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Genesis on diamonds II: contact with diamond enhances human 
sperm performance by 300% 
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Introduction

Earlier we reported that the vitality of human sperm 
cells increased by 20% after 42 hours contact with 
nanocrystalline diamond coated Petri dishes, as compared 
to polystyrene Petri dishes. Herein we show that 1 hour 
contact with the nanodiamond Petri dishes enhanced the 
number of grade A motility human sperm cells (sperm 
cells that are swimming in a rapid progressive motility) 
by ~300%. Notably, the increase of the fraction of sperm 
cells with optimal motility was on cost of the low and 
non-motile sperm cells. This corresponds to an increase 
in overall sperm velocity on nanodiamond and is totally 
unexpected. One would expect a decrease in overall speed 
because the flagella propelled propagation should deplete 
the sperm’s energy reservoirs. Such a decrease is indeed 
observed on the polystyrene Petri dishes. The second result 
of the present study is that treatment with 670 nm light 
helps refueling the sperm’s depleted energy reservoirs. 
Recently, we showed that the unique biocompatibility of 
nanodiamond surfaces is due to the special structure of 
the nanoscopic interfacial water layers on top of them, 
and that the energizing effect of 670 nm light on cells is 
due to its effect on nanoscopic interfacial water layers in 
mitochondria. Earlier work suggested that the interplay 
between visible light and nanoscopic interfacial water layers 
on top of natural diamond surfaces played a fundamental 
role in the formation of the first polymers on Earth. The 
third result of this study, confirming previous data, is that 
polystyrene Petri dishes are detrimental for in vitro studies 
because they interfere with the cells, distorting the outcome 

of experimental results.
Previously, it was suggested that polystyrene Petri dishes 

soften when exposed to aqueous liquids, an effect facilitating 
the establishment of a nanoscopic layer of reactive oxygen 
species (ROS). This effect has been recognized in tests 
designed to quantify cell performance on polystyrene 
and on fully inert and ultrasmooth nanodiamond layers 
by the use of different cells as ROS-sensitive probes, 
including mouse embryonal carcinoma cells P19, murine 
fibrosarcoma cells L929 and human cervical cancer cells 
HeLa (1). The issue caught experts’ interest, as seen in the 
comments published by Nature Medicine (2): “Polystyrene 
Petri dishes may contribute to experimental error because 
the material can be prone to developing variable pH and 
changing surface hardness. Those two factors affecting 
cellular environment could also affect cellular behaviour”. 
The experimental proof of the nanomechanical softening 
has been provided in 2012 (3). 

Pharmacological tests and tests designed to assess the 
biocompatibility of a new material conventionally start in 
the polystyrene Petri dish (in vitro), before animal tests 
and clinical studies follow. However, when it comes to in 
vitro fertilization (IVF) the Petri dish stands through the 
whole procedure, at the very beginning of human life. In 
2013, we reported that about 20% more human sperm 
cells survived for 42 hours in diamond-coated Petri dishes 
than in the polystyrene dishes usually used for IVF (4).  
This circumstance and the aforementioned results were 
the principal motivation for the proposal to include 
nanodiamond coated Petri dishes into IVF routines. The 
detrimental effect of the polystyrene on sperm cells is 
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ascribed to a superficial softening induced by aqueous 
liquids (buffered sperm culture medium) in combination 
with the establishment of a stable nanoscopic layer of ROS 
at the interface between the cells and polystyrene (4) which 
in turn increases interfacial viscosity by accentuating the 
hydrophilicity (5) of the polystyrene surface. By considering 
that an increase in interfacial viscosity corresponds to a 
decrease in the mobility of the molecules establishing the 
interface, it is clear that a high viscosity interfacial layer will 
tend to transiently entrap extra ROS molecules. Indeed, 
on hydrophilic surfaces interfacial viscosities of ten orders 
of magnitude above that of bulk liquid water have been  
reported (6). This means that ROS molecules, known to 
have short lifetimes in bulk liquid, where they are easily 
neutralized, experience an extension of their lifetimes on 
the surface of the polystyrene Petri dish (Figure 1)—a result 
which receives further confirmation by analogy with the 
lifetime extension of certain fluorescent dyes on surfaces.

In conjunction with the results of previous experiments 
carried out on nanodiamond surfaces and suggesting that the 
absolute chemical and biological innerness of this material 
is complemented by its capacity to bind a nanoscopic layer 
of water molecules to its surface, which in turn is acting 
as a viscoelastic layer determining the course of events of 
first contact between cells and diamond (8), we were led to 
assume that the nanodiamond surfaces are practically ROS-
free. However, further tests indicated that nanodiamond 
Petri dishes are not only ROS-free in a passive sense but 
even have the capacity to actively neutralize the effects of 
ROS. In order to validate this hypothesis we measured the 

number of human sperm cells with motility grade A (per 
World Health Organization guidelines) after contact with 
polystyrene Petri dishes used in IVF and Petri dishes coated 
with nanodiamond. The parameter motility has been chosen 
because it reflects not only the level of the cell’s internal 
energy supply but also the impact of ROS. That ROS limits 
sperm cell motility is well known: ROS production in the 
cells involves electron leakage from mitochondria. The result 
of the mitochondrial ROS generation is damage to these 
organelles and initiation of an apoptotic cascade that leads 
to a decrease in sperm motility (9). We focused on sperm 
cells with rapid progressive motility (motility A) because it 
is believed that these are the cells with less chromosomal 
abnormalities and best DNA integrity. 

