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Megakaryocytes (MKs) are the precursor cells of platelets. Cryopreservation of MKs is critical for facilitating
research investigations about the biology of this important cell and may help for scaling-up ex-vivo production of
platelets from MKs for clinical transfusion. Determining membrane transport properties of MKs to water and
cryoprotectant agents (CPAs) is essential for developing optimal conditions for cryopreserving MKs. To obtain
these unknown parameters, membrane transport properties of the human UT-7/TPO megakaryocytic cell line
were investigated using a microfluidic perfusion system. UT-7/TPO cells were immobilized in a microfluidic
system on poly-D-lysine-coated glass substrate and perfused with various hyper-osmotic salt and CPA solutions
at suprazero and subzero temperatures. The kinetics of cell volume changes under various extracellular conditions
were monitored by a video camera and the information was processed and analyzed using the Kedem–Katchalsky
model to determine the membrane transport properties. The osmotically inactive cell volume (Vb = 0.15), the
permeability coefficient to water (Lp) at 37�C, 22�C, 12�C, 0�C, - 5�C, - 10�C, and - 20�C, and dimethyl sulfoxide
(DMSO; Ps) at 22, 12, 0, - 10, - 20, as well as associated activation energies of water and DMSO at different
temperature regions were obtained. We found that MKs have relatively higher membrane permeability to water
(Lp = 2.62 mm/min/atm at 22�C) and DMSO (Ps = 1.8 · 10 - 3 cm/min at 22�C) than most other common mam-
malian cell types, such as lymphocytes (Lp = 0.46 mm/min/atm at 25�C). This information could suggest a higher
optimal cooling rate for MKs cryopreservation. The discontinuity effect was also found on activation energy at
0�C–12�C in the Arrhenius plots of membrane permeability by evaluating the slope of linear regression at each
temperature region. This phenomenon may imply the occurrence of cell membrane lipid phase transition.

Introduction

Platelet transfusions are a highly effective for treating
bleeding disorders in patients with low platelet counts

and/or functionally defective platelets. Currently, around
10.3 million units of platelets are transfused in the United
States annually.1 Since platelets can only be stored at room
temperature for 5 days,2 this coupled with the demand for
platelets can result in shortages of transfusable platelets.

Megakaryocytes (MKs), which are produced from hema-
topoietic stem cells (HSCs), are giant cells capable of pro-
ducing around 104 platelets.2,3 To produce platelets, MKs
undergo a cytoplasmic maturation that involves the forma-
tion of proplatelet processes that extend into marrow sinu-
soids, where shear forces generated from blood flow
facilitate the release of the proplatelet processes.4,5

Understanding the molecular pathways and physical
mechanisms in vivo and in vitro that regulate MK develop-

ment and platelet release are of significant interest by the
hematology field.6,7 Ex vivo large-scale generation of platelets
from MKs is also emerging as a possible solution to platelet
shortages.8–10 However, MKs constitute only 0.03%–0.06% of
all nucleated cells in the bone marrow and are difficult to
isolate in large numbers11; further, the generation and am-
plification of MKs from HSCs is time consuming and costly,
and can take > 10 days.12 Therefore, the ability to cryopre-
serve MKs after HSCs differentiation and before platelet
production could provide crucial flexibility in producing
platelets in vitro on a large scale.

To successfully achieve cryopreservation, one has to pre-
vent possible cryoinjury to the cells, which is most likely to
occur at a temperature around - 20�C during the freezing
and thawing processes. This is a temperature where extra-
cellular ice formation and the rising of solute concentration
in the surroundings may induce intracellular ice forma-
tion (IIF)13,14 and excessive volume shrinkage15,16 when the
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cooling rate is too high and low, respectively.17 To develop
optimized protocols for freezing, thawing, and removal of
cryoprotectant agent (CPA) for different cell types, the cell
membrane transport properties at subzero temperatures
need to be determined. Specifically, these properties are the
membrane permeability coefficient to water (Lp), the mem-
brane permeability coefficient to CPAs (Ps), and the activa-
tion energies of all permeability coefficients (Ea). Currently,
the membrane transport properties of human MKs have not
been determined yet.

