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Abstract

Objective: Density gradient centrifugation (DGC) is commonly used for sperm preparation before assisted repro-
ductive technology (ART) procedures. This technique separates superior motile spermatozoa with normal morphol-
ogy from the total sperm population. However, there is still controversy as to the effects of this sperm separation
technique on sperm cell DNA integrity which is a determining element in the process of fertilization and embryonic
development.

The objective of this study was to determine the effects of DGC on sperm cell DNA integrity as assessed by a novel
association between two cytogenetic tests.

Study designs: Semen samples were collected from 30 fertile donors and 40 patients being candidates for ART
treatment. Each sample was divided into two parts: the first portion was subjected to selection by two layers of DGC
(45% and 90%) and the second fraction was rinsed with phosphate-buffered saline solution and centrifuged without
density gradient.

Abnormal sperm chromatin structure as evaluated by a sperm chromatin dispersion (SCD) test and DNA denaturation
as assessed by an acridine orange (AO) test were monitored in the initially washed sample and in the different layers
of the density gradient centrifugation.

Results: DGC significantly improved the proportion of sperm progressive motility, total motility, and sperm morphol-
ogy. Moreover, following density gradient centrifugation, the proportion of spermatozoa with denaturated DNA sig-
nificantly decreased when compared with whole semen (p < 0.001). In addition, we found that spermatozoa isolated
in the 90% layer possessed a significantly lower percentage of sperm chromatin decondensation when compared
with those remaining in the 45% layer and unprocessed semen (p < 0.001).

Conclusions: Using double cytogenetic tests, our study shows that semen processing by density gradient centrifu-
gation is useful in selecting sperm with higher double-strand DNA integrity and recommended to be used in sperm
preparation for assisted reproduction.

Keywords: Acridine orange, Chromatin integrity, Density gradient centrifugation, DNA denaturation, Male infertility,
Sperm chromatin dispersion

Introduction
Assisted reproductive technology (ART) reports for
about five million childbirth in the world from their first
clinical application and this number keeps increasing
continually [1].
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The global decline in sperm parameters worldwide
encourages the improvement of a broad range of various
laboratory methods concentrating on the separation and
enhancement of qualified gametes from the semen [2].

Within in vivo conditions, potentially fertile spermato-
zoa are isolated from dead or immobile spermatozoa and
other cells present in the semen (leukocytes, red blood
cells ...) in the female genital tract [3]. Over this passage,
sustained physiological changes named capacitation also
occur which are essential conditions for the sperm’s func-
tional ability to activate acrosome reaction [4, 5].

Currently, sperm selection techniques used for ART,
such as density gradient centrifugation (DGC), are trying
to mimic the natural separation boundaries and choose
sperm selected primarily based on their motility and
morphology.

The density gradient technique is based on the cen-
trifugation of semen on different levels of particular
solutions with different concentrations. A mature and
morphologically normal spermatozoon has a slightly ele-
vated density of 1.10 g/mL. However, an immature and
morphologically atypical spermatozoon has a decreased
density between 1.06 and 1.09 g/mL [6]. At the end of the
process of centrifugation, each cell is situated at the gra-
dient layer appropriate for its density. Thus, the obtained
interface between the seminal plasma and different den-
sity levels restrain the leukocytes and dead spermatozoa
with impaired morphology and/or motility are elimi-
nated. The particularly motile, morphologically normal,
and viable spermatozoa are enhanced in the pellet at the
bottom of the tube. Therefore, this technique is consid-
ered as an ideal sperm treatment that selects a highly
functional sperm population [7].

The favorable outcome associated with this technique,
however, is trivial maybe since sperm separation is exclu-
sively founded on usual norms such as viability, motility,
and morphology [8]. It seems that standard sperm analy-
sis is insufficient because it does not adequately reflect
the sperm nuclear DNA and chromatin quality. Those
markers have an important part in the process of both
natural and in vitro fertilization as well as the develop-
ment of the subsequent embryo [9].

