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Introduction 

Protective cryopreservation of sperm is performed routinely at 
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Objective: This study evaluated the effects of temperature and storage time on the quality and DNA integrity of freeze-dried sperm from in-
dividuals with normozoospermia. 
Methods: Normal sperm samples from 15 men aged 24 to 40 years were studied. Each sample was divided into six groups: fresh, freezing 
(frozen in liquid nitrogen), freeze-dried then preserved at room temperature for 1 month (FD-1m-RT), freeze-dried then preserved at room 
temperature for 2 months (FD-2m-RT), freeze-dried then preserved at 4 °C for 1 month (FD-1m-4 °C), and freeze-dried then preserved at 4 °C 
for 2 months (FD-2m-4 °C). The morphology, progressive motility, vitality, and DNA integrity of the sperm were evaluated in all groups. 
Results: In all freeze-dried groups, sperm cells were immotile after rehydration. The freeze-dried groups also showed significantly less sperm 
vitality than the fresh and frozen groups. Significantly more morphological sperm abnormalities were found in the freeze-dried groups, but 
freeze-drying did not lead to a significantly higher DNA fragmentation index (DFI). The DFI was significantly higher in the FD-2m-RT group 
than in the other freeze-dried groups. 
Conclusion: The freeze-drying method preserved the integrity of sperm DNA. The temperature and duration of storage were also identified 
as factors that influenced the DFI. Accordingly, more research is needed on ways to improve sperm quality in the freeze-drying process. 
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many assisted reproductive centers today. Although this method is 
widely used, the process of freezing and thawing affects sperm func-
tion and DNA integrity [1]. In fact, only 50% of sperm survive after 
the freezing and thawing process [1-3]. This method also damages 
the DNA of sperm cells [4] and thus has a negative effect on the re-
sults of fertilization and embryo quality [5]. 

Cryopreservation is the most widely used method for preserving 
human and other animal sperm. In this method, liquid nitrogen 
(LN2) is needed to store sperm for a long time. In recent years, there 
has been interest in developing alternative techniques for storing 
and transporting sperm. The freeze-drying method for sperm is a 
cheaper and healthier method, especially since there is no need for 
antifreeze and LN2. Another advantage is that freeze-dried sperm 
can be stored at room temperature and do not require a special stor-



age container [6]. Producing live offspring from freeze-dried sperm 
was first demonstrated 24 years ago [7]. Since then, the use of freeze-
dried sperm has been reported for a number of species, including 
rats, mice, cats, dogs, rabbits, bulls, pigs, horses, chimpanzees, gi-
raffes, jaguars, minks, and humans [8]. 

Lyophilization, freeze-drying, is a protective method in which fro-
zen material is dried by ice sublimation. The main purpose of 
freeze-drying is to move water out of the system to stop chemical re-
actions and biological growth. During this process, by sublimation 
(initial drying) and then by repelling (the second stage of drying), the 
base material is frozen and then the amount of solvent is reduced [9]. 
Freeze-drying was first used 60 years ago for rooster sperm cells [10]. 
The first successful live birth with this method was reported in 1998, 
with the intracytoplasmic sperm injection (ICSI) technique for mouse 
sperm [7,11]. 

As a method of genetic storage, freeze-dried sperm can serve as a 
good alternative to the routine protective cryopreservation of sperm. 
Since sperm cells lose their motility and vitality after freeze-drying, 
ICSI should be used upon fertilization. Such sperm can lead to the 
birth of live offspring [6]. Furthermore, because studies have shown 
that freeze-drying causes less damage to sperm DNA than conven-
tional freezing, a more detailed investigation of this method would 
provide important insights on how to improve the quality of freeze-
dried sperm. Therefore, this study investigated the effect of tempera-
ture and storage time on the quality and DNA integrity of freeze-
dried sperm. 

Methods 

1. Ethics statement 
The study was approved by the Research Ethics Committee of the 

Iran University of Medical Sciences (research project code 98-4-4-
15555) (IR.IUMS.FMD.REC.1399.089), and all participants provided 
informed consent. 

2. Sample collection & preparation 
The semen samples were taken from 15 men aged 24 to 40 who 

had been referred to the Akbarabadi IVF Clinic. Samples from pa-
tients with a history of disease (such as varicocele, cryptorchidism, or 
systemic diseases) were excluded from the study. All participants had 
3 to 5 days of sexual abstinence prior to sampling. After liquefaction, 
the samples were analyzed, and those that had normal parameters 
according to the World Health Organization criteria were included in 
the study (mean±standard deviation [SD] of sperm parameters: 
count, 80.80±28.15 million; morphology, 6.26±2.96%; motility, 
60.33±8.63% vitality, 69.67±10.93%) [12]. All chemicals were pur-
chased from Sigma Aldrich unless otherwise stated. 

