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Vitrification refers to the physical process by which a liquid supercools to very low tem
peratures and finally solidifies into a metastable glass, without undergoing crystallization at 
a practical cooling rate. Thus, vitrification is an effective freeze-avoidance mechanism and 
living tissue cryopreservation is, in most cases, relying on it. As a glass is exceedingly vis
cous and stops all chemical reactions that require molecular diffusion, its formation leads to 
metabolic inactivity and stability over time. To investigate glassy state in cryopreserved 
plant material, mint shoot tips were submitted to the different stages of a frequently used 
cryopreservation protocol (droplet-vitrification) and evaluated for water content reduction 
and sucrose content, as determined by ion chromatography, frozen water fraction and glass 
transitions occurrence by differential scanning calorimetry, and investigated by low-tempera
ture scanning electron microscopy, as a way to ascertain if their cellular content was vitri
fied. Results show how tissues at intermediate treatment steps develop ice crystals during 
liquid nitrogen cooling, while specimens whose treatment was completed become vitrified, 
with no evidence of ice formation. The agreement between calorimetric and microscopic 
observations was perfect. Besides finding a higher sucrose concentration in tissues at the 
more advanced protocol steps, this level was also higher in plants precultured at 251—1°C 
than in plants cultivated at 25°C. 

Introduction 

Biologically material, most frequently that being used for 
plant propagation (i.e., germplasm), can be stored at low 
temperature for long periods. Plant germplasm, particularly 
seeds, pollen, or reproductive tissues, is often kept at liquid 
nitrogen (LN) temperature to avoid deterioration. Cryopre
servation is currently an important tool for germplasm long-
term storage, requiring minimal space and maintenance, and 
the number of species and cultivars cryopreserved quickly 
increases.2 Low-temperature storage of living tissues and 
cells must avoid ice crystal formation (especially intracellu
lar) during the whole process (cooling, storage, and final 
rewarming), as ice results lethal for cells, impairing speci
mens viability. ' 

Most techniques used include an initial step designed to 
reduce the tissues water content (with the limit of avoiding 
dehydration damage) and increase the cytoplasm internal vis
cosity. This step may include the incorporation of extrinsic 
viscosity enhancing substances (such as sugars, glycerol, or 
ethylene glycol) and the induction of cold adaptation and 

defense mechanisms by the plant cells. A second step con
sists of quick cooling by plunging into LN to avoid ice for
mation. The chances of ice crystallization are limited by 
both a decrease in the amount and mobility of intracellular 
water and an increase in cooling rates, hindering the rear
rangement of water molecules into ice, a necessary previous 
nucleation step. Cooling to LN temperature places the sys
tem well into the glassy state. Once vitrified, despite some 
time-depending phenomena still taking place, relatively large 
molecular reorganizations, as those required for ice forma
tion, are not possible and specimens can be stored for hypo-
thetically indefinite periods, without ice being formed. A 
third step consists of the rewarming process, which must be 
performed quickly enough to avoid ice nucleation while 
crossing by the temperature region comprised between the 
glass transition temperature (TG) and the equilibrium freez
ing point (Tf). ~ Progressive dehydration and rapid cooling 
have been found to avoid the formation and growth of lethal 
intracellular ice in plant cells.9 

Many apparently independent physical properties undergo 
large changes associated to the glass transition within similar 
temperature ranges. For example, the Ta values determined 
by calorimetry, thermal expansivity, or viscosity are often 
nearly identical. This is a result of all these properties 



being parallelly influenced by changes in molecular mobility 
occurring during the glass transition. 

The initial works on mint cryopreservation by vitrification 
included gradual dehydration using a mixture of ethylene 
glycol, dimethyl sulfoxide (DMSO), and polyethylene gly
col.1 A successful method among those usually used for 
plant germplasm cryopreservation is that named droplet-vitri
fication. It is derived from the droplet-freezing technique 
developed for preserving shoot tips, which are placed in 
droplets of cryoprotective medium and cooled slowly in a 
programmable freezer. In the droplet-vitrification method, 
the specimen is initially incubated in solutions with increas
ing concentration of cryoprotecting and dehydrating agents 
for different periods. Then it is treated and included in a 
small drop of cryoprotecting agents solution (containing high 
concentrations of glycerol, ethylene glycol, DMSO, and su
crose13) and deposited on a small strip of aluminum foil. 
Finally, the strip with the droplets is quickly plunged into 
LN and then stored in a cryovial in a LN container. Warm
ing is carried out similarly, plunging the strip plus droplets 
into warm liquid medium containing 1.2 M sucrose and, af
ter 20 min unloading, shoot tips are retrieved and placed on 
recovery medium. The results of this method, in terms of vi
ability, have been good for a variety of systems.2'11 

The main advantage of this technique is enabling very 
high cooling and warming rates because of the small volume 
of medium in which the explants are placed. Many proto
cols involve exposure of plant shoot apices to PVS2 at 
0°C. ' To prevent cellular damage, cryoprotectant solu
tions both dehydrate and penetrate cells to stabilize proteins 
and membranes. However, the mode of action of each com
ponent may differ with cell type, species, temperature, and 
other solution components. ' A particular component of 
the cryoprotectant solutions used, DMSO, enhances chemical 
penetration into cells and, in spite of its own cytotoxicity— 
for which testing the treatment duration is essential—it has 
been found to promote survival of cryoexposed cells.8'17'18 

The interplay between exogenous and endogenous carbohy
drates plays an important role on plant resistance to stresses. 
For example, a two-step preculture treatment of gentian buds 
with increasing sucrose concentrations produced a raise of 
abscisic acid, followed by an increase of endogenous sucrose 
concentration, all of which resulting in a higher dehydration 
tolerance. Various high-performance liquid chromatography 
(HPLC) techniques have been developed to facilitate carbohy
drate analyses in an effort to better understand their role in 
biochemical processes. High-performance ion chromatogra
phy (IC) coupled with pulsed amperometric detection (PAD) 
is an efficient method to quantify carbohydrates in natural 
samples and food products. 

