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Abstract – Vitrification is a promising approach for cryopreservation of adherent cells because it 

allows complete avoidance of ice formation.  However, high cryoprotectant (CPA) 

concentrations are required to prevent freezing, and exposure to high CPA concentrations 

increases the risk of osmotic and toxic damage.  Although cell membrane transport modeling 

can be used for rational design of CPA equilibration procedures, the necessary permeability 

data is extremely scarce for adherent cells.  This study validates a method for in situ 

measurement of water and CPA permeability in adherent cells based on the fluorescence 

quenching of intracellular calcein.  Permeability parameters for endothelial monolayers were 

measured during exposure to four common cryoprotectants (dimethyl sulfoxide, ethylene glycol, 

propylene glycol and glycerol) at temperatures of 4°C, 21°C and 37°C.  Propylene glycol 

exhibited the highest permeability and glycerol the lowest.  The data was fit using an Arrhenius 

model, yielding activation energies ranging from 45 kJ/mol to 61 kJ/mol for water transport and 

84 kJ/mol to 99 kJ/mol for CPA transport.  These permeability parameters will facilitate the 

development of mathematically-optimized CPA equilibration procedures for vitrification of 

adherent endothelial cells.   Our results establish calcein fluorescence quenching as an effective 

method for measurement of CPA permeability in adherent cells.            

 

Keywords: adherent cells, vitrification, calcein, fluorescence quenching, membrane 

permeability 
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INTRODUCTION 

The ability to store biological material without a loss of viability is required for mass 

production of cell- and tissue-based products and for banking of tissues and organs.24  

Cryopreservation increases the potential shelf-life of such materials from days to decades 

because metabolic processes virtually cease at cryogenic temperatures.34  Several types of 

suspended cells are routinely and successfully cryopreserved.  However, some cell types can 

be difficult to cryopreserve in suspension (e.g., stem cells4) and in some cases it is desirable to 

preserve characteristics of the adherent cultured cells (e.g., neuronal networks32).  In these 

instances, it would be advantageous to cryopreserve cells in the adherent state.  The ability to 

cryopreserve adherent cells would also be advantageous for the many cell types that are 

cultured in the adherent state because it would enable improved efficiency and flexibility of the 

experimental workflow.  Adherent cells have been cryopreserved previously with varying 

degrees of success,32,37,39,40,42 but this is not yet an established practice.   

The conventional cryopreservation approach involves the use of low cryoprotectant 

(CPA) concentrations and slow cooling procedures to inhibit intracellular ice formation.  

However, this approach does not prevent formation of extracellular ice.  Although the 

conventional cryopreservation approach is often successful for suspended cells, it has proven 

less effective for adherent cells.  Vitrification is an alternative cryopreservation approach that 

entails the use of high CPA concentrations to completely suppress ice formation.  Vitrification 

methods are particularly promising for cryopreservation of adherent cells.4,13,33  However, 

exposure to high CPA concentrations can lead to cell damage due to osmotically-driven cell 

volume changes and toxicity.12,28,30,52  For vitrification methods to be successful, CPA 

equilibration procedures that avoid these issues are required.   

Mathematical models of cell membrane transport have been used previously to design 

CPA addition and removal procedures.  The most widely used approach involves the use of cell 

membrane transport predictions to design multi-step procedures that avoid excessive cell 
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volume changes.17,38  Recently, this rational design approach has been extended to address 

avoidance of toxicity as well.5,6,25   In particular, we recently developed a new mathematical 

optimization approach based on minimization of a toxicity cost function.  The cost function is an 

equation based on kinetic toxicity data that represents the cumulative toxicity incurred during the 

CPA addition or removal process.  Procedures designed using this approach have the potential 

to dramatically reduce toxicity compared with conventional methods.6  Successful 

implementation of these rational design approaches requires accurate knowledge of cell 

membrane permeability parameters.       

Water and CPA permeability data is available for several types of suspended cells.10,35,41  

However, permeability data for adherent cells is relatively scarce.  Permeability parameters are 

typically estimated by fitting a membrane transport model to measurements of transient cell 

volume changes.  A convenient technique has been reported for in situ measurement of volume 

changes in adherent cells based on the fluorescence quenching of intracellular calcein.19,45  

With this technique, cells are loaded with calcein acetoxymethyl ester (calcein AM), a molecule 

that is nonfluorescent but membrane permeable.  Once inside the cell, the calcein AM molecule 

is hydrolyzed by intracellular esterases creating calcein, a molecule that is fluorescent and 

membrane impermeable.  The fluorescence emitted by intracellular calcein is quenched by 

interactions with endogenous quencher molecules, resulting in a total fluorescence intensity that 

is dependent on the concentration of intracellular quenchers, and hence the cell volume.45  This 

fluorescence quenching technique has been used to measure the water permeability in several 

types of adherent cells,18,29,36,45 but measurements of CPA permeability in adherent cells are 

essentially nonexistent.  To our knowledge, there are only two reports where volume changes in 

adherent cells were measured after exposure to CPA, and both utilized methods that are more 

cumbersome than the fluorescence quenching technique.14,15  In these studies, volume changes 

were only measured after exposure to glycerol at room temperature, and only one study used 

the data to estimate the glycerol permeability.  
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In the present study, we have used the fluorescence quenching technique to measure 

water and CPA permeability parameters for adherent monolayers of endothelial cells.  

