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there is an increasing demand for female fertility preservation. cryopreservation of ovarian cortex 
tissue by means of vitrification can be done ad-hoc and for pre-pubertal individuals. Obtaining a 
homogeneous distribution of protective agents in tissues is one of the major hurdles for successful 
preservation. Therefore, to rationally design vitrification strategies for tissues, it is needed to determine 
permeation kinetics of cryoprotective agents; to ensure homogeneous distribution while minimizing 
exposure time and toxicity effects. In this study, Fourier transform infrared spectroscopy (FTIR) was 
used to monitor diffusion of different components into porcine ovarian cortex tissue. Water fluxes and 
permeation kinetics of dimethyl sulfoxide (DMSO), glycerol (GLY), ethylene glycol (EG), and propylene 
glycol (PG) were investigated. Diffusion coefficients derived from FTIR data, were corroborated with 
differential scanning calorimetry and osmometer measurements. FTIR allowed real-time spectral 
fingerprinting of tissue during loading with mixtures of protective agents, while discriminating 
between different components and water. Exposure to vitrification solutions was found to cause drastic 
initial weight losses, which could be correlated with spectral features. Use of heavy water allowed 
distinguishing water fluxes associated with dehydration and permeation, both of which were found to 
precede permeation of cryoprotective agents. Overall, DMSO and EG were found to permeate faster 
than GLY and PG. In mixtures, however, solutes behave differently. The non-invasive spectroscopic 
method described here to study permeation of vitrification solution components into ovarian tissue can 
be applied to many other types of engineered constructs, tissues, and possibly organs.

In human reproductive medicine, there is an increasing demand for female fertility preservation for cancer 
patients as well as for personal reasons. Options for fertility preservation include cryopreservation of embryos 
and oocytes, as well as ovarian tissue1–3. Ovarian tissue cryopreservation has the advantage that it can be per-
formed on short notice, irrespective of the cycle stage, and it even is an option for pre-pubertal individuals. If 
preserved ovarian tissue is transplanted, e.g. after anti-cancer treatment, hormonal functions and fertility can 
be restored4–7. In addition, tissue containing various follicle stages can be used for cultivation and retrieval of 
oocytes8–10, for use in in vitro fertilization procedures. The latter is especially interesting for domestic and endan-
gered animal genetic reserves11.

Ovarian tissue cryopreservation can be done using either slow-freezing or vitrification12,13. In both cases, 
cryoprotective agents (CPAs) need to be added to minimize the damaging effects of cooling and/or ice formation. 
With slow-freezing, low or moderate concentrations of permeating CPAs, like dimethyl sulfoxide or glycerol, are 
used to minimize the damaging effects of ice formation. Here it is important to find the optimal cooling rate, since 
it directs the timing and location of ice formation, solute concentration in the liquid phase, and therewith the 
extent of mechanical and osmotic stress cells are exposed to14–16. The optimal cooling rate with maximal cryosur-
vival is dependent on cell specific membrane permeability characteristics for water and protective agents, which 
is more complex in case of tissues containing different cell types and the connective matrix forming a diffusion 
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barrier for CPAs. In addition, the medium composition, solute concentrations, temperature and presence of ice 
affect cell membrane permeability characteristics17.

The damaging effects of ice formation can be avoided using vitrification or ice-free cryopreservation, which is 
typically preferred in case of tissues. Vitrification is done using high CPA concentrations and high cooling rates, 
allowing specimens to directly turn into an amorphous state protecting embedded structures while arresting 
reactions18,19. Typically, mixtures of permeating agents and step-wise CPA loading and removal protocols are 
used to reduce CPA toxicity and remain within the osmotic tolerance limits20. Vitrification of larger tissues is 
especially challenging due to limitations in homogeneous CPA mass transfer and inhomogeneous heat transfer 
during rapid cooling and warming. Application of very high CPA concentrations allows for use of lower cooling 
rates. However, this causes a decline in cell viability already prior to cooling due to CPA toxicity21.

To rationally design cryopreservation protocols for tissue vitrification, insights in permeation kinetics of CPAs 
into tissues are needed to ensure maximum permeation and homogeneous distribution of CPAs while mini-
mizing the exposure time and toxicity effects. Various methods have been applied to study CPA permeation in 
tissues, including nuclear magnetic resonance22,23 and X-ray computer tomography24,25. Furthermore, osmometer 
measurements of solutions in which CPA-permeated tissue was equilibrated have been employed to derive CPA 
diffusion coefficients26,27. Most of these approaches, however, cannot be used to discriminate between the differ-
ent components in vitrification solutions. This can be done using Fourier transform infrared (FTIR) or Raman 
spectroscopy28,29.