In previous works, we proposed that cell membrane per-
meability could be determined by several techniques by
measuring cell volume change under controlled anisotonic
conditions, such as microdiffusion,18 micropipette perfu-
sion,19,20 microperfusion chamber,21 and differential scan-
ning calorimetry (DSC).22,23 However, there were difficulties
associated with each of these techniques. The dialysis
membrane method sometimes introduced complicated mass
transfer and concentration gradient with the membrane,18

and the micropipette method can only hold a single or a few
cells in one experiment and is limited to cell types with large
size and shell.19,20 The microperfusion chamber provides an
improved microfluidic tool21; however, nonuniform flow
and induced cell deformation due to its cell blocking ge-
ometry may also generate a heterogeneous exchange rate of
mass between intra- and extraenvironment. Importantly,
very few such data from above direct-observation methods
at subzero temperatures are reported. Toner et al. have
measured volumes of embryos between 0�C and - 20�C at a
low cooling rate ( - 2�C/min) with direct cryomicroscope
observations,13 but in our study this method was found to
provide inaccurate membrane transport information for MKs
as a large cell type due to the presence and growth of ex-
tracellular ice, which may squeeze and damage the cell
membrane integrity during freezing. The presence of the
extracellular ice also makes the image processing for mea-
suring the cell volume difficult. The DSC has been used to
derive water permeability and activation energy of mam-
malian sperm by measuring latent heat change during
freezing at subzero temperatures.22 However, the difference
of the latent heat curve may not be distinguishable for cell
types with high permeability that require a high cooling rate
to induce IIF.23 Limited ability on measuring membrane
permeability to CPAs and the cost of the DSC also make the
popular use of this method difficult.

To overcome above-mentioned difficulties and achieve
membrane transport properties measurement at subzero
temperatures under a light microscope, we developed a
simple cell-adhesive microperfusion system that could re-
place isotonic medium in the channel with desired solutions
in less than a second. Besides, for a microscale problem,
diffusion at the boundary between 2 consecutive solutions is
negligible. Rapid heat transfer and uniform temperature
distribution was ensured due to low heat capacity of solu-
tions in the microfluidic channel. It is also observed that
fluids in this microenvironment easily remain supercooled at
temperatures below the freezing point.24 Hydrophobic sur-
faces of the polydimethylsiloxane (PDMS) microchannel
further facilitated supercooling of solutions at subzero tem-
peratures.25 Our microperfusion channel maintained the
isotonic solution ice-free down to around - 23�C. This new
system was applied to determining the membrane transport
properties of MKs.

Materials and Methods

Theory of cell membrane transport model

Evaluation of water permeability. The semi-permeable fea-
ture of the cell membrane regulates the water and solute
transport between intracellular and extracellular environ-
ments. Osmotic pressure gradient across the plasma mem-
brane produces cell volume changes until reaching
equilibrium. The intracellular osmolality during hypertonic
shrinkage can be described by the Boyle van’t–Hoff rela-
tionship:26

Ci¼C0 �
V0�Vb

V�Vb

� �
(1)

where Ci is intracellular osmolality, C0 is the isotonic osmo-
lality in cells, V is the cell volume, V0 is the isotonic cell
volume, and Vb is the osmotic inactive volume in cells.

The osmotically inactive fraction, Vb, can be determined
by the Boyle van’t–Hoff plot. Graphing the cell’s osmotic
equilibrium volume in solutions with different salt concen-
trations results in a line with an intercept of the y-axis that is
the osmotically inactive fraction of the cell type being eval-
uated.

The kinetic of the cell volume change as a function of time
induced by water flux across the plasma membrane is given
by the following equation:18–21

dV

dt
¼ Lp � A � R � T � (Ci�Ce) (2)

where Lp is water permeability coefficient, A is the surface
area of the membrane, R is the ideal gas constant, and T is
the temperature. The Lp values of cells at different temper-
atures can be determined by least-square curve fitting after
cells were perfused by desire hypertonic solutions.19–21

Water permeability coefficients for the same cell type can
also vary dramatically with temperature.27 Membrane per-
meability’s dependency on temperature can be described by
the Arrhenius relation:28,29

Lp(T)¼ Lp, ref � exp
�Ea

R
� 1

T
� 1

Tref

� �� �
(3)

where Lp,ref is the water membrane permeability coefficient
at a known temperature (Tref), Ea is the activation energy,
and R is the universal gas constant.