The nuclear quality of the parental genome concerns,
on the one hand, the genetic inheritance transmitted
to the conceptus by the spermatozoa and, on the other
hand, the chromatin compaction acquired during sper-
miogenesis, aiming to protect this genetic inheritance
during the transit of the male gamete from the seminifer-
ous tube to the oocyte cytoplasm. Hence, any anomalies
in chromatin remodeling can engender nuclear damages
such as DNA denaturation or fragmentation that could
harm male fertility [10, 11]. Besides, previous reports
have confirmed that getting a DNA fragmentation index
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(DFI) more than 30% is related to a poor chance of both
natural and assisted reproduction [9-12].

The question about whether DGC increases or
decreases DFI is currently unclear. Indeed, many stud-
ies have reported that DGC improves the yield of DNA
intact spermatozoa and removes spermatozoa with defi-
ciently condensed chromatin as measured by different
sperm DNA integrity techniques [8, 13, 14]. However,
others have reported no changes in selecting sperm with
high DNA integrity or even the opposite by stipulat-
ing that the process of centrifugation itself might cause
sperm DNA alterations [15, 16].

Taking into account these contrasting and ambigu-
ous results, we aimed in the current report to examine
the efficiency of DGC in enhancing sperm parameters
and DNA quality in semen samples of infertile patients
using a novel association between two cytogenetic tests,
the SCD and AO. Ours is the first report which sheds
the light on the impact of DGC in selecting spermatozoa
with good quality DNA using two different techniques on
each semen sample.

Material and methods

Semen specimens were gathered from 40 men attending
the Department of Cytogenetic and Reproductive Biol-
ogy of Fatuouma Bourguiba University Teaching Hospi-
tal (Monastir, Tunisia) before an IVF attempt. Moreover,
30 men with regular semen parameters were chosen as
controls.

All of the selected subjects had no history of radiother-
apy, chemotherapy, chronic illness, or medication. They
were also non-alcoholic and non-smokers. Patients with
azoospermia or leucospermia were also excluded from
this study.

This protocol was admitted by the local ethics commit-
tee and all patients and controls had already given writ-
ten informed consent.

Semen analysis

Semen specimens were obtained by masturbation into
sterile containers, after 2—5 days of sexual abstinence.
After 30 min of semen liquefaction at 37°C, standard
sperm parameters were analyzed and interpreted accord-
ing to the World Health Organization (WHO) guidelines
[17] and sperm morphology evaluation was performed
according to the modified David classification [18].

After semen analysis, samples provided from the 40
patients were fractioned into two similar portions: the
first portion was subjected to selection by two layers of
DGC and the second fraction was rinsed with phosphate-
buffered saline solution (Gibco " PBS, pH 7.4) and cen-
trifuged at 1100 rpm for 7 min without density gradient.
After DGC and the centrifugation of the unprocessed
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fraction, the two obtained pellets were prepared for AO
and SCD techniques.

They were fixed separately in methanol/acetic acid (3:1)
and stored at — 20 °C till a later evaluation of sperm DNA
denaturation with AO. In order to access DNA condensa-
tion with the SCD technique, the second aliquots, from
each pellet, were diluted with phosphate buffer saline
solution in order to obtain a concentration of 5 tol0
millions.

Density gradient centrifugation

The sperm samples were processed using 45% and 90%
SpermGrad™ gradient layers. Constituents of the den-
sity gradient solution contained a colloidal suspension of
silica particles adjusted with covalently bonded hydro-
philic silane supplied in HEPES. Sperm washing medium
(G-IVEF™) was employed to clean and resuspend the
final pellet. Gradient medium, sperm wash medium, and
semen samples were stored in an incubator at 37°C and
6% CO, atmosphere for 20 min for equilibration prior to
the procedure.

Briefly, 1.5 ml of the lower phase gradient (90%) was
moved into a conical bottom tube. A second 1.5-ml layer
of the upper phase (45%) was then slowly placed over of
the lower phase. A distinct line separating the two layers
was observed. A proper volume of liquefied semen was
gently placed over of the upper phase. The prepared tube
was then centrifuged at 1100 rpm for 10 min.

The supernatant seminal plasma was discarded and
every layer of the gradient was gathered aside and washed
with 5 ml of RPMI (1640, BioWhittake) at 1100 rpm for
10 min. The sperm pellet acquired after each centrifuga-
tion was stored separately.

