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Abstract

BACKGROUND: In-vitro fertilization is a powerful technology contributing to the successful
reproduction of the human race with over 13 million infants born since its launch in 1978. Yet, the
pregnancy rate of this technique, when the underlying cause is male infertility, is low and reaches 10—
45% per first attempt. It is often the case that embryologists utilize cryopreserved spermatozoa with
declined post-thaw functionality due to multiple morphochemical alterations in semen inflicted by the
freezing process. However, the era of molecular engineering provides measures to prevent
cryodamage. OBJECTIVE: To explore the potential of superhydrophobic carbon soot to alleviate
osmotic stress during the cryopreservation protocol. RESULTS: We reveal groundbreaking findings
showing that the extremely water-repellent soot coatings, or the combination of submilliliter ejaculate
volumes and hydrophilic interfaces, neutralize the effect of cooling velocity on the vitality and
motility of thawed sperm. Hence, identical survival rates and, sometimes, percentage of forward-
moving spermatozoa are observed after slow cooling (from +21 °C to -196 °C for 1200 s) or flash
freezing (from +21 °C to -196 °C for ~4-20 s). CONCLUSION: The non-wettable soot functions as
a thermal barrier managing the heat flux to compensate the dehydration of male gametes, while larger
liquid volumes widen the inter-ice crystal distances, favoring cell recovery. Such an unexpected
outcome reinforces the potential for developing standardized and methodology-independent
techniques for sperm cryostorage, marking a crucial milestone in research conducted by the scientific
community since the 1970s.

Keywords: cryoprotectant-free cryopreservation; human semen; instant freezing; soot.

INTRODUCTION suspension in an isotonic state (7), since
exogeneous ice formation hyperconcentrates the
Complete preservation of progressive post- surrounding solution, with some protection
thaw sperm motility is a societal challenge provided by the presence of anti-freeze agents in
linked to the increasing rate of male factor  cytoplasm, such as proteins and sugars (8, 9).
infertility, threatening human reproduction (1, 2, Extracellular crystallization changes osmotic
3). Despite recent advancements in cryobiology, equilibrium and induces exosmosis-driven
freezing-thawing cycles cause irreversible  dehydration (10, 11). If cooling is too slow and
structural and functional injuries to spermatozoa  the water leakage rate fails to match that of
related to osmotic stress (4, 5, 6). extracellular ice growth, rheological deformation
The primary concern in cell  or solute-induced shock may occur (12). Very
cryopreservation is maintaining the biological
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rapid cooling, in contrast, impedes total
cytoplasmic dehydration, causing intracellular
icing that ruptures the cell membrane (11).
Furthermore, fast freezing can also trigger
partial vitrification of the extracellular medium
and subsequent thawing is accompanied by
massive water influx due to the high osmotic
pressure, resulting in cytolysis (13). Neutralizing
one of the mentioned adverse effects directly
provokes the other — a systemic issue from the
1970s, known as the two-factor freezing injury
(14).

Decades of research in cryobiology outline
efficient approaches for mitigating the two-
factor freezing injury risk by virtue of permeable
cryoprotectants (15). They diffuse uniformly
into the cytosol and extracellular compartment,
thereby reducing ice accumulation, maintaining
osmotic balance and increasing the volume of
ice channels accommodating the cells (16, 17).
If non-permeable, cryoprotectants enhance
extracellular  hyperosmolarity and regulate
cellular dehydration and rehydration (18).
Combined with permeable cryoprotective
agents, this allows successful freezing-thawing
of different sperm concentrations while
preserving motility, acrosomes and DNA
integrity (3, 19, 20, 21, 22). Despite their
efficacy, permeable  cryoprotectants are
cytotoxic because of multiple cell volume
fluctuations inflicted by slower than water
membrane permeation (15). This necessitates
minimizing their concentration and prompt, yet
harmful, post-thaw removal (21). Although non-
permeable solutes have low-level toxicity (18,
23), all current cryoprotocols result in an
unavoidable decline in sperm motility (3, 19, 20,
21).

