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Abstract
Purpose Fertility preservation strategies warrant non-invasive
viability assessment of preantral follicles (PAF) such as stain-
ing with Neutral Red (NR) that is incorporated by viable
follicles. To optimize the procedure, we firstly determined
the lowest concentration and shortest exposure time needed
for optimal viability screening of isolated bovine PAF. Sec-
ondly, we combined this protocol to a vitrification procedure
to assess cryotolerance of the stained follicles.
Methods Isolated PAF (900, divided over 6 replicates) were
cultured in DMEM/Ham’s F12 (Culture Medium - Cm) for
4 days (38.5 °C, 5 % CO2). On D0, D2 and D4, follicles were
stained, by adding NR medium (NRm=Cm with different
concentrations NR) after which viability was assessed by
counting stained/non-stained PAF every 30 min for a period
of 2 h.
Results Following a binary logistic regression analysis with
staining as a result (yes/no) versus log-concentration, a proba-
bility model could be fitted, indicating that the proportion of
stained follicles remained stable after 30 min when 15 μg/ml
NR was used, without compromising follicular health and
viability. Consequently, using this protocol, no significant ef-
fect of staining prior to vitrification, was found on PAF viability
immediately after warming or following 4 days of culture.

Conclusions In conclusion, we propose NR staining as a non-
invasive, non-detrimental viability assessment tool for PAF,
when applied at 15 μg/ml for 30 min, being perfectly com-
patible with PAF vitrification.

Keywords Viability assessment . Isolated (bovine) preantral
follicles . Vitrification . Neutral red (NR)

Introduction

Preantral follicle physiology (PAF) is an intriguing field of
study from a fertility preservation point of view [1, 2]. They
represent an untapped source of reproductive potential, offer-
ing hope to women suffering from a decreased fertility [3].
However, limited knowledge about PAF dynamics, combined
to a lack of standardized non-invasive retrieval and viability
assessment protocols [3, 4] and reliable cryopreservation pro-
cedures are hampering progress of clinical applications. An
efficacious integration of these different processes is a prereq-
uisite for success, and therefore, their interactions need to be
studied and characterized. Because human tissue is only
scarcely available, the bovine ovary was used as a well-
established in vitro model for pre-implantation reproductive
research [5–7].

While the method of retrieval can have a huge impact on
follicle quality [8, 9], this paper will focus on the nexus
‘follicle viability testing’ and its possible effect on ‘cryopres-
ervation through vitrification’. Assessment of follicle viability
is crucial to increase the efficiency of fertility preservation
strategies [10]. Until now, mostly invasive methods using
light or transmission electron microscopy are applied to tissue
fragments to assess follicle viability by extrapolation [11, 12].
As a consequence, studied follicles are destroyed and rendered
useless for subsequent culture or transplantation purposes. To
our knowledge, ‘follicle saving’ protocols, allowing repeated
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non-invasive follicle viability assessment during culture,
haven’t been reported yet.

Quite recently [10, 13], Neutral Red (NR), a water-
soluble and non-toxic dye was proposed as a non-
invasive tool to perform live/dead assays [14–16], based
on the ability of living cells to incorporate it in their
lysosomes [10, 15]. However, nothing is known about the
effect of NR staining on the viability of subsequent cryo-
preserved PAF [17]. Cryopreservation strategies can in-
volve the whole ovary [18–20], pieces of ovarian cortex
[7, 21, 22] or isolated follicles. Based on earlier work [7],
vitrification was chosen, although, to our knowledge, spe-
cific data on the use of isolated, bovine early PAF in this
context are lacking.

Aiming to contribute in a clinical context, we hypothe-
sized that NR staining, as a non-invasive tool for (repeated)
viability testing, had no effect on the viability of mechan-
ically isolated PAF after vitrification. Therefore, in the
present study we aimed: 1) to determine the lowest NR
concentration and shortest incubation time allowing a safe
viability assessment of mechanically isolated, early pre-
antral bovine follicles, 2) to confirm the relative non-
toxicity of NR when repeatedly used during culture in
appropriate dosage, for a limited time period and 3) to
study the possible effects of the optimized NR protocol
on follicle viability following vitrification.