The aim of the work described in this study was to investigate permeation rates of vitrification solution com-
ponents in porcine ovarian tissue. In addition to CPA permeation, water fluxes in the tissue were studied. CPA 
permeation was studied for vitrification solutions composed of ethylene glycol, dimethyl sulfoxide, glycerol and 
propylene glycol using three different approaches. Osmometer and differential scanning calorimetry (DSC) meas-
urements were used to study permeation based on the freezing point depression as a function of the CPA expo-
sure duration, whereas FTIR was used to assess permeation based on the appearance of CPA-specific spectral 
absorbance bands. Tissue dehydration during CPA loading was assessed by weight measurements and correlated 
with FTIR spectral changes. A novel approach was used to study permeation rates of the solvent compared to that 
of solutes (CPAs). By using CPA solutions prepared in D2O we were able to simultaneously monitor permeation 
of D2O and CPAs and to discriminate between the water flux due to tissue dehydration and water from the CPA 
solution permeating into the tissue. Diffusion coefficients were derived from experimental data using previously 
established diffusion models.

Results
We previously reported how FTIR can be used to study CPA permeation processes in tissues in real time28, which 
here is referred to as the ‘1-D FTIR method’. Here, we also used a different FTIR approach to study CPA perme-
ation referred to as the ‘2-D FTIR method’ to validate the ‘1-D FTIR method’ and to be able to directly compare 
FTIR measurements on CPA permeation with osmometer and DSC measurements. In the ‘2-D FTIR method’, 
sample preparation was done similar as for the osmometer and DSC measurements, and the same model was used 
to fit the data. Figure 1 shows a schematic presentation of the different experimental approaches that were used 
here to study CPA permeation and water fluxes that are associated with loading ovarian tissues with cryoprotec-
tive agents. Cylindrically shaped tissue punches were used for the diffusion measurements, and transport fluxes 
were quantified using DSC, osmometer, FTIR, and weight measurements.

DSC analysis and osmometer measurements to determine CPA permeation and glass formation.  
DSC thermograms were collected from ovarian cortex tissue pieces that were incubated in vitrification solutions 
for different durations. In Fig. 2A it can be seen that the temperature of the peak associated with ice formation 
decreases with increasing incubation time in vitrification solution (illustrated for DMSO), which coincides with 
a decrease in the area of the water-to-ice phase transition (i.e. CPA permeation causes freezing point depression). 
Tissues incubated for 30−60 min in 6.5 M DMSO or PG, exhibited no signs of ice formation in the DSC cooling 
scans. During warming ice melting is visible as an exothermic event, also for vitrified samples due to devitrifi-
cation and recrystallization. The temperature of the water-ice phase transition during warming was determined 
and plotted as a function of the incubation duration (Fig. 2C), to capture differences in CPA permeation kinetics 
amongst the vitrification solutions. To derive diffusion coefficients, Tm values were normalized towards plateau 
values determined after 1 h and fitted with Eq. (6) (Table 1).

For all cases, a glass transition was observed already after 1−5 min incubation of tissue in vitrification solution 
(illustrated for DMSO in Fig. 2B). The Tg was not affected by the incubation duration (DMSO: −122 ± 4 °C, EG: 
−114 ± 4 °C, PG: −101 ± 3 °C, GLY: −97 ± 4 °C). The change in heat capacity associated with the glass transition 
during heating, however, increased with increasing incubation duration and CPA content in the tissue. Glass 
transitions appeared complex, likely due to presence of different (water bound) fractions and occurrence of devit-
rification with the cooling and warming rates used. After 30−60 min incubation ΔCp values reached a plateau 
value for all CPAs tested, which were found to be highest for PG and DMSO.

Osmometer assessment of CPA permeation was done by equilibrating CPA-permeated tissue in saline solution 
and measuring the freezing point depression caused by the CPAs that have diffused out of the tissue into the saline 
solution. Quantification was performed by equilibrating the permeated tissue with a surrounding solution and 
then measuring the osmolality of the solution to determine the amounts of CPAs that have come out of each tissue 
sample corresponding to each permeation time. Hereby, changes in sample weight due to tissue dehydration were 
also taken into account (Fig. 3A). Tissue dehydration and weight loss was found to be highest after 1 h exposure 
to GLY (35 ± 6%), followed by PG (30 ± 4%), DMSO (21 ± 4%) and EG (14 ± 5%). In case of mixtures, exposure 
to EG/GLY (28 ± 7%) and EG/PG (29 ± 4%) also resulted in a greater weight loss as compared to EG/DMSO 
(21 ± 3%). In most cases, tissue weights returned close to their original values after about 24 h. It was found that 
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after 30 min tissue CPA contents were highest in solution containing DMSO, followed by GLY, EG and PG. CPA 
concentrations reached a plateau within one hour. In mixtures, a similar order was found (EG/DMSO > EG/
GLY > EG/PG). However, differences were smaller as observed for the single component solutions. In order to 
fit the data and derive diffusion coefficients, CPA concentration data were normalized towards saturated values 
determined after 24 h (Fig. 3B), (Table 1). Diffusion coefficients decreased in the order EG, GLY, DMSO > PG. 
Similar as found with the DSC data, PG permeation was found to be the slowest, whereas permeation rates for 
DMSO, EG and GLY were found to be similar. Diffusion coefficients that were derived for the CPAs were used to 
calculate and visualize differences in CPA distribution in tissue pieces of a defined geometry as a function of the 
incubation time in (Fig. 3C).