Permeability parameters were measured for the common cryoprotectants dimethyl sulfoxide 

(DMSO), ethylene glycol (EG), glycerol (GLY), and propylene glycol (PG) at 4°C, 21°C, and 

37°C.  The results of this study make it possible to predict changes in cell volume and 

intracellular composition during CPA addition and removal, which will allow development of CPA 

addition and removal procedures using the rational design strategies described above.  

Furthermore, our results validate the fluorescence quenching technique for in situ measurement 

of CPA permeability, which represents an important step towards development of successful 

vitrification procedures for adherent cells.           

 

MATERIALS AND METHODS 

Cell Culture 

 Cell culture supplies were purchased from Invitrogen (Carlsbad, CA) unless otherwise 

noted.  Bovine pulmonary artery endothelial cells (Cambrex, San Diego, CA) were cultured on 

tissue culture treated plastic T25 flasks in a 5% CO2 environment at 37°C.  The culture medium 

was composed of Dulbecco’s Modified Eagle Medium low glucose nutrient mixture 

supplemented with 5% v/v fetal bovine serum, 100 U/ml penicillin, and 100 µg/mL streptomycin 

in cell culture grade UltraPure water (ThermoFisher, Waltham, MA).  Medium was changed 

every 48 hours.  Flasks were subcultured when they reached approximately 80% confluency 

and split at a ratio of 1:5 using 0.05% trypsin-EDTA solution.  To prepare samples for 

fluorescence quenching experiments, 25 mm diameter glass coverslips were placed into 

separate 30 mm petri dishes and sterilized with 70% ethanol.  Cells were seeded onto 

coverslips at a density of 1x105 cells per coverslip and cultured for 3 days before 

experimentation, at which point they had reached a confluency of 80%.   
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Perfusion Chamber 

 Fluorescence quenching measurements were obtained by exposing cells to test 

solutions using the custom acrylic perfusion chamber illustrated in Figure 1.  The perfusion 

chamber was designed for temperature control and rapid solution exchange.  To control 

temperature, a heat exchanger built into the base of the perfusion chamber was circulated with 

fluid from a temperature-controlled water bath.  Test solutions were delivered through a 1 m 

length of tubing contained within the heat exchanger shell, resulting in nearly complete thermal 

equilibration with the shell fluid.  A rectangular perfusion channel was created by inverting a 25 

mm diameter coverslip with adherent endothelial cells, onto a gasket of 100 µm thick medical 

grade silicone (BioPlexus, Ventura, CA) with a 3 mm x 15 mm (width x length) cutout.  The base 

of the rectangular channel was formed by the lid of the heat exchanger.  Test solutions were 

delivered to the perfusion channel through a Y-connector affixed to the lid of the heat 

exchanger.  To assure a good seal around the perfusion channel, an acrylic sheet with a 

viewing window was placed on top of the coverslip and the entire apparatus was tightly bolted 

together.  A single syringe pump (Harvard Apparatus, Holliston, MA) was used to deliver test 

solutions, which were contained in two separate 60 mL syringes.  Pinch valves were used to 

prevent backflow to the inactive syringe.   

 

Test Solutions 

Hyper- and hypotonic solutions containing only nonpermeating solutes (i.e., without 

CPA) were prepared by adding sucrose (Mallinkrodt, Hazelwood, MO) or distilled water to 

isotonic (300 mOsm/kg) phosphate buffered saline (PBS; Mediatech, Manassas, VA) to create 

solution osmolalities of 200, 230, 430, 600, and 1000 mOsm/kg.  CPA solutions were made by 

adding ethylene glycol (EG), propylene glycol (PG), glycerol (GLY) or dimethyl sulfoxide 

(DMSO) to isotonic PBS to obtain final concentrations of 1000, 2000, and 3000 mOsm/kg.  

Propylene glycol was obtained from AlfaAesar (Ward Hill, MA) while all other CPAs were 
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purchased from Mallinkrodt.  The actual osmolalities were confirmed to be within 1% of the 

nominal values using a freezing point depression osmometer (Advanced Micro Osmometer 

Model 3300, Advanced Instruments, Norwood, MA).  Solutions with osmolalities above 1000 

mOsm/kg were diluted 1:2 in distilled water before measuring the osmolality to ensure that 

measurements were taken within the linear range of the osmometer.  The osmolality of the 

original, undiluted CPA solution was estimated by accounting for the change in water content 

upon dilution.     

 

Fluorescence Microscopy 

The perfusion chamber was assembled onto the stage of a DM2500 upright microscope 

(Leica, Bannockburn, IL) for time-lapse microscopy.  Epifluorescence images were acquired at a 

rate of 1 Hz with an exposure time of 100 msec using a Fast 1394 camera (Qicam, Surrey, BC 

Canada) and Lambda SC-10 Smart Shutter (Sutter Instruments, Novato, CA).  Images were 

collected using a GFP filter in the light path (465/535 nm ex/em).  Neutral density filters (50%, 

25%, 12.5%, and 6.25%) were used to decrease the intensity of light from the mercury lamp.  