Materials and methods

Collection of ovaries and isolation of early PAFs

All chemicals were purchased from Life Technologies, unless
stated otherwise. Batches (10–40) bovine ovaries were col-
lected at local slaughterhouses and transported to the labora-
tory in physiologic saline (0.9 % NaCl, Braun) at 25 °C. Upon
arrival, 3–4 ovaries were selected, free of abundant antral
follicles or a corpus luteum. Following removal of the adnexa,
the ovaries were washed in warm physiologic solution sup-
plemented with Kanamycin (0.25 %). Follicle retrieval was
described extensively elsewhere [23]. Briefly, ovarian cortex
tissue was cut in pieces of approximately 1 mm3, which were
dispersed (UltraTurrax, IKA, Germany) in isolation medium
(Leibovitz, L15withGlutaMAX, supplementedwith 10μg/ml
penicillin-streptomycin and 0.3 mg/ml BSA, Sigma). The
resulting follicle suspension was filtered through 100 and
25 μm mesh filters (BD Falcon). The follicles of interest
(diameter between 25–100 μm) remained on the 25 μm filter
and were transferred to a petri dish filled with isolation medi-
um and visualized by means of an inverted phase-contrast
microscope (Olympus CKX 41, magnification: x100 up to
x400) (Fig. 1). In total, 900 PAFs, divided over six (2x3)
replicates, were used.

Determination of the lowest concentration and the shortest
possible incubation time for Neutral Red (NR)

Half area 96-well plates were filled with 35 μl Culture (Cm)
and 35 μl Neutral Red medium (NRm) and equilibrated for
2 h (38.5 °C, 5 % CO2). Based on Jorssen et al. [24], Cm
consisted of DMEM and Ham’s F12 in equal amounts,
Penicillin-Streptomycin 10 μg/ml, Fungizone 20 μg/ml,
FBS (Greiner) 2.5 v/v%, NCS (Sigma) 2.5 v/v%, a
mixture of Insulin, Transferrin and Selenium (ITS)
(0.01 μg/ml, 0.55 μg/ml and 6.7 ng/ml respectively)
and BSA (Sigma) 0.75 w/v%. NRm was composed of
Cm supplemented with relevant NR test concentrations,
obtained by diluting the original NR stock solution of
0.05 mg/ml (the concentration of NR as used by Cham-
bers et al. [10]). Initially, three replicates were per-
formed for each concentration of 0, 0.0025, 0.025,
0.25, 2.5 and 25 μg/ml NR. Each concentration was
tested twice per replicate. Because follicles were only
stained within the concentration range of 2.5 to 25 μg/ml
NR, the same experiment was repeated in the same way
as the former experiment within the range of 2.5-
25 μg/ml (0, 2.5, 5, 10, 15, 20 and 25 μg/ml). All
evaluations were performed by the same operator, using
inverted phase-contrast microscopy (Olympus CKX 41)
(Figs. 2 and 3). NR-stained follicles were considered
viable when at least 75 % of the granulosa cells sur-
rounding the oocyte and the oocyte itself were stained
red. Briefly, PAF between 25–100 μm were selected
(10/well) and viability was assessed every 30 min for
2 h following the onset of staining. At each time point,
the number of NR+follicles was counted. Following the
last count, follicles were cultured in 70 μl Cm for 48 h.
On Day 2, follicles were again exposed to NR at the
same dosage and viability was re-assessed (cfr. Day 0).
Following the final count on D2, follicles were again
transferred to Cm and re-incubated for another 48 h. On
Day 4, the procedure was repeated for a third time as
described above. Following the last count on D4, the
highest NR concentration was added to all wells, as a
positive control. For each replicate, an internal control
for culture effects was included: PAFs were not exposed
to NR at D0 but were exposed to maximal NR concen-
tration on D2 or on D4 of culture.

Two factorial crossover design to test the effect of vitrification
and NR staining on the viability of isolated PAFs

In a crossover design (see Fig. 4), viability was
assessed by staining the follicles using the optimized
NR protocol (15 μg/ml, 30 min) on different time
points: 1) prior to vitrification (time point 1, T1), treat-
ments were defined as pre/postCRYO and preCRYO.
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Subsequently, both groups were vitrified. Following vit-
rification and warming (time point 2, T2), one group
was re-stained with NR to re-assess viability and sub-
sequently cultured for 4 days (treatment pre/postCRYO)
while the other group (treatment preCRYO) was imme-
diately cultured for 4 days; 2) only following vitrifica-
tion and warming (T2), treatment defined as postCRYO;
3) nor prior to or after vitrification, treatment defined as
nonSTAINED.