Figure 1. Schematic presentation on sample preparation and different experimental approaches used to study 
CPA permeation into porcine ovarian tissue. The upper panel shows micrographs of sections of the porcine 
ovary and cortex tissue, in which follicles of different developmental stages can be recognized (i.e. paraffin 
embedded material, stained using hematoxylin and eosin). For our measurements, cylindrically shaped tissue 
punches were cut from the outer cortex region of fresh tissue, just below the germinal epithelium, in which 
there are primordial (small) follicles. Tissue punches were incubated in vitrification solution (VSln), for analysis 
of water (blue symbols) and cryoprotective agents (CPAs; red and green symbols) fluxes out and into the tissue. 
The other panels illustrate the different experimental approaches that were used to study transport processes 
during CPA loading of ovarian tissue. The middle panel illustrates how tissue pieces were incubated in solutions 
containing CPAs for various times using 24-well plates (referred to as the 2-D method). Tissue was kept in 
PBS after their initial weight was determined, and then incubated in VSln for a defined duration after which 
their weight was assessed again. Thereafter, tissue was either directly analyzed by DSC and FTIR, or transferred 
into PBS allowing efflux of CPAs that had permeated into the tissue. The latter was quantified by osmometer 
measurements on the solution after overnight equilibration. The lower panel depicts a schematic design of the 
ATR-FTIR setup that was used to study CPA and water transport processes during CPA loading of tissues in real 
time (referred to as the 1-D method). Here VSln was added on top of the tissue, while acquiring IR spectra from 
the bottom of the tissue. By using VSlns prepared in heavy water (D2O) it was possible to discriminate between 
water in the VSlns and water originating from the tissue (H2O).
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ATR-FTIR analysis of CPA permeation and tissue dehydration. Using a similar approach as 
described above for the osmometer and DSC measurements, ovarian tissue pieces were incubated in CPA solu-
tions, after which tissue pieces were collected and ATR-FTIR spectra were collected as a function of the incuba-
tion time. Upon incubation, a decrease in the OH-stretching vibration band (νOH at ~3300 cm−1), predominantly 
arising from water, was observed coinciding with the appearance of CPA-specific bands in the 1500−900 cm−1 
spectral region (Fig. 4A). The relative increase of CPA-specific band areas was determined, and plotted as a func-
tion of the incubation time. The data were fitted using Eq. 6 to derive diffusion coefficients. This is referred to as 
the 1-D FTIR method in Table 1.

The area of νOH was found to correlate with the extent of tissue dehydration (weight loss) due to CPA expo-
sure for all CPAs (Fig. 4B). The differences in slopes in this plot are not necessarily related to differences in tissue 
dehydration, but can be attributed to differences in contributions of CPA OH groups to the OH stretching band. 
In addition to water, also OH-groups CPAs may contribute to the OH stretching band. At the same dehydration 
level, the area of the OH band remains relatively high in case of glycerol because of its OH groups contributing 
to this band area. Likewise, the lack of OH groups in DMSO result in a relatively low OH stretching band area 
compared to that of e.g. glycerol at the same tissue dehydration level.

To obtain more insights in the different water fluxes associated with CPA loading, heavy water was used. This 
allowed discriminating between νOH originating from water in the tissue itself and νOD (~2500 cm−1) from 
heavy water in the vitrification solution permeating into the tissue (Fig. 5A). CPA permeation into the tissue can 
be monitored using the characteristic spectral fingerprint of each CPA. In Fig. 5B, the 1500–900 cm−1 spectral 
region is shown for tissue saturated with vitrification solution illustrating specific wavenumber ranges for each of 
the CPAs (i.e. DMSO, GLY, EG and PG). Spectral ranges for each of the CPAs were selected that exhibited mini-
mal overlap in mixtures (Fig. 5C).

Figure 2. DSC studies on CPA permeation into porcine ovarian tissue. Tissue pieces were incubated for defined 
durations in solutions containing 6.5 M DMSO (red symbols), GLY (green symbols), EG (pink symbols) or PG 
(blue symbols). After incubation, tissue was transferred into DSC pans for thermal analysis of the water-to-ice 
phase transition during cooling and rewarming (A) and the glass transition (B). CPA permeation into the tissue 
was determined from the freezing point depression of the ice melting temperature (C). Data points reflect mean 
values with corresponding standard deviations determined from six experiments.

