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Abstract

Light emission from living thingsis still at the centre of scientific interest. Ultra-weak photon
emission (UPE) in the range from 300 to 900 nm has been discovered in living cells and organisms,
including the human body *. In general, so-called bio photons are attributed to life.

Our recent studies on protonic p-n junction formation and light emission from electrically powered
protonic p-n junction systems suggest, that UPE can be generated by excitations owing to proton
current flow in living cells and sub-cellular structures (e.g. mitochondria), just likeit isdone in the
case of |aboratory protonic light-emitting diodes (H*LED) %°.

While the emission of higher energy bio photons (above 3 €V, 200-420 nm wavelength) is mainly
caused by radicals and reactive oxygen species (ROS) » %32 %:3".3 |ower energy bio photons
(below 3 eV, at 420 -1000 nm wavelength) should be associated with the excitation of the protonic
system as aresult of the flow of the proton current (discussed in this paper). We expect this to have
important biomedical implications for diagnosis and therapy using UPE ***’. The similarity of
H*LED and UPE spectra (Fig. 2) allows the use of protonic H'LED as a new broadband light
source, ideally suited to mitochondria-oriented low-intensity light therapy *'.

Our results explain why spontaneous biophotons (UPE) are observed only in living organisms,
tissues and cells **. This is due to the constant flow of protonsin the active ATP synthase/ATPase
and in the mitochondriain general %, which is necessary both for life and for the emission of light
(observed as bio photons).

I ntroduction

Mysterious emission of light from living things - ultra-weak photon emission UPE (also
called bio photons) - is still at the forefront of scientific interest *. Our recent studies suggest that
UPE can be generated by excitation of the protonic system in living cells and sub-cellular structures
(e.g. mitochondria), just like in the laboratory protonic light-emitting diode (H'LED) 2.

In 1978 Peter Mitchell was awarded the Nobel Prize for the biologically oriented proton-
based chemiosmotic theory. Since then, many studies have been conducted to explain what drives
this mechanism "3 1192224 There are still many unanswered questions, including new aspects and
phenomena .

Our experiments on protonic p-n junction formation and light emission from electrically powered
protonic p-n junction systems, provide a basis for further research in the field combining light
emission and proton flow. Just in our laboratory, a unique, first light emission (electro
luminescence) induced in agueous systems with a protonic p-n junction was observed, Fig.1. We
also defined processes during light emission based on proton flow and excitations of protonic
systems %2,
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Fig. 1. Emission spectrum of aprotonic LED (H'LED) at 16V and 0.8 A.
Insert: H'LED in action, protected by a glass tube (left) and by Teflon tube (right) %>.
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Fig. 2. Correspondence of the spectrum of ultra-weak photon emission UPE from the ventral side of
the human finger (top; according to M. Kobayashi et al.*) and our protonic H'LED 2.
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Results and discussion

Thisisanew concept in light generation - protonic LEDs (H'LED) - based on protons instead of
electrons. New light emitting devices H'LED are of potential importance for photonics,
optoelectronics, photochemistry, and now we think - also for biology.

In particular, our research leads to the conclusion that bio photons (ultra-weak photon emission,
UPE) can be generated by excitation of the protonic system in living cells at the cellular and sub
cellular level due to the flow of proton current in the protonic p-n junction, similarly to the protonic
diode H'LED (compare spectrain Fig. 2).

Considering protons as charge carriers, it can be concluded that, compared to electrons, the
transport of protonsin a biological (agueous) environment is much more favorable than the flow of
electrons (e.g. hydrated) % 3*. The key is the ability to control the flow of protons owing to
properties of proteins and protein complexes. Even single molecules such as amino acids are able to
modify the aqueous environment in close proximity by creating an electrica potential barrier that is
analogous to that in atypical electron-based p-n junction. Amino acid molecules are neutral, acidic
or basic. They are able to modify water owing to interaction of proton-donor groups (acidic) and
proton-acceptor groups (bas cg, transforming it into protonic analogues of n-type and p-type
semiconductors, respectively °.

The non-uniform electric field in the area of the formed protonic p-n junction is responsible for the
controlled flow of protons * > °. This enables protonic diodes and field effect transistors FETs to be
formed in protein molecules * 8. The same way, the complex protonic systems with an advanced
functionality are created, e.g. the molecular motor C-ring of ATP synthase **2 % (Fig. 3b,c).

We previously found that a protonic p-n junction in an agueous medium is capable of
generating light in the 350-1000 nm range with dominant emission in the visible (VIS) and near
infrared (NIR) ranges, e.g. 550-750 nm with a maximum at 620 nm, when a proton current flows
through it. Other tested H'LED devices emit mainly in the range of 620-800 nm with a maximum at
670 nm, but also in the range of 650-850 nm with a maximum at 750 nm 2.