Response of sperm cells to 670 nm light—on 
polystyrene and nanodiamond

Human sperm cells are particularly susceptible to ROS-
induced damage because their plasma membranes 
contain large quantities of polyunsaturated fatty acids 
and their cytoplasm contains low concentrations of the 
scavenging enzymes. Therefore, many clinical and research 
institutes are investigating the usefulness of antioxidant 
supplementation in the prevention of the infertility 
problems. In vitro incubation under oxygen was found to 
be detrimental to human spermatozoa, decreasing motility 
and viability. Since then, many reports have associated 
ROS with impaired sperm function, including decreased 
motility, abnormal morphology, and decreased sperm-egg 

Figure 1 Petri dishes: quartz glass coated with nanodiamond and polystyrene, respectively (left). For culturing cells a negative charge is 
anchored into the polystyrene matrix (yellow) converting the hydrophobic plastic to hydrophilic. In an aqueous environment this encourages 
the formation of a stable alkaline nanolayer and ROS. ROS have been wreaking havoc on sperm and egg cells during IVF procedures for 
decades (7). ROS, reactive oxygen species; IVF, in vitro fertilization.
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penetration (10). Many studies have demonstrated that low 
and physiological levels of ROS play an important role in 
processes such as capacitation, whereas high levels of ROS 
caused sperm pathologies including adenosine triphosphate 
(ATP) depletion with loss of motility and viability (11). 
One way to stimulate ROS production in mammalian 
cells, including sperm cells consists in their irradiation 
with red to near-infrared (NIR) light. While low doses of 
670 nm light stimulate ATP synthesis in cells, probably by 
reducing the interfacial water viscosity within and around 
the mitochondrial rotary motor (12), elevated light doses 
are known to increase mitochondrial ROS production, 
which inhibits cellular functions as the ROS are spread all 
over the cell (13). The inhibitory effect can be understood 
by considering that during longer bombardment with 
ROS, the hydrophilic surfaces within and proximal to the 
mitochondrial rotary motor collect more ROS, which 
by increasing hydrophilicity, enhances interfacial water 
viscosity. Recent work supported the hypothesis that 
the root cause for the entire spectrum of biostimulatory 
effects (in which red to NIR light irradiation results in an 
increase in mitochondrial ATP synthesis) is a viscosity effect 
affecting the efficiency of the ATP synthase (14,15). For 
lower doses, corresponding to shorter irradiation times, the 
inhibitory effect of ROS is negligible due to the typically 
short lifetimes of ROS. In accordance with the shorter life 
times, effects of ROS vanish for shorter irradiation times 
because the number of molecules which prevail in an excited 
state is smaller; accordingly, while diffusing from the site 
of their generation, less molecules are likely to reach the 
relevant surfaces and interfaces in a reactive state. However, 
longer irradiation times [at biostimulatory intensities (16)] 
are associated with an extension of the lifetime of ROS 
due to the aforementioned transient immobilization of 
the ROS molecules at surfaces and interfaces. The amply 
documented increase in ATP synthesis in vitro in response 
to biostimulatory levels of red to NIR light, which is the 
predominant mechanism in low level laser therapy (LLLT), 
is in agreement with the following observation “Weaker 
initial ATP synthesis results in a higher positive laser effect” (17). 
These results can be derived from laboratory experiments 
(12,18) showing that the same light which increased ATP 
levels in cells is instrumental in reducing the viscosity of 
interfacial water. The interplay of light with nanoscopic 
interfacial water layers on diamond surfaces seems to play 
a fundamental role in nature: Together with diurnal light 
variations it explains the emergence of bioorganic molecules 
under primitive Earth conditions, which is one of the major 

unsolved origin of life questions. Accordingly, diamonds are 
the best of all possible origin of life platforms because they 
promote the formation of a crystalline interfacial layer of 
polarized water molecules on their surfaces, which imposes 
order to molecules (amino acids) landing on such surfaces—
precondition for the formation of biopolymers (19). 

Figure 2 illustrates the ROS scavenging/neutralizing 
effect of the nanodiamond on human sperm cells. According 
to current views ATP production in human sperm cells 
depends predominantly on the glycolytic pathway which 
produces less ROS than oxidative phosphorylation. The 
latter pathway seems to be predominant in stallion sperm 
ATP synthesis (21). To our knowledge, the glycolytic ATP 
synthesis pathway is not enhanced by red to NIR light 
irradiation, leading us to conclude that the increase in sperm 
motility observed 30 min after irradiation with red to NIR 
light (central wavelength 670 nm) delivered by an array of 
light emitting diodes (LED) was due to the interaction of 
the light with sperm mitochondria.

