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Learning Objectives
 5 Sperm DNA chromatin packaging of the nucleus occurs 

during spermiogenesis. The chromatin becomes highly 
condensed and protamines replace most of the histones. 
With this high rate of compaction, the DNA is more 
stable, compact, and resistant to damage. Deficiency of 
protamines in sperm is related with high risk of DNA 
damage.

 5 The major causes of abnormalities in spermatozoa are 
errors in meiotic recombination, abortive apoptosis, or 
excess of oxidative stress resulting from exposure to 
toxic agents or an infection.

 5 The techniques to evaluate sperm DNA fragmentation 
are TUNEL assay, comet assay, sperm chromatin disper-
sion (SCD) test, and sperm chromatin structure assay 
(SCSA).

 5 Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) assay cutoff of 17% with 92% specificity 
can differentiate infertile men with DNA damage from 
healthy men.

 5 The clinical value of including sperm DNA fragmentation 
is still under discussion; however, in recent years a 
negative relation between sperm DNA fragmentation 
and pregnancy rates has been reported.

24.1   Introduction

Spermatozoa are unique cells that are designed to transfer 
the intact haploid genome to the oocyte. Once spermato-
genesis is completed, spermatozoa are on its journey with 
the final goal of fertilizing the oocyte. To survive this jour-
ney and accomplish this goal, spermatozoa experience 
many significant adaptations in cell organization and func-
tion that are different from the somatic cells. In somatic 
cells, epigenetic modulations and modifications in histone 
tails control the chromatin structure and transcription of 
DNA.  Spermatozoa are transcriptionally inert and DNA 
histones are replaced by protamines [1, 2]. Extrinsic factors 
such as storage temperatures, handling conditions, infec-
tions, and post-testicular oxidative stress or gonadotoxic 
effects of a treatment can cause injuries to spermatozoa 
DNA. However, sperm DNA is more susceptible if chroma-
tin packing is incomplete during spermiogenesis at the time 
of protamine replacement. Intrinsic sources of sperm DNA 
damage include abortive apoptosis, errors in recombination, 
or oxidative stress.

Assisted-reproductive techniques (ART) have made suc-
cessful pregnancies possible even when semen parameters 
are below the reference values established by WHO guide-
lines [3]. Basic semen analysis remains the first option for 
assessment of male fertility [4]; however, this analysis fails to 
predict the fecundity [4]. Consequently, men with normal 
semen parameters can still be infertile and are considered to 
present with unexplained or idiopathic fertility [5–8]. Many 
studies report an association between the increase in DNA 
fragmentation and the prevalence of infertility [9–12]. 

Increase in DNA fragmentation is related with an increase in 
the time to achieve pregnancy [9], the miscarriage rate 
[13–15], and decrease in the success rate of in vivo fertiliza-
tion [11, 16]. After fertilization, the oocyte and the embryo 
have a limited capacity to repair sperm DNA damage [17, 
18]. All together, these studies highlight the importance of 
the evaluation of DNA fragmentation in the treatment of 
male infertility. The assessment of DNA damage dates back 
to 1970, when Ringertz and collaborators showed DNA 
denaturation with acridine orange by microfluorimetry [19]. 
Later on in 1980, with the progress of advanced molecular 
technologies and with the discovery of flow cytometry, the 
sperm chromatin structure assay (SCSA) was developed [20]. 
In the next decade, the progress of the single cell electropho-
resis allowed the development of the comet assay [21]. Also, 
during these years, the terminal deoxynucleotidyl transferase 
dUTP nick end labeling (TUNEL) assay was developed to 
detect DNA fragmentation in human spermatozoa [22]. This 
technique will be the focus of this chapter. Recently the 
sperm chromatin dispersion (SCD) technique was developed 
for measuring DNA damage [23].

24.2   Sperm Chromatin Damage

24.2.1  Sperm Chromatin

In the somatic cell, chromatin is condensed and packed with 
histones [24]. Through post-translational modifications, his-
tones are responsible for regulating DNA compaction [25] 
and modulating gene expression by controlling the access of 
transcription factors to the DNA [25]. The DNA from somatic 
cells can be packaged in two types: (1) in a nucleosome, a pro-
tein formed by an octamer of histones wraps DNA twice, and 
(2) nucleosomes packaged in solenoids [26–28]. In sperm 
DNA, the packaging of chromatin is different [26]; through-
out spermiogenesis, in order for the sperm nucleus to become 
highly compacted, majority of the histones are replaced by 
protamines [29]. Compared to histones, protamines are sim-
pler and smaller [2]. They also have arginine that allows a 
stronger binding to the DNA.  In the final step of sperm 
 epididymal maturation, the protamines undergo cross-link-
ing by disulfide bond formation in the presence of cysteine 
residues [27]. During the transit through the epididymis, the 
chromatin volume is compacted six fold [1]. This compaction 
allows the DNA to be highly stable and resistant to damage. 
Sperm DNA with protamine deficiency in infertile men is 
associated with high risk of DNA damage [30–32].