Each sample was divided into six groups: 
 1. Fresh 
 2. Freeze: frozen in LN2 
 3.  FD-1m-RT: after freeze-drying, preserved at room tempera-

ture for 1 month 
 4.  FD-2m-RT: after freeze-drying, preserved at room tempera-

ture for 2 months  
 5.  FD-1m-4 °C: after freeze-drying, preserved at 4 °C for 1 month 
 6.  FD-2m-4 °C: after freeze-drying, preserved at 4 °C for 2 

months 
The samples of all freezing groups were frozen and thawed after 1 

month and were examined in terms of motility, morphology, vitality, 
and DNA integrity. 

3. Freezing and thawing protocol 
Cryopreservation was done according to the freezing method. After 

the sperm freezing medium (Origio; CooperSurgical) was added to the 
sperm suspension in an equal volume (1:1; 0.1 mL/min), the sample 
was preserved at 37 °C for 5 minutes. Next, the sample was exposed 
to LN2 vapor for 15 minutes and then plunged into LN2. One month 
after freezing, the sample was thawed. After thawing, to remove the 
cryoprotectant, the suspension was washed in T6 medium [13]. 

4. Freeze-drying & rehydration protocol 
For freeze-drying, 100 μL of each sperm sample was added to a 

cryovial containing 400 μL of buffer solution (1 mM of ethylenedi-
aminetetraacetic acid [EDTA] and 10 mM Tris-HCl) and frozen at −20 
°C for 6 hours. Then the cryovial was transferred to a programmable 
freeze-dry machine (Pishtaz Equipment Company) near the con-
denser and subjected to vacuum treatment overnight at 220×10−3 
mbar pressure. Immediately before evaluation, the vials of freeze-
dried sperm were unsealed, and the sperm were hydrated with 500 
μL sterile distilled water [13]. 

5. Sperm motility evaluation 
Progressively motile sperm were identified as moving forward in a 

straight line or large circles by Makler Chamber and a light micro-
scope at ×400 magnification (Motic BA410; Kowloon). Analysis was 
performed by examining at least 200 sperm. The technician who 
performed the analyses was blinded to the study. 

6. Trypan blue staining for sperm vitality assessment 
The vital stain trypan blue was used to evaluate sperm vitality, in 

accordance with previous studies: 10 μL of sperm supernatant and 2 
μL of formalin (10% diluted) were mixed with 10 μL of trypan blue. In 
dead sperm cells, trypan blue stain penetrated the postacrosomal 
region. At least 200 sperm were evaluated via light microscopy at 
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×1,000 magnification. The percentage of viable, unstained sperm 
was then reported [14]. 

7. Diff-Quik staining for sperm morphology assessment 
A Diff-Quik kit (BRED Life Science Technology Inc.) was used for 

evaluating sperm morphology. Staining was performed according to 
the manufacturer's instructions. At least 200 sperm were evaluated 
via light microscopy at ×1,000 magnification. Next, the percentages 
of normal and abnormal sperm were reported based on Kruger's 
classification [13]. 

8. Sperm DNA fragmentation assay staining to evaluate DNA 
integrity 

DNA fragmentation in the sperm samples was evaluated by the 
halo sperm method. The sperm concentration was adjusted to 5–10 
million/mL through dilution in human tubal fluid medium (Irvine 
Scientific). Next, the suspension was mixed with agarose, and 50 μL 
of it was placed on a pre-coated slide and preserved at 4 °C for 4 
minutes. The coverslips were then carefully removed. All solutions 
were used according to the manufacturer's instructions (sperm DNA 
fragmentation assay [SDFA] Kit, lot 18,855; ReproSource). Sperm with 
a large or medium halo were classified as healthy sperm without 
DNA fragmentation. A DNA fragmentation index (DFI) index above 
30% was considered to indicate abnormal DNA integrity [15].  

9. Statistical analysis  
One-way analysis of variance and the post hoc Tukey test were 

used. All data are presented as mean±SD, and p≤0.05 was consid-
ered significant. All analyses were performed using SPSS version 22.0 
for Windows (IBM Corp.). 

Results 

1. Sperm motility 
Figure 1 shows the results of progressive sperm motility in each 

group. In all freeze-dried groups, the sperm were immotile after re-
hydration. There was a significant difference between these groups 
and the fresh and conventional freezing groups (p<0.0001). There 
was no significant difference among the freeze-dried groups. 