Embryologists may overcome the obstacles
associated with cryostorage of human semen by
fabricating superhydrophobic freezing
containers internally coated with rapeseed oil
soot. This nanomaterial mitigates cryoinjury by
inhibiting ice formation and devitrification, and
modulating osmotic water efflux, achieving up
to 100% recovered sperm motility independently
of the type of commercial cryoprotectants (24,
25, 26, 27). Key gaps hinder the transfer of soot-
based cryopreservation methods to fertility
clinics, primarily understanding whether carbon
nanostructures negate the effect of freezing on
sperm vitality, and whether such a method
advances biobanking of human or animal
ejaculates.
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This study expands the frontier of
knowledge in sperm cryostorage by identifying
how the surface profile of superhydrophobic
soot coatings affects the cryotolerance of human
spermatozoa during flash freezing — a still-
unexplored field. Comparing the results with
those from slow freezing, we correlate the
differences in cooling velocities with the
morphochemical features of soot and the success
of cryopreservation, aiming to achieve future
optimal cryostasis for maximum post-thaw cell
recovery in all cryogenic facilities. The newly
presented data explain the probable reasons
behind the similar survival rates across distinct
freezing interfaces, cooling rates and liquid
volumes — a unique outcome that shifts the
paradigm in cryobiology.

MATERIALS AND METHODS

Materials

Valerus Ltd.,, Bulgaria, and Grangers
International Ltd., United Kingdom, delivered
ethanol (99 wt.%) and perfluorinated chemicals.
Officel Superstore, Bulgaria, provided paper
napkins and cyanoacrylate glue, while
crystalline silver hydrogen fluoride (AgHF) was
purchased from Alfa Aesar, Germany. The
synthesis of hydrophobic soot was performed by
burning rapeseed oil, kindly supplied by Zoya
Organic&Natural, Bulgaria.

Fabrication of five sheet metal cryoboxes
coated with distinct water-repellent soot

To establish unequivocal correlations, the
soot coatings included in this research were the
same as those used for slow sperm freezing (26).
Roughly 20-30 mL of rapeseed oil was poured
over a vertical cylindrical paper wick situated in
a metal Petri dish. It was then ignited and the
whole construct was mounted inside a steel
conical chimney, hosting the combustion. The
atmospheric air was generated by a compressor
and entered the reaction zone via a hose
connected to a flow meter/controller maintaining
an air flow rate of 0.0052 m3/min. This
engineering design enabled the synthesis of
quasispherical-shaped soot nanoparticles
deposited as a coating on a 25x25 mm sheet
metal cryobox (27), immersed later in ethanol
for 5 s, fluorocarbon suspension for 600 s and
dried on a hot plate at 200 °C. Next, the air flow
was decreased to 0.0032 m®min, transforming
the soot into quasisquare carbon agglomerates
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Figure 1. Experimental setup for flash freezing of human ejaculate. Nomenclature: 1) Straw — first
control; 2) Cryovial — second control; 3) Uncoated sheet metal cryobox — third control; S1) — silver-
doped soot; S2) soot fabrics; S3) quasisquare soot treated with ethanol and fluorocarbon; S4)
pristine quasisquare soot; S5) quasispherical soot treated with ethanol and fluorocarbon. A
standalone soot fabric membrane (sample S5 in ref. [26]) is excluded, because it cannot stably hold
the sperm droplet upon immersion in liquid nitrogen (step 4 in Figure 1).

deposited on two new cryoboxes, one of which
was left chemically untreated. Subsequently, a
fourth cryobox was covered by double-sided
sticky tape and a paper napkin, sooted for 30 s,
soaked with ~210-230 mg of cyanoacrylate glue
and immersed in 80% v/v perfluorocarbon
aqueous solution (25, 27). A colloid composed
of 50 mL ethanol, 500 mg quasispherical soot
and 200 mg AgHF, was placed in a plastic
atomizer, sonicated for 40 min and sprayed onto
a fifth cryobox, heated to 200 °C, at nozzle-to-
substrate distance of ~150 mm (26). These
fabrication steps yilded five types of soot-coated
cryoboxes useful for cryostorage.