Acridine orange test (AO)

Spermatozoa, obtained as described above, were brought
to room temperature and centrifuged at 400g for 10 min.
The pellet was resuspended in 100 pl Tris NaCl EDTA
buffer (100 mM NaCl; 50 mM Tris—HCI, pH = 7.4; 0.1
mM EDTA) and kept in ice until staining. The suspension
was handled with an acid solution (pH 2.7) (0.2% Triton
X-100, 0.2 mol/L NaCl, and 0.08 N/L HCI), maintained
for 50 s, and mixed with 2 ml acridine orange solution
(1%) in buffer containing 0.2 M citric acid, 0.3 M Na,
HPO, 1 mM EDTA, and 0.15 M, (pH 6.2) NaCl. After 5
min of incubation, samples were centrifuged at 500g for
10 min and pellets were resuspended in 70 ul TNE buffer
and then removed to a glass slide. A total of 300 sper-
matozoa were counted under a fluorescent microscope
in 40x magnification, with excitation at 470 nm. Sperm
head with intact double-sprigged DNA stained green and
those with denatured DNA exhibited red fluorescence
[19].
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Sperm chromatin dispersion test (SCD)

To assess sperm chromatin integrity, we applied the
method described by Fernandez et al. [20]. Shortly, 30
ul of semen samples diluted with phosphate-buffered
saline (PBS) was blended with 1% low melting point
agarose preserved at 37°C. Approximately, 30 pl of this
mixture was pipetted into a pre-coated agarose slide
with 0.65% of normal melting point agarose, gently cov-
ered with a coverslip, and maintained to solidify for 5
min at 4 °C. The slides were then immersed in freshly
prepared acid denaturation solution (0.08 M HCI) for
7 min.

Proteins were eliminated by covering the slides in lys-
ing solution (0.4 M Tris, 0.8 M DTT, 50 mM EDTA, 1%
SDS, and 1% Triton X-100) and incubated for 25 min
at room temperature. Slides were rinsed with distilled
water, pursued by dehydration for 2 min in graded eth-
anol (70% and 90%), and air dried. Cells were colored
with Giemsa and analyzed under a bright-field micro-
scope for halos detection. A minimum of 300 sper-
matozoa per sample were evaluated by observing the
corresponding halo size. Sperm with big- and medium-
sized halos were considered normal, and sperm with
restricted sized halo or less than one-third of the diam-
eter of the sperm head were considered to have a sig-
nificant DNA decondensation level.

Statistical analysis

Statistical analysis was performed with the Statistical
Package for Social Sciences, version 18 (SPSS Inc., Chi-
cago, IL, USA). Results are represented as mean + SD
(standard deviation). Differences in the mean values of
both DNA decondensation and denaturation between
fresh and processed semen for the same patient were
made using the ANOVA test.

Pearson’s correlation was performed to examine the
relationship between chromatin decondensation and
sperm DNA denaturation.

A statistically significant difference was accepted
when the p value was < 0.05.

Results

Patient’s characteristics, standard semen analysis,

and chromatin status in control and patient groups

The mean age was comparable between patients and
controls (33.46 + 7.25 vs 33 £ 7.54 years, respec-
tively). Sperm parameters of both groups are reported
in Table 1. The percentage of progressive motility and
abnormal morphology were significantly reduced in
patients compared to controls (p < 0.001).
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Table 1 Comparison of standard semen parameters between controls and patients according to WHO (2010)

Sperm parameters Controls (n = 30) Patients (n = 40) p value
Volume (ml) 375+ 124 349+197 0.71

pH 7821024 765+0.14 0.15
Sperm count (x 10%/ml) 1814 1.14 159.70 + 831 0.20
Progressive motility (a+b) (%) 36 £6.51 25.18 £11.50 <0.001*
Abnormal forms (%) 7002 & 237 90.26 £5.45 <0.001*
Sperm vitality (%) 8194+ 11.13 7722+ 1223 0.37

Sperm parameters are expressed as mean =+ standard deviation
a, rapid progressive; b, slow progressive
*Highly significant difference (p < 0.001)

The mean value of DNA denaturation and chromatin
decondensation in the initial semen of the forty patients
were 49.76 £ 31.56% and 44.77 + 8.13%, respectively.

Correlation analysis showed a significant positive
correlation between sperm denaturation (AO) and
decondensation (SCD) rates in the patient group before
density gradient centrifugation procedure (r = 0. 897; p
< 0.001) (Fig. 1).