24.2.2   Types of Damage to Spermatozoa

The origin of the human sperm chromatin damage is multi-
factorial [33]. Many factors are responsible for the distur-
bances in the highly sensitive biochemical events occurring 
during spermatogenesis, such as environmental stress [34] 
and chromosomal abnormalities [35].
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24.2.2.1   DNA Fragmentation
DNA fragmentation can be attributed to many factors [36]. 
These factors can be intrinsic, such as apoptosis and oxida-
tive stress [8, 37], defects in protamination [38], inefficient 
chromatin remodeling, and impairment of spermatogenesis 
[39, 40]. On the other hand, external factors such as lifestyle 
(diet, drug consumption, tobacco) [41–44], advancing age 
[45–47], environmental exposure (pesticides and air pollu-
tion) [48, 49], and medical history (cancer, varicocele, 
inflammation) [50–52], among others, can also result in 
sperm DNA fragmentation. Post-testicular damage is one of 
the most common causes of DNA fragmentation. The dam-
age can occur after spermiation, during transit of the sper-
matozoa from the seminiferous tubules to the epididymis 
[53]. Studies show a higher DNA fragmentation in epididy-
mal and ejaculated spermatozoa compared with testicular 
spermatozoa [53, 54].

24.2.2.2   Abnormal Chromatin Compaction
One of the most important steps in chromatin remodeling 
during spermiogenesis is the replacement of histones by prot-
amines. This remodeling is assisted by hyperacetylation of the 
histones and by DNA topoisomerase II which is responsible 
for the formation of temporary nicks to release the tension 
that results from supercoiling [55, 56]. Topoisomerase II also 
repairs the temporary nicks after spermiogenesis and ejacula-
tion. When this process fails, spermatozoa with DNA frag-
mentation are seen in the ejaculate [57].

24.2.2.3   Chromosomal Aberrations
Chromosomal aberrations affect 2–14% of the infertile men. 
Both numerical and structural aberrations can result in preg-
nancy loss, perinatal death, and congenital malformations 
[58]. Aneuploidies of X or Y chromosome, trisomy of chro-
mosomes 13, 18, and 21, are the most common [59]. 
Normally, sex chromosome aneuploidies have paternal ori-
gin and are attributed to errors during spermatogenesis [60]. 
The homologous chromosomes are separated during the first 
and second meiotic division; if an error occurs at this time, 
this may lead to aneuploid gametes affecting autosomes or 
sex chromosomes. In the male, aneuploidies are hypothe-
sized to occur by the following mechanisms: (1) during ana-
phase, chromosomes lag near the equator resulting in the 
posterior loss of the chromosome, (2) lack of separation of 
the chromatid pairs during mitosis or meiosis II, and (3) 
nonseparation of homologous chromosomes during meiosis 
I [59, 61].

24.2.3   Causes of Sperm Chromatin Damage

Over the years, the number of studies comparing DNA frag-
mentation with male fertility has increased. A high percent-
age of sperm DNA fragmentation is seen in men with 
idiopathic infertility. This may be a result of an increase in the 
availability of sperm DNA fragmentation assays and its rela-

tionship with fertility status. DNA is more vulnerable to oxi-
dative stress and damage associated with the production of 
reactive oxygen species (ROS) in the absence of repair mech-
anisms and the transcriptional and translational inactivity in 
spermatozoa [51, 62, 63]. Abnormalities in spermatozoa can 
be due to errors in meiotic recombination, abortive apoptosis 
resulting from exposure to toxic agents, or excess of oxidative 
stress.

24.2.3.1   Meiotic Recombination
During pachytene stage, meiotic recombination is a crucial 
event for integrity of the genome and fertility. The number 
and the localization of this event is highly controlled; how-
ever, errors can occur resulting in aneuploid spermatozoa 
[64]. Compared with fertile men, nonobstructive azoosper-
mic men present either without any meiotic cells or a reduced 
population of these cells caused by a complete or partial 
block at the zygotene stage [65]. The absence or reduction in 
meiotic recombination can result in sperm aneuploidy and 
spermatogenic arrest, resulting in a reduction of total sperm 
count and consequently infertility [65, 66].

24.2.3.2   Abortive Apoptosis
With the process of spermatogenesis, germ cells lose their 
apoptotic capacity, as they are transcriptionally and transla-
tionally silent. Sertoli cells are responsible for screening of 
the germ cells and initiating apoptosis, where up to 60% of all 
germ cell in meiosis I marked with the Fas type marker [67] 
are phagocytized and removed by the Sertoli cells [62, 68]. 
Infertile men present a higher incidence of Fas positivity 
[69]. Burrello and colleagues suggested that during spermio-
genesis, a dissociation between sperm remodeling and 
genomic quality occurs, and this can be the reason why mor-
phologically normal cells have aneuploidies or damaged 
nucleus [70]. When this process fails, some spermatocytes 
escape elimination and result in release of spermatozoa with 
increased DNA damage [63], and some of these spermatozoa 
are able to complete fertilization, although the probability of 
a live birth is very low [71].