Differential scanning calorimetry (DSC) is a well-known 
technique used for studying thermal properties of thermally 
driven processes. It has been used for long in cryopreserva
tion studies, as it yields interesting information on freezing 
and vitrification processes. ' ' Water freezing latent heat 
is large, so calorimetry is a sensitive method to monitor ice 
formation or thawing, even in small quantities. Besides the 
amount of ice formed, after knowledge of the system's water 
content, the ratio of frozen-unfrozen water may also be 
obtained. DSC also yields Tf, and its reduction speaks of 
increasing solute concentrations. TG is also acquired, if scans 
are performed at sufficiently low temperature, although DSC 
is not particularly sensitive for this purpose. 

Scanning electron microscopy (SEM) is a powerful and 
user-friendly microscopic technique, able to provide a wealth 
of structural information on a wide range of samples. When 
combined with a cryo-stage (cryo-SEM), it is especially 
interesting to study the microstructure of biological systems, 
not altered in sample preparation. Low-pressure LN frozen 
samples preserve most structural relations present in the 
original sample, with little or no artifacts. Cryo-SEM allows 
sample observation without need for prior chemical fixing or 
drying. Ice crystals formed are small and not altering tissue 
structures. Ice formed inside cells can be observed, after 
fracture in the cryo-stage and a suitable etching process, as 
black "void" regions surrounded by gray ridges formed by 
highly cryo-concentrated solution either frozen as euthectic, 
unfrozen, or even vitrified. 

In this work, these three powerful techniques, DSC, cryo-
SEM, and HPLC, have been applied to follow the behavior 
toward LN cooling of specimens of plant germplasm—mint 
(Menta X piperitha) shoot tips—in different steps of the 
droplet-vitrification protocol. To date, no publication pro
vides data obtained during this cryopreservation protocol, 
but only of its final outcome. Actually, very little physical 
information exists on actual cryopreserved or vitrified plant 
specimens. Besides, the combined use of information result
ing from these physicochemical techniques allows us to bet
ter understand the phenomena taking place between the 
normal and the vitrified states of plant tissues and back to 
restore its viability as germplasm. Interesting relations 
among sucrose and cryoprotectant content in cells and its 
freezing and vitrification behavior are found, as well as with 
the other factors ruling over the physical control of ice for
mation: water content and cooling rate. The data presented 
here are expected to help to design improved cryopreserva
tion procedures, involving less damaging cryoprotectants 
and/or suitable for problematic species. 

Materials and Methods 

Plant material preculture and shoot tips extraction 

Shoot tips were extracted from in vitro shoots of Mentha 
X piperita. In vitro plants were monthly subcultured on me
dium MS29 with 3% sucrose and incubated at constant tem
perature (25°C) with a photoperiod of 16 h and an irradiance 
of 50 umol m~2 s _ 1 from fluorescent tubes. One-node seg
ments were obtained from these shoots, transferred to fresh 
medium, and incubated at alternating temperatures of 25°C 
(day) and — 1°C (night), always with 16 h photoperiod and 
thermoperiod, 50 umol m~ s~ irradiance, provided by fluo
rescent tubes (stage a, see Figure 1). After 3 weeks of cul
ture under these conditions, shoot tips (1-2 mm) were 
excised from axillary buds. 

Incubation and dehydration of shoot tips 

A protocol based on that of Senula et al. was followed. 
Five excised shoot tips were precultured overnight with 2 
mL of liquid MS medium containing 0.3 M sucrose at 25°C 
over filter paper (stage b, see Figure 1). Thereafter, the 
explants were transferred to a Petri dish with 2 mL of load
ing solution (2 M glycerol + 0.4 M sucrose) over filter paper, 
for 20 min, at room temperature (stage c). Finally, they were 
osmotically dehydrated in 2 mL PVS2 (plant vitrification so
lution 2: 30% w/v glycerol, 15% w/v ethylene glycol, 15% 
w/v DMSO, and 0.4 M sucrose in plant growth medium13) 
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Figure 1. Scheme of the steps of the droplet cryopreservation protocol used. 
See text for more details on media and solutions used. 

in a Petri dish, on filter paper, for 30 min at 0°C (stage d). 
Immersion in LN was carried out in the cryo-SEM or inside 
the aluminum pans of DSC, depending on the experiment. A 
schematic of these steps can be seen in Figure 1. 

Plant recovery and viability 

Treated and control shoot tips were warmed from LN tem
perature by plunging into warm liquid medium with 1.2 M 
sucrose for 20 min. After the unloading of cryoprotectants, 
shoot tips were cultured on regrowth medium, composed of 
solid MS medium supplemented with 0.5 mg L~ BAP + 0.3 
M sucrose, cultivated in the dark for 24 h and finally placed 
into the culture room at 22-25°C and 16 h illumination. For 
control samples (—LN), all steps were carried out, including 
the incubation in PVS2 for 30 min. After that the explants 
were rinsed in 1.2 M sucrose solution for 20 min and then 
placed on the regrowth medium. 

Survival and regrowth were calculated as rates over the 
total number of shoot tips used. Survival was defined includ
ing all forms of visible viability (evidence of green struc
tures or callus) observed 1-2 weeks after rewarming. 
Regrowth was defined as the formation of small plantlets, 4 
weeks after re warming. 
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Figure 2. Cartoon showing the three mint tips on the micros
copy holder before insertion in the microscope (A) 
and after equatorial freeze fracture (B). 

etched and coated sample was reinstated into the cooled 
SEM stage and observed using an accelerating voltage of 15 
kVat -150/-160°C. 

