deviations can lead to different sizing results
[15]. As Vp and time measurements are in different solutions, the sizing
can be influenced. For both methods a high variation of measured cell
size was observed as shown in Fig. 3, which has been also observed
previously [5,27]. Additionally, it is noticeable, that the number of
analyzed cells within a Coulter counter measurement are approximately
1.5 times higher than for FIM, which can be also seen in Fig. 3. For FIM a
differentiation between viable and dead cells was done based on Trypan
blue staining, whereas in Coulter counter experiments all cells within a
specific size range were used to determine osmotic behaviors. Further-
more, the field of view within the microscopic set-up of the FIM is
relatively narrow leading to approximately 25% unfocused images
within one measurement which have to be excluded from the analysis by
morphological parameters.

5. Conclusion

In this study, a new method based on FIM was developed to deter-
mine the osmotic response of cells upon exposure to CPA solutions.
These results were in good agreement with results obtained from Coulter
counter measurements, a standard method for this purpose, as well as
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reported literature values. Within FIM Trypan blue staining was used,
which allows for viability determination using morphological filters.
Therefore, FIM method provides further insights into the osmotic
behavior of different subpopulations of cells. The osmotic response of
Jurkat cells and primary human T cells upon exposure to osmotic so-
lutions at room temperature were comparable showing that Jurkat cells
are potentially a good model for (CAR) T cells to develop cryopreser-
vation processes. Osmotically inactive cell volume of viable cells was
determined enabling a more accurate prediction of volume excursions
within the tolerance limit of the cell during CPA loading.
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