24.2.3.3   Infections
Epididymis and secondary sexual glands are responsible for 
the presence of leukocytes in the ejaculate. These leukocytes 
play an important role in removal of abnormal spermatozoa 
[72] and immune surveillance [73, 74]. Leukocytospermia is 
indicative of infection and/or inflammation of the male 
accessory sex glands. Leukocytes are known high ROS pro-
ducers and consequently result in DNA fragmentation and 
modifications in DNA bases. However, the effects of leuko-
cytes are not only dependent on the number but also on the 
activation state [75, 76]. In a physiological state, ROS pro-
duced by leukocytes are scavenged by the antioxidants pres-
ent in the seminal plasma. However, when this balance 
between ROS production and its effective removal by anti-
oxidants is disturbed, it will result in oxidative stress and 
sperm DNA damage.

Assessment of Sperm Chromatin Damage by TUNEL Method Using Benchtop Flow Cytometer
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24.2.3.4   Exposure to Toxic Substances
Exposure to toxic substances is particularly harmful to 
male germ cells, resulting in DNA damage. Many studies 
report increased DNA fragmentation in men exposed to 
toxic substances as a result of their occupation, such as 
coke oven, waste incineration, and factory workers exposed 
to chemicals [77–79]. Cancer therapies have demonstrated 
adverse effects on sperm DNA integrity [80, 81]. 
Radiotherapy has been associated with higher DNA frag-
mentation after the treatment [82]. Similarly, the lifestyle 
factors such as men who smoke have higher DNA damage 
when compared with nonsmokers [83]. Consumption of 
alcohol and the use of illicit drugs were reported to increase 
sperm DNA damage [83].

24.2.3.5   Oxidative Stress
Oxidative stress is a subject of discussion in different fields, 
and male fertility is not an exception. Unlike the other cells, 
mature spermatozoa lack major DNA repair machinery. 
Spermatozoa from the testis seem to have low DNA fragmen-
tation when compared to ejaculated spermatozoa [84]. 
Compared to fertile men, higher levels of oxidative stress are 
seen in infertile men [85]. Studies show an increase in DNA 
fragmentation and damage when sperm were exposed to 
hydrogen peroxide [86]. Sperm DNA fragmentation induced 
by ROS results in strand breaks, base modification, as well as 
gene mutations such as polymorphism [87].

24.2.4   Evaluation of Sperm Chromatin 
Damage

Sperm DNA fragmentation can be measured by a variety of 
assays that include the direct assays such as TUNEL, comet, 
and in situ nick translation test. These assays measure the 
amount of DNA fragmentation using probes and dyes. 
Indirect assays such as SCSA measure the susceptibility of 
DNA denaturation to acid denaturation, and SCD test mea-
sures the extent of halos formed based on the DNA integrity. 
The TUNEL assay, the SCSA, and SCD assay are the more 
common tests utilized for measuring DNA damage.

24.2.4.1   Sperm Chromatin Structure Assay
SCSA was developed during the 1980s. It is one of the most 
utilized assays to characterize male infertility with sperm 
DNA damage and chromatin abnormalities. The principle 
of the SCSA is based on the detection of DNA fragmenta-
tion using a flow cytometer, and large numbers of cells can 
be evaluated [88]. In this assay, following acid denaturation, 
sperm are stained with acridine orange—a fluorescent cat-
ionic dye [89]. The extent of acridine orange staining is 
determined by measuring the shift in metachromatic stain-
ing from green fluorescence to red fluorescence [84]. DNA 
fragmentation index (DFI) is the most important parame-
ter. DFI is described as a percentage ratio of red fluorescent 
to green + red fluorescent, and it represents the population 

of cells with detectable denatured single-stranded 
DNA. One of the advantages of this assay is it is fast and 
robust, with a standardized protocol and small interlabora-
tory variation [88]. However, the need for a flow cytometer 
is a disadvantage to andrology labs due to the equipment 
cost. Values of DFI of 20–25% are related with infertility 
problems [11, 90]. When the DFI  >  26% the fertilization 
can occur, however, most of the times this results in repeat 
pregnancy loss [91, 92]. In natural conception and intra-
uterine insemination (IUI), a DFI  >  30% was associated 
with a negative pregnancy outcome [93, 94]. The cutoff val-
ues predicting ART outcomes are inversely proportional to 
DFI; when the DFI increases, the success of ART decreases 
[11, 90, 93, 94].