Low-temperature SEM 

Low temperature SEM (cryo-SEM) observations were per
formed with a Zeiss DSN 960 scanning microscope equipped 
with a Cryotrans CT-1500 cold plate (Oxford, UK). Three 
shoot tips in the same stage of the cryopreservation protocol 
were fitted on a special bracket with their axes vertically 
aligned. The geometry of sample and sample holder required 
optimization for both freezing and fracturing procedures: 
these steps require stable mechanical mounting of the sample 
on a support. This piece was plunged into LN under low 
pressure, physically fixing tissues for microscopic observa
tion. This cooling step was considered equivalent to the 
cooling process taking place in the actual cryopreservation 
process by LN immersion. The holder was then inserted in 
the prechamber of the Cryotrans cold plate, at — 180°C, and 
specimens were fractured perpendicularly to their axis to 
obtain a suitable observation surface (a cartoon of the tips 
before introduction in the microscope and after fracture can 
be seen in Figure 2). Later, samples were inserted in the 
microscope and etching (partial ice sublimation induced to 
provide contrast) was performed for 3 minutes at — 90° C. 
Once etched and recooled, the sample was retrieved into the 
cryopreparation chamber and coated with high-purity Au, 
which acts as a conductive contact for electrical charge. The 

Dry matter and water content determination 

Six sets of five tips were used for determining the dry 
mater content (dm) in shoot tips at the different stages of the 
cryopreservation protocol. It resulted from weighing after 
oven drying (~85°C, 72 h) and was expressed as relative to 
the total tip mass. The water content (Wc) of shoot tips could 
be calculated for stages a and b, directly as the difference 
between its total mass and dm. It was expressed as relative 
to the total shoot tip mass (Wc(s)) or the dry mass (W^^y). 

Differential scanning calorimetry 

DSC experiments were performed with a Mettler-Toledo 
DSC 30 instrument (Mettler-Toledo, Griefsen, Switzerland). 
Cooling was performed using the calorimeter control (10°C 
min - 1) , or for higher rates, by quenching the samples in LN 
(see below). The response of shoot tips apices to each step 
in the mint protocol was evaluated. Five shoot tips in the 
same stage of the cryopreservation protocol were introduced 
in a DSC pan, which was sealed and weighed. Shoot tips 
had been sequentially treated with MS medium, loading so
lution, and PVS2. Samples were submitted to a cooling scan 
from room temperature to — 150°C and a short 5 min equili
bration at this temperature, followed by a warming scan (at 



10°C min ), back to room temperature. Calorimetric data 
were collected from two replicates per treatment. 

For the quenching method shoot tips, sealed into a DSC 
pan, were quickly plunged into LN. Pans were subsequently 
cold-loaded into a prechilled DSC (— 150°C) for analysis. 

Later, pans were punctured and dried in an oven at 85°C, 
for 72 h, when they showed constant weight. Thermograms 
were analyzed using the standard procedures provided in the 
Mettler-Toledo STARe software. Ice thawing thermal events 
(more precise than freezing events) were used for extraction 
of Tf. The routine produced the temperature corresponding to 
the event onset, rf(onset), corresponding to the equilibrium 
freezing temperature and that to the peak, r f (peak). 

The equilibrium freezing temperature can be related to the 
water activity (aw) of the system to its osmolality (n) and to 
its solute content.30'31 For comparative purposes, a "sucrose 
equivalent" concentration (Suceq) and a "sodium chloride 
equivalent" (NaCleq) were determined from Tt, assuming that 
the only solute present was sucrose or sodium chloride, 
respectively. rf(peak) data were used for the determination of 
these parameters, as it was considered to better represent the 
behavior of the whole phase change. Equation (l)3 0 was fol
lowed for aw determination: 

routine produced in this laboratory, after interpolation 
when required, and other sources. ' 

inaw = Afff(w)Aw(rf-rf*)/(rfrf: (i) 

where A//f(w) is the pure water freezing enthalpy (specific, 
per water gram), Aw is the water molecular weight, and Tf* 
is the equilibrium freezing point of pure water. The osmolal
ity was calculated using Eq. 2 : 

7i=ATf/1.86, (2) 

where ATf is the freezing point depression, which for water 
at atmospheric pressure, being the pure substance freezing 
point 0°C, equals to Tf with a positive sign. 

Suceq and NaCleq could not be calculated from Raoult's 
law, using analytical equations, and only valid for more 
diluted solutions. Experimental data from literature ' and 
calorimetric determinations performed on concentrated su
crose solutions (data not shown) were used to relate these 
hypothetic solute concentrations with the observed cryo-
scopic temperature decrease. 

The process-associated enthalpy, phase change enthalpy 
AHf, proportional to the event area, was also obtained. It 
was expressed as relative to either the total shoot tip mass 
(AHf(S)), its dry mass (A//f(:dm)), or its water content (A//f(w)) 
for allowing easier data comparison. 

Water fractions: frozen water (Wf) and unfrozen water 
(Wu) were calculated by comparison of A//f and the pure 
water freezing enthalpy (A//f(w) = 333.4 J g _ 1 at 0°C), to
gether with the total water contents previously determined, 
using Eq. (3): 

Wi=(AHi/AH!(v,));Wu=Wc-Wi. (3) 

Specific enthalpy values (per sample gram) were always 
used after the corresponding oven dry pan weighs. Enthalpy 
values measured at temperatures different from the corre
sponding phase change equilibrium temperature, 0°C, are 
underevaluated, as a result of the difference between water 
and ice heat capacities (Cpw and Cph, respectively). So, the 
value of A//f(w) was corrected using Eq. (4), before applying 
Eq. (3). Single freezing temperatures, r f (peak), were used, and 
Cpw and Cpi data were obtained from a data calculation 

AHfcon=AHf- CpwdT- CpdT (4) 

Frozen (Wf) and unfrozen (Wu) water contents were 
expressed as relative to the total shoot tip mass (W^y and 
Wu(sy), its dry mass (Wf(dm) and Wu(%timy), or its total water 
content, when available, (Wf(w) and Wu(w)). 