Images with 8x8 binning were collected using ImagePro software (Media Cybernetics, 

Bethesda, MD), and the average fluorescence intensity for each image was determined using 

built-in software functions.      

To prepare endothelial cell monolayers for fluorescence imaging, coverslips were treated 

with a solution of 1.25 μg/mL calcein-AM (Sigma-Aldrich, St. Louis, MO) in isotonic PBS for 15 

minutes at 37°C.  Coverslips were then inverted onto the channel of the flow chamber and 

exposed to isotonic PBS at a flow rate of 20 mL/hr for ten minutes in order to equilibrate the 

cells to the experimental temperature.  After the cells were equilibrated to test conditions, the 

flow rate was increased to 200 mL/hr, and time-lapse imaging was initiated.  Perfusion with 

isotonic solution continued for three minutes, at which point the syringe was switched and cells 

were perfused with anisotonic solution for at least three additional minutes.  The experimental 
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solution was then switched back to isotonic PBS until chemical equilibrium was achieved.  

Experiments were performed at 4°C, 21°C, and 37°C.    

The raw fluorescence data from time-lapse images was converted to a nondimensional 

cell fluorescence in a similar manner to that described previously.21 The background 

fluorescence intensity resulting from the perfusion chamber apparatus and inherent cell 

fluorescence was measured each day using an endothelial monolayer that had not been 

exposed to calcein dye.  This background intensity was subtracted from raw fluorescence data 

gathered in the same day.  Data was also corrected for non-volume-dependent fading of 

fluorescence (e.g., photobleaching, dye leakage) by fitting an exponential decay model to 

measurements made while cells were in equilibrium with isotonic solution. The nondimensional 

cell fluorescence F  was determined by normalizing the background-corrected fluorescence 

intensity measurements to the best-fit exponential model. 

 

Calibration of Cell Fluorescence Measurements 

 To determine cell membrane permeability parameters from cell fluorescence 

measurements, it is necessary to convert the fluorescence into cell volume.  Exposure to CPA 

results in movement of both water and CPA across the cell membrane.  Therefore we must 

define the relationship between cell fluorescence and the intracellular volumes of water and 

CPA.  When only nonpermeating solutes are present, the equilibrium volume of intracellular 

water (Vw) can be determined from the Boyle-van’t Hoff relationship:  

 (1) 0

0

w
w

w e

V M
V

V M
   

where Vw0 is the intracellular water volume at isotonic conditions, M0 
is the isotonic osmolality, 

and Me is the osmolality of the extracellular solution.  To determine the relationship between the 

water volume and the fluorescence, cells were allowed to equilibrate with anisotonic solutions 
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that contained nonpermeating solutes only, and the resulting nondimensional fluorescence was 

measured.   

 To determine the relationship between the fluorescence and the intracellular volume of 

CPA, the nondimensional cell fluorescence was measured after cells had equilibrated with CPA 

solutions.  For solutions prepared by adding CPA to isotonic PBS, the equilibrium volume of 

intracellular water and CPA are described by the following equations: 

(2) 1wV   

(3) 
0

CPA
CPA CPA w CPA

w

V
V M

V
    

where VCPA is the intracellular CPA volume, CPA  is the molar volume of CPA, ρw is the density 

of water (assumed to be 1 kg/L) and MCPA is the extracellular CPA osmolality.  

A calibration curve was created by plotting the nondimensional cell fluorescence  ̅ 

against the nondimensional volume V , which was defined as  

(4) 
w CPAV V V  . 

An expression based on the Stern-Volmer equation44 was developed to describe the 

relationship between these variables: 

(5) 
1

1
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where α and β are parameters that describe quenching behavior within the system (see 

appendix for details).  The best-fit values of α and β were determined using a least-squares 

Levenberg-Marquardt nonlinear fitting algorithm.   

 

Estimation of Membrane Permeability Parameters 
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The transport of water and CPA across the cellular membrane can be described using a 

two-parameter model.26  Typical use of this model to determine membrane permeability 

parameters requires knowledge of the cell surface area, isotonic cell volume, and osmotically 

inactive cell volume.  However, these parameters are difficult to determine for cells in the 

adherent state.  To adapt this model for use with adherent cells, we expressed the model in 

terms of the nondimensional volumes wV  and CPAV
 
as follows: 

(6) 
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where A is the cellular surface area, R is the ideal gas constant, T is the absolute temperature, 

Lp is the membrane water permeability and PCPA is the CPA permeability.  Also, we defined 

effective water and CPA permeability parameters as follows:   
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The nondimensional volume V during exposure to CPA was determined from the sum of Eq. 6 

and 7, which results in        

(10) 0CPA w CPA CPA
p CPAw e CPA w CPA

CPA w w

M V VdV
L RT M P M

dt V V

 
  



   
      

    .

 

For determination of the best-fit values of pL  and CPAP , a subset of the experimental data was 

used, comprising fluorescence measurements preceding exposure to the CPA solution (while 

the cells were in equilibrium with isotonic perfusate), as well as fluorescence measurements 

corresponding with the shrink-swell response after exposure to the CPA solution.  The 



11 
 

exchange of isotonic PBS for CPA solution was assumed to result in a step change in solution 

composition.  Because the time, t0 at which this step change occurred was not known, it was 

used as a variable parameter in the fitting algorithm, along with the effective permeability 

parameters pL  and CPAP .  The nondimensional fluorescence was predicted by first numerically 

integrating Eq. 10 and then substituting the result into Eq. 5.  The sum of the squared residuals 

between the measured and predicted values of the nondimensional fluorescence was then 

computed.  This error was minimized by systematically iterating the values of the three 

adjustable parameters, yielding best-fit values of t0, pL , and CPAP . 