24.2.4.2   Terminal Deoxynucleotidyl 
Transferase- Mediated dUTP 
Nick End Labeling Assay

The TUNEL assay principle is based on the addition of 
deoxyribonucleotides to 3′hydroxyl (OH)—single- and 
double- stranded DNA by a template-independent DNA 
polymerase called terminal deoxynucleotidyl transferase 
(TdT; . Fig. 24.1). The terminal deoxynucleotidyl transferase 
deoxyuridine triphosphate (dUTP) is the substrate added by 
the TdT enzyme to the free 3′-OH breaks-end of DNA. This 
assay uses fluorescent nucleotides in the detection of “nicks” 
or 3′OH free ends of DNA. The samples can be evaluated by 
flow cytometry (. Fig. 24.1) or by fluorescence microscopy. 
However, the standardization between laboratories is still 
lacking, which makes the comparison and establishing a uni-
form threshold challenging [95]. A modified TUNEL proto-
col using a benchtop flow cytometer can accurately measure 
a large number of samples [96]. This assay is rapidly gaining 
popularity among other tests of DNA fragmentation. The 
assay has high sensitivity and specificity [97]. A cutoff of 17% 
with >95% specificity can distinguish infertile men with 
DNA damage from healthy men [96].

In Situ Nick Translation
In this assay the incorporation of biotinylated dUTP on 
single- stranded DNA breaks by the template-dependent 
enzyme DNA polymerase I [98] is measured. The test allows 
the identification of sperm that contain low but varying levels 
of endogenous DNA damage. It is less sensitive than other 
tests of DNA fragmentation. There is a lack of correlation of 
this test with fertilization rates during in vivo studies, limit-
ing the clinical value of the assay [99].

24.2.4.3   Comet Assay
The comet assay measures the amount of DNA damage per 
spermatozoon using the single cell gel electrophoresis assay 
[100]. It is a simple and affordable assay to measure sperm 
DNA damage. The comet assay not only detects single- and 
double-strand breaks but can also identify altered DNA 
bases. The DNA fragments coming out of the sperm head 
resemble a “comet” tail and hence the name of the assay.  

 A. D. Martins et al.



287 24

The assay principle is sperm nuclear DNA in an electric field 
can be separated based on the charge and fragment size that 
can be stained with a fluorescent dye. The results are qualita-
tive and can be analyzed and graded using a fluorescence 
microscope, or quantitative and analyzed using an analysis 
software package [71]. Different types of DNA damage can 
be analyzed in a single cell and it requires highly specialized 
personnel and is time consuming [88]. The comet assay can 
be used to test samples from men with low sperm count. 
Results of the comet assay correlate with the results from the 
TUNEL assay [21].

24.2.4.4   Sperm Chromatin Dispersion Test
The SCD test is used to detect DNA fragmentation in sper-
matozoa using a kit called Halosperm® [101]. The principle of 
this assay is based on the fact that spermatozoa with frag-
mented DNA do not present the characteristic halo that is 
observed in spermatozoa with non-fragmented DNA follow-

ing acid denaturation and removal of nuclear proteins [88]. 
In this assay, spermatozoa are immersed in an agarose matrix 
slide, and the nuclear proteins are removed by the denaturing 
solution exposing the damaged DNA. After lysis, spermato-
zoa show the characteristic loops around the sperm nucleus 
that correspond to spermatozoa with intact DNA; spermato-
zoa with damaged DNA do not exhibit any loop [88]. This 
assay can be done using bright-field microscopy with eosin 
and azure B staining or by fluorescence microscopy using 
DNA fluorescent probes [88]. It is simple, inexpensive, fast, 
and highly reproducible and does not require any complex 
instrumentation. However, this technique has some disad-
vantages, such as the interobserver variation. The halo 
boundary cannot be accurately differentiated from the back-
ground, the halos are not in the same plane, and some of 
them can be misread by an analysis software; sometimes the 
tails are not preserved and the contamination by other cells 
can be a challenge [87].

       . Fig. 24.1 Schematic of the 
DNA staining by the TUNEL assay
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24.2.5   Effects of Sperm Chromatin Damage 
on Pregnancy Outcomes

24.2.5.1   Spontaneous Pregnancy
Many studies have reported that sperm from men with infer-
tility may contain numerical or structural chromosomal 
defects, and karyotyping is the standard test to evaluate the 
chromosomal content [102]. Measuring sperm DNA frag-
mentation is important in the prognosis of achieving a natural 
pregnancy in couples. TUNEL and SCSA are used for testing 
the DNA fragmentation in infertile couples that present with 
recurrent pregnancy loss [8, 9]. A study showed low DNA 
damage levels, assessed by TUNEL in proven fertile men 
(11.9 ± 6.8%) when compared with men of unproven fertility 
(29.5  ±  18.7%) [103]. Another study comparing the sperm 
DNA fragmentation, assessed by TUNEL, of proven fertile 
men vs. patients where the partner had recurrent pregnancy 
loss showed significantly higher DNA damage in patients 
when compared to proven fertile men [104]. In fact, a higher 
probability of a successful pregnancy is reported, when men 
present with a low sperm DNA fragmentation [105]. Zidi-Jrah 
and colleagues reported a higher percentage of TUNEL-
positive (cutoff >20%) sperm in a group with repeated preg-
nancy loss when compared to proven fertile men [106].