The glass transition can be observed as a small step in the 
heat capacity thermogram baseline. The corresponding heat 
capacity increment is very small and, in our experiments, 
only could be appreciated by using 30 shoot tips in the same 
DSC pan. 

For comparative purposes, calorimetric experiments were 
performed with samples of the cryoprotectant solutions used 
in each stage of the droplet protocols (i.e., liquid MS me
dium with 0.3 M sucrose, loading solution, and PVS2). 
Experiments were performed in the same conditions than 
those carried out with shoot tip specimens. 

Sucrose content assessment in shoot tips 

Specimens were analyzed after each stage of the cryopre-
servation procedure for its sucrose content. Five shoot tips 
were weighed (average fresh weight 3.0 ±0 .1 X 10 g) 
and mortar-ground into a fine powder in LN. As grinding 
proceeded, the vessel was slowly warmed. Immediately, 1.5 
mL Milli-Q water was added and the mixture was filtered 
through a syringe-driven filter (Millex-GS, 0.22 urn). 

The determination of sucrose was carried out by an Ion 
Chromatography 817 Bioscan (Metrohm, Herisau, Switzer
land) system equipped with a Metrosep Carb 1-250 column 
and a PAD with a gold electrode. A three-step PAD protocol 
was used with the following time intervals (ms) and poten
tials (mV): t\, 400/E1 = +0.05 (detection); tl, 200/ 
£2 = +0.75 (cleaning); and tl, 400/£3 = -0.15 (regenera
tion). Samples (1.5 mL) were injected using an autosampler 
(model, 838 Advanced Sample Processor, Metrohm, Herisau, 
Switzerland) and the flow rate through the column was 1 mL 
min~ and the eluent was 100 mM NaOH. 

Identification of sucrose was performed by comparison 
with the retention time of the pure standard sucrose (Merck) 
and the data were acquired using IC Net 2.3 software. Su
crose content was expressed as ppm and the data were the 
mean of three replicates. Results (Sue) are expressed as ppm 
of the total tip mass. 

Results and Discussion 

Detection of glassy state and ice by cryo-SEM 

Two different observation approaches were compared: sec
ondary electron and backscattered electron image. Basically, 
the same information was obtained with both; however, the 
cellular structures could be better appreciated using backscat
tered electrons, and this was used in the observations and 
micrographs presented here. 

Figure 3 shows the micrographs showing shoot tips cooled 
in LN in the microscope cryounit as described in the Materi
als and Methods section, in different moments of the droplet 
cryopreservation protocol: control (A); stage a, cold treat
ment (B); stage b, preculture (C, D); stage c, loading (E, F); 
and stage d, dehydration (G, H). Micrographs C, E, and G 



Figure 3. Cryo-SEM micrographs of shoot tips cooled in LN in 
the microscope cryounit (see Materials and Methods). 
Control (A); stage a, cold treatment (B); stage b, preculture (C 
and D); stage c, loading (E and F); and stage d, dehydration (G 
and H). The bar corresponds to 10 jim (A, B, D, F, and H) or 50 
jim (C, E, and G). 

show lower magnification images of the shoot tips axial 
plane. The concentric cell distribution in the equatorially 
fractured tips could be appreciated. There were no noticeable 
differences among central or more external cells, indicating 
that the fracture was close to the apical dome, so effective 
homogeneity for temperature and solute and water concentra
tions could be assumed for tip cells. 

Ice crystals formed in the more concentrated solutions 
were smaller because of the limitations to crystal growth 
caused by the higher solution viscosity. On the other hand, 
conversion of water into ice during cooling increased the 
concentration of solutes in the more concentrated regions. 
The etching procedure applied gave rise to a contrast in the 

SEM micrograph, removing part of the ice formed by subli
mation and leaving the darker regions separated by sector or 
"ridges" of freeze-concentrated solution that can be appreci
ated in micrographs A-F. This behavior allowed visualiza
tion of individual crystals. Sublimation is only taking place 
at an appreciable rate out of pure ice crystals, whereas water 
in glassy state has a sublimation rate almost negligible. 7' 
So, when solutions become vitrified, they cannot be etched 
in this way. Micrographs G and H show a complete lack of 
the structural details revealed by etching. 

Determination of preculture effect by cryo-SEM 

Figures 3A,B show, respectively, typical cryo-SEM micro
graphs after 3 weeks of culture at 25 °C (control apices) or at 
25/—1°C. Widespread cellular disruption occurred in control 
apices, as it can be observed in micrograph 3A, where ice 
can be seen as dark areas inside the cell's cytoplasm and 
vacuole; meanwhile, clearer parts would correspond to the 
supercooled cryoconcentrated solution matrix. Cold-treated 
shoot tips (3B) showed the formation of smaller ice crystals, 
mostly in the vacuole space, which indicates a higher solute 
cytoplasmic concentration with respect to control apices. The 
observed size crystal reduction is understood because of an 
increase in the amount of endogenous cryoprotecting agents 
developed by the plant during the cold hardening procedure, 
confirming the positive influence of tips cold hardening 
before cryopreservation observed by other workers. 

Observed plant recovery and viability 

Both survival and recovery reached a 96% value for speci
mens treated with the complete droplet cryopreservation pro
tocol (i.e., quenched in LN after stage d, dehydration in 
PVS2). Meanwhile, survival and recovery of previous stages, 
a to c, were 0% for all cases. The control samples (—LN) 
showed a 100% survival and recovery. 