Flash freezing and slow warming of human
ejaculate via soot-coated cryoboxes

In order to properly interpret the obtained
results, high-speed freezing of human semen via
soot-coated cryoboxes was accomplished in
several steps (Fig. 1). The seminal fluids of the
same nine patients who previously participated
in slow cooling tests (26) were used.

The fresh ejaculate of each volunteer was
collected in a sterile plastic container and after
30 min liquefaction at 37 °C in an incubator, 10
puL of semen was placed in a Makler chamber
and subjected to computer-assisted analysis via
an SCA 6.0.0.2 Microptic S. L. software.
Several areas were scanned until a minimum
number of 500 spermatozoa were counted (when
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possible). Four hundred pL of Quinn's
Advantage Sperm Freezing Medium (Cooper
Surgical, USA) was mixed with 400 pL of
liquefied seminal fluid by adding eight
consecutive 50 pL droplets over a period of 240
s. The suspension was equilibrated for 180 s and
the sperm concentration and motility were
measured via the computer software (control
values). Flash freezing was performed by taking
a 50 pL droplet from the sperm-cryoprotectant
soluton, placing it on a given soot-coated
cryobox, immersing its bottom and sidewalls in
a plastic tub filled with liquid nitrogen and
recording the recalescent freezing time with a
chronometer. The sample was then moved into a
styrofoam chamber and exposed to liquid
nitrogen vapour. This procedure was repeated
for all cryoboxes, including an uncoated control
specimen, a cryostraw and a cryovial filled with
100 pL and 400 pL semen-cryoprotectant
mixture, respectively (two additional controls).
After 60 min, the specimens were taken out one
by one, thawed slowly at room temperature
(Troom ~21 £0.5 °C) and analyzed again for
sperm parameters. This methodology provided
insights into how the physicochemical profile
and wettability of the freezing interface, solid-
coolant contact area and liquid volume affect
human spermatozoa survival during flash
freezing. Note that slow, rather than fast,
warming was implemented, as the soot appears



to impede devitrification and recrystallization
upon thawing (26, 27). The hydrophilic
cryostraw and cryovial were used to compare
our approach with conventional methods for
sperm cryostorage (20, 21). Cooling and
warming rates were determined as described in
ref. (27).

Informed consents were obtained to use the
semen for research, in compliance with the
license of Specialized Surgical Hospital “Doctor
Malinov” for assisted reproduction activities
(ref. Ne CB-287/02.11.2021), and the studies
conformed to the Declaration of Helsinki.

Statistical analysis

Statistical dispersion of the experimental
results was performed by calculating their mean
values and standard deviations using Microsoft
Excel. Analysis of Variance (ANOVA) test was
carried out with the same software to define the
significance of statistical variations among the
individual groups of data. P-values <0.05 were
considered evidence against the null hypothesis.

RESULTS

Introduction to the physicochemical features of
rapeseed oil soot

Figures 2 and 3 show scanning electron
microscopy images of the five soot patterns
deposited on the sheet metal cryoboxes.