24.2.5.2   Assisted Reproductive Techniques
The effect of sperm DNA fragmentation in the success of 
pregnancy is dependent on the ART used. In case of 
in vitro fertilization (IVF), Henkel and colleagues showed 
a significant correlation between the low pregnancy rates 
and percentage of TUNEL-positive sperm. The pregnancy 
rate was 18.7% for TUNEL-positive spermatozoa, while in 
TUNEL- negative spermatozoa the pregnancy rate was 
34.7% [107]. Another study reported a high percentage of 
DNA damage assessed by TUNEL and lower pregnancy 
rates in men undergoing IVF [108]. In case of IUI, no 
pregnancies were reported when the sperm had >12% of 
DNA fragmentation assessed by TUNEL [109]. Also in IUI 
cycles, Bungum and colleagues reported significantly lower 
rates of biochemical pregnancy, clinical pregnancy, and 
delivery rates in women inseminated with sperm with DFI 
higher than 30% [110]. Concerning the ART success rates 
when sperm DNA fragmentation was evaluated, studies 
demonstrate lower pregnancy rates when the sperm DNA 
fragmentation is high, but this is not true for intracyto-
plasmic sperm injection (ICSI) [111]. However, several 
studies demonstrate an association between the sperm 
DNA fragmentation and the success rate of ICSI. Host and 
colleagues reported a negative correlation between DNA 
fragmentation and fertilization rates where spermatozoa 
were used for IVF, but not for ICSI [112]. Henkel and col-
leagues did not find any correlation between TUNEL-
positive spermatozoa (>36.5% DNA fragmentation) and 
fertilization rate using ICSI [107]. Huang and colleagues 
reported a negative correlation between sperm DNA frag-
mentation assessed by TUNEL assay and fertilization rates 

in cases of IVF and ICSI; however, the ICSI group seemed 
to be less affected [113]. In case of ICSI, Boroni and col-
leagues demonstrated an increase in pregnancy loss when 
sperm DNA fragmentation was high [114].

24.3   TUNEL Assay

24.3.1   Principles of TUNEL Assay

Sperm DNA fragmentation (SDF) is a result of activation of 
the endonucleases which break high-order sperm chromatin 
into smaller DNA fragments of ~50  kb [57]. DNA strand 
breaks are labeled by the fluorescein isothiocynate deoxyuri-
dine triphosphate (FITC-dUTP) stain in the presence of TdT. 
TdT helps transfer the deoxynucleotides to the 3-hydroxyl 
(3-OH) end of the single- and double-strand breaks 
(. Fig. 24.1). The intensity of labeling is proportional to the 
number of DNA strand break sites. SDF can be assessed with 
the benchtop BD Accuri C6 flow cytometer using the APO-
Direct kit (BD Pharmingen, Cat. No. 556381) [115]. The kit 
consists of wash buffer, rinse buffer, reaction buffer, FITC-
dUTP, TdT enzyme, and propidium iodide (PI)/RNase stain-
ing buffer. In addition, the kit also contains the “Negative 
control” and the “Positive control” (. Fig. 24.2).

24.3.2   Why Should TUNEL Assay Be Used?

The basic semen analysis is the initial approach in the diag-
nosis of male reproductive status [3, 4]; nevertheless, some-
times this approach fails in the complete understanding of 
fertility potential in men seeking treatment [4, 116]. Over the 
years, the attention shifted to molecular structure of sperma-
tozoa [28, 88]. The sperm DNA integrity is related with fertil-
ization and consequent embryo development [28, 88, 117]. 
Although testing of sperm DNA damage is not recommended 
routinely for clinical use by the American Society of 
Reproductive Medicine [118], the importance of testing 
sperm chromatin fragmentation is recognized and approved 
by the American Urological Association and European 
Association of Urology guidelines on male infertility [88]. 
Based on the increased availability of this test, there is an 
increase in the number of studies reporting the correlation 
between sperm DNA fragmentation and successful pregnan-
cies [12, 35, 84, 106, 119–121]. Although TUNEL is consid-
ered the gold standard for the evaluation of sperm DNA 
fragmentation [8], it lacks standardization, and the correla-
tion with clinical outcome is still not clear [88, 94].

24.3.3   Advantages/Disadvantages  
of TUNEL Assay

TUNEL assay has the pros and cons for its use. One of the 
advantages of this assay using the flow cytometer is that it 
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can be performed in a sample with low concentration of 
spermatozoa; it is rapid, robust, and highly sensitive; it is an 
indicator of apoptosis and can be correlated with semen 
parameter and consequently fertility; it has minimal 
interobserver variability; and there are commercial kits 
available to perform the analysis [28, 103, 122, 123]. On the 
other hand, the disadvantages of this assay are: it requires a 
flow cytometer and the threshold is not standardized 
between labs.

24.3.4   Methodology

24.3.4.1   Sample Preparation for TUNEL Assay
After complete liquefaction, aliquots containing 2.5  ×  106/
mL of sperm are prepared in duplicate, and tubes are labeled 
as “Test sample,” “Negative control,” and “Positive control.” 
The “Test sample” and the “Negative control” tubes are cen-
trifuged at 300 × g for 7 min; the supernatant is removed and 
replaced with 1 mL of phosphate-buffered saline (PBS).