Analysis of the droplet-vitrification protocol steps 
by cryo-SEM 

Micrographs of specimens in the stages b (preculture) (C, 
D), c (loading) (E, F), and d (dehydration) (G, H) of the 
droplet-vitrification protocol can be seen in Figure 3. Speci
mens in both b and c stages showed a clearly visible tissular 
and cellular structure, with some organelles and vacuolar 
membrane elements present. Specimens in stage b showed 
larger ice crystals and a higher degree of alteration of cellu
lar structures by ice than those in stage c. Tips treated with 
alternating temperatures (see previous section) had a similar 
aspect to those in step b (preculture). The ice crystal size 
difference could be due to concentration differences among 
samples, as the crystals formed in the more diluted solution 
can grow to a larger final size, whereas those occurring in 
concentrated solutions, where molecular mobility is 
impaired, would be smaller. 

During the treatment in the loading solution, the cells of 
specimens in stage c of the protocol accumulated exogenous 
glycerol and other solutes of endogenous origin. These cells 
were clearly partly plasmolyzed as a result of the osmotic 
dehydration imposed by the loading treatment, which was 
related to the progressive acquisition of tolerance toward 
freezing during the protocol. 

PVS2, the cryopreservation solution used in the last step, 
affected cellular freezing properties.8 It has components that 



Table 1. Compositional and Thermal Parameters of the Thawing Events Obtained from DSC Thermograms for Mint Shoot Tips Specimens at 
Different Stages (a-d) of the Droplet Cryopreservation Protocol 

Cold Treatment 
(Stage a) 

Preculture 
(Stage b) 

Loading 
(Stage c) 

Dehydration 
(Stage d) 

dm (gd m g s a m pie ) 

' ' c(s) V&water &sample 

" c ( d m ) V&water 5 d m 
L) 

* f(onse 

?f(peak) 

,) ( ° Q 
( ° Q 

&Hl(s) (J gsample ) 

A//f(dm) (J gdm ) 
Afff(w) (J gw"1) 
" f ( s ) V&water &sample 

Wf(dm) (g water &dm 

" f(w) V&water & water 

' ' u ( s ) V&water &sample 

" u ( d m ) V&water &dm 

Wu(„) (. 

V 
l) 

^water &water 

n (Osm) 

0.117 ±0.009 0.151 ±0.009 0.344 ± 0.049 
0.883 ± 0.009 0.849 ± 0.009 -

7.56 ± 0.65 5.64 ± 0.39 -
-2.96 ± 0.06 -4.9 ±1.8 -7.93 ± 0.79 
-0.48 ± 0.08 -0.58 ±0.21 -5.5 ± 1.1 

241 ± 16 209.85 ±0.12 93.0 ±7.2 
1,800 ±650 1,394 ± 83 274 + 60 

272 ± 14 247.1 ±2.5 ~ 
0.724 ± 0.47 0.632 ± 0.000 0.290 ± 0.023 

6.20 ± 0.88 4.20 ± 0.25 0.86 ±0.19 
0.820 ± 0.045 0.744 ± 0.007 -
0.159 ±0.038 0.217 ± 0.009 ~ 

1.34 ± 0.22 1.44 ±0.14 -
0.180 ±0.045 0.256 ± 0.007 -

0.9954 ± 0.001 0.9944 ± 0.002 0.9470 ±0.001 
0.26 ± 0.04 0.31 ±0.12 2.97 ± 0.60 

0.252 ± 0.013 

are penetrating (dimethyl sulfoxide, glycerol, and ethylene 
glycol) and nonpenetrating (sucrose) for the cellular mem
brane of most cell types.39 This complex solution served to 
dehydrate shoot tips and to change the behavior of the water 
remaining within shoot tips. 

Micrographs of specimens in the stage d of the protocol, 
after osmotic dehydration in PVS2 solution, presumably with 
a lower water content and more concentrated in solutes 
induced by permeation from the cryopreservation solution, 
showed a gray continuous, little detailed surface, indicating 
vitrification (Figures 3G,H). 

Changes in the dry mass and water content during the 
droplet-vitrification protocol 

The dry mass and water content of shoot tips, derived 
from its weight difference after drying, are shown in Table 
1. For step a and b, where water was the only volatile sub
stance (overseeing very small quantities of organic com
pounds), Wc could be obtained by this procedure and is 
presented in Table 1, expressed as related to the total sample 
mass WC(S) or to the dry mass Wc(dm)- The water content of 
tips undertook a small decrease with the first steps of the 
cryopreservation protocol, associated to sucrose incubation 
in stage b. Water content for stages c and d could not be 
derived from oven-drying data, as the amount of volatile 
substances apart from water was high. Nevertheless, it could 
be assumed that there was a large decrease in the water con
tent associated to step c, as inferred from the increase in dm, 
which was in good agreement with the reported microscopic 
observations showing a smaller ice crystal size in these sam
ples and with the sucrose content data (see below). 

Stage d, following the same arguments, would show the 
complex result of water osmotically driven out of the cell by 
the strong potential of the very concentrated PVS2 solution, 
rich in the nonpenetrating sucrose, entrance of the penetrating 
agents DMSO, ethylene glycol, and glycerol, and water reten
tion inside the cell by the increased internal presence of these 
cryoprotectors, ' notwithstanding the increasing presence 
of endogenous cryoprotecting (and often water binding) 
agents, as a result of the plant response to the induced stress. 

Measurement of ice heat of fusion using DSC 

Figure 4 shows typical rewarming DSC thermograms for 
the same specimens types (at stages a-d) previously cooled 
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Figure 4. Typical DSC thermograms corresponding to 
rewarming processes of shoot tips in different 
stages of the droplet cryopreservation protocol: 
cold treatment (stage a), preculture (stage b), load
ing (stage c), and dehydration (stage d). 