Effectiveness of sperm density gradient centrifugation

in selecting sperm with better sperm parameters

As presented in Table 2, we noted a significant improve-
ment in both total and progressive sperm motility follow-
ing density gradient preparation in the patient’s group.

In addition, our results have shown a significant
increase in the percentage of spermatozoa with normal
morphology and a decrease in the multiple anomalies
index value after DGC.

40

Sperm decondensalion (¢

10 20

Sperm denaturation (%)

Fig. 1 Correlation analysis between denaturation (AO) and decondensation (SCD) rates in the forty semen samples
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Table 2 Pre- and post-DGC values of total motility, progressive
motility, and detailed morphology in the patient’s group

Semen parameters Pre-DGC Post-DGC p value
Total spermmotility (%) 5176 £642  3515£562  <0.001**
Progressive motility (%) 2518 £ 1150 8663+624 <0.001**
Atypical forms (%) 2518+ 1150 8663 £624  <0.001**
Total head abnormalities (%) 1964 +7.3 1069 + 2.7 0.002*
Macrocephalic (%) 2114+£19 201 +£17 0.65
Microcephalic (%) 1323 +94 1021+ 64 0.26
Abnormal acrosome (%) 31.12+£112 22134104  <0.001**
Double head (%) 136+ 1.1 1.03 +1.02 043
Amorphous head (%) 2475+ 106 1621 +£13.02 0.015*
Tapered head (%) 36.82 £1361 30.15+10.14 0.005*
Tail abnormalities (%) 9.05 £ 202 620 £ 32 0.04*
Twotailed (%) 1624125 091 +£0.21 0.02*
Coiledtail (%) 19.56 £9.2 1234+£102  0.007%
Bent tail (%) 142+16 1.1+£1.21 037
Short tail (%) 1037 £6.2 645 +4.12 < 0.001**
Cytoplasmic droplet (%) 154 4+ 1.54 1324+ 086 0.21
Multiple anomalies index 193 +0.12 1.51+0.16 < 0.001**

DGC density gradient centrifugation
*Significant difference (p < 0.05)
**Highly significant difference (p < 0.001)

Table 3 Mean and standard deviation (SD) of abnormal
chromatin structure as assessed by the SCD test and DNA
denaturation as evaluated by the AO test in the three spermatic
fractions (neat semen, 45% layer, and 90% layer)

Tests Neat semen 45% layer 90% layer p value
group group

Sperm 4477 £813 4510+ 8.41 2216 £6.1 <0.001**

chromatin

dispersion

(%)

Acridine 49.76 £3156 3712+ 14.09 15.71 £10.07 <0.001**

orange

test (%)

Values are mean + SD

**p <.001, highly significant difference between the 90% layer group and both
neat semen and 45% layer group
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A significant decline in sperm head abnormalities and
abnormal acrosome was also noted. Details of morpho-
logical abnormalities are shown in Table 2.

Effectiveness of sperm density gradient centrifugation

in selecting sperm with lower DNA denaturation

and decondensation levels

As shown in Table 3, the level of sperm DNA deconden-
sation was significantly decreased in the 90% fraction as
compared to the neat sperm fraction (22.16 + 6.14% vs
44.77 £ 8.13%, respectively; p < 0.001). The 90% fraction
showed also a significant decreased sperm DNA when
compared to the 45% fraction (22.16 & 6.14% vs 45.10 £
8. 41%, respectively; p < 0.001).

Using the acridine orange test, a significant decreased
level of denaturated DNA was shown in the 90% frac-
tion when compared to the initial sperm sample (15.71 £+
10.07% vs 49.76 £ 31.56%, respectively; p < 0.001). The
comparison between the two fractions revealed also a
significant decreased level of sperm DNA denaturation
in the 90% fraction (15.71 £ 10.07% vs 37.12 £ 14.09%,
respectively; p < 0.001). There was no statistically sig-
nificant difference between the 45% fraction and the neat
sperm with regard to both DNA fragmentation and dena-
turation level.

Figure 2 (b and c) shows AO staining in the initial
semen sample (Fig. 2b) and after centrifugation in the
90% fraction (Fig. 2c). Figure 2 (d and e) illustrates sperm
chromatin structure assessed by the SCD technique test
in the initial semen sample (Fig. 2d) and after centrifuga-
tion in the 90% fraction (Fig. 2e).