The thermochemical decomposition of the
vaporizing oil initiates the formation of
polycyclic aromatic  hydrocarbons.  These
compounds undergo bond breaking via a
hydrogen abstraction mechanism, generating
acetylene molecules that build up and grow into
spherical carbonaceous particles, called soot
(28). In the conical chimney, this occurs at an air
flow of 0.0052 m®min. The deposited
nanomaterial is characterized by a fractal-like
structure composed of spherical particles with
~50 nm diameter, arranged into larger
aggregates (see sample S5 in Fig. 3). Reducing
the air flow to 0.0032 m%min altered the
chemical kinetics of the combustion process,
converting the soot into fused micron-sized
quasisquare agglomerates (see samples S3-S4 in
Figs 2 and 3). The alcohol treatment compacted
the carbon nanostructures, increased their
surface oxidation and altered the size of solid
agglomerates (29). Thus, the total pore fraction,
@, and the median pore size, Y, of quasisquare

Figure 2. Shape and size of carbon nanostructures constituting the surfaces made of silver-doped
soot (S1), soot fabrics (S2) and quasisquare soot treated with ethanol and fluorocarbon (S3).

il

Figure 3. Shape and size of carbon nanostructures constituting the surfaces made of pristine
guasisquare soot (S4) and quasispherical soot treated with ethanol and fluorocarbon (S5)



soot increased by 9% and 34%, while for the
quasispherical counterpart, i remains ~45 nm,
but ¢ decreases by 5% [see Table 3 in ref. (29)].
The spraying of a silver-doped soot coating
yielded more oxidized (~6 at.%) and “crumpled”
nanostructures, whereas the processing of a
paper napkin with rapeseed oil soot,
cyanoacrylate glue and fluorocarbon emulsion
resulted in a 160 pm thick, non-wettable coating
with a highly filamentous and macroporous
(~0.5-1 mm) structure (25).

The differences in  soot features
predetermine the mechanisms of thermal
transport and heat transfer by governing phonon
scattering and interfacial thermal conductivity
(29), thereby dictating the degree of
supercooling and the freezing temperature
depression (26). Consequently, flash freezing
and surface-mediated heat conduction may
cooperatively suppress the growth of ice crystals
and contribute to the safe cryostorage of

spermatozoa — a driving force of this work.

Motility and curvilinear velocity (VCL) of the
post-thaw human spermatozoa

It has recently been hypothesized that the
partial immersion of soot fabric-coated
cryoboxes in liquid nitrogen leads to
quasivitrification of the semen, induced by the
availability of more ice nuclei and fewer ice
crystals, ensuring survival rates above 70%,
even when using mixtures of multicomponent
cryoprotectants (27). Figures 4 and 5 address
how the surface profile of soot coatings
influences the success rate of cryopreservation
when using flash freezing.

The observed dependencies are intriguing,
since in contrast to slow freezing (26), here the
variations in the average sperm motility from
group-to-group are statistically insignificant with
p > 0.05 (see the left chart in Fig. 4). This is
attributed to the variation in quality among the
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nine seminal fluids (e.g., viscosity, biochemical
composition of the seminal plasma, initial sperm
concentration and motility), in combination with
the freezing technique and type of cryoprotectant
used (see Discussion). These factors eliminated
the positive impact of soot nanostructures
reported previously (24, 25, 26, 27).
Nevertheless, the soot-coated cryoboxes yield 5-
15%  more  post-thaw  forward-moving
spermatozoa compared with the cryostraw and
hydrophilic cryobox, making the difference in
average success rates statistically significant (see
the right chart in Fig. 4).

Another key finding is the higher
percentage of post-thaw progressively motile
gametes in the standard cryovial than in the
ejaculates frozen wusing three out of five
superhydrophobic cryoboxes. The former device
contains a mixture of 400 pL semen-
cryoprotectant, implying that sub-milliliter or
milliliter seminal volumes, coupled with flash
freezing, may benefit cryostorage and not injure
the sperm due to non-uniform heat distribution
in certain domains of the samples (30).
Conversely, the cryostraw containing 100 pL
liquid is characterized by the worst outcome
among all freezing tools, suggesting that the
overall surface area interacting with liquid