The effective water permeability was also estimated from fluorescence measurements 

after exposure to 1000 mOsm/kg solutions containing sucrose but lacking CPA.  In these 

experiments, water is the only substance that crosses the cell membrane, and Eq. 10 can be 

simplified by recognizing that MCPA and CPAV  are both equal to zero.  The best-fit value of pL  

was determined by fitting this model to the data as described previously.21 

The temperature dependence of the permeability parameters can be described using an 

Arrhenius relationship.  For water transport, the Arrhenius equation is 

(11) ,

1 1
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where 
pLE  is the activation energy for water transport and refpL ,  is the effective water 

permeability at a reference temperature Tref.  For CPA transport, the Arrhenius equation is 

(12) ,
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where 
CPAPE  is the activation energy for CPA transport and refCPAP ,  is the effective CPA 

permeability at a reference temperature Tref.  The values of 
pLE  and 

CPAPE  were determined 



12 
 

from linear regressions to Arrhenius plots of the log transformed permeability parameters.  

   

 

Statistics 

 Before performing parametric statistical analysis, the underlying assumptions of 

normality and homogenous variances were verified.  All permeability data was grouped by 

temperature and CPA.   Normality for each group was confirmed using the Shapiro-Wilk W test 

and variances between groups were tested for equality using the Bartlett test.  Differences in the 

membrane permeabilities at a given temperature were determined using analysis of variance 

(ANOVA) and Tukey-Kramer HSD tests.  Water and CPA permeabilities were tested separately.    

Activation energies for each solute were compared using multivariate techniques with analysis 

of covariance (ANCOVA) and Tukey-Kramer HSD tests.  Water and CPA activation energies 

were tested separately. All analysis was performed using JMP Pro 9 statistical software.      

 

RESULTS 

 Figure 2 shows representative fluorescence intensity measurements during exposure of 

endothelial monolayers to 2000 mOsm/kg PG solution at 21°C.  The raw fluorescence intensity 

continuously decreased, even when the cells were in equilibrium with isotonic solution.  We 

accounted for this non-volume-dependent fading by fitting an exponential decay model to the 

data, as illustrated in Figure 2.  The nondimensional cell fluorescence F  was determined by 

normalizing the raw fluorescence to the exponential decay fit.  The nondimensional cell 

fluorescence exhibited transient behavior that was qualitatively similar to the expected cell 

volume changes.  When cells are at equilibrium with an isotonic solution, exposure to a 

hypertonic CPA solution causes the cells to transiently shrink.  This is because water will initially 

leave the cell, and at a much faster rate than the movement of CPA into the cell.  As the 

intracellular concentration reaches osmotic equilibrium with the extracellular solution, water and 
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CPA will both enter the cell, causing the volume to return to near that of isotonic equilibrium.  

This shrink-swell behavior is evident in the nondimensional fluorescence data directly after the 

cells were exposed to the PG solution (see Figure 2).  When cells are at equilibrium with a 

hypertonic CPA solution, exposure to isotonic solution causes the cells to transiently swell and 

then shrink.  This swell-shrink behavior is also evident in our nondimensional fluorescence data.  

To determine the cell membrane permeability parameters, only a portion of the nondimensional 

fluorescence data was used (black squares, Figure 2).  This portion corresponds with the period 

of isotonic equilibrium preceding exposure to the CPA solution, as well as the shrink-swell 

response after exposure to the CPA solution.   

 To calibrate between fluorescence and cell volume, monolayers were allowed to come to 

chemical equilibrium after exposure to anisotonic solutions.  The relationship between 

fluorescence and cell volume is depicted in Figure 3.  We first examined fluorescence intensity 

changes after exposure to hypo- and hypertonic solutions containing only nonpermeating 

solutes.  Exposure to hypotonic solution is known to cause water influx and a concomitant 

increase in cell volume; this corresponded with an increase in the cell fluorescence.  

Conversely, exposure to hypertonic sucrose solution, which causes a decrease in cell volume, 

yielded a decrease in fluorescence.  The data was fit using a modified Stern-Volmer relationship 

(Eq. 5), yielding best-fit parameters α = 0.81 and β = 0.46 and a correlation coefficient R2 = 0.97.  

We also examined the relationship between cell volume and fluorescence after the cells had 

equilibrated with CPA solutions.  Since solutions were prepared by addition of CPA to isotonic 

PBS, the equilibrium water volume is equivalent to the isotonic water volume, and the presence 

of intracellular CPA causes the nondimensional volume V  to be slightly larger than the 

nondimensional volume under isotonic conditions.  Changes in cell volume after equilibration in 

CPA solutions follow approximately the same trend as volume changes after exposure to 

solutions containing nonpermeating solutes (see Figure 3).  In fact, if the entire data set is used 
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when determining the Stern-Volmer fit, the values of the parameters α and β remain the same 

(within the two significant digits reported here).                  