Taking the natural logarithm, equation 3 is rearranged to
be

ln(Lp(T))¼ � Ea

R � T þConstant (4)

CPA transport through cell membrane. During cryopreser-
vation, the transport of water and solutes across cell
membrane both take place and interact with each other
when a permeating CPA is used. To describe the cell vol-
ume kinetic when there is a ternary system (water, perme-
able CPA, and impermeable salts), the 2-parameter model is
used:30,31

dV

dt
¼ dVwater

dt
þ dVCPA

dt
(5)
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where

dVwater

dt
¼ Lp � A � R � T � (Ci�Ce)

dVCPA

dt
¼Ps � A � (Ce, cpa�Ci, cpa) � VCPA

ð6Þ

where Ci and Ce are total solutes osmolality (eg, CPA and
salts) in and out of the cell, respectively, Ps is the perme-
ability coefficient to the CPA, Ce,CPA, and Ci,CPA are CPA
osmolality in and out of the cell, respectively, VCPA is the
partial molar volume of the CPA. The Lp and Ps values can
be determined by least square curve fitting after cells were
perfused by desired CPA solutions.19–21

Source and preparation of cells

In this study, a human megakaryocytic cell line (UT-7/
TPO) was used as a model cell type to investigate membrane
properties of human MKs when cryopreserved in the pres-
ence of water and dimethyl sulfoxide (DMSO) at suprazero
and subzero temperatures. UT-7/TPO, a suspension cul-
tured cell line, was established from the bone marrow of a
patient with acute megakaryocytic leukemia.32 The diameter
of the cell is approximately 5–20mm at early stages of de-
velopment with well-rounded spherical shape, and can ma-
ture to become a cell of approximately 70mm when cultured
with a Src kinase inhibitor, SU6656.24 UT-7/TPO cells can be
absolutely stimulated and controlled to express very similar
biophysical features to human MKs in bone marrow.11,33,34

These cells were cultured using Isocove’s modified Dulbec-
co’s medium (Gibco) with 10% fetal bovine serum, 1 mM
Glutamine (Gibco) 1 · Penicillin (Gibco), Streptomycin (Gib-
co), and 10 ng/mL recombinant human thrombopoietin
(TPO; Peprotech). UT-7/TPO cells were maintained in ster-
ilized Petri plates or T-25 flasks at 37�C in a humidified at-
mosphere containing 5% CO2. Cultured cells were prepared
for testing by centrifuging them at 1500 rpm for 5 min,
washing with 1 · phosphate-buffered saline (PBS), and re-
suspending the cells in culture medium with osmolality of
273 mosm/kg. Manual cells counts were performed using a
light microscope and hemacytometer (Hausser Scientific).
Cell suspensions with average cell densities of approxima-
tely 1 · 106 cells/mL were used within 12 h.

Design and fabrication of the surface-treated
microperfusion channel

Microperfusion channels were designed to measure cell
volume changes at subzero temperatures. The size of the
microchannel was small enough to ensure stable super-
cooling and large enough to allow cells to flow through the
channel. As shown in Fig. 1, cells were immobilized onto
glass slides treated with Poly-D-lysine Hydrobromide
(P1149, Sigma-Aldrich) diluted to the concentration of 50mg/
mL. The microchannel was fabricated by standard soft lith-
ographic rapid prototyping and replica molding with PDMS
(Sylgard 184, Dow-Corning Corp.). The PDMS rectangular
microchannel with dimensions of 200mm · 200 mm · 2 cm

FIG. 1. Schematic diagram
showing the orientation of a mi-
croperfusion system positioned
on a temperature-controlled
cryostage relative to an objective
lens of an inverted microscope.
Also shown are cells adhering
to a poly-D-Lysine-coated slide
within a microperfusion channel
with inlet and outlet ports.

FIG. 2. The microperfusion sys-
tem. (A) PDMS microperfusion
channel situated on poly-D-lysine-
coated slide (ie, microperfusion
system). Arrow points to micro-
perfusion channel. (B) The micro-
perfusion system is located on a
temperature-controlled cryostage.
Arrow points to injection needle at-
tached to tubing extending from an
adapter on the inlet port. PDMS,
polydimethylsiloxane.
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was placed and pressed carefully onto the surface-treated
glass slide.