Finally, all groups were stained with NR following 4 days
of culture (time point 3, T3) to assess the remnant proportion
of viable follicles. An additional group of follicles
(CONTROL) was cultured for 4 days, without being vitrified
or stained, except at the end of the trial at T3.

Vitrification of isolated PAFs

Preantral follicles were isolated as described earlier (2.1).
Halfarea 96 well-plates were prepared as stated under 2.2.
Preantral follicles were subjected to different treatments (10
PAFs/well) (pre/postCRYO, preCRYO, postCRYO and
nonSTAINED, see 2.3 and Fig. 4). The vitrification protocol
was based on Aerts et al. [7]. Manipulations were performed
at room temperature, limiting the amount of transferring me-
dium and grouping the PAFs to shorten handling time. After
isolated PAFs were stained and placed in culture medium,

viability was assessed 30 min later. Following viability assess-
ment or culture, follicles were vitrified. Briefly, 10 follicles per
well (8 wells in total per replicate, 3 replicates, 240 PAFs) were
placed for 1 min in 50 μL of Hm (holding medium), consisting
of L15 with GlutaMAX supplemented with penicillin-
streptomycin (10 μg/ml) and 0.5 % polyvinylpyrrolidone
(PVP, Sigma). Subsequently, follicles were placed in 250 μL
Hm for 1 min and transferred to 50 μL equilibration medium
(Em) consisting of Hm supplemented with ethylene glycol (EG,
1.8 M, Sigma) and dimethyl sulfoxide (DMSO, 1.4 M, Sigma).
After 1 min, follicles were plunged into 20 μL of vitrification
medium (Vm) consisting of Hm to which sucrose (0.2 M,
Sigma), EG (3.6 M) and DMSO (2.8 M) had been added. After
20 s, follicles were picked up and placed in a fibreplug in a
maximum of 3 μl Vm. Follicles were vitrified by making
contact between the fibreplug and the CVM (cryologic vitrifi-
cationmethod) block and subsequently stored in LN2 for at least
2 days.

Warming and NR staining of the vitrified PAF

Before initiating the warming procedure, half area 96-well
plates were prepared as stated under 2.2. Fibreplugs were
recovered from the LN2 and warmed for 1 min in a drop of
250 μL of thawing medium (Tm) consisting of Hm with
sucrose (0.3 M). The follicles were then transferred to 50 μL

Fig. 1 Preantral follicles after isolation of bovine ovarian cortex tissue. a: enlargement x100; b: enlargement x200; c: enlargement x400

Fig. 2 Metabolically inactive (or
dead - left) and metabolically
active (or live - right) isolated
follicle stained with NR (Neutral
Red)

J Assist Reprod Genet (2014) 31:1727–1736 1729



of Tm for 5 min and transferred to 50 μL of dilution medium
(Dm) consisting of Hm with sucrose (0.2 M) for 5 min.
Finally, all follicles were transferred to 50 μL of Hm for
5 min and then transferred to the corresponding staining or
culture wells (Figs. 2 and 3). Viability was assessed after
30 min and follicles were cultured in Cm during 4 days.

Culture and viability re-assessment of PAFs after 4d ‘in vitro’
culture

Finally, follicles of all treatments were cultured for 4 days in
Cm [25]. Half of the culture medium was changed the second
day. On the 4th day, follicle viability was assessed by replac-
ing half of the volume of Cm with NRm (final concentration
NR is 15 μg/ml). Dead or alive status was assessed after
30 min following the uptake of NR.

Statistical analysis

SPSS Statistics 20.0 (for Windows, Chicago, IL, USA) and R,
version 2.13.1 (http://www.r-project.org), were used to
perform statistical analysis. The effects of concentration,
replicate and incubation time were tested using logistic
regression analysis. A stepwise backward model building
strategy was used, starting from a model including replicate,
incubation time and concentration (categorical), as well as all
pairwise interactions. Significance testing was performed
using a likelihood ratio test. The optimum concentration
15 μg/ml, was obtained by calculating the mean fraction of

stained follicles at each concentration. Significance level was
set at P<0.05.