Preparation of the Internal “Positive Control” 
Sample
In the tubes labeled as sperm “Positive control,” a working 
hydrogen peroxide solution is prepared from stock hydrogen 
peroxide (37%) with PBS (1:15 dilution). One milliliter of the 
working solution is added to the sperm cells and the tubes are 

incubated at 50 °C for 60 min. After incubation, the tubes are 
centrifuged for 7 min at 300 × g; the supernatant is aspirated 
with a transfer pipette and resuspended in 1 mL of PBS 1×. 
After centrifugation at 300 × g for 7 min, the supernatant is 
removed and replaced with 1 mL of PBS.

The “Test sample,” “Negative control,” and “Positive con-
trol” tubes are centrifuged for 7 min at 300 × g. The superna-
tant is removed and replaced with 1  mL of 3.7% 
paraformaldehyde for “Fixation.” After incubating the sam-
ples at room temperature for 15  min and centrifuging at 
300 × g for 4 min, the paraformaldehyde is carefully aspirated 
and replaced with 1 mL of ice-cold ethanol (70%).

24.3.4.2   TUNEL Staining Protocol 
with the APO- Direct Kit

Staining Protocol
The “Negative controls” and “Positive controls” are provided 
as part of kit components (. Fig. 24.2). These are cell lines 
and not sperm cells. The “Negative controls” and “Positive 
controls” are vortexed, and 2  mL suspensions of the well- 
mixed samples are aliquoted into the tubes. “Internal con-
trols”—both positive and negative (two of each)—are also 
included with each run. The internal “Positive samples” are 
spermatozoa samples with known DNA fragmentation. The 
“kit control” samples, “Test samples,” and the internal 
“Positive control” and “Negative control” samples are centri-
fuged for 7 min at 300 × g. After removing the 70% ethanol, 

       . Fig. 24.2 Components of the staining reagents: reaction buffer, TdT enzyme, and FITC vials
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1 mL of the “wash buffer” is added, and the tubes are quickly 
vortexed and centrifuged at 300 × g for 7 min. The superna-
tant is removed, and this step is repeated. The tubes are num-
bered consecutively beginning with the kit “Negative control,” 
“Positive control,” “Test samples,” and “Internal ‘Negative’ 
and ‘Positive controls.’”

Staining for TUNEL Assay
To prepare the stain for TUNEL assay, the “reaction buffer” 
vial stored at 4  °C, the “TdT” vial, and “FITC-dUTP” vials 
stored at −20°C are placed at room temperature for 20 min. 
The staining solution is prepared by adding the reagents in 
the sequence shown in . Table 24.1.

All the steps for preparation of the stain must be carried 
out in the dark. Negative internal controls are prepared by 
omitting “TdT” from the stain. After adding 50 μL of the 
“Staining solution” to each tube, the tubes are vortexed and 
incubated for 60  min at 37  °C.  After incubation, 1  mL of 
“rinse buffer” (red cap) is added to each tube, and the tubes 
are centrifuged for 7 min at 300 × g. The supernatant is care-
fully removed, and the same step is repeated. Following cen-
trifugation for 7 min at 300 × g, the supernatant is aspirated 
and discarded. The pellet is resuspended in 0.5  mL of PI/
RNase buffer, and the tubes are incubated for 30  min at 
room temperature before running the samples on the flow 
cytometer.

24.3.4.3   General Setup of the Benchtop 
Cytometer

After double-clicking the “BD Accuri C6 software” icon on 
desktop, the software is opened; the reagent bottles are exam-
ined to ensure that the fluid levels are fine. The “waste” bottle 
should be empty, and the “sheath,” “cleaner,” and “decontam-
ination” bottles must be full. The flow cytometer is turned on 
by firmly pressing on the power button. The “Traffic light” 
will turn yellow indicating that the peristaltic pump is work-
ing. Allow 5 min for the fluidic line to get flushed with the 
sheath fluid. Once the cytometer software light turns green, 
it indicates that the C6 Accuri is connected and ready. The 
tubing is flushed to remove any bubbles from the cytometer 
system. A 0.22 μm deionized (DI) water tube is placed on the 

sheath injection port (SIP) holder. The selection criteria for 
running the sample are “Run with limits” and “Fluidics” 
speed as “Fast.” Once this is selected, click the “Run” button. 
At the end of the “flush cycle,” the SIP tube is left on the SIP 
holder.

24.3.4.4   Instrument Quality Control
The quality control for FL1, FL2, and FL3 channels is per-
formed and validated with 8-peak beads. The 8-peak beads 
are 3.2 μm particles excited by the blue laser. The beads emit 
light at eight different wavelengths. The validation of the 
benchtop flow cytometer is done by running the 8-peak 
beads and determining the coefficient of variation (CV) and 
mean fluorescence intensity (MFI) each time the instrument 
is used. These can also be plotted as CV and MFI in the Levy 
Jennings chart. The details of the quality control were 
described in our earlier publication [124, 125] and are also 
described in the manufacture’s manual.