 The Stern-Volmer calibration trend was used with Eq. 10 to make predictions of 

nondimensional cell fluorescence after exposure to CPA solutions, allowing determination of the 

best-fit permeability parameters. Typical examples of fluorescence intensity trends after 

exposure to CPA solutions at 21°C can be seen in Figure 4.  PG permeation was slightly faster 

than permeation of DMSO and EG, but intensity profiles of the three data sets were relatively 

similar compared to the very slow permeation of GLY.  Model fits based on Eq. 10 agreed well 

with the data.  Figure 5 illustrates the effect of temperature on the rate of CPA transport.  As 

expected, the rate of EG permeation decreased as the temperature was lowered.  Again, the 

best-fit model predictions are in good agreement with the experimental data.    Best-fit values of 

the effective water and CPA permeability are listed in Table 1 for the four CPAs (DMSO, EG, 

GLY, PG) at temperatures of 4°C, 21°C and 37°C. The data was analyzed by ANOVA, revealing 

significant differences in the effective permeability parameters at specified temperatures.  Most 

notably, the GLY permeability was significantly lower than the permeability of EG, PG and 

DMSO at all of the temperatures investigated. 

 The activation energies for water and CPA transport were determined from Arrhenius 

plots of the log-transformed permeability parameters, as shown in Figs. 6 and 7.  To determine 

the permeability values, cells were exposed to CPA solutions with a total osmolality of 

1000 mOsm/kg, with the exception of PG at 37°C.  At this high temperature the cells reached 

equilibrium with the PG solution very quickly and a higher concentration (i.e., 2000 mOsm/kg) 

was needed in order to produce detectable changes in the cell volume for permeability 

measurement.  The trends in the Arrhenius plots are linear, as expected, though the linear 

correlations for GLY were relatively weak (R2 =0.87 and R2 = 0.73 for plots of pL  and CPAP , 

respectively) compared to the other CPA types (R2 ≥ 0.93).  The activation energies 
pLE  and 
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CPAPE  were determined from the slope of the linear regressions to the Arrhenius plots.  Their 

values can be found in Table 2.   

 

DISCUSSION 

In the present study, we have demonstrated the in situ measurement of water and CPA 

permeability parameters for cells in the adherent state.  This capability represents an important 

advance, with implications for the rational design of cryopreservation procedures for adherent 

cells.  Cryopreservation of adherent cells using conventional methods which utilize low CPA 

concentrations has been attempted with many cell types  including hepatocytes,37,48 embryonic 

stem cells,37,39 keratinocytes,40 endothelial cells,10,42 kidney cells,3 and fibroblasts.31  However, 

problems including cell detachment, loss of viability, and decreased functionality are often seen 

post-thaw.  Vitrification methods are particularly promising for cryopreservation of adherent 

cells.4,13, 33     However, in order to vitrify, the sample needs to be exposed to high 

concentrations of CPA, where 40% or more of the solution is composed of CPA.  Such highly 

concentrated CPA solutions can cause cell damage because of osmotically-driven cell volume 

changes, as well as toxicity.  The design of CPA equilibration procedures that avoid both of 

these mechanisms of damage is a major obstacle to the development of successful vitrification 

procedures.  In order to safely equilibrate cells with vitrification solutions, the concentration of 

the extracellular solution is typically changed in a gradual or step-wise manner.5,6,17,25  To predict 

the optimal CPA concentration and equilibration time for each segment of the procedure, the 

values of the cell membrane permeability to water and CPA must be known.  Thus, the 

permeability parameters determined in this study will enable the design of CPA addition and 

removal procedures for adherent endothelial cells using computer simulations.5,6,17,25     

Cryopreservation of adherent monolayers is a valuable intermediate step between 

cryopreservation of suspended cells and cryopreservation of three-dimensional tissues.  While 
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there are obvious differences between cells in a three-dimensional matrix and two-dimensional 

monolayer, such as sample thickness and geometric complexity, there are also important 

similarities.  Most notably, cells in both monolayers and tissues form connections with 

neighboring cells and the extracellular matrix.  Consequently, adherent cells are often used as 

model systems for investigating the response of tissue to cryopreservation.1,22,23,49  Previous 

studies have demonstrated that cell-cell and cell-substrate connections can increase the risk of 

intracellular ice formation1,22 and may increase susceptibility to damage caused by extracellular 

ice.49  These results are qualitatively consistent with observations of the response of three-

dimensional tissues to cryopreservation.43,46,53  Because of the similarities between monolayers 

and tissues, it is reasonable to expect the permeability parameters for endothelial monolayers 

reported in this study to better approximate the permeability of endothelial cells within three-

dimensional tissue than would the corresponding permeability parameters for suspended 

endothelial cells.  Nonetheless, we acknowledge that the permeability properties of cells within 

intact tissue could differ from those of cells cultured in monolayer.  A future direction for this 

work will be to adapt the fluorescence quenching technique for use with three-dimensional 

tissues by using confocal microscopy to detect changes in fluorescence at specific depths within 

a tissue sample.  Such a technique would be useful for determining membrane permeability and 

diffusion parameters for thin tissues, such as corneal endothelium and precision-cut tissue 

slices.  Thus, this study represents an important preliminary step towards the rational design of 

cryopreservation procedures for tissue as well as adherent cells.   