Nanodiamond for IVF

The number of grade A motility sperm cells measured on 
polystyrene Petri dishes (used in IVF) was enhanced by 
~300% after 1 hour contact with the nanodiamond coated 
quartz Petri dishes. The results are statistically significant. 
An important result of the present study is the capability of 
relatively short light exposures to enhance sperm motility on 
polystyrene, whereas longer exposures showed an inhibitory 
effect. Given this, we hypothesize that the primary targets 
of the light are the mitochondrial rotary motors, and that 
the decrease in viscous friction enables them to produce 
extra amounts of ATP. The motors are propelled by the 
flow of protons that cross the mitochondrial membrane. 
However, the most striking result of the present study 
is the difference in sperm motility after contact with 
polystyrene and nanodiamond for prolonged light exposure: 
In combination with polystyrene, a light dose of 3X is 
clearly detrimental to sperm motility, reducing its levels 
to those of the control group, in particular after 45 min 
and 60 min. On the other hand, when in combination with 
nanodiamond, the exposure to the same light dose resulted 
in a massive increase in progressive motility. Figure 3  
has been included as a visual synopsis of the antagonistic 
effects between mitochondrial ATP synthesis and ROS 
generation.

Further consideration of the aforementioned interplay 
between the lifetime of ROS and synthesis of ATP leads us 
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to propose and justify the use of the pulsed irradiation mode 
in IVF, particularly under conditions of oxidative stress. 
The process of pulse optimization involves the experimental 
evaluation of two parameters: the period of time needed 
for light of a certain wavelength and intensity to elevate the 
mitochondrial ATP levels in a well defined environment, 
and the period of time in which the cells exhaust the ATP 
stores. This approach, proposed by us in recent paper (22),  
was experimentally confirmed in a boar sperm model (23). 
Once the individual parameters are known it is possible 
to adjust the duration of the light pulse and the dark 
period between pulses to a balanced ratio accounting for 
the specific energy demand of the cell. Extending the 
duration of the light pulse means extra oxidative stress due 
to ROS generation—extending the dark period beyond a 

critical limit (ATP deprivation) is expected to reduce cell 
viability (24). Concomitance of both extremes could result 
in a synergistic effect irreversibly damaging oxidatively 
stressed cells. It is instructive to explain the results shown 
in Figure 2 on the basis of Figure 3: obviously, there are 
two, in principle independent possibilities to increase the 
performance of sperm cells. The first is simply contact 
with the nanodiamond surface, the second consists in the 
administration of a light dose which is known to increase 
mitochondrial ATP levels (green line in Figure 2). Combining 
the two possibilities by using an intermittent irradiation mode 
adjusted to the sequence between ATP consumption and the 
time required to charge the sperm cell’s ATP reservoirs could 
help to further maximize the performance of the sperm cells. 
Considering that the polystyrene Petri dish, the temporary 

Figure 2 Measurements of motility (A) were carried out at different points in time. The black line (--●--) represents the control group 
(polystyrene). The green line (--■--) stands for sperm cells irradiated with 670 nm LED light at a dose (1X =6.4 kJ/m2) known to boost 
mitochondrial ATP. As can be seen the cells respond with a clear increase in motility. Very interesting are the results for irradiation at a 
triple dose (3X =19.2 kJ/m2) known to induce an increase in intracellular ROS, manifesting itself as a decrease in sperm motility. Indeed, 
the red line (--▼--) reflects such a behaviour for the cells irradiated in polystyrene Petri dishes. Surprisingly, even at detrimental light 
doses (3X) the cells in the diamond Petri dish (--▲--) respond with an enormous increase in motility. To gain insight into the root cause 
of the effect, sperm motilities were measured in diamond Petri dishes without LED irradiation. Here too we observed a giant increase in 
motility, comparable to the samples irradiated in the diamond Petri dish. To explain the giant boost in motility, we are led to assume that 
the nanodiamond surface is not only virtually ROS free but possesses even the capacity to neutralize effects of oxidative stress (ROS) as can 
be concluded from comparison with the relatively low sperm motility on polystyrene [red line (--▼--)] where the LED treatment had a 
detrimental impact on sperm motility. The inescapable conclusion is that nanodiamond acts as a scavenger/neutralizer for ROS, in particular 
for ROS originating from the sperm cells themselves. Additional experiments and computer simulations are now necessary to understand the 
effect of the nanodiamond on interfacial ROS and to assess the implication of the nanoscopic water layer at the diamond/cell interface in the 
ROS scavenging/neutralizing process. Measurement points represent the average from five samples with three counts per sample, and are 
statistically significant. Motility measurements were performed in a Makler chamber using a conventional optical microscope. The device 
employed to irradiate the sperm cells was a WARP 10 with an intensity of 728 W/m2. It was previously used by us in skin rejuvenation (20). 
ATP, adenosine triphosphate; ROS, reactive oxygen species.
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home to embryos growing in the laboratory, is used today in 
more than 99.9% of IVF procedures (25), the necessity for 
additional research is clear.
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