Each experiment was performed with five shoot tips. The 
insert shows an expanded thermogram section which allows 
the glass transition, obtained with 30 tips, to be appreciated. 
Scanning rate was 10°C m i n - 1 (See Materials and Methods 
and Figure 1 for more details). The ordinates scale of the 
thermograms baseline is arbitrary. 

at a rate of 10°C min~ . Table 1 shows the thermal parame
ters derived from DSC experiments, rf(onset) and rf(peak), 
respectively, the onset temperature of the melting endotherm 
(corresponding to the equilibrium freezing temperature) and 
its peak temperature. The freezing enthalpy (AH) is also 
included. The information that both enthalpy and equilibrium 
freezing temperature can provide is of the highest interest, as 
it yields information on the water content within cells and, 
in a context where it is difficult to know the detailed cyto
plasm composition and interacting effects of endogenous and 
exogenous solutes, to draw conclusions on the availability of 
this water, to form ice, to permit diffusion-driven processes 
and even to keep the stability of protein and membranes. 
Specimens both in stages b and c of the cryopreservation 
protocol showed freezing (not shown) and melting events in 
the respective cooling and rewarming scans. 

The equilibrium freezing temperature is a good raw data 
to determine accurately solution characteristics, such as 
water activity and frozen and unfrozen water.32 However, 



the precision yielded by DSC for melting temperatures, espe
cially in complex systems, such as natural tissues, is limited. 
The onset temperature is considered usually as the best esti
mation of the equilibrium freezing point. But, in complex 
solutions, compartmentalized in different isolated pools, with 
markedly different composition and water contents (cyto
plasm, vacuoles, intercellular space, different cells, and tis
sues) the onset temperature would rather correspond to the 
melting of the most concentrated pool, which would thaw at 
the lowest temperature. 

We have considered that, for these sample types, the peak 
temperature was giving a better estimation of the average 
melting of the specimens studied. Moreover, the DSC-meas-
ured temperature was affected by the thermal differences (as 
well as the compositional ones) within the sample, not negli
gible at a relatively fast scanning speed, as 10°C min~ . 

The temperatures determined were decreasing steeply with 
the progress of the cryopreservation protocol, which spoke 
about the increase in the "number" of solute molecule con
centration. The last stage showed no thawing event, and 
there would be no frozen water at all in these conditions. 
From Tf, the aqueous solution parameters aw and n were 
derived and shown in Table 1. 

The thawing enthalpy is, in practice, a much more accurate 
parameter than freezing enthalpy, depending less on kinetic, 
geometric, or compartmentalization issues. The phase change 
enthalpy, which is presented in Table 1 as relative to either 
the total sample mass, A//f(s), the dry mass, A//f(dm), or the 
total water content, A//f(w), decreased as the protocol pro
gresses. After correction for the different values of the pure 
water melting enthalpy at the actual phase change temperature 
for each of these processes, the amount of thawed water in 
each process could be calculated by simple comparison with 
this quantity. The resulting frozen water content, presented in 
Table 1 relative to either the total sample mass, W^S), the dry 
mass, Wf(dm> or the total water content, Wf(W), again markedly 
decreased as the protocol progressed. The last step could also 
be comprised in this trend, as Wf would equal to zero. 

The unfrozen water fraction (derived from the frozen 
water fraction) can help to visualize the changes undergoing 
in the cryopreserved tissues, and is also shown in Table 1 
relative to the total sample mass, WU(S), the dry mass, Wu(dm)> 
or the total water content, Wu(v,y Traditionally, frozen water 
was understood and often named as free water, whereas the 
unfrozen fraction was considered as bound water. These 
denominations are much criticized nowadays, as the differ
ences found in the actual binding of these two water frac
tions are very small, if any at all.45-50 

For comparative purposes, Figure 5 shows typical calori-
metric thermograms obtained during rewarming for the cryo-
protective solutions used (at stages b-d), in the same 
conditions than those applied in the experiments of Figure 4. 
AHf(S) for stage b (liquid MS medium with 0.3 M sucrose) 
was 228 ± 2 J g sample ~ , whereas for stage c (loading solu
tion) it was 138 ± 2 J g sample1- Stage d (PVS2) showed no 
melting exotherm. A//f(w) for stage b amounted to 250 ± 3 J 
gw

_ 1 . The rf(onset) were — 3.97°C ± 0.2°C for stage b and 
-4.68°C ± 0.3°C for stage c. 

Effects of quench-cooling on heat of fusion of ice 

In Figure 6, thermograms of the rewarming DSC stage of 
mint shoot tips cooled by quenching are compared with 
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Figure 5. Typical DSC thermograms corresponding to 
rewarming processes of the cryopreservation solu
tions used in different stages of the droplet cryo
preservation protocol: preculture (stage b): liquid 
MS medium containing 0.3 M sucrose, loading 
(stage c): loading solution, and dehydration (stage 
d): PVS2. 

The insert shows an expanded thermogram section which 
allows the glass transition to be appreciated. Scanning rate 
was 10°C min~ (See Materials and Methods and Figure 1 
for more details). The ordinates scale of the thermograms 
baseline is arbitrary. 
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Figure 6. DSC scans showing warming at 10°C min for 
shoot tips treated at the preculture stage (b) of the 
droplet cryopreservation protocol. 

Cooling rate was 10°C m i n - 1 or quenching (direct immersion 
of the DSC pan in LN). 

those at a rate of 10°C min - 1 in specimens of step a. It can 
be seen that, in the quench cooled sample, the thawing tem
perature decreased and the enthalpy increased slightly. These 
results, although consistent in all repeats and for experiments 
in different conditions (data not shown), were unexpected, 
and of difficult explanation. A possibility is that the fast 
cooling might trap solute molecules within the ice phase, 
which would later contribute to an average effective melting 
at lower temperatures. 