While the CPA permeability properties of cells in the suspended state have been 

extensively studied using Coulter counter methods,9,10,42,52 this method cannot be used for cells 

in the adherent state.  Moreover, there is evidence that surface dissociation and disaggregation 

of adherent cells alters their membrane permeability properties.20,54  These studies emphasize 

the importance of in situ measurement of membrane permeability in adherent cells and tissues.  

Several different in situ methods have been reported for measuring the water permeability, 
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including confocal microscopy,55,56 light scattering,47 interferometry,16 total internal reflection 

microfluorimetry,15 light microscopy with spatial filtering,14 and calcein fluorescence 

quenching.18,19,29,45  However, to the authors’ knowledge, the CPA permeability of adherent cells 

has only been measured using total internal reflection microfluorimetry,15 and only for exposure 

to glycerol at room temperature.  Drawbacks exist with many of these techniques, such as 

costly equipment, technically difficult procedures, and a dependence on cell shape that results 

in low quality signals.45,50  Development of a quantitative method that is relatively inexpensive 

and straightforward would allow accurate measurement of membrane water and CPA 

permeability for the prediction of optimal CPA addition and removal protocols.  Solenov et al 

(2004) found that calcein fluorescence quenching was preferred over other cell volume 

measurement methods for several reasons, including the ability to distinguish signal changes 

even with low profile cells of complex shape.  In the current study, we have presented a 

systematic validation of measurement of the CPA permeability in adherent cells using the 

calcein fluorescence quenching method. 

Our experimental results strongly support the validity of the fluorescence quenching 

method.  First, we correlated the cellular fluorescence at steady state with the expected cell 

volume after equilibration in solutions containing nonpermeating solutes.  In these experiments, 

we used the Boyle-van’t Hoff relationship (Eq. 1) to predict the steady-state cell volume in 

various hypo- and hypertonic solutions.  The accuracy of the Boyle van’t Hoff relationship has 

previously been validated experimentally for a large number of cell types, including suspended 

BPAEC.21  We found that hypotonic exposure (which causes cell swelling) results in an increase 

in fluorescence and hypertonic exposure (which causes shrinkage) results in a decrease in 

fluorescence.  This result is consistent with the expected fluorescence quenching response, 

and, as described below, the Stern-Volmer fit to the data yielded coefficients that were 

physically reasonably.  Second, we used this Stern-Volmer fit to compare the expected steady-

state cell volume to the steady-state cell fluorescence after exposure to CPA solutions.  The 
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steady-state data after exposure to CPA solutions was consistent with the best-fit Stern-Volmer 

model (Figure 3).  Together these steady-state results demonstrate that the Stern-Volmer model 

can be used to accurately relate the measured cell fluorescence to the cell volume.  Third, we 

compared the changes in cell fluorescence after exposure to CPA solutions to the cell volume 

changes predicted using the two-parameter membrane transport model.  Addition of CPA is 

known to cause a transient decrease in the cell volume, whereas removal of CPA is known to 

result in a transient increase in the cell volume.  In our study, we detected changes in 

fluorescence that were consistent with cell volume changes induced by addition and removal of 

CPA solutions (Figure 2).  Lastly, the membrane permeability trends in our study are consistent 

with the published literature.  For instance, we observed lower membrane permeability values 

for glycerol than for the other CPAs (DMSO, EG, and PG).  In addition, we observed 

permeability values that decreased as the temperature decreased, linear trends in Arrhenius 

plots, and higher activation energy values for CPA transport than water transport.  All of these 

observations are consistent with published studies of cell membrane permeability.10,17,21,26,51,52 

The modified Stern-Volmer expression that we used to relate fluorescence intensity to 

cell volume is relatively complicated compared to the linear models used in most previous 

studies that used fluorescent dyes to detect volume changes.2,8,15,18,19,21,36,45, 56  However, 

several of these studies reported data that appeared to deviate from linearity, and the studies 

that did report data that was well-described using a linear model investigated cell volume 

changes over a relatively narrow range.  In the current study, the calibration curve exhibited 

downward concavity and a linear fit to the data was not very accurate (R2 = 0.90).  A similar 

downward concave trend was also observed previously.7  The authors of this study used a 

polynomial expression to account for the nonlinearity in their data.  However, we sought to 

describe the nonlinear trend with an expression that could be supported with scientific 

reasoning.   
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The Stern-Volmer expression describes the reduction in fluorescence intensity caused 

by interactions between a fluorophore and a quencher molecule.  By normalizing to isotonic 

conditions we were able to create an expression with two parameters, α and β, which describes 

the quenching behavior within the system (see appendix for details).  Physically, the parameter 

α describes the extent of quenching that occurs under isotonic conditions.  It is comprised of the 

product of the isotonic quencher concentration Q0 and the quenching constant K.  Previous 

studies have shown that the fluorescence of intracellular calcein is quenched by molecules 

present in the cytoplasm, but the exact identity of the intracellular quenchers is unknown.45  

Albumin quenches calcein fluorescence with a quenching constant of about K = 0.02 mL/mg.45  