To study the effect of vitrification on follicle viability, PAFs
were stained and counted before and after the cryopreserva-
tion procedure and after 4 days of culture. The percentage of
viable follicles was measured per well and per replicate on the
total number of PAFs retrieved at the different time points. No
interaction between replicate and treatment was noticed. Per-
centages were compared with a paired Student’s T-test to
address the net effect of vitrification on viability at T2 (obser-
vations within treatment pre/postCRYO). In order to cover the
comparisons between treatment nonSTAINED and the CON-
TROL (the net effect of vitrification on viability at T3),
treatment pre/postCRYO and postCRYO (the effect of NR
staining before cryopreservation on viability at T2) and
nonSTAINED and preCRYO (the effect of NR staining before
cryopreservation on viability at T3), a binary logistic regres-
sion analysis was performed. Significance level was set at
P<0.05.

Results

Optimizing the Neutral Red protocol (aim 1 and 2)

Determination of the lowest NR concentration for PAF
viability testing

The first trial (2.2) showed that follicles stained positive
at NR concentrations between 2.5 and 25 μg/ml. The
experiment was therefore repeated within this narrower
dose range. Plotting the observed fraction of stained
follicles versus the concentration of NR clearly showed
an optimal NR concentration at 15 μg/ml. When in-
creasing the NR concentration beyond 15 μg/ml the
number of stained follicles decreased (Fig. 5).

Determination of the shortest NR incubation time
with the highest specificity

The effect of incubation time on the specificity of staining and
further PAF development was not significant (P=0.07).

Fig. 3 An enlarged picture of a preantral follicle positively stained for
NR. Oocyte and granulosacells surrounding the ooccyte are pointed out

Fig. 4 Experimental cross-over design to study the effect of NR on the viability of early preantral follicles after vitrification. (NR=Neutral Red; T1, T2,
T3=timepoint 1, 2 and 3)
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Therefore, staining was assessed at 30, 60, 90 and 120 min,
respectively. To analyze the effect of concentration on

incubation time, the interaction between both was tested, with
one concentration above and one below the optimal concen-
tration (10-15-20 μg/ml), during 4 different incubation times
and at Day 0, 2 and 4 (Fig. 6). No significant interaction was
found (P=0.98), meaning that the slopes of the 9 lines
depicted did not differ significantly between the 3 NR con-
centrations, and that within each concentration, the proportion
of follicles stained after 30, 60, 90 or 120 min did not increase
over time. Looking at Day 4 demonstrated (P=0.06) a lower
proportion of stained follicles, illustrating that more non-
stained, thus metabolically inactive, follicles were present,
especially at 20 μg/ml. In addition, the experiments revealed
that, in total, about 80 % of the follicles were successfully
processed (manipulation, changing medium, transfer from
well to well), while again 80 % of the present PAFs survived
4 days of culture including repeated NR stainings.

The effects of NR before vitrification on the viability of PAFs
(aim 3)

Overall averages of the percentage±SEM of viable follicles
per treatment are presented in Fig. 7. Pictures of PAF during
the cross-over design (2.3) at the different time points are
depicted in Fig. 8.

Fig. 5 Optimum concentration (blue line). Concentrations of NR in the
X-axis are plotted against the observed fraction of stained follicles in the
Y-axis. The solid line shows the mean fraction of stained cells at each
concentration. A clear optimum can be seen at 15 μg/ml
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Fig. 6 Effect of NR
concentration (green bar),
incubation time (X-axis) and day
(pink bar) on the fraction of
stained follicles (Y-axis). The
solid line shows the relation
between incubation time and
staining within each of the 3
concentrations on the three
timepoints (D0, D2 and D4)
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Fig. 7 Overall averages of viability percentages±SEM at T1, T2, T3 for the different treatment groups
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Fig. 8 Pictures of NR positive and negative preantral follicles at time points T1, T2 and T3 (vertically). Horizontally, the different treatments are
displayed. The inlets in pictures A and B display the elimination of NR 2 h after transferring the follicles to culture medium
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Net effect of vitrification on PAF viability immediately
after cryopreservation and after 4 days of culture

Comparing observations within treatment pre/postCRYO
pointed out that significantly less follicles were assessed as
‘viable’ immediately after thawing (77±6% at T2 versus 90.5
±3 % at T1, P=0.008). A negative effect of cryopreservation
on PAF viability was found: 76±9 % of the nonSTAINED
treatment group was assessed as ‘viable’ at T3, while in the
CONTROL group without vitrification 93.4±2 % survived
4 days of culture (P=0.003).