nitrogen and transferring heat to the biological
suspension must not be neglected. Consistent
with the slow freezing protocol (26), the VCL of
post-thaw cells is not substantially affected by
the profile of the solid interface (see Fig. 5), falls
within the requirements of the World Health
Organization (~50-60 um/s) and confirms our
previous conclusion that the specific sperm
cryopreservation techniques are less relevant to
the motional capacity of thawed male gametes.
The higher quality of post-thaw ejaculate
from the uncoated cryobox, compared with the
soot fabric-coated cryobox (“cryobox” and “S2”
in Fig. 4), is surprising and likely dictated by the
different cooling rates, summarized in Figure 6.
The soot fabric-coated cryobox cools the
semen at a rate ~2.6-3.3 times slower than all
other cryoboxes. Therefore, the ejaculate
remains in a metastable supercooled liquid state
for more than 10 s (see the upper left chart in
Fig. 6). This delays the extracellular ice
formation (with respect to other cryoboxes) and
blocks the outward movement of cell water,
likely trigerring intracellular freezing and lethal
end of spermatozoa (31). Such undesired
supercooling effects are ascribed to the high
thermal resistance of the solid interface (29),
dominating the heat conduction upon direct
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contact with the coolant. When the heat flux is
transferred to the seminal fluid via convection,
due to the working principle of the cryogenic
chamber intended to slow freezing, the
differences in phonon scattering defined by the
soot coatings are eliminated (26). The cooling
and warming rates alone, though, are not
conclusive. Comparison of the hydrophilic
cryotools shows that the fastest cooling or
warming (cryostraw; uncoated cryobox) actually
leads to poorer outcome compared to the
cryovial, where moderate cooling and slowest
thawing provide ~5-10% higher sperm motility
(see Figs 4 and 6). This is probably due to the
volume and biochemistry of seminal plasmas,
impacting the freezability of native semen (26,
32).

HEAD-TO-HEAD COMPARISON OF THE
CURRENT RESULTS WITH PREVIOUS
WORK

It is known that, ceteris paribus, the
improperly calibrated freeze-thaw cycles are the
main source of sperm cryoinjury (5, 6, 13, 14,
15, 19, 20, 21). From that viewpoint, the
tendencies outlined above are extraordinary and
imply that optimizing the interplay among
sample volume, freezing tool geometry and
wettability could suppress the intracellular ice
formation and devitrification, offering a buffer
against undesirable variations in cooling and
warming rates. This is a compelling justification
to conduct a detailed side-by-side analysis of the
sperm vitality and motility after slow and flash
freezing of the ejaculates of nine patients with
the aid of Quinn's Advantage medium, as
demonstrated in Figures 7 and 8.

While statistically insignificant, the small
differences in column charts in Figure 7 suggest
that slow freezing via carbon soot and Quinn’s
Advantage is slightly superior to flash freezing
in terms of the percentage of forward-moving
spermatozoa and overall success of cryostorage.
Despite a two-order-of magnitude difference in
freezing velocities, the average post-thaw
motility and VVCL for the hydrophilic cryovial or
sample S4 are identical (see the left charts in
Figs 7 and 8). Such a finding is extraordinary,
since it undermines the generalizability of the
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two-factor freezing injury (14). To determine
whether this outcome is an artifact of averaging,
Table 1 presents the patient-specific success
rates of cryopreservation.

In six of nine patients, some surface profiles
and sperm volumes suppress the impact of the
freezing technique, resulting in comparable
survival rates and, in some individuals, an
identical percentage of progressively motile
spermatozoa (see Table 1 and Figs S6-S7-S9-
S12-S14-S28-S30 in the Sl). This parity holds
true across multiple solid surface/sperm volume
combinations within a single patient (see
Patients 4 and 8 in Table 1), suggesting that the
biochemistry of seminal plasma is a relevant
factor mitigating the effect of the cooling
regime. The similarity in mean kinematic
parameters between the two experimental sets
(see columns “Initial a+b” and “Initial VCL” in
Figs 7 and 8) provides robust evidence that our
findings are not merely accidental.