Using this quenching constant with our best-fit α-value yields an intracellular quencher 

concentration of 41 mg/mL.  This quencher concentration is entirely reasonable, given that the 

total macromolecule concentration in the cytoplasm is about 250 mg/mL.11  The parameter β 

describes the fraction of fluorophores that are not influenced by the intracellular quencher 

concentration or the cell volume.  We obtained a best-fit value β = 0.46, indicating that 46% of 

the intracellular calcein molecules do not interact with cytoplasmic quencher molecules.  Under 

isotonic conditions, this corresponds with 61% of the total cellular fluorescence originating from 

non-interacting calcein molecules.  This result is consistent with a previous study of calcein 

fluorescence in neuroblastoma cells, which identified two separate pools of intracellular calcein 

molecules.8  After membrane permeabilization with alpha toxin, the neuroblastoma cells 

retained 67% of their original fluorescence intensity, indicating that a large portion of intracellular 

calcein molecules were bound, compartmentalized, or otherwise trapped within the cell.   

 Only one previous study investigated the permeability of endothelial cells in the adherent 

state,20 allowing direct comparison with the current study. In this previous study, the water 

permeability of BPAEC monolayers was measured using the fluorescence quenching technique; 

the CPA permeability was not measured.  The water permeability values from the previous 
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study were nearly two-fold higher than those in the present study.20  Nonetheless, the activation 

energies for water transport were almost identical.  The most likely explanation for the 

discrepancy in the water permeability values is the differences in culture conditions between the 

two studies.  In the previous study,20 cells were cultured in a medium containing several growth 

factor supplements, whereas the medium in the present study did not contain any supplements.  

A possible consequence is that cell suspensions derived from BPAEC cultured using 

supplement-free medium exhibited a larger average cell volume than the BPAEC from the 

previous study (unpublished observations).  This larger cell volume would be expected to 

correspond with a lower value of the effective water permeability parameter pL .   

There have been several previous studies of membrane permeability properties for 

endothelial cells in the suspended state.10,20,51,52 In particular, one previous study investigated 

the membrane water permeability of suspended BPAEC, yielding a room temperature water 

permeability that was over 30% lower than that in the present study, and an activation energy 

that was over 50% higher than that in the present study.20  These differences in permeability 

parameters are consistent with previous observations that adherent cells exhibit permeability 

properties that differ from the corresponding cell suspensions.20,51  To the authors’ knowledge, 

there are no published reports of CPA permeability parameters for suspended BPAEC.  

However, CPA permeability values for human corneal endothelial cells have been measured 

during exposure to DMSO and PG at three different temperatures,10  for porcine aortic 

endothelial cells during exposure to DMSO at two different temperatures,51 and for an 

immortalized vascular endothelial cell line (ECV304) during exposure to PG, DMSO, and EG at 

two different temperatures.52   The room temperature permeability parameters in these studies 

differed from those in the present study by as much as three-fold, and the activation energy 

values differed by as much as 40%.  Such differences in permeability parameters would be 

expected to yield substantial differences in the predicted response to the cryopreservation 



21 
 

process, underscoring the importance of in situ measurement of permeability properties for 

adherent cells and tissues.              

 

CONCLUSION 

 We have validated a calcein fluorescence quenching method for in situ measurement of 

water and CPA permeability parameters in adherent cells using experiments with endothelial 

monolayers.  Permeability parameters were determined after exposure to four common CPAs at 

three different temperatures, allowing determination of the activation energies for water and 

CPA transport.   The permeability parameters determined in this study will allow mathematical 

optimization of CPA addition and removal procedures for vitrification of endothelial monolayers.  

In addition, the fluorescence quenching method is expected to be applicable to other cell types 

and adaptable to three-dimensional tissues. The ability to measure the permeability parameters 

for adherent cells and tissues is an important step toward the rational design of vitrification 

strategies for these complex cellular systems. 

APPENDIX 

We described the relationship between fluorescence intensity and cell volume using a 

modified Stern-Volmer model.  The Stern-Volmer relationship describes the change in 

fluorescence intensity due to physical interaction between a fluorophore and quenching 

molecule as follows:    

 
*

1

F
F

KQ



 (A1) 

where F is the fluorescence intensity of the fluorophore in the presence of quenching 

interactions, 
*F is the fluorescence intensity in the absence of quenching, K is the quenching 

constant, and Q is the quencher concentration.  Previous studies suggest that a portion of 

intracellular calcein molecules are not free to interact with quencher molecules because of 
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binding or compartmentalization within the cell.8,19  Modifications to the Stern-Volmer 

relationship have been described previously that account for accessible and inaccessible 

fluorophores, where it is assumed that any change in fluorescence intensity is due to the 

physical interaction of quenchers with accessible fluorophores only and the fluorescence 

intensity of inaccessible fluorophores remains constant.27,44  Similarly, we can divide the 

intracellular calcein molecules into two groups, one of which is free to interact with intracellular 

quencher molecules, and one that does not interact with the quenchers.  The calcein molecules 

that are free to interact with quenchers yield a fluorescence intensity described by Eq. A1, 

whereas non-interacting fluorophores give rise to a constant intensity, resulting in the following 

equation for the total fluorescence: 

 

*

1
B

F
F F

KQ
 


 (A2) 

where FB is the fluorescence intensity due to non-interacting calcein molecules (i.e., the portion 

of the fluorescence that is not sensitive to quencher concentration).  The quencher 

concentration can be expressed in terms of the cell volume by assuming that the endogenous 

quencher molecules (e.g., intracellular proteins45) are membrane impermeable and trapped 

within the cell.  This assumption results in the following expression for the quencher 

concentration:    

 0 0w

w CPA

Q V
Q

V V



 (A3)   

where Q0 is the quencher concentration under isotonic conditions.  Substituting Eq. A3 into Eq. 