Nevertheless, this behavior, although may be further from 
equilibrium than those observed in the slow cooling, would 
correspond more closely to the real events taking place in 
cryopreservation practice. 

Detection of glass transition by DSC 

Specimens at the last stage of the cryopreservation proto
col did not show any freezing event, in any case, either at 
the cooling (not shown) or melting runs of DSC studies. 
Nevertheless, in many experiments, the step in the heat 
capacity baseline showing the actual glass transition in DSC 



Table 2. Solute Content of Mint Shoot Tips at the Different Stages of the Droplet Cryopreservation Protocol 

Cold Treatment 
(stage a) 

Preculture 
(stage b) 

Loading 
(stage c) 

Dehydration 
(stage d) 

(s) IPP^total sample weightj 5,900 ± 600 6,500 ± 300 46,900 ± 700 53,000 ±4,000 
'(dm) (g gdm ) 0.059 ± 0.006 0.044 ± 0.002 0.137 ±0.002 0.209 ± 0.015 
•eq ( p p m ) * 8,800 10,800 470,000 ~ 
"leq (ppm)* 8,000 10,000 91,000 " 

*These concentrations, as derived from the freezing point depression, refer to the solution mass (mass of solutes plus mass of solvent), not taking 
into consideration any nondissolved substances. 

thermograms could not be appreciated. Cooling rates of 
10°C min~ , controlled by the calorimeter itself, or exter
nally driven, by quick introduction into LN (quenching) 
were tested, but the glass transition could only be observed 
(for both cooling rates) for samples containing 30 shoot tips. 
Calorimetry is often claimed to be a rather insensitive 
method to observe the glass transition,54 and this is espe
cially applicable here, as the dehydrated tips have a very 
small weight (total average sample mass for each DSC 
experiment—five tips—for d-stage specimens was ~3.5 mg 
and the total mass of water in these samples was 2.5 mg). 

As shown in the insert of Figure 5, PVS2 solution is also 
showing a glass transition in these conditions, centered at 
-120°C. 

Changes in sucrose content during the droplet-vitrification 
protocol 

The actual composition of the cellular contents in cryopre
servation conditions is critical for the formation of ice or the 
vitrification of the system. Most studies rather equate this 
composition (or the physical behavior of the cytoplasm) to 
that of the cryopreservation solutions applied, which is not 
necessarily correct. A simple extraction procedure and a gen
eral chromatographic method for small carbohydrate mole
cule quantification calibrated for sucrose were applied, as a 
first approach to work out this composition. The sucrose con
tent data obtained are presented in Table 2, expressed as 
related to the total sample mass, Suc(s), or to the dry mass, 
Suc(dm) reflecting the increase in sucrose content within tis
sues, not only as a result of the actual increase of the content 
of this compound but also of the decrease in that of water. 

There was a strong increase in its level between stages b 
and c (Table 2). Meanwhile, the sucrose incubation of the 
preculture leading to stage b only implied a moderate 
increase (about 10%) of the internal sucrose level; the load
ing with glycerol gave rise to a dramatic increase of this 
concentration (sevenfold). The stage d, dehydration, after 
PVS2 treatment underwent a further increase, but much 
more moderate. This could be interpreted as a reflection of 
the actual cellular water content, and was in good agreement 
with the data of water contents and its frozen and unfrozen 
fraction shown in Table 1. 

Other sources for changes in sucrose levels, different from 
the alteration in the water content, were possible, such as the 
actual penetration of sucrose, which could be facilitated by 
the presence of DMSO in the PVS2 solution, an agent 
known for promoting the penetration of other solutes through 
membranes.2 

Equivalent solute concentrations (isoosmotic) can be 
obtained from the freezing equilibrium temperatures obtained 
by DSC.55 The observed decrease in this temperature can be 
related by Raoult's law to the molal concentration of the 

solution. In the case of tissues, it would rather be an average 
of the different solution pools in the different cell types and 
subcellular compartments of the specimens studied. The ana
lytical equations are only valid for solutions much more 
diluted than those considered here, and their application 
would overestimate the solvent concentration required to 
induce the observed cryoscopic decrease. The rf(peak) 
obtained was, so, compared with tabulated data sets, comple
mented when necessary with experimental DSC determina
tions for concentrated solutions (data not shown). Equivalent 
sucrose concentration, Suceq, and equivalent sodium chloride 
concentrations, SaCleq, were calculated and presented in Ta
ble 2. These coarse estimations could not describe the com
plex composition of cellular fluids. Nevertheless, as the 
observed decreases in Tt were caused by the increased num
ber of molecules in solution, the amount of small molecular 
weight compounds (either dissociated as NaCl or not, as su
crose) would have a more determinant role than the presence 
of larger macromolecules and other specific plant-generated 
substances. 

When comparing the chromatographic sucrose content 
with these isoosmotic solute estimated concentrations, it 
could be seen that the total solute content of cellular com
partments must be much higher than the sucrose amount 
reported. Especially, a high increase in the estimated solute 
concentrations could be appreciated after incubation with the 
loading solution, may be reflecting the entrance of significant 
amounts of glycerol in cells, apart from the already com
mented dehydration. It must be noted, when comparing Ta
ble 2 parameters, that although the sucrose content 
chromatographically determined refers to the total or dry 
sample mass of the shoot tips, the estimated sucrose and so
dium chloride contents, as originated from the cryoscopic 
decrease, refer to the solution mass (only considering solutes 
and solvent). 