D (×10-6 cm² s-1)

2-D 1-D

osmometer DSC FTIR FTIR

PBS/H2O 
(single)

PBS/H2O 
(single)

PBS/H2O 
(single)

PBS/H2O 
(single)

PBS/H2O 
EG/DMSO

PBS/H2O 
EG/GLY

PBS/H2O 
EG/PG

PBS/D2O 
EG/DMSO

PBS/D2O 
EG/GLY

EG 6.04 ± 2.00 7.11 ± 1.25 9.57 ± 0.53 12.17 ± 3.42 10.88 ± 0.49 17.79 ± 1.57 9.83 ± 1.54 11.29 ± 1.09 8.82 ± 0.85

DMSO 5.86 ± 1.07 6.91 ± 2.00 8.82 ± 2.11 15.67 ± 5.93 13.06 ± 0.63 13.11 ± 0.80

GLY 5.99 ± 2.24 5.36 ± 0.89 5.73 ± 0.81 6.73 ± 2.10 12.00 ± 2.17 6.79 ± 0.79

PG 2.28 ± 0.60 3.93 ± 0.42 4.52 ± 0.97 6.76 ± 0.60 8.59 ± 2.90

Table 1. Diffusion coefficients of CPAs in ovarian tissue, determined via using different approaches, for single 
component solutions as well as mixtures. Single component solutions were composed of 6.5 M EG, DMSO, 
GLY, PG, whereas mixtures contained 3.25 M EG and DMSO, GLY or PG. Osmometer, DSC and ATR-FTIR 
(2-D) were applied using incubations of tissue in solution, that allowed for CPA movement into the tissue from 
multiple sites. In addition, ATR-FTIR (1-D) was used to follow CPA permeation through a tissue piece (i.e. in 
one direction). In the latter case, both ordinary (PBS/H2O) and heavy (PBS/D2O) buffer/water systems were 
used for adding CPAs. For all indicated approaches, the respective CPAs for which D-values were determined 
are indicated in the first column.
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Simultaneous monitoring multiple CPA components in mixtures using ATR-FTIR. In order to 
monitor diffusion or permeation in real time, a setup was used where solution containing CPAs was added on 
top of a tissue sample while collecting ATR-FTIR spectra at the bottom of the sample (in contact with the ATR 
crystal) as a function of time (Fig. 6A). Movement of CPAs and water through the tissue is evident as appearance 
of specific absorbance bands, whose area can be calculated and plotted versus time. For a mixture of EG/DMSO 
in PBS/D2O, both the decrease and increase of respectively νOH and νOD can be followed as well as appearance 
of bands specific for EG and DMSO. In order to compare kinetics, band areas were normalized to values obtained 
after 16–24 h. In Fig. 6B it can be seen that the decrease in νOD band area (D2O permeation), occurs faster com-
pared to the decrease in νOH (mainly due to tissue dehydration). Again, it should be noted that also CPA OH 
groups contribute to the νOH band, whereas the νOD band solely originates from D2O. In any case, (heavy) water 
movement occurs faster compared to CPA permeation, which likely can be attributed to the relatively small size 
of water. Furthermore, it can be seen that DMSO permeates faster than EG when tissue is exposed to a DMSO/
EG mixture.

Figure 3. CPA permeation into porcine ovarian tissue determined via osmolality measurements and 
concomitant tissue dehydration. Tissue pieces were incubated for defined durations in solutions containing 
6.5 M DMSO (red symbols), GLY (green symbols), EG (pink symbols) or PG (blue symbols). After incubation 
for a defined duration in 6.5 M CPA solution, tissue was placed in saline of a known osmolality. Tissue 
sample weights were determined to assess the extent of tissue dehydration during CPA loading (A). Then, 
after equilibration, medium osmolalities were determined using an osmometer to calculate the tissue CPA 
concentration (B). Mean values with standard deviations have been determined from six experiments. With 
diffusion coefficients obtained via fitting of the experimental data, the CPA distribution within tissue pieces was 
modeled at different time points of incubation (C).