2. Sperm vitality 
Figure 2 shows the results of the sperm vitality assay by group. 

There was a significant difference between all freeze-dried groups 
and the fresh and conventional freezing groups (p<0.0001). Howev-
er, no significant difference was found among the freeze-dried 
groups. Figure 3 shows sperm stained with trypan blue. The stained 
sperm (*) are dead, and unstained sperm are alive. 
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Figure 1. The percentage of sperm progressive motility of different 
groups after freezing/thawing or freeze-drying/rehydration. Data 
are reported as mean±standard deviation. FD-1m-RT, after freeze-
drying, preserved at room temperature for 1 month; FD-2m-RT, 
after freeze-drying, preserved at room temperature for 2 months; 
FD-1m-4 °C, after freeze-drying, preserved at 4 °C for 1 month; 
FD-2m-4 °C, after freeze-drying, preserved at 4 °C for 2 months.  
a)p<0.0001 vs. fresh; b)p<0.0001 vs. freeze.
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Figure 2. The percentage of vitality staining of sperm of different 
groups after freezing/thawing or freeze-drying/rehydration. Data 
are reported as mean±standard deviation. FD-1m-RT, after freeze-
drying, preserved at room temperature for 1 month; FD-2m-RT, after 
freeze-drying, preserved at room temperature for 2 months; FD-
1m-4 °C, after freeze-drying, preserved at 4 °C for 1 month; FD-2m- 
4 °C, after freeze-drying, preserved at 4 °C for 2 months. a)p<0.0001 
vs. fresh; b)p<0.0001 vs. freeze.

3. Sperm morphology 
Figure 4 shows the results of the sperm morphology assessment 

by group. There was a significant difference between all freeze-dried 
groups and the fresh group (p<0.0001). No significant difference was 
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Figure 3. Vitality staining with trypan blue: stained sperm (*) are 
dead, unstained sperm are alive.
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Figure 4. The percentage of morphology staining of sperm of different 
groups after freezing/thawing or freeze-drying/rehydration. Data are 
reported as mean±standard deviation. FD-1m-RT, after freeze-drying, 
preserved at room temperature for 1 month; FD-2m-RT, after freeze-
drying, preserved at room temperature for 2 months; FD-1m-4 °C, 
after freeze-drying, preserved at 4 °C for 1 month; FD-2m-4 °C, after 
freeze-drying, preserved at 4 °C for 2 months. a)p<0.0001 vs. fresh.

Figure 5. Morphology staining with Diff-Quik.
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Figure 6. The percentage of sperm DNA fragmentation index (DFI) of 
different groups after freezing/thawing or freeze-drying/rehydration. 
Data are reported as mean±standard deviation. FD-1m-RT, after 
freeze-drying, preserved at room temperature for 1 month; FD-2m-RT, 
after freeze-drying, preserved at room temperature for 2 months; FD-
1m-4 °C, after freeze-drying, preserved at 4 °C for 1 month; FD-2m-4 
°C, after freeze-drying, preserved at 4 °C for 2 months. a)p<0.0001 vs. 
fresh; b)p<0.0001 vs. freeze; c)p<0.05 vs. FD-1m-RT.

found between the freeze-dried groups and the freeze group, nor 
among the freeze-dried groups. In Figure 5, sperm in the FD-1m-RT 
group were stained with Diff-Quik after being hydrated. Abnormal 
stained cells were observed with twisted tails or abnormal shapes in 
the head or neck. 

4. Sperm DNA integrity 
The results of SDFA staining are shown in figure 6. In the compari-

son of DFI between the freeze- dried groups and the fresh group, ex-

cept in the FD-2m-RT group (p<0.01), there was no significant differ-
ence in the rest of the groups, and freeze-drying did not lead to a 
significant increase in sperm DFI. In the comparison of DFI between 
the freeze-dried groups and the freeze group, except in the FD-2m-
RT group, there was a significant difference in the rest of the groups 
(p<0.001), and the DFI in the freeze group showed a significant in-
crease compared to the freeze-dried groups. In the freeze-drying 
groups at 4 °C, there was no significant difference between the DFI of 
the FD-1m-4 °C and FD-2m-4 °C groups, but in the freeze-drying 
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group at room temperature, there was a significant difference be-
tween the DFI of the FD-1m-RT and FD-2m-RT groups (p<0.05).

Discussion 

Freeze-drying sperm has many potential advantages compared to 
the freezing method. Storage in LN2 is expensive and requires a con-
stant and guaranteed supply of LN2, regular maintenance, and com-
plex transportation of samples. Freeze-drying overcomes many of 
these limitations [16]. 