The microperfusion chamber was placed on the top of a
cryostage (HSC601, Instec Inc., Boulder, CO) connected to a
liquid nitrogen pump and a controller (STC200, Instec Inc.).
The cryostage system was monitored and operated using
Wintemp software. The cryostage can reach temperatures
ranging from - 150�C to 500�C, which satisfied our desired
temperature range of 37�C to approximately - 20�C. UT-7/
TPO cells immobilized in the microperfusion system were
visualized with an inverted microscope (TE2000-S, Nikon)
and imaged with a CMOS high speed camera (Hot Shot 1280,
Nac Technology).

Manipulation of the experiments

The microperfusion channel was placed and secured with
an adhesive sticker to the top of the temperature-controlled
cryostage as shown in Fig. 2. Temperatures were set to be
37�C, 22�C, 12�C, 0�C, - 5�C, - 10�C, and - 20�C. The
whole system was observed by using an inverted micro-
scope and recorded by the CMOS camera. About 10 mL cell
suspensions at a density of approximately 105 cells/mL
were injected into the channel from the inlet. This procedure
was done carefully to avoid any air bubbles that are highly
damaging to cells. Cells were allowed to adhere to the
substrate for 1 min and a viewing region with the most cells
was chosen for imaging. Tubing was attached to the inlet
port so that hypertonic solutions with different concentra-
tions of salts (2 · and 3 · PBS) and CPA (10% DMSO + 10%
10 · PBS + water) could be injected into the inlet tube using a
needle connected to a 10 mL syringe mounted on a syringe
pump (Aladdin-IM, World Precision Instrument; Fig. 2). The
solution replacement time can cause errors when calculating
membrane permeability, yet it can be reduced if perfusion
speed is increased. To minimize inconsistency and error
between the real experiment and theoretical assumption, in
our experiment, the perfusion flow speed was increased to
36 mL/min (600 nL/s) along the main microchannel ensur-
ing < 0.4 s replacement time. All solutions were passed
through a 0.2 mm syringe filter to preclude large impurities
that could be ice nucleation sites at low temperatures. Im-
mobilized cells were monitored at a speed of 60 frames per
second for 46 s. For low temperature experiments, a droplet
of propylene glycol (CQ Concept Inc.) was placed on top of
the PDMS microchannel to avoid water vapor condensation.
To minimize possible errors from temperature measure-
ment, we waited for few minutes before the experiment
started so that we were sure the whole microfluidic device

already reached the desired temperature. Besides, prelimi-
nary tests were done by inserting a K-type thermocouple
(SA-1K, Omega) into the PDMS device very close to the
microchannel during fabrication, indicating that the tem-
perature near the microchannel was consistent to the set
temperature.

The confocal microscope (Zeiss LSM510 Confocal Micro-
scope, Zeiss) was employed to visualize the 3D shape of
immobilized cells attached to substrate to determine the
condition of inactive surface area of membrane for our
design. Cell membranes were stained with green fluores-
cence (MINI67, Sigma-Aldrich) and excited by blue light
(k = 498 nm). The experiment took place at the Nano-
technology Center (University of Washington, Seattle).

Results

Inactive surface area of the cell membrane
on the substrate

When calculating the membrane transport properties (Lp
and Ps), the surface area of the plasma membrane is one of
the variables in equations 2 and 6. In previous work from
others,20,21 the membrane surface area of a spherical cell was
assumed to be freely open and fully considered, even though
there must be some inactive area for mass transfer between
cytoplasm and extracellular medium due to contact with
device geometry and deformation. Immobilized UT-7/TPO
cells on the substrate of the microperfusion channel were
stained and imaged by using the confocal microscope. In

FIG. 3. Confocal images of a UT-7/
TPO cell stained with a membrane
dye, MINI67, that are immobilized
on a poly-D-lysine-coated glass cov-
erslip. (A) Top view (x–y plane). (B)
Right side view (y–z plane).