24.3.4.5   Running Kit Controls and Acquisition 
of Data for Kit Controls

The kit controls are run using the “Kit Control template” 
(. Figs. 24.3 and 24.4). The settings include “Run with limits” 
for a total of 10,000 events with fluidic speed set as “slow” and 
threshold set at 80,000 on FSC-H. Data is recorded on four 
plots: FSC-A/SSC-A, FSC-A/FL2-A, FL2-A/FL2-H, and 
FL1A/FL2-A.  The FITC-positive values are recorded from 
the upper right quadrant as percent positive value for the 
negative and positive kit controls.

24.3.4.6   Running Patient Samples
Patient samples are run under the “Collect” tab using the 
standardized data acquisition template (. Fig.  24.5). The 
complete acquisition data should be saved in a designated 
folder for patient results. The steps involved in (1) running 
the sample and (2) data analysis which includes the “Analysis 
strategy in the collect tab” and “Data analysis in the analysis 
tab” are described below:

Running the Samples
 1. Double-click on the folder for patient results “TUNEL 

patient template.” Select well “F1” and import the 
standard sample file (.fcs) (. Fig. 24.5). This is the file for 
the “Standard sample” that is tested negative for 
SDF. The “Standard sample” is used as the internal 
reference to compare all samples being tested.

 2. Select the first well “A1.” In the space provided above the 
well, insert the file name as “TUNEL patient result, tech 
initials, date and well number.” Click save button.

 3. Begin with the first sample labeled as tube #1. Remove 
DI water tube from the SIP holder, vortex the sample, 
and place on the SIP holder.

 4. Set the run parameters by selecting the following:
1. “Run with limits”: check “10,000 events”; “Fluidics” 

speed: select “Slow.”

       . Table 24.1 Preparation of stain for a single or multiple assay

Staining 
solution

1 Assay 
(μL)

6 Assays 
(μL)

12 Assays 
(μL)

Reaction buffer 10.00 60.00 120.00

TdT enzyme 0.75 4.50 9.00

FITC-dUTP 8.00 48.00 96.00

Distilled H2O 32.25 193.5 387.00

Final volume 51.00 306.00 612.00

 A. D. Martins et al.



291 24

2. Select gate “P3 in P1” and set the threshold at 80,000 
on “FSC-H.”

 5. Begin the acquisition of data by clicking on the  
“Run” button. The run is completed after 10,000  
events.

 6. Remove the tube from the SIP and clean the SIP using a 
lint free wipe. Vortex and place the second sample on 
the SIP.

 7. Select the next well (A2, etc.) for the next samples. The 
above steps are repeated for each sample to allow 
processing of all samples.

 8. Save the data acquisition workspace under a subfolder, 
e.g., “TUNEL Patient Results,” “date,” and “tech initials” 
C6. Save the workspace and close the file.

 9. After all the samples are run, remove the tube from the 
SIP holder and replace with “bleach tube.” Run the 
“Bleach cycle.” A “Bleach cycle” is run to decontaminate 
the SIP holder and the fluidics using the following 
parameters:
 1. “Run with limits”: 2 min.
 2. “Fluidics” speed: fast.
 3. Threshold: 80,000 on FSC-H.

 10. After wiping the SIP at the end of the run, remove the 
tube and replace it with deionized water tube. Repeat 

(1–2) in step “D” above with deionized water, and shut 
down the instrument at the end of the run.

Data Analysis
Alignment strategy is performed under the “Collect tab.” For 
this, the “Standard sample” file is used for alignment of all the 
samples. Data analysis is performed under the “Analyze tab,” 
and each sample is aligned to “Standard sample” under the 
“Analyze tab.”

Alignment Strategy and Data Analysis 
in the Collect Tab
The steps involved are described below:
 1. Go to file, open workspace or template. Select the 

acquisition data saved in the TUNEL template (TUNEL 
patient template). Select an empty well where the 
standard sample data acquisition file has to be imported. 
Standard sample is a sample which has a known percent-
age of DNA fragmentation. Go to the “Standard tem-
plate” and select it.

 2. Click on “File import” and open the workspace.
 3. Save the workspace as “TUNEL patient acquisition data 

analyzed, tech initials and date.”
 4. Select a single sample as “Standard sample.”

       . Fig. 24.3 Representative plot of “Negative kit control”
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       . Fig. 24.4 Representative plot of “Positive kit control”

       . Fig. 24.5 Example of template setup for the analysis of the patient sample

 A. D. Martins et al.



293 24

 5. Select the negative peak of the “Standard sample.” This is 
used as a reference to be applied to all samples for 
alignment (. Fig. 24.6).

 6. Click on the histogram for the “Standard sample” and 
change the X-axis parameter from FSC-A to FL1-A.

 7. Right-click below the X-axis (FL1-A) and select the 
“Virtual gain” module for alignment.

 8. Change the gate to “P3 in P1” for plot 5. This gate is the 
same as plot 4, which is a quadrant gate.

 9. Select the vertical line icon at the bottom left of the 
histogram plot, and align the selected blue line to the 
center of the histogram to obtain 50% cell population 
on either side (. Fig. 24.7).