General discussion 

The combined results of DSC and cryo-SEM are in good 
agreement, implying that part of the water contained in the 
system for specimens on steps a and b becomes frozen when 
cooled in LN (with less amount of ice formation in the lat
ter), while specimens in step c would avoid ice formation, 
presumably getting vitrified in the cooling process, as they 
showed no ice trace, either microscopically or calorimetri-
cally. This is also in good agreement with our data for via
bility and recovery and those of literature, resulting of 
applying the droplet method to several systems, including 
mint apices. ' 

The different experimental approaches used agree in a 
reduction of the cellular water content with the cryopreserva
tion protocol progress. The major dehydration would take 
place during the loading solution incubation (stage c, showing 
much lower water content than b). This agrees well with the 



dry weight evolution, as well as the calorimetric frozen water 
content and the observed decrease of the equilibrium freezing 
temperature. The decrease in the size of ice crystals observed 
by cryo-SEM and the increases in the sucrose content 
obtained by ionic chromatography would confirm this result. 

Regarding the last and most interesting stage d, there is 
less information available, as on one hand, the presence of 
large quantities of volatile substances precludes the measure
ment of a reliable water content by differential weighing, 
and on the other hand, there were no freezing events 
observed that could yield information about water fractions 
or cryoscopic decrease. Nevertheless, the sucrose content 
data could imply a further dehydration degree over stage c, 
unless a significant amount of the sucrose contained in PVS2 
solution could have penetrated cells facilitated by DMSO. 
The evidences of vitrification derived from the cryo-SEM 
observations and the glass transition detected in DSC (as 
well as the lack of freezing or thawing events at any scan
ning rate) justify a higher cytoplasm viscosity in stage d 
than in stage c specimens, evidently not vitrified. This vis
cosity increase could be originated either by a further water 
content reduction or by the entrance in cells of the viscosity 
enhancing PVS2 components (or both). 

The incubation with glycerol, a known penetrating 
agent, ' has been reported to promote water exit from 
cells, driven by the osmotic gradient, but also a substitution 
of part of this water by glycerol inside cells.39 The compari
son of total shoot tips specimen and dry mass (Table 1) with 
water content data from other workers,8 whose mint shoot 
tip protocol is not equivalent but similar enough, allows to 
calculate that for stage c specimens, at a water content of 
~1.8 gWater gdm~\ and the amount of glycerol possible 
incorporated to shoot tips would be small (about 0.1 gwater 

gdm )• Although in this case most of the effect of the proto
col step would be, then, simple osmotic dehydration, the 
same type of calculation applied to stage d yields, for a 
water content of ~0.7 gwater gdm~ , an entrance of extrinsic 
compounds corresponding to nearly 60% of the final speci
men mass (about 2.3 gwater g^1). 

A general reflection on these data may acknowledge the 
natural variability of the properties determined here. In spite 
of the efforts to prepare equivalent start point materials and 
to treat them in a similar way, differences in size, permeabil
ity, microscopic scale damage, and all short of small compo
sitional and microstructural differences would exist in a way 
not easy to monitor. Comparison with other similar experi
ments (data not shown), it can be observed that this variabil
ity would have a larger impact on the equilibrium freezing 
temperature data, while the enthalpy and associated water 
fractions would be more constant. And, an absolute observa
tion is that for all repeats, sets of experiments, and even 
cooling rates applied, the final stage of the cryopreservation 
protocol is never producing calorimetrically detectable for
mation of ice. This is in good agreement with the viability 
results found for this protocol,11 viability that is incompati
ble with the formation of ice. 

The calorimetric properties (melting enthalpies and equilib
rium freezing and glass transition temperatures) of the 
cryoprotecting solutions are not too different of those of the 
specimens treated with them. In addition to some differences 
being evident, this calorimetric similarity cannot be taking 
as a proof of equal composition and/or behavior in other 
respects. 

The probabilities of ice formation in specimens under TG 

and over TG but at temperatures not too elevated (roughly, 
no more than 20° C over TG) are similar, if a short frame 
time is considered, such as those corresponding to cooling or 
warming processes in cryopreservation. But, this may be not 
so for longer time periods, such as those corresponding to 
storage. Although storage is normally carried out below 
— 150°C, well under these systems TG, it must be remem
bered that, when over TG, at long storage periods, ice forma
tion is always a real possibility.38'65 

A further consideration can be derived from the lack of 
ice observations in DSC at the last stage of the cryopreserva
tion protocol, when the cooling is carried out at 10°C min~ , 
a rather slow speed. This, generally observed for this sam
ples and this protocol (data not shown), would be indicative 
of a possible excessive amount of cryoprotecting agents, 
although, for the biological material used here, we find that 
there is no appreciable damage, at least in terms of viability 
and recovery. Cooling at 10°C min~ would mean that the 
samples are in the ice formation window (roughly, without 
considering the differences in ice formation probabilities for 
different temperature regions, between —20 and — 110°C) 
for about 9-10 min. Quench cooling would mean a perma
nence in this ice formation possible temperature window for 
only a few seconds (data not shown). Considering only the 
effects of the cryopreservation protocol in the formation of 
ice (not valuating here the possible membrane or protein 
protection toward low temperature or dehydration, for exam
ple) a reduction in the concentration of the vitrification solu
tion used could produce specimens that may be ice-
formation prone at low cooling rates but would not form ice 
at quenching rates, which are those actually used in practical 
cryopreservation. This observation should be taken into con
sideration, especially when the effect of some of the cryo
protecting components of these solutions, such as DMSO, is 
criticized for its possible mutagenic or cytotoxic effects.66 

Conclusions 

Specimens of mint shoot tips at the final step of the drop
let-vitrification cryopreservation protocol become vitrified 
and no ice is formed, which is associated to the lack of dam
age in the process and the resulting high viability. Mean
while, shoot tips at previous steps of the protocol show the 
formation of ice by both microscopic and calorimetric obser
vations, which is a possible cause of damage leading to the 
observed low viability of these specimens. The agreement 
between both cryo-SEM and DSC techniques is good and 
the potential of its associated use is clearly shown. 
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