A2 and normalizing by the fluorescence intensity under isotonic conditions (F0) results in: 
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where 
0KQ   and 

*

B

B

F

F F
 


.  The parameter describes the extent of quenching that 

occurs under isotonic conditions, and β is the fraction of total fluorophores that is insensitive to 

quencher concentration and therefore insensitive to cell volume.   
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Table 1.  Comparisons of effective permeability parameters.  

Temp Solute Lp x 108 PCPA x 103 

(Pa-1s-1) (s-1) 

4°C DMSO 0.65 ± 0.08A 9.4 ± 0.90AB 

EG 0.92 ± 0.05A 4.0 ± 0.20B 

GLY 0.63 ± 0.05A 0.36 ± 0.2C 

PG 0.96 ± 0.12A 13 ± 2.5A 

Sucrose 0.79 ± 0.04A   

21°C DMSO 3.6 ± 0.37BC 61.0 ± 8.8B 

EG 3.8 ± 0.15BC 46 ± 6.6B 

GLY 4.4 ± 0.65AB 4.9 ± 2.8C 

PG 5.4 ± 0.26A 160 ± 15A 

Sucrose 2.60 ± 0.29C   

37°C DMSO 9.4 ± 0.74AB 460 ± 67B 

EG 13 ± 1.4AB 350 ± 31B 

GLY 7.3 ± 0.98B 14 ± 1.9C 

PG 17 ± 2.8A 1300 ± 190A 

Sucrose 6.5 ± 1.0B   

 

ABC Statistical differences in permeability values at the given temperatures are denoted by 

distinct superscript letters.  GLY permeability ( CPAP ) is significantly lower than DMSO, EG, and 

PG permeability at all temperatures.  There is no clear trend in statistical significance for water 

permeability ( pL ).   
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Table 2.  Comparisons of activation energies.   

Solute 
pL

E  
CPAPE  

 (kJ/mol) (kJ/mol) 

DMSO 58 ± 3.3AB 84 ± 4.7A 

EG 57 ± 2.1AB 98 ± 5.3A 

GLY 51 ± 5.0AB 89 ± 13.5A 

PG 61 ± 3.6A 99 ± 3.8A 

Sucrose 45 ± 3.1B   

 

AB Statistical differences in activation energy values are denoted by distinct superscript letters.  

pLE values for PG and sucrose are significantly different.  There are no significant differences 

between values for 
CPAPE .   
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Figure 1.  (A) Schematic of temperature-controlled perfusion chamber.  (B)  Microscopy image 

of calcein stained cell monolayer.     
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Figure 2.  Representative trend from time-lapse video microscopy.  Cells were first exposed to 

isotonic solution, then 2000 mOsm/kg PG, and finally returned to isotonic solution at 21°C.  The 

average fluorescence was collected from each image to create the raw fluorescence trend (dark 

grey squares).  An exponential decay model was fit to the isotonic regimes (line) and used to 

correct for non-volume-dependent fading, resulting in a nondimensional fluorescence F (light 

grey squares).  The initial isotonic regime and the transient regime directly after PG exposure 

(black squares) were used to determine membrane permeability parameters.     
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Figure 3.  Calibration of fluorescence intensity to cell volume.  The equilibrium volume was 

determined using Eqs. 1-3 after exposure to solutions containing nonpermeating solutes only 

(inverted triangles), or solutions containing DMSO (circle), EG (squares), or PG (triangles).  The 

data was fit using a modified Stern-Volmer relationship (line).  Each point represents the 

average ± SEM of at least four samples with exposure performed at 21°C.     
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Figure 4.  Representative transient fluorescence data (symbols) and best-fit model predictions 

(lines) for exposure to 1000 mOsm/kg CPA solutions at 21°C.     
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Figure 5.  Representative transient fluorescence data (symbols) and best-fit model predictions 

(lines) for exposure to 1000 mOsm/kg EG solution at temperatures of 4°C, 21°C, and 37°C.   
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Figure 6.  Arrhenius plot of the effective water permeability for exposure to solutions containing 

sucrose or CPA.  The activation energies for water transport were determined from the slopes of 

the best-fit lines.  All solutions had a total osmolality of 1000 mOsm/kg except for the PG 

solution at 37°C which was 2000 mOsm/kg.  Data represents the average ± SEM of at least four 

samples.     
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Figure 7.  Arrhenius plot of the effective CPA permeability.  The activation energies for CPA 

transport were determined from the slopes of the best-fit lines.  All solutions had a total 

osmolality of 1000 mOsm/kg except for the PG solution at 37°C which was 2000 mOsm/kg.  

Data represents the average ± SEM of at least four samples.     

 