Figure 4. ATR-FTIR analysis of CPA permeation and concomitant dehydration of porcine ovarian tissue 
during incubation in vitrification solution. Tissue pieces were incubated for defined durations in solutions 
containing 6.5 M DMSO (red symbols), GLY (green symbols), EG (pink symbols) or PG (blue symbols), after 
which spectra were collected. CPA permeation is evident as appearance of specific absorbance bands in the 
finger print region ranging from 1500–900 cm−1. The 3800–2800 cm−1 spectral region shows changes in the 
OH-stretching vibration band due to tissue dehydration during incubation in CPA solution (A). The decrease 
in the water band area was correlated with the tissue weight loss (B). Mean values with standard deviations are 
determined from triplicate measurements.
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With single component solutions, clear differences in permeation rates were observed among the different 
CPAs tested (Fig. 7A). The relative increase in CPA band area was fastest for DMSO, followed by EG and then 
GLY and PG. Maximum values (i.e. full saturation) were reached after approximately 10 and 12 h for DMSO and 
EG, respectively, whereas for GLY and PG much longer incubation times were needed to reach saturation (~16 h). 
As illustrated in Fig. 5, CPA-specific absorbance bands were also analyzed in mixtures. Also in mixtures, perme-
ation of EG and DMSO was found to be fastest, whereas PG permeation was slowest (Fig. 7B). Of note is that 
EG permeation rates are quite different in the different mixtures; EG diffusion is fastest in a mixture with GLY, 
and slowest in a mixture with PG (Fig. 7C). Plots were fitted using Eq. (7) to derive diffusion coefficients. This is 

Figure 5. Characterization of CPA-specific infrared absorbance bands in porcine ovarian tissue saturated with 
various vitrification solutions. Tissue pieces were incubated in solution containing DMSO (red lines), GLY 
(green lines), EG (pink lines) or PG (blue lines), as well as mixtures thereof (EG/DMSO; brown lines). CPA 
solutions were prepared in PBS; while using ordinary (PBS/H2O; black lines) or deuterated (PBS/D2O; orange 
lines) water. The OH and OD-stretching vibration bands can be found in the 4000–2000 cm−1 spectral region, 
whose intensities respectively decrease and increase with dehydration and permeation (A). CPA-specific bands 
can be found in the 1500–900 cm−1 spectral region (B). Spectra of fully saturated tissue were used to assign 
CPA-specific wavenumber regions with minimal overlap (indicated in grey), which allowed for discrimination 
in mixtures (C).

Figure 6. Simultaneous monitoring of multiple CPAs permeating into porcine ovarian tissue and concomitant 
water fluxes, using ATR-FTIR. Tissue was mounted in a holder on the ATR-crystal, vitrification solution was 
added on top and spectra were acquired during permeation through the tissue (A; EG/DMSO). Movement 
of CPA through the tissue was evident as the appearance of specific absorbance bands, whose area were 
determined and their relative increase was plotted versus time (DMSO: red symbols, EG: pink symbols). In 
addition, since the CPA solution was prepared in PBS/D2O, it was possible to follow the decrease and increase 
in respectively the OH- (blue symbols) and OD- (orange symbols) stretching vibration bands, due to tissue 
dehydration and permeation of the CPA solution. In order compare kinetics, band areas were normalized to 
values obtained after 16−24 h. Mean values with standard deviations have been determined from triplicate 
measurements.
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referred to as the 2-D FTIR method in Table 1. D-values obtained using the 2-D method are greater than those 
obtained using the 1-D method.

Discussion
Vitrification of ovarian tissues relies on the use of protective solutions to avoid ice formation during cooling 
and warming. Vitrification solutions are typically composed of mixtures of high concentrations of different per-
meating agents (i.e. CPAs), which need to be introduced into the tissue prior to cooling. The tissue matrix and 
cells actually form a barrier for CPAs to quickly enter into the tissue. When tissue is immersed in a vitrifica-
tion solution; osmotic and concentration gradient driving forces result in CPA and water transport fluxes, until 
equilibrium state is reached. Understanding and quantifying these transport processes allows rationally design-
ing protocols for loading tissues with CPAs for cryopreservation (i.e. minimizing osmotic excursions, exposure 
durations and toxicity effects). In the current study, we used different spectroscopic and thermal approaches for 
visualizing, identifying and quantifying transport processes taking place when porcine ovarian cortex tissues are 
exposed to solutions containing CPAs.

First, we studied tissue incubated in vitrification solutions for different durations, referred to as 2-D meas-
urements in Table 1, in which CPAs can enter the tissue from all sites. With FTIR, tissue CPA permeation was 
assessed based on spectral fingerprinting as a function of the incubation time. When tissue was analyzed using 
DSC it was found that incubation and permeation with CPAs coincides with a decrease in the tissue freezing and 
melting temperature, as well as appearance of a glassy state when the tissue is cooled. This reflects the replacement 
of water by CPAs in the tissue. To the best of our knowledge, the use of DSC to study CPA permeation in tissues 
provides an additional experimental approach to validate CPA permeation data obtained with other methods. 
DSC not only can be used to derive CPA permeation rates, but also provides insights in glass formation during 
CPA permeation. It is shown that the change in heat capacity associated with the glass transition increased with 
increasing CPA content in the tissue. Osmolality measurements are also based on freezing point depression. 
However, in this case dilute solutions were analyzed in which CPA-permeated tissue was equilibrated. All these 
methodologies revealed that DMSO permeates fastest into ovarian tissue followed by PG, GLY and EG, and 
derived diffusion coefficients closely match. Using a different FTIR approach, referred to as 1-D measurements in 
Table 1, diffusion can be studied in ‘real time’ on the same sample without further manipulation28,30. Comparative 
diffusion coefficients derived using this approach were higher. This may be explained by the fact that samples are 
positioned in a sample holder with permeating solution added on top of the sample, and not freely floating in 
solution as is the case with the other approaches. In addition, different models were used to fit the data.