Effect of NR staining before cryopreservation on the viability
immediately after warming and after 4 days of culture

Comparing treatments pre/postCRYO and postCRYO showed
that there was no significant difference between the viability
of follicles after warming, whether they were stained before
vitrification (77.2±6 %) or not (82.7±5.3 %) (P=0.551). In
addition, equal proportions of the originally non-stained (70±
5 %) and stained (65±5 %) follicles could be retrieved (P=
0.713) immediately after warming. Finally, when comparing
treatment nonSTAINED to treatment preCRYO, NR staining
prior to vitrification did not seem to have an effect on the
viability of vitrified PAFs after 4 days of culture: 76±9 % of
the stained versus 92±5 % of the non-stained follicles were
determined as viable (P=0.140).

Discussion

As described above, our results show that NR staining had no
effect on the viability of isolated preantral follicles following
vitrification. From a precautionary point of view, 15 μg/ml is
proposed as the lowest NR concentration and 30 min as the
shortest incubation time needed for reliable viability assess-
ment of isolated bovine PAFs. To our knowledge, this is the
first report studying the combination of non-invasive PAF NR
assisted viability assessment followed by vitrification of iso-
lated preantral follicles and short-term follicle culture.

Since the first description of its use by Bensley in 1911 [26,
27], Neutral Red has been used for viability testing in different
cell types [28–31] before it was turned into a viability assess-
ment method by measuring its uptake by metabolically active
cells (NRU, Neutral Red Uptake-assay). While the residual
NR in the medium [32, 33] was originally quantified by
spectrophotometry, we determined cell viability directly by
light microscopy based on NR uptake to facilitate clinical use.
Currently, there are only a few papers available that study the
effects of NR and its suitability for isolated follicle viability
assessment [10, 13]. None of these used the bovine model,
which is increasingly considered to be very relevant for hu-
man pre-implantation studies on follicle, oocyte and embryo

developmental competence [6, 34, 35]. A major advantage of
using NR is the reversibility of the process because follicles
eliminate residual NR when subsequently cultured in NR free
medium. We believe to be the first to report on the repeated
use of NR as a possible sentinel for quality changes and a
built-in viability assessment tool during short-term in vitro
culture. The development of long-term culture for PAFs of
larger mammals including human will be one of the next
necessary steps [36–40].Because nowadays, long-term in vitro
culture methods for PAFs, ultimately leading to viable off-
spring, are only available in mice [41–43], we chose to assess
NR toxicity by repeated staining during short-term in vitro
culture of isolated bovine PAFs, with the fourth day of culture
as an endpoint. From a precautionary point of view, NR
concentration and the length of exposure time needed to be
studied intensively. Reported NR toxicity was linked to the
formation of reactive oxygen species in the presence of light
[44]. Although we repeatedly stained PAFs and assessed
viability through light-microscopy, only a slightly negative
trend on viability could be seen after 4 days of culture (at
the high end concentrations), while 80 % of the follicles were
still metabolically active after repeated staining. Other studies
[13] did not show a detrimental effect of NR on isolated PAFs
with an incubation time of 4 h. This was validated with a
carboxyfluorescein diacetate succinimidyl ester (CFDA-SE)
assay following the NR staining. In the current study, the
proportion of stained follicles decreases at concentrations
higher than 15 μg/ml. This might be due to the fact that a
higher amount of follicles do not survive the highest NR
concentrations, as substantiated by earlier reports [44] and
due to the repeated viability assessment. When culturing a
longer period and at higher NR concentrations, the number of
metabolically active PAFs decreases. We do not see this
decline for 10 nor 15 μg/ml NR, which is an extra argument
in favor for the NR concentration chosen. An additional plus
of NR is the easiness of use, with limited follicle loss and short
handling times as compared to the use of rhodamine 123 [45,
46]. Our data indicate that the duration of NR exposure,
whether it was 30 or 120 min, had no significant effect on
the proportion of stained follicles. Therefore, we propose a
NR exposure time of 30 min, being on the safe side and
allowing to process high numbers of follicles while gaining
a specific idea about their viability in a non-invasive way.
However, because of manipulation restrictions (great amount
of follicles, different concentrations NR) an even shorter in-
cubation time could not be tested in the current set-up.