Discussion
The questionable effectiveness of routine semen exami-
nation in establishing male infertility issues has led to the
implementation of new techniques allowing the evalua-
tion of sperm DNA integrity and the prediction of ferti-
lization capacity aiming to improve ART outcomes. In
fact, evidence suggests that sperm DNA quality adversely
affects ART results [21] and fertilization capacity
depends on a substantial amount of sperm with chroma-
tin anomalies.

Firstly, our results indicated a significant improvement
in the proportion of motile progressive sperm recovered
from the 90% layer after the DGC technique which is

(See figure on next page.)

Fig. 2 a Percentage of abnormal chromatin structure as assessed by the SCD test and DNA denaturation as evaluated by the AO test in the three
spermatic fractions (neat semen, 45% layer, and 90% layer). Sperm DNA denaturation as assessed by acridine orange in the initial semen sample (b)
and after centrifugation in the 90% fraction (c). Sperm cell heads with double-stranded DNA were green (AO-green cell); those of single-stranded
(denaturated) DNA were red (AO-red cell). Sperm chromatin structure assessed by the SCD technique test in the initial semen sample (d) and

after centrifugation in the 90% fraction (e). Sperm cell heads with normal chromatin structure have large halos (Halo +), and those of abnormal

chromatin structure have very little or no halos (Halo -)
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about 3.5 folds compared with unprocessed semen. This
observation consists with those published by Ricci et al.
[22], Hashimoto et al. [23], and Noguchi et al. [24] who
reported that the DGC technique leads to a higher pro-
gressive motile sperm rate than other sperm processing
techniques.

Besides, this method revealed its efficiency in the
improvement of the proportion of spermatozoa with nor-
mal morphology after density gradient sperm prepara-
tion as reported in previous studies [21, 25, 26].

In fact, the DGC technique consists of separating the
whole semen on layers of particular solutions with dif-
ferent densities. It is a time-saving technique as it only
needs around 20 min of centrifugation compared with 1
h of incubation for the swim-up technique. It is simple to
perform within sterile conditions which makes it easy to
implement in routine clinical work.

Additionally, in the case of a sperm head deformity,
the synchronization between head rotation and flagellar
motion is altered. Some authors suggest that this desyn-
chronization could explain, among other things, the low
fertility potential during conventional in vitro fertiliza-
tion [27]. This abnormal progression, resulting in vari-
able degrees of asthenospermia, would therefore explain
the difficulty faced by these spermatozoa in crossing the
two layers of the gradient so that they are not selected.
Acrosomal status is a major factor involved in the ferti-
lizing capacity of the sperm as it contains enzymes that
are essential to permeate and fertilize the oocyte and
take part in capacitation and acrosome reaction [28]. The
results of the current study revealed that the number of
spermatozoa with normal acrosome was also remarkably
increased by 1.4 folds after DGC preparation.

Secondly, using the SCD test, we revealed that sperma-
tozoa retained in the 90% layer after the DGC technique
present a significant decrease in the chromatin decon-
densation rate corresponding to % compared to untreated
semen. Interestingly, these results are in accordance with
those obtained by the AO assay regarding the DNA dena-
turation levels which decreased from 49.76% in the initial
sperm sample to reach a mean value of 15.71% in the 90%
layer after centrifugation (p < 0.001). Hence, one of the
strengthen points of the current study is that it provides
complementary data allowing DNA integrity apprecia-
tion: decondensation and denaturation status, especially
since these two parameters were evaluated on each
semen sample which makes the results more reliable than
those where two different techniques were tested but on
different semen samples [29].

To go further in selecting the best male germ cells,
other reports have proven the efficiency of DGC on iso-
lating the sperm population with longer telomeres [30].
This criterion seems to be predictive on fertilizing sperm
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ability but currently available data is still controversial
(30, 31].

Our results are consistent with other studies focus-
ing on the impact of DGC in reducing the proportion of
sperm DNA fragmentation originally present in the neat
semen [32, 33].

In accordance with these data, Sakkas et al. [34] noted
a significant decrease in the percentage of damaged
sperm DNA after DGC, but they did not find any signifi-
cant amelioration when they used the swim-up method.
Moreover, Hammadeh et al. [25] proved that density gra-
dient centrifugation not only ameliorates sperm motility
but also leads to the selection of sperm with normal mor-
phology and chromatin integrity.