Compared to previous reports with other tissue types, the CPA diffusion coefficients determined in this study 
for ovarian tissue are slightly higher but in the same order of magnitude. For example, DMSO diffusion in carti-
lage tissue analyzed using osmometer measurements was found to have a D-value of 3.5 × 10−6 cm2 s−1 27, whereas 
CT measurements showed that the diffusion coefficient of DMSO in collagen scaffolds is 2.4 × 10−6 cm2 s−1 at 
20 °C31. Furthermore, decellularized heart valve tissues, analyzed using FTIR and the 1-D approach, exhibited a 
D-value of 3.02 × 10−6 cm2 s−1 for DMSO28. In addition to the incubation temperature, diffusion rates of CPAs 
in tissue depend on their molecular weight30, as well as chemical properties. According to the Stokes-Einstein 
equation diffusion is inversely related to viscosity. Based on its lower viscosity and smaller molecular size it can 
be expected that EG permeates faster than GLY. This is indeed observed in the FTIR methods (almost factor 2 
difference), whereas in the other 2 methods the difference between EG and GLY is much smaller. In addition, 
using FTIR, we were also able to determine differences in diffusion behavior dependent on the mixture composi-
tion. Differences in diffusivity observed in multi-component mixtures are explained by interactions between the 

Figure 7. CPA permeation into porcine ovarian tissue, determined in real time via ATR-FTIR. Tissue was 
mounted in a holder on the ATR-crystal, vitrification solution was added on top and spectra were acquired 
during permeation through the tissue. Both single component solutions (A) as well as mixtures (B,C) were 
tested. Single component solutions were composed of 6.5 M DMSO (blue symbols), GLY (red symbols), EG 
(green symbols) or PG (purple symbols). Mixtures contained 3.25 M EG and 3.25 M DMSO, GLY or PG. The 
relative increase in CPA-specific band areas was determined (i.e. values were normalized to those obtained after 
16−24 h) and plotted as a function of the exposure time (A–C). Average curves with standard deviations are 
presented, determined from triplicate measurements.
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components of the mixture32. It should be noted that Fick’s law for diffusion of a single solute is not applicable 
for two solutes that diffuse at different rates. So, in case of mixtures the D-values that are reported here should be 
interpreted as phenomenological parameter describing the rate at which solutes enter the tissue.

Exposing tissue to vitrification solution was found to cause severe weight losses, which may be related to 
tissue matrix as well as cellular dehydration. The initial tissue weight loss was strongest with GLY and least with 
EG. This can possibly be explained by the fact that, among the CPAs that were tested, GLY is the least membrane 
permeable17. The model applied in our studies to derive D-values did not take into account effects caused by cells 
in the tissue. More complex models are available that also include biomechanical forces22,33. Tissue dehydration 
coincided with a decrease of the OH-stretching vibration band, suggesting this band can be used as a spectro-
scopic marker for tissue dehydration. Experiments using vitrification solutions that were prepared with heavy 
water, showed that the increase in the OD band area (i.e. water permeation into the tissue) occurred slightly faster 
compared to the decrease in OH band area (i.e. tissue dehydration). Both processes, however, are faster compared 
to CPA permeation, indicating water moves faster through the tissue as CPAs.

Taken together, diffusion coefficients derived from FTIR studies closely match those obtained by DSC and 
osmometer measurements. FTIR allows for the most detailed assessment of the transport processes taking place; 
different solutes in mixtures can be discriminated and monitored during CPA loading of tissue, while also con-
comitant water fluxes associated with tissue dehydration and water permeation can be monitored.

Materials and Methods
Vitrification solutions and preparation of porcine ovarian tissue pieces. Various vitrification solu-
tions were tested, including: 6.5 M ethylene glycol (EG; 36% v/v), dimethylsulfoxide (DMSO; 46% v/v), glycerol 
(GLY; 48% v/v) and propylene glycol (PG; 49% v/v). In addition, mixtures of two components: EG/DMSO, EG/
GLY, EG/PG, containing 3.25 M of each component, were studied. All solutions were prepared in phosphate 
buffered saline (PBS, pH 7.4), with final concentrations of: 137 mM NaCl, 27 mM KCl, 10 mM Na2HPO4, 1.8 mM 
KH2PO4. This was done using a 4 × PBS stock solution. For some of the experiments, heavy/deuterated water 
(D2O) was used as diluent instead of ordinary water (H2O).