 10. Select the sample to be aligned from the grid of wells.
 11. Next align the blue line to the center of the peak of the 

selected sample. Click the tabs of “Preview” and “Apply.”
 12. An “Asterisk” will appear below the histogram. This 

confirms the alignment of the sample (. Figs. 24.8 
and 24.9).

 13. Next hit close button. Go to file and hit “Save” after each 
sample is aligned.

Data Analysis in “Analyze” Tab
The data acquired in the “Collect” tab is utilized for analysis 
under the “Analyze” tab within the Accuri C6 software. After 
opening the “Analyze” tab, a set of three plots are created for 
each sample: FSC-A/SSC-A, FSC-A/FL2-A, and FL1-A/FL2- 
A. The same gating strategy that was used in the “Collect” tab 
is used here as follows:
 1. The first plot “FSC-A/SSC-A” has no gating. The cell 

population is PX.
 2. The second plot “FSC-A/FL2-A” will have the gate PX in 

all events. The cell population is PY.

       . Fig. 24.6 Representation of a “Standard sample alignment”

       . Fig. 24.7 Aligning a test sample to the standard sample
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 3. The third plot “FL1-A/FL2-A” will have gate of PY in PX 
in all events.

 4. Record the percent damage reflected in the upper  
right quadrant from the “FL1-A/FL2-A” plot 
(. Fig. 24.10).

 5. Record the preliminary results in the “TUNEL 
Laboratory record form.”

Calculation of Sperm DNA Fragmentation Result 
and Validation of the TUNEL Assay
After subtracting the average value of the “Negative samples” 
from the percent damage for each sample (. Fig. 24.10), the 
assay is validated if the (1) “Positive control” spermatozoa 
samples have higher percentage of sperm that are positive for 
TUNEL assay than percentage of positive spermatozoa in the 
actual spermatozoa samples and (2) the “Positive kit control” 
has greater than 30% of spermatozoa positive for TUNEL 
assay. Currently, the reference value established in our center 
for SDF is 17%. Samples with SDF <17% are considered as 
“Normal,” and those with >17% SDF are considered as 
“Abnormal.” It is important that each laboratory establishes 
their own reference values and adopts strict quality control 
standards. The instrument quality control must be performed 
regularly using the 8-peak beads provided by the manufac-
turer. The “Positive” and Negative” controls provided in the 
kit and appropriate internal spermatozoa “Negative and 
Positive controls” must be included with each run. The details 
of the quality control steps are described in our recent publi-
cations [124, 125]. Adopting these strategies will help estab-
lish the reference values from different labs and increase the 
confidence of the results obtained. This will help in the clini-
cal management of the patients.       . Fig. 24.8 Applying the alignment to the test sample. This is 

indicated by an asterisk at the bottom of the histogram confirming the 
alignment of the sample to the standard file

       . Fig. 24.9 Steps showing the alignment of the well with a star saved under the histogram plot
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24.4   Conclusion

It is important that chromatin from the spermatozoa is cor-
rectly packaged and delivered safely to the oocyte. Studies 
have reported the association between the sperm DNA frag-
mentation and success rates of ART such as fertilization and 
pregnancy outcomes. Based on the extent of DNA fragmen-
tation, the appropriate selection of ART is important to make 
it efficient and cost-effective. The assessment of DNA frag-
mentation can be performed using different techniques, still 
the clinical relevance of many tests remains unclear. 
Nevertheless, TUNEL assay is gaining popularity, and it is 
important that more laboratories standardize this test and 
establish the reference values. This is important to establish 
the guidelines for use of this test to be considered as a “gold 
standard” in a clinical setting.

 Review Questions

 ? 1.  In sperm DNA, during chromatin packaging the 
majority of the histones are replaced with:

 (a) Protamines
 (b) DNA topoisomerases
 (c) Disulfide bonds
 (d) None of the above

 ? 2.  Which of these causes can be responsible for DNA 
fragmentation:

 (a) Aging
 (b) Lifestyle
 (c) Medical history
 (d) All of the above

 ? 3. In the TUNEL assay the samples can be evaluated by:
 (a) Flow cytometry
 (b) Standard fluorescence microscope
 (c) Polymerase chain reaction
 (d) (a) and (b)

 ? 4. In the TUNEL assay:
 (a)  The intensity of labeling is not proportional to 

the number of DNA strand break sites.
 (b)  The intensity of labeling is proportional to the 

number of DNA strand break sites.
 (c)  There is no relationship between the intensity 

labeling and the number of DNA strand break sites.
 (d) None of the above.

 ? 5.  What is the most important parameter in the sperm 
chromatin structure assay:

 (a) DNA fragmentation index
 (b) Number of DNA strand breaks
 (c) Sperm chromatin packing index
 (d) Protamine concentration
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