Cryopreservation is a crucial component of state of the art
fertility preservation strategies [47]. While it is beyond the
scope of this paper to review all available cryopreservation
methods, vitrification showed to be a valuable option for the
preservation of follicles and individual oocytes [48, 49]. Ear-
lier own work (CVM, Cryologic Vitrification Method [7]),
confirmed the suitability of vitrification to cryopreserve
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murine PAFs. Often, ovarian cortical tissue pieces are used [7,
50–53], while others turned to mechanically or enzymatically
isolated PAFs [54, 55]. The choice to work on isolated folli-
cles was inspired by the fact that ultimately, this will be the
most rewarding strategy when dealing with fertility preserva-
tion in oncology patients, minimizing the risk of reintroducing
cancerous cells following cryopreserved PAF transfer. In ad-
dition, our protocol demonstrated that individual PAFs are
much easier to quantify and assess on viability as agreed on
by Kristensen et al. [13]. Fortunately, high survival rates
were seen in follicles stained prior to cryopreservation
(preCRYO) as compared to all other groups, including
the CONTROL and the repeated stained group. This
aberrant positive result (92 %) substantiates the need
for additional insights to increase survival rates for all
cryopreserved groups. To our knowledge, we are the first
to report on successfully vitrified isolated bovine folli-
cles, in combination with repeated NR viability assess-
ment prior and following cryopreservation and subse-
quently cultured for a short-term period. In line with
earlier work on follicles embedded in cortical tissue
strips [56, 57], we showed that cryopreservation, as
compared with non-cryopreserved follicles, has an over-
all negative effect on the viability of isolated (bovine)
PAFs, as noticed immediately after warming and at
4 days of culture. We have used NR as an indicator or
build-in sentinel for easy and routine applicable assess-
ment of PAF’s metabolic activity. Comparable amounts
of follicles were determined ‘viable’ immediately after
warming and at day 4 of culture. Although measuring
cellular metabolism and the exact extend of NR uptake
would generate extra information, invasive analyses
would interrupt the high throughput approach. Neverthe-
less, our results suggest that even if metabolism in
follicles decreased immediately after vitrification, our
protocol used sufficient NR and a relevant incubation
time to detect viable PAFs. While additional research is
needed to minimize cryopreservation damage or test the
impact of NR on long-term culture outcome, our major
goal was to investigate if the use of NR has deleterious
effects when used in combination with vitrification. The
vitrification process can cause the formation of reactive
oxygen species (ROS) in follicles [58] which can add
up to ROS generated by using NR combined to light
exposure [14] and therefore could aggravate negative
effects on (long-term) follicle/oocyte viability. Human
cortical tissue strips are often removed and cryopre-
served before anti-cancer treatment [13, 59–61], without
any knowledge on the presence of follicles and their
viability. However, assessment of isolated follicle viabil-
ity is a crucial component of a functional fertility pres-
ervation strategy. PAF viability assessment prior to vit-
rification is possible without hampering follicle quality,

as indicated by our findings. A second NR assisted
assessment, following warming and before transfer, can
give an indication on follicle survival rate and the
expected chance of the successful restoration of fertility.

In conclusion, our results illustrate in a bovine model that
NR staining is a valuable tool to repeatedly assess isolated
PAF viability, with limited toxic properties if used at 15 μg/ml
and an exposure time of 30 min. Combined to cryopreserva-
tion, NR staining can be integrated in fertility preservation
strategies without compromising PAF survival after vitrifica-
tion. NR staining can be considered an added value to fertility
preservation strategies to select viable follicles, provided that
additional research on possible long-term toxicity is per-
formed as soon as successful long-term in vitro culture proto-
cols are available.
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