Ovaries were collected from pre-pubertal gilts at a local slaughterhouse, and transported to the lab within 
1−2 h in an insulated container. Upon arrival the temperature was checked (30−33 °C) and ovaries were rinsed 
with 0.9% (w/v) NaCl, followed by cooling to room temperature. Cylindrically shaped tissue punches (5 mm 
height and diameter) were cut from the outer cortex region, just below the germinal epithelium. Large follicles 
and ovarian ligament were avoided. Figure 1 (upper panel) shows images of ovarian cortex tissue. Tissue pieces 
were stored in PBS at 4 °C and used within 24 h. Tissue pieces had a weight of 45 ± 10 mg, and the water content 
was 90 ± 3% of the fresh weight. Dry weights were determined after 24 h evaporation of water in an incubator set 
at 80 °C.

CPA diffusion kinetics determined using osmolality measurements. Osmometer measurements 
were performed to determine permeation of specific CPAs into tissue as previously described26,27, with minor 
modifications (Fig. 1). Solution densities were measured using a density meter (DMA38; Anton Paar GmbH, 
Graz, Austria). Incubations were done at room temperature (~22 °C). Ovarian tissue pieces were handled singly 
using 24-well tissue culture plates, containing 2 mL solution per well. First, tissue pieces were maintained in 
PBS to determine their initial weight (w1). Weights were determined after removal of excess solution by gentle 
dipping on paper towel. Then, tissue was immersed in vitrification solution for various durations (0, 0.5, 1, 5, 10, 
30, 60 min, and 24 h), after which weights were determined again (w2). Thereafter, CPA-perfused tissue pieces 
were transferred into fresh PBS for equilibration (i.e. allow release of CPA into PBS) during 24 h incubation at 
4 °C. After equilibration, the osmolality of the CPA/PBS-solution was measured using a freezing point depression 
osmometer (OM801; Vogel, Fernwald, Germany). Each treatment was repeated six times, using separate tissue 
pieces originating from at least three different collections of ovaries.

The extent of tissue dehydration was calculated by comparing weights before and after incubation in vitrifi-
cation solution:

=
−

×W W g W g
W g

(%) ( ) ( )
( )

100(%)
(1)loss

1 2

1

To determine the tissue CPA content as a function of the incubation time, the osmolality of PBS itself (πPBS) 
was compared with the osmolality determined after equilibrating permeated tissue in PBS (πs). Therewith the 
CPA content (ns, in moles) in the surrounding solution (V: 2 mL, ρ: 1.0 g mL−1) was determined:
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It is assumed that the amount of CPA remaining in the tissue after equilibration can be ignored. Using the CPA 
molar mass (MWs) and solution density (ρs: 1.1 g mL−1) the CPA mass and volume permeated into the tissue can 
be calculated (Vs). In addition, the water volume can be calculated (Vw), taken into account the density of water 
at room temperature (ρ; 1.0 g mL−1).
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here fdm×w1 represents the tissue dry matter, with fdm equals 0.1 since the tissue water content was 90%. Now, the 
tissue CPA concentration (Cs) can be calculated as follows:
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Data fitting to derive diffusion coefficients. Plots in which the CPA concentration was plotted 
as a function of the incubation time in vitrification solution were fitted to derive diffusion coefficients, using 
MATLAB software (Mathworks, Natick, MA, USA). A model based on Fick’s second law of diffusion was used 
to describe diffusion into a cylindrically shaped body. As previously described27,34, the numerical solution of the 
model describing two-dimensional diffusion was converted to a one-dimensional solution, by multiplying the 
one-dimensional solutions for an infinite slab and cylinder:
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here Cs0 represents the initial average CPA concentration (in mol L−1), Cs the concentration after incubation 
for a specific duration (t in s), and Cs

* the assumed final concentration which was taken as boundary condition 
(6.5 mol L−1 for single component solutions). Furthermore, ‘a’ represents half the thickness of the axial dimension 
(0.25 cm; the tissue was exposed to CPAs from both sides), R is the radius of the cylinder (0.25 cm), D is the dif-
fusion coefficient (in cm2 s−1), and bn’s are the roots of the zero-order Bessel function of the first kind with J0(bnR) 
equals 0.

Differential scanning calorimetry (DSC). DSC thermograms were collected using a Netzsch 204F1 
Phoenix instrument (Netzsch-Geraetebau GmbH, Selb, Germany). Calibration was performed according to the 
instructions provided by the manufacturer, and an empty pan was used as a reference sample. Ovarian tissue 
pieces were incubated in vitrification solutions for different durations in 24-well culture plates as described above 
(Fig. 1). In contrast to the other incubations, samples of a smaller thickness (0.2 cm) were prepared (27 ± 6 mg) 
that fit in the 25-μL aluminum sample pans. Samples were cooled down to −150 °C with 20 °C min−1 followed 
by heating to 30 °C at 10 °C min−1, while monitoring the heat flow. Thermograms were analyzed using Netzsch 
software. Each treatment was repeated three times using separate tissue pieces originating from three different 
collections of ovaries.