In our study, in all freeze-dried groups, sperm were immotile after 
rehydration. Furthermore, the freeze-dried groups had significantly 
lower sperm vitality than the fresh and freeze groups. Damage 
caused by freeze-drying to motility and vitality has been reported in 
previous studies [8,13]. The fact that sperm become immotile after 
the lyophilization process suggests that they had lost their motility 
(and vitality) due to stresses associated with the drying or hydration 
processes. The underlying reasons for damage to cells during lyo-
philization are still unclear, but since their motility is lost, it is likely 
that the cell membrane, centriole, and/or other involved mecha-
nisms are damaged [8]. The freeze-dried groups had significantly 
more morphologically abnormal spermatozoa. This difference, which 
seemed to be the highest in the tail region, has also been reported in 
previous studies [17]. A significant increase in tail abnormalities and 
bent tails has also been reported as a result of hydrating sperm with 
distilled water [17]. 

In this study, despite the damage to the sperm cell membrane and 
motility, the nucleus and its contents remained intact, and 
freeze-drying did not lead to a significant increase in the sperm DFI, 
which agrees with previous studies [9,18,19]. Also, in the comparison 
between the freeze-drying and freezing processes, the DFI was lower 
in the freeze-dried groups than in the freeze group. It can be con-
cluded that the freeze-drying method causes less damage to sperm 
DNA than conventional freezing, which may be due to the chelating 
agents in the freeze-drying liquid, such as ethylene glycoltetraacetic 
acid (EGTA) and EDTA. The chelating agents prevent the action of 
sperm endonucleases, which damage the plasma membrane during 
the freeze-drying process. They prevent sperm from being activated 
by divalent cations such as Ca2+ and Mg2+, and different chelators 
seem to be useful in different species. In mice, EDTA is more protec-
tive against sperm DNA fragmentation than EGTA [9]. On the con-
trary, another study showed that EDTA had the same effect as EGTA, 
but it exerted a greater protective effect against fragmentation and 
preservation of DNA at different temperatures and time periods [18]. 
Wakayama and Yanagimachi [7] showed that refrigerating lyo-
philized mouse sperm and then performing ICSI can produce healthy 
offspring. Kaneko and Nakagata [20] observed the normal DNA 

structure of lyophilized mouse sperm at 4 °C [21]. Gianaroli et al. [22] 
reported that lyophilized human sperm were stored at 4 °C, with no 
damage to sperm DNA, which is similar to de Lima Bossi's findings 
[19]. The rate of blastocyst formation in large animals (horses, cows, 
and pigs) is between 10% and 12%, and in rabbits, it is about 24% 
[23]. Therefore, although lyophilization significantly damages cell 
membranes, live birth rates in animal models suggest that this de-
fect has limited functional consequences on fertilization capacity 
and embryo development [22]. This method also may be more use-
ful for storing sperm with high DFI. 

In our study, for the freeze-dried groups at 4 °C, there was no sig-
nificant difference between the DFIs of the FD-1m-4 °C and FD-2m-4 
°C groups, but at room temperature there was a significant difference 
between the DFIs of the FD-1m-RT and FD-2m-RT groups. This shows 
that when storing freeze-dried sperm at room temperature, the du-
ration may be relevant and lead to an increase in DFI and damage to 
sperm DNA. When keeping freeze-dried sperm at 4 °C, however, stor-
age duration may not have an effect, and this storage method is 
more reliable. Olaciregui et al. [18] observed that the time and tem-
perature conditions of storing different types of freeze-dried dog 
sperm significantly affected the integrity of their DNA. Additionally, 
Olaciregui et al. [9], in a mouse study, reported that the maximum 
DNA fragmentation of freeze-dried sperm samples was directly pro-
portional to the storage temperature. Another study reported that 
embryos obtained from mouse sperm frozen at 4 °C or 25 °C for up 
to 3 months had no developmental problems [7]. Therefore, this pro-
cedure needs further investigation to optimize the time and tem-
perature conditions. 

The limiting factor of sperm lyophilization is the fact that sperm is 
not motile after the drying process. However, since the DNA remains 
intact, after rehydration these sperm can be used to fertilize oocytes 
through ICSI [8]. A limitation of this study was not studying the effi-
cacy of sperm in fertilization with ICSI or evaluating the quality of the 
resulting embryos due to ethical restrictions. 

In this study, both methods of sperm preservation (freeze-drying 
and freezing in LN2) had negative effects on sperm structure. In par-
ticular, the freeze-drying method caused more damage to the cell 
membrane, yet it better preserved the DNA integrity of the sperm. 
The temperature and duration of storage were identified as factors 
that influenced the sperm DFI. Accordingly, more research is neces-
sary to identify methods of improving sperm quality in the freeze- 
drying process. 
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