DISCUSSION

Although exciting, the outcome of this
research (average survival rate of class a+b =
35.4%, according to the numbers for flash
freezing in Table 1) appears worse than those
obtained via other sperm cryopreservation
approaches (19, 20, 21), where this indicator
ranges within 69—-79% (note, these values reflect
the total motility a+b+c). This may elicit
skepticism within the scientific community
regarding the added value of using hydrophobic
soot wastes for the fabrication of extremely
water-repellent cryopreservation tools.

This ostensibly negative result can be
interpreted by examining the biochemical
composition of Quinn’s Advantage medium.
According to the product’s data sheets, it is a
commercial cryoprotectant composed mainly of
glycerol and  pharmaceutical ingredients
including gentamicin, human serum albumin
(HSA), sodium chloride, etc. Its formulation
excludes carbohydrates, such as sucrose and
raffinose, available in  other  similar
cryoprotectants ~ SpermFreeze™  (FertiPro,
Belgium) and CryoSperm™ (CooperSurgical,
USA) (27).
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Table 1. Success rate after slow and flash freezing of the ejaculates of nine patients (post-thaw to
pre-freeze progressive motility, multiplied by 100. Bold data indicate >70% post-thaw progressively
motile spermatozoa, while underlined data denote comparable post-thaw motility percentage. The
authenticity of these data is confirmed by thirty snapshot images, included as Figures S1-S30 in the
supporting information.

Success rate of human sperm cryopreservation (%) after slow freezing (SL) and flash
freezing (IF) via Quinn’s Advantage Sperm Freezing Medium

oatient 1 2 3 2 5 6 7 8 9
SLIF SLIF SLIF SLIF SLIF SLIF SLIF SLIF SLIF
V'Z')—O?’ﬁﬁ_ 3014 8243 1379 3432 2323 5027 5451 43 17 29 49
s1 36 5 3649 9 74 6141 36 9 4524 76 49 24 22 58 42
s2 31 5 9836 2337 6914 40 5 5527 8432 23 7 8126
s3 25 14 70 43 2333 2445 47 2 8639 100 59 41 50 54 58
s4 3121 5937 17 74 39 46 46 23 82 45 100 58 34 32 31 75
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Given the cryoprotective function of
proteins and sugars, HSA binds to the
hydrophilic phospholipid heads of the lipid
bilayer, serving as a chain-breaking antioxidant
stopping lipid peroxidation (18, 31). By
increasing the concentration of extracellular
solutes, sugars create an osmotic gradient,
accelerate cell dehydration and equilibrate the
osmotic  pressure altered by permeable
cryoprotectants (33). Therefore, the insufficient
efficacy of Quinn’s Advantage medium and
soot-coated cryoboxes during flash freezing is
due to the lack of carbohydrates and the
supercooling of seminal fluids, hindering the
timely removal of cell water and triggering
intracellular icing. This novel insight is crucial,
as it enables the customization of cryoprotocols
based on available cryoprotectant and cryogenic
infrastructure, allowing for accurate prediction
of outcomes. If one has the expertise or facilities
for flash freezing, commercial cryoformulations
should contain sugars and proteins, which when
integrated with superhydrophobic soot coatings
ensure survival rates within 74-100% (27).
Alternatively, if slow freezing is the only
feasible option for sperm cryostorage, Quinn’s
Advantage (or an identical cryoprotectant) is
recommended. It supports osmotic balance and
avoids premature cytoplasmic dehydration and
hypertonic damage (15), while being capable of
providing (sometimes) exceptional post-thaw
progressive motility of 80-100% (26). The
credibility of this new knowledge discussed in
the preceding sentences is upheld by the low
efficiency of soot-mediated slow freezing when
utilizing  SpermFreeze™ containing 1-5%
sucrose [see Fig. 2a in ref. (35)]. Since Quinn’s
Advantage™, SpermFreeze™ and CryoSperm™
are standard commercial freezing media (27),
our results will be useful to both the scientific
community and industry (reproductive health
centers).