CPA diffusion into the tissue was monitored by following freezing point depression and the gradual disappear-
ance of the ice melting peak. In addition, glass transitions were derived from the traces. Plots of the ice melting 
temperature (Tm-peak) and content (peak-area, in J g−1) as a function of the incubation duration in vitrification 
solution were constructed. Similar as with the osmometer measurements, it was assumed that Tm decreases lin-
early with increasing solute concentration, and hence is proportional to the CPA concentration in the tissue. In 
order to estimate diffusion coefficients, Eq. (6) with ‘a’ 0.1 cm was used to fit the experimental data. The appear-
ance of a glassy state in the tissue samples during incubation was monitored by looking at the glass transition 
temperature (Tg-midpoint) and specific heat capacity (ΔCp, in J g−1 K−1).

Fourier-transform infrared (FTIR) spectroscopy. Infrared spectra were recorded using a PerkinElmer 
100 FTIR spectrometer (PerkinElmer, Waltham, MA, USA), equipped with a triglycine sulfate detector and an 
attenuated total reflection (ATR) accessory with a 1 × 1 mm2 diamond/ZnSe crystal. Spectra acquisition param-
eters were: 4 cm−1 resolution, 8 co-added interferograms and a 4000–650 cm−1 wavenumber range. An automatic 
CO2/H2O vapor correction algorithm was used during recording of the spectra. Spectral analysis was done using 
Omnic software (Thermo Fisher Scientific, Waltham, MA, USA).

Two approaches were used to measure CPA diffusion with ATR-FTIR (Fig. 1): (i) tissue pieces were incu-
bated in vitrification solutions for different durations, in 24-well culture plates, after which infrared spectra were 
collected, and (ii) tissue pieces were mounted in a holder positioned on the ATR crystal that allowed adding 
vitrification solution on top of the sample, while monitoring diffusion through the tissue by collecting spectra 
every 10 min over a period of 18–24 h. In both cases, measurements were done at room temperature and repeated 
three times.

Saturated tissue was used to select specific infrared absorbance bands of EG (1110–1064 cm−1), DMSO (966–
921 cm−1), GLY (1137–1106 cm−1) and PG (1154–1120 cm−1) that had no or minimal overlap with each other. 
The relative increase in the areas of CPA-specific absorbance bands was determined as a function of the exposure 
time. The spectrum of tissue without CPA permeation was subtracted from that taken at a given time point, the 
band area in the indicated wavenumber ranges was calculated, and normalized towards the value determined 
after 18–24 h diffusion (i.e. fully saturated tissue). In case incubations were done in 24-well plates (method i), 
tissue samples were mounted using the ATR force arm using only little pressure on the sample to facilitate contact 
with the ATR crystal, and data were fitted using Eq. (6). Tissue dehydration was studied by looking at the decrease 
in the OH-stretching vibration band (3700–3000 cm−1), and was compared with tissue weight loss measurements 
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performed on the same samples. In addition, D2O was used as diluent to detect water movement into the tissue 
based on the increase in the OD-stretching vibration band (2800–2100 cm−1).

Data fitting data with continuous FTIR diffusion measurements. For real-time measurements on 
CPA diffusion or permeation (method ii), tissue punches were mounted in a holder on the ATR crystal as pre-
viously described in detail28,30. This setup allowed adding 1 mL vitrification solution on top of a cylindrically 
shaped tissue piece with a 5 mm diameter and height, while monitoring CPA movement through the tissue as the 
appearance of specific absorbance bands.

The diffusion process was modeled using Fick’s law of diffusion for a one-dimensional flow into a film, as pre-
viously described35. The absorbance at a given time point (At) normalized towards the absorbance at equilibrium 
(A∞) was fitted using MATLAB and the following equation:
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where L is the thickness or height of the tissue (0.5 cm; since the tissue was exposed to CPAs from one side), t is 
time (in s) and D is the diffusion coefficient (in cm2 s−1). γ is the evanescent decay coefficient, which is defined as 
the inverse of the penetration depth (dр; in cm):

γ
π θ

λ
= =

− ( )
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n
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2
2

2

1

here n1 and n2 are the refractive index values of the ATR crystal and tissue (2.43 and 1.4, respectively), θ is the inci-
dent angle of the infrared rays (45°), and λ the inverse of the wavenumber position with maximum absorbance 
(1085 cm−1 for EG, 951 cm−1 for DMSO, 1111 cm−1 for GLY, 1136 cm−1 for PG).
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