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Light Effect on Water Viscosity:
Implication for ATP Biosynthesis
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Published: 08 July 2015 : mitochondria is constant and corresponds to that of bulk water. In our opinion this assumption is
. not satisfactory for two reasons: (1) There is evidence that the water in mitochondria prevails to

100% as interfacial water. (2) Laboratory experiments which explore the properties of interfacial
water suggest viscosities which exceed those of bulk water, specifically at hydrophilic interfaces.
Here, we wish to suggest a physicochemical mechanism which assumes intramitochondrial water
viscosity gradients and consistently explains two cellular responses: The decrease and increase in ATP
synthesis in response to reactive oxygen species and non-destructive levels of near-infrared (NIR)
laser light, respectively. The mechanism is derived from the results of a new experimental method,
which combines the technique of nanoindentation with the modulation of interfacial water layers by
laser irradiation. Results, including the elucidation of the principle of light-induced ATP production,
are expected to have broad implications in all fields of medicine.

There is no other constituent of the cell which has fascinated both the life-science and the nanoscience
community as much as the mitochondrial rotary motor, called ATP synthase. Initially it was estimated
that the nanomotor operates at 100% efficiency'™ — a picture based on several idealized assumptions,
including that the viscosity of the milieu surrounding the motor is that of bulk water’=®, thus, paying
no attention to viscosity gradients near surfaces!®. Ignoring this point is critical because the mechan-
ical behavior of molecular machines is different from that of their macroscopic analogues and many
macroscopic mechanical concepts no longer apply at the molecular level. This concerns particularly the
application of the concept of viscous friction and lubrication''2. Recent experimental work showed that
it is important to discriminate between the physical properties of bulk water and those of the nanoscopic
interfacial water layers, which are masking surfaces. Nanoscopic water layers bound to hydrophilic sur-
faces (bound water) present viscosity values which are orders of magnitude larger than those of bulk
water'®. Furthermore, it was experimentally shown that with increasing confinement between hydro-
philic surfaces, the viscosity of nanoscopic water layers dramatically increases''.

In an intuitive attempt to extend the aforementioned findings to the mitochondrial rotary motor,
we emphasize that it consists of a hydrophobic and a predominantly hydrophilic part F, and F,, respec-
tively's. Inevitably, components of the nanomotor will operate proximal to hydrophilic surfaces and in
subnanometer gaps. Local variations in viscosity are expected to play a considerable role, specifically
near the hydrophilic moiety (F,) and presumably in the contact zone between F, and F, where viscous
friction probably affects the dynamics and the efficiency of the nanomotor system. Considering that the
classical imaging tools employed to investigate the structure of the mitochondrial nanomotor — scan-
ning electron microscope and transmission electron microscope — operate in vacuum, it is clear that
any relevant information related to nanoscopic interfacial water layers, which are masking the surface of
the nanomotor or are captured between its molecular constituents, is lost'”. In addition, it should be also
stressed that the nanomotor operates in the interior of mitochondria: a crowded, predominantly hydro-
philic and highly viscous microenvironment in which the fraction of water prevalent as bound water has
been estimated to approach 100 per cent of the total water content'. Consideration of this experimental
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result would already be sufficient to challenge the utilization of the viscosity of bulk water in the models
and simulations used to assess the efficiency of the mitochondrial nanomotor.

The principal function of the mitochondrial ATP synthase is the synthesis of ATP — the primary
energy carrier in cells. The root cause of the synthesis is the translocation of protons, which are turning
the rotor'®?. The protons are driven across the inner membrane of mitochondria into the mitochon-
drial matrix by the energy of the proton gradient, the transmembrane proton-motive force?!. It is thus
plausible to assume that processes with direct impact on the dynamics of the nanomotor will affect ATP
production. For instance, reactive oxygen species (ROS) induced oxidative stress was shown to cause
depletion of ATP levels in mitochondria®*?, apparently a mechanism, which works in both mammalian
and plant cells®®. The question arises: What is the intrinsic mechanism by which ATP is depleted by
elevated levels of ROS? Coincidentally, both compounds ATP and ROS are produced in mitochondria.
Therefore, from the premise that bursts of ROS will accentuate the hydrophilic nature of the intramito-
chondrial space (due to the oxygen), the most plausible answer is that ROS enhances hydrophilicity, and
thereby the viscous friction between surfaces moving relative to each other. Hence, pathological condi-
tions that are triggering prolonged bursts of ROS will contribute to a transient increase in the viscosity
of the interfacial water layers bound to exposed intramitochondrial surfaces. An increase in interfacial
viscosity, concomitant with an increase in viscous friction, can only manifest itself in a reduced perfor-
mance of the rotary motor, which explains the drop in ATP production. Indeed, molecular dynamics
simulations predicted that interfacial viscosity would increase with hydrophilicity?. Recently, the corre-
lation between viscosity and hydrophilicity received further confirmation by atomic force microscopy:
The measured interfacial viscous forces were larger for materials with smaller contact angles, i.e., more
hydrophilic surfaces, and vice versa'.