In a study conducted by Malvezzi et al. [35], three com-
mercially available gradient media (among which Sper-
mGrad that we used in the present study) were employed
to evaluate sperm selection quality. Even if conducted on
only 20 semen samples, the study has shown that all three
media improved sperm parameters as well as DNA qual-
ity, which favor previous results that density gradient can
recuperate high-quality sperm with little DNA damage.
Despite all the previously described trials, the effects of
DGC on sperm DNA integrity are still controversial; in
fact, other studies have not found DGC to be useful for
the selection of sperm with high DNA integrity. A study
conducted by Muratori et al. [14], using the pure sperm
density gradient, demonstrated that sperm preparation
with DGC may even induce sperm DNA fragmentation.
They found that after DGC, about 50% of subjects had
higher levels of sperm DNA fragmentation when com-
pared to pre-DGC values, proposing the induction of
DNA damage over the manipulation. The authors argue
for a potential contamination of commercially available
colloidal silicon gradients by transition metals which may
be the principal reason of sperm DNA breakage during
DGC.

This hypothesis was supported by the findings of Ait-
ken et al. [36] who revealed an oxidative DNA damage in
sperm following the use of PureSperm® discontinuous
colloidal silicon gradients suggesting that metal transi-
tion present in the medium particularly Fe, Al, and Cu
are responsible to promote free radical generation in the
immediate vicinity of DNA. According to these authors,
this damage can be significantly accentuated by reduc-
ing agents, such as ascorbate (p < 0.001), and inhibited by
selective chelation (p < 0.001).

Taken together, it is important that we avow the
potential damage that may be induced by certain met-
als on sperm DNA integrity during sperm preparation
and so we must seek to counteract their effects by add-
ing in the medium antioxidants that block the initiation
or propagation of chain oxidation. It is well reported
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that zinc may act by competition with the ferrous ions
to the oxygen ligands in the oxidized polyunsaturated
fatty acids in the sperm membrane and so it prevents
the binding of these redox-active metals [37].

Another study reported by Zini et al. [38] showed a
2-fold augmentation in denatured sperm DNA when
compared with raw semen, after processing with two
and four layers of Percoll gradients.

The authors attributed this discrepancy to the nature
of the gradient itself and the centrifugal force utilized
which could be responsible for ROS production and iat-
rogenic DNA damage induction. The centrifugal force
employed when processing the sperm was considerably
higher than that used in the current study.

Furthermore, a previous study reported that an exces-
sive amount of ROS produced by seminal leucocytes or
immature spermatozoa during sperm incubation has
been confirmed to potentially harm sperm function via
oxidized DNA adducts and DNA fragmentation [8, 14].
The use of antioxidants in sperm preparation media
(albumin was used in this study) can save spermatozoa
from oxidative attacks, which could explain the signifi-
cant amelioration of sperm motility, normal morphol-
ogy, and especially better DNA quality.

Selecting spermatozoa on the basis of chromatin
integrity is a crucial point in the process of fertilization.
Indeed, both the lack and the excess of sperm chroma-
tin compaction could be deleterious. On the one hand,
a supernormal sperm chromatin compaction could pre-
vent the delivery of the paternal genome in the oocyte
[39]. On the other hand, the oocyte has an important
DNA repair capacity but is limited to DNA strand
breaks and the capacity to manage with an abnormal
chromatin structure is very poor [40].

To our knowledge, we herein describe for the first
time the relationship between sperm deformity rate
and DNA integrity using the SCD and AO assay after
DGC preparation.

In fact, we demonstrated a positive correlation
between the results provided by these two tests giving
us an idea about the sperm DNA integrity by measur-
ing the rate of sperm chromatin dispersion and DNA
denaturation.

To conclude, the classic procedures might be amelio-
rated by conducting in-depth more sophisticated meth-
ods, so as to find efficient semen processing that can be
used in ART. Therefore, the use of the DGC technique for
sperm preparation before ART treatment as reported in
this study will be possibly an attractive new strategy that
can ameliorate DNA integrity and overcome the short-
comings of routine semen examination to point male
infertility issues and to improve ART results.
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