FIG. 4. Boyle Van’t–Hoff relationships for UT-7/TPO cells
at 37�C. The osmotically inactive cell volume (Vb) is deter-
mined to be 0.15 of initial volume.
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Fig. 3, the z-direction of the cell image shows surface adhe-
sion to the substrate. The flat shape of the cell was due to
gravity. The cell image was analyzed using ImageJ (National
Institutes of Health) to obtain an average value of Ainactive of
approximately 0.17 of initial cell membrane surface area
( – 0.05, n = 9). This portion of surface area is subtracted from
each measurement.

Determination of Vb, Lp, Ps, and Ea

Osmotically inactive cell volume, Vb, can be calculated
through the Boyle van’t–Hoff plot shown in Fig. 4. The
equilibrium cell volume in 1 · , 2 · , and 3 · PBS solution were
averaged and the linear regression estimated Vb to be 0.15
(n = 10, r2 = 0.996) of the normalized cell volume.

The cell volume change with respect to time and intra-
cellular/extracellular solute concentrations were obtained
directly from analyzing the image sequence of cells. Images
of different time slices are shown in Fig. 5 and illustrate
shrinkage of the cell volume during hypertonic perfusion.
The cell images at each time frame were converted to be
binary at a set threshold to sharpen the cell outlines. Cell
volumes were measured by counting the number of pixels in
cells with MATLAB image processing (Mathworks, Inc.).
The normalized cell volume curve as shown in Figs. 6 and

8 was then analyzed by least-square curve-fitting tool pro-
vided by MATLAB to derive Lp and Ps values at different
suprazero and subzero temperatures. The listed values in
Tables 1 and 2 were validated through testing with a simu-
lation to predict cell volume curves in Figs. 6 and 8, showing
that UT-7/TPO cells attain cell volume equilibrium when
perfused with 3 · PBS at 37�C within 5 s. The result indicates
that MKs have relatively higher membrane permeability
(Lp = 2.62 mm/min/atm at 22�C) than most other common
mammalian cell types, such as lymphocytes (Lp = 0.46 mm/
min/atm at 25�C),35 rat basophilic leukemia (Lp = 0.32 mm/
min/atm at 22�C),21 and human umbilical cord blood
CD34 + cells (Lp = 0.17 mm/min/atm at 22�C),36 which re-
quire > 20 s to attain cell volume equilibrium under the same
perfusion condition.

The temperature dependency of the UT-7/TPO cells
membrane permeability is described by the Arrhenius plot
shown in Figs. 7 and 9, where the activation energy of the
cell membrane for water and DMSO are derived by esti-
mating the slope of the linear regression line at each

FIG. 6. Normalized cell volume change with respect to
time when cells are perfused with 3 · PBS at - 20�C, 0�C, and
37�C.

FIG. 7. Arrhenius plot of the UT-7/TPO cells showing the
natural logarithms of the average water membrane perme-
ability coefficient (Lp) versus the reciprocal of the absolute
temperatures.

FIG. 5. (Left) UT-7/TPO cells immobilized on surface-
treated substrate in a microchannel perfused with 3 · PBS.
(Right) Grayscale and binary images of the single cell in the
cropped area (rectangle) at each time slide. PBS, phosphate-
buffered saline.

FIG. 8. Normalized cell volume change with respect to
time when cells are perfused with 10% DMSO + 0.9% NaCl at
0�C, 22�C, and - 20�C. DMSO, dimethyl sulfoxide.

MEGAKARYOCYTES MEMBRANE TRANSPORT PROPERTIES 359



temperature region. The activation energy values are listed
in Table 3, showing that Ea values vary at different tem-
perature regions.

Discussion

In this study the membrane transport properties, Vb, Lp,
Ps, and Ea, of UT-7/TPO cells were measured by using a
microperfusion system and determined by analyzing the cell
volume kinetics recorded from the experiments. The results
in Tables 1 and 2 indicate that MKs have relatively higher
membrane permeability to water and DMSO than most other
common mammalian cell types, such as lymphocytes etc,
indicating that the cell volume of the UT-7/TPO cell would
shrink fast during the freezing process, and conceptually
suggesting a high optimal cooling rate for cryopreserving
MKs to avoid excessive cell shrinkage.