If indeed, a raise in interfacial viscosity impacts the rotation of the mitochondrial nanomotor, for
instance, under conditions of prolonged oxidative stress, which are inescapably present during in vitro
experiments, it can be reasonably assumed that a reduction of potentially elevated viscosity levels will
manifest itself in an increase in ATP production. Earlier, we showed that the structure of nanoscopic
interfacial water layers (about 2-3 monolayers)* can be modulated with 670nm laser light applied at
moderate intensities as low as 50 W - m~2%. Modulation includes volume expansion? and viscosity reduc-
tion, specifically on hydrophilic surfaces, which are known to promote high viscosities'. Importantly,
modulation effects were not restricted to 670nm light. Comparable modulation effects were realized
with other laser wavelengths, for instance, 633 nm, applied at 400 W - m~2 2. The expansion effect was
exploited in vitro to force cancer cells to uptake various cytostatic drugs?, and predicted to be instrumen-
tal in the release of drugs from permeable nanovesicles, a prediction that has recently been confirmed
experimentally®. Summarizing, there is observational evidence for the prevalence of intramitochondrial
water viscosity gradients, and for a decrease and increase in ATP synthesis in response to ROS and laser
light®!, respectively. If indeed the root cause of the variation in ATP production is a variability in intram-
itochondrial viscous friction, then the same light which stimulated ATP production in cells should also
reduce the viscous friction in subnanometer gaps.

Results and Discussion

Probing nanoscopic interfacial water layers by nanoindentation and NIR laser light. Here,
we report on laboratory experiments focusing on nanoscopic interfacial water layers which prevail on
hydrophilic surfaces and are confined in subnanometer gaps, and their light tunability. Similar water
layers are expected to determine the efficiency of the rotary nanomotor (Fig. 1A). For their exploration
we used a nanoindenter. We recorded the force required to penetrate 1pum into different model sub-
strates. We probed both hydrophilic and hydrophobic substrate materials, in dark and during irradiation
of the tip/substrate contact zone with 670 nm laser light. Figure 1B illustrates the principle of the exper-
iment. Hydrophilic materials comprised aluminum, zinc, copper and gold, while polymers, for instance,
polystyrene, served as hydrophobic materials. Figure 2 presents the mean value curves of 2 x 10 repre-
sentative nanoindentation measurements performed on a hydrophilic substrate (single crystal gold), irra-
diated with 670nm laser light, and without laser irradiation. In both cases the measurements were
performed in a closed box at room temperature and constant relative humidity of 67%. As can be clearly
seen in Fig. 2 the laser light contributed to a reduction in the load required to penetrate the hydrophilic
sample (assumed to carry a viscous film of interfacial water which is tunable by 670 nm laser light via
collective interaction of photons with transiently immobilized interfacial water molecules)?*-*%. The drop
in the load with laser light was estimated to be around 72% compared to the non-irradiated sample. The
results for all tested metals are summarized in Table 1. Furthermore, at a relative humidity threshold of
48%, the effect disappeared, indicating that the amount of water confined at the tip/cavity interface was
too small to build up a substantial viscous layer, reflecting a correlation with environmental humidity.
On the basis of the humidity dependence we can safely exclude that the cause of the observed effect was
the heating of the diamond tip and/or substrate. Notably, when we probed the hydrophobic species, the
laser light had practically no effect. The results are in agreement with the observational evidence that
elevated interfacial viscosity levels are present on hydrophilic, but not on hydrophobic surfaces. If we
consider the classical friction components (adhesion, ploughing and asperity deformation) as well as the
localized plastic deformation which presumably occur during the penetration of the diamond tip into
the substrates, it is obvious that none of these factors can be modified by the low intensity laser light.
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Figure 1. Mitochondrial nanomotor (A). During ATP synthesis, the rotor turns about 9000 times per
minute. Artists view of the principle of light-tuned nanoindentation. Blue spheres stand for water molecules
forming the nanoscopic water layers confined in the space between the diamond tip and nanoindentation
imprint (B). Reprinted by permission from Macmillan Publishers Ltd: [NATURE]®, copyright (2004).
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Figure 2. Nanoindentation loading curves (average curves, n=10) for hydrophilic sample (single
crystal gold), with and without 670 nm laser. The force required for the diamond tip to penetrate ~100 nm
into the metal is less when the tip/substrate contact zone is irradiated. Insets display the corresponding
measurements shown as individual curves. Representative curves for single crystal aluminum have been
presented during the International Conference on Laser Applications in Life Sciences, 2014%.
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Metal Au Al Zn Cu

Drop in load [%] 72 56 70 80

Table 1. Reduction of indentation load in response to 670 nm laser irradiation.