Along  with  the  composition  of
cryoprotectants, the physicochemical profile of
the soot is the second determinative element in
sperm cryopreservation, since it mediates the
freezing process by modulating (hastening or
delaying) heat conduction at the solid-liquid
interface and governing osmotic equilibrium.
For instance, silver-doped soot (S1) and alcohol-
flurocarbon-modified quasisquare soot (S3)
appear to be good candidates for flash freezing,
even when utilizing Quinn’s Advantage, due to
the higher density of ice-active sites or lower
porosity ~ compared to  other  carbon
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nanostructures (25, 29). Soot fabrics (S2)
supplemented with this type of cryoprotectant
are certainly a much better choice for slow
cooling applications (see Table 1). Ultimately,
optimizing sperm cryostorage is achievable by
matching the properties of rapeseed oil soot and
freezing extenders with the engineering
approach, where slow-heat-transfer coatings
should be applied to optimize slow freezing
without sugars, while samples ensuring
moderate heat retardation are suitable for flash
freezing with non-permeable cryoformulations.
The above discussion fails to explain
adequately the underlying mechanism behind the
similar survival rates and percentage of
progressively motile gametes among distinct
patients, regardless of the freezing method,
interfacial characteristics and seminal volume.
Examining the time-temperature diagram for ice
nucleation and crystal growth reveals that
achieving a glass transition requires cooling
rates of ~18 000 °C/min (34). This rate is
unattainable with our experimental setup,
especially via the non-wettable soot-coated
surfaces (see the upper right chart of Fig. 6). We
propose that the key physical factor during soot-
mediated sperm cryopreservation is the absence
of an ice-water front, leading to a spherical apex
of the seminal droplet (35) and indicating that
the solid-liqguid phase transitions proceed
without significant changes in the ratio of ice-
water mass densities (36). Instead of growing
into large crystals, early-stage ice nuclei in the
gjaculates form a few scattered ice bridges,
leaving large amorphous (non-crystalline, quasi-
liquid) areas between ice grains. This maintains
chemical equilibrium in some regions of the
biological suspension independently of the
cooling rates, resulting in similar post-thaw
survival. Although tentative, our interpretation is
substantiated by the fact that both methods
produce gray-colored sperm droplets in the first
freezing phase outside the styrofoam chamber,
contrasting with the final milky-like color of the
semen [see Fig. 5 in ref. (26), Fig. 9 in ref (27)
and Fig. 1 in this article]. Large ejaculate
volume significantly impacts the cryoinjury by
controlling the physical spacing of ice crystals.
Because ice nucleation is a stochastic process
(37), crystals form unevenly, allowing for local
adjustment of solute concentration and justifying
the good success rates using hydrophilic
cryovials (up to 79-82%, according to Table 1).



CONCLUSIONS

The rapid cooling of native human
ejaculates mixed 1:1 v/v with Quinn's Advantage
Sperm Freezing Medium, using extremely
water-repellent soot-coated cryoboxes and three
reference freezing instruments (cryostraw,
cryovial and an uncoated cryobox), revealed that
unlike slow freezing, the hydrophilic interface
combined with larger seminal volumes favors
the recovery of sperm vitality and motility. This
interesting result was primarily attributed to
increased physical distance between individual
ice grains, forming randomly in the cellular
suspension, thus regulating salt buildup. A
second decisive factor was the impeded
exosmosis and probable occurrence of
intracellular icing, caused by the supercooling
effects of superhydrophobic soot coatings and
the lack of sugars in the chosen cryoprotectant.
Nonetheless, carbon nanostructures maintained
the semen in a quasi-liquid state, confirmed by
the spherical freezing cap and absence of a sharp
ice-water front (35, 36), leading to sperm
survival rates on par with slow cooling. This
infers that the two-factor freezing injury may not
be a universal mechanism and is potentially
avoidable by selecting custom equipment and
adjusting liquid volumes — a pivotal opportunity
to redefine the boundaries of contemporary
cryobiology.
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