Intuitively, temperature dependency of the membrane
permeability would diminish the fluid movement across the
cell membrane when lowering temperature. The cell volume
curves at high temperatures show that the cells shrank much
more rapidly to the equilibrium volume within few seconds
after starting perfusion in 3 · PBS solution, whereas the
volume shrinkage reacted comparatively slower at subzero
temperatures. We also noticed that the linear tendency of cell
membrane permeability coefficients throughout the temper-
ature range has a discontinuous phenomenon around 12�C–
0�C. The phenomenon is much more obvious for cell
membrane permeability to DMSO than water as shown in
Table 3. The discontinuity implies that the cell membrane
might own distinct activation energies at different tempera-
tures for some unknown reasons.

It was found that the activation energy of the membrane
could vary at different temperature ranges.37,38 Noiles et al.
have also reported this temperature dependence in water
membrane permeability of the mouse sperm plasma mem-
brane showing a discontinuity between 4�C and 0�C.38 Our
investigation extended the membrane permeability mea-
surement to lower temperatures revealing that Ea seems to
increase at 12�C–0�C, whereas Ea values are relatively similar
for high (12�C–37�C) and low (0�C–20�C) temperature ran-
ges. The variation of activation energy at different tempera-
tures might be associated with the lipid phase transition of
the cell membrane, where the plasma membrane could
possibly experience lipid phase transition during cooling
caused from several possible factors, including liquid–gel
(solid) phase change of lipid and membrane protein confor-
mational change.39–42

In this study, the cell-adhesive microperfusion system was
successfully implemented to visualize MK cell volume
change in hypertonic solutions and DMSO solutions. The
membrane permeability coefficients and activation energy of
MKs for water and DMSO were measured at suprazero and
subzero temperatures, which are critical information for
optimal cryopreservation of MKs. The cell adhesive method
in the microperfusion system may also be developed in the
future to study biomechanical influences of the extracellular
environment on other MKs functions, such as proplatelet

Table 1. Water Permeability Coefficients

for UT-7/TPO Cellular Membranes

Lp (lm/min/atm)
Temperature (�C) mean – SD (n, r2)

37 3.87 – 0.39 (9, 0.85)
22 2.26 – 0.11 (8, 0.87)
12 2.17 – 0.04 (8, 0.82)
0 0.86 – 0.20 (10, 0.91)
-5 0.65 – 0.06 (9, 0.88)
-10 0.62 – 0.02 (9, 0.93)
-20 0.51 – 0.07 (10, 0.84)

Mean values from at least 3 experiments.
SD, standard deviation.

Table 2. Dimethyl Sulfoxide Permeability

Coefficients for UT-7/TPO Cells

Ps (10 - 3 cm/min) Lp (lm/min/atm)
Temperature (�C) (n, r2) mean – SD mean – SD

22 (10, 0.70) 1.8 – 0.1 2.5 – 0.15
12 (9, 0.68) 1.32 – 0.05 1.9 – 0.06
0 (10, 0.71) 0.13 – 0.011 0.7 – 0.01
-10 (9, 0.69) 0.09 – 0.02 0.60 – 0.03
-20 (9, 0.73) 0.06 – 0.03 0.58 – 0.015

Mean values from at least 3 experiments.

FIG. 9. Arrhenius plot of the UT-7/TPO cells showing the
natural logarithms of the average DMSO membrane per-
meability coefficient (Ps) versus the reciprocal of the absolute
temperature.

Table 3. Activation Energy of UT-7/TPO Cells

for Water and Dimethyl Sulfoxide

Temperature (�C)
Ea water

(Kcal/mol) (r2)
Ea DMSO

(Kcal/mol) (r2)

37 to 12 2.12 (0.87) 2.53 (0.99)
12 to 0 6.00 (1) 15.0 (1)
0 to 20 1.63 (0.89) 2.67 (1)
37 to - 20 3.06 (0.94) 6.03 (0.91)

Mean values from at least 3 experiments.
DMSO, dimethyl sulfoxide.
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formation. In conclusion, the presented study allows us to
immobilize a monolayer of cells on a substrate with a simple
and convenient approach, and it provides us an extended
insight on the membrane transport properties for a wide
range of temperature.
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