Thus, it seems reasonable to assume that the origin of the relatively low force required to penetrate the
first 100 nanometers into the hydrophilic samples, as depicted in Fig. 2, is a reduction of the viscous
friction in the tip/cavity interface by the laser light. Going back to mitochondria, it is now tempting to
assume that the nanomotor efficiency (ATP productivity) can be tuned with biologically tolerated inten-
sities of red to NIR laser light. This perspective receives justification from the experimental side:
Previously, it was reported that red laser light (632.8nm (power 15mW, fluence 5] - cm™2) changed the
energy metabolism in mitochondria irradiated in vitro, and caused an increase in ATP synthesis. It was
suggested that the extra ATP synthesis is directly produced by a laser-induced extra proton-motive
force®!. Remarkably, comparable levels of 670 nm laser light (power 33 mW, fluence 1] - cm™~2) increased
both the proliferation and ATP production of cells in vitro*2. We believe that the cause which gives the
extra ATP is a reduction of interfacial viscosity within and/or around the mitochondrial nanomotor. The
high torque of the nanomotor is best illustrated by its capacity to rotate objects several hundred times as
large as the motor itself against the viscous friction of water. Torque is transferred to the ATP-producing
part by the unit ~ (Fig. 1). It is instructive to compare the mitochondrial rotary motor with a rotating
cylinder viscometer. The measuring principle of the latter is based on the proportionality between the
viscosity (1) and torque (T) T = 7 - C - w, where C is a constant specific to the instrument and w stands
for the angular velocity of the rotating cylinder®. A reduction in viscosity by the laser light will increase
the efficiency of the nanomotor, reflected by an increase in ATP production®.

NIR laser light upregulates ATP synthesis. Interestingly, equal levels of red to near-infrared (NIR)
light are used routinely in clinical praxis to accelerate the healing of complicated wounds®, to treat pain
and inflammatory processes®. Coincidentally, the therapeutic use of NIR light plays an increasingly
important role in aeronautic medicine. As the gravitational force increases or decreases, the cell function
responds in a linear fashion. This poses significant health risks for astronauts in long-term spaceflight.
The use of NASA LEDs (central wavelengths 670 nm) will significantly improve the medical care that is
available to astronauts on long-term space missions®. For the majority of biostimulatory effects of NIR
light described in the literature®’, irradiation parameters were virtually identical to those found to reduce
the viscosity of interfacial water layers. Apparently, irradiation with biologically tolerated levels of laser
light shows pronounced effects in biological systems which are exposed to oxidative stress. Thus, we feel
justified to assume that the irradiation upregulates ATP turnover by reducing the viscosity of the nano-
scopic interfacial water layers which seem to control the efficiency of the mitochondrial nanomotor. The
insight deduced from our laboratory experiments is expected to allow the improvement of the present
theories and hypotheses of light-induced ATP synthesis, and promises to enhance the predictive capa-
bility of existing models. Explicitly, realistic models designed to explore the functioning of ATP synthase
may have to consider interfacial viscosity gradients, within and around the nanoturbine. This aspect is of
considerable biological interest and may lead to a shift in the paradigm of ATP synthesis.

Methods

Nanoindentation measurements and data analysis. A nanoindenter (Nanoindenter XP, Nano
Instruments Inc. Oak Ridge, Tennessee, U.S.A.) equipped with a Berkovich tip (three-faceted diamond
pyramid with a total included tip angle of 130.6° and tip radius <20nm) was used to measure the load
required for the tip to penetrate into the surface of different model substrates (hydrophilic and hydro-
phobic materials) to a depth of 1pum through a complete load/unload cycle. Data analysis focused on
penetration depths of a few 100nm. Hydrophilic materials comprised single crystal aluminum, single
crystal gold, zinc and copper; polymers, for instance, polystyrene, served as hydrophobic materials.

Laser irradiation. Substrates were explored by nanoindentation in dark and during irradiation of
the tip/substrate contact zone with 670nm laser light (power 4.5mW, intensity 4.0kW - m~2). Details
of the laser configuration were reported previously®. The measurements were performed in a closed
box at room temperature and constant relative humidity of 67%. At relative humidity levels below 48%
the effect disappeared, in accordance with analogous measurements performed by atomic force acoustic
microscopy?.
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