Thisis particularly interesting in relation to biological systemsin the context of
biophotonics, as the proton current flowing through protonic p-n junction in proteins may induce
emission of light 2. As expected, in this case the light is generated mainly at the molecular, sub-
cellular level in structures with well defined proton flow, such as mitochondria®* %, leading to
experimentally observed ultra-low photon emission (UPE) called bio photons. The emissionis
particularly intense (though still "ultra-weak" on a macroscopic scale) from structures with intense
proton current, e.g. mitochondria, especially active ATP synthase and ATPase complexes, and in
particular molecular motors, such as the C-ring of Fy unit ** % %,

The UPE spectrum discussed here covers the spectral range of 450-750 nm, with the region
of dominant emission of the 570-670 nm and a main peak |ocated in the 600-650 nm region,
precisely with a maximum at 620 nm *°. The high adequacy between the H*LED and UPE spectra
(Fig. 2) suggests that in both cases the emission mechanism is similar in terms of energetics and
fundamental nature: the source of excitation is the flow of proton current through the protonic p-n
junction. Thisis not surprising in light of the following.

M odeling of ATPase emission based on proton flow in the protonic p-n junction system of
the C-ring Fo unit.

Considering the mechanism described previously, it can be expected that the flow of one proton
through the protonic p-n junction can generate two excited water molecules and consequently - two
photons (maximum) % HsO" + -OH =>2 H,0* =>hv .

Thismeans for ATP synthase (and ATPase), that at a speed of rotation of C-ring in FoF1 complex
(Fig. 3a) of 300 s and an average number of protons flowing per one rotation cycle of 1000 ***/,
we have a cooperative proton current in C-ring of Fo unit *° (Fig. 3b, 3c) of 3x10° H'/s (4.8x10™
A), which may generate total 6x10° photons/s (maximum). Half of them (50%) can be observed at
once due to the characteristics of the detection system (with a single detector light guide on one
side), as used in experiments with H'LED 2). Thus, based on our model, we would expect to see the
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emission of about 3x10° photons/s (maximum) from a single ATP synthase/ATPase molecule when
itisactive.

Simulation of ATP synthase/ATPase emission with H'LED.

The protonic LED (H'LED), operated at 16 V and 0.8 A emits the light within the range of 350-950
nm with dominant emission in the range of 550-750 nm and main maximaat 620 nm and 670 nm .
Thisisvery similar to UPE within the range of 450-750 nm, with adominant emission at 570-670
nm and the maximum at 620 nm (Fig. 2). In this case (H'LED), the current of 0.8 A corresponds to
aproton flow of 5x10™ H*/s and the light intensity registered at 620 nm is of 4000 counts/s (164000
photons/s, calculated with an instrumental sensitivity “ of 41 photons per count a 600 nm) at the
aperture AP; (the light emitting area, Fig. 4) of 0.19625 cm? (~0.2 cm?).

With these parameters, the H*LED would emit 9.84x10°° photons/s from the same light-emitting
area (AP aperture, Fig. 4 left) with a proton flow of 3x10° H'/s (4.8x10™* A) calculated for the
single C-ring Fy of ATP synthase/ATPase (the model in Fig. 3c).

However, the emission comesin fact from a single ATP synthase/ATPase molecule - FoF; complex
(Fig. 3a), and mainly Fo unit at ATP synthase of a maximum proton flow density (Fig. 3b, 3c) with
an active (observable) emitting area of about 0.8x10™* cm? (aperture AP, half of the side surface of
the cylinder Fo, Fig. 4).

Thus, to achieve the flux of photons of 9.84x10%/s expected at an aperture AP, of about 0.2 cm?,
emitted from a source of an aperture AP, corresponding in size to the Fy unit *°, the number of
photons emitted from such source (of Fo unit) should amount to about 2.4x10°/s.

Thisis proportional to the ratio of corresponding apertures AP/AP; equal 2.4x10™ and the
macroscopic H'LED emission of 9.84x10™® photons/s expected to be registered at the aperture AP,
for the proton flow of 3x10° H'/s (from our model of ATP synthase/ATPase, Fig. 3c).

The result of simulation based on the H'LED experiment is unprecedentedly consistent with the
ATP synthase emission theoretical modeling: of 3x10° photons/s (maximum), despite the
differencein abasic structure of H'LED and ATP synthase/ATPase, because of a key role of
protons and a protonic p-n junction in generating the light in both cases, just like described for
H*LED 2. In addition, the simulation more accurately defines the molecular emitter, which
corresponds in size to the C-ring of Fy ATP synthase unit (Fig. 3b, 4), the part with the highest
proton current density in an active form. Thus, one can conclude that Fy units are the main source of
bio photons (UPE) in living things, and UPE is powered by proton flow in Fy's protonic p-n
junction system (like this presented in Fig. 3c) %°. At this point, the essential role of water in the
functioning of the Fo motor unit should be emphasized. Water is necessary for formation the proton
conduction channels % 2”2 protonic p-n junctions *” and the light emission (Fig. 5) %°.

When the emission of bio photons at higher photon energies (above 3 eV, i.e. with awavelength of
200-420 nm, corresponding to electronic excitations in water, Fig. 5) is mainly due to radicals and
reactive oxygen species (ROS) 2 3% 303738 i photons with lower energy (below 3 eV, with a
wavelength of 420-1000 nm) should be associated with the excitation of the protonic system (Fig.
5) asaresult of the flow of the proton current (discussed in this work).

The correlation discussed here can be extended to other UPE spectra (Fig. 6) by considering the
spectra of other H'LEDSs, e.g. already published >3, they all are related to molecular vibrationsin
liquid water and cover the spectral range of the UPE (350-1000 nm), Fig. 5. The emission is intense
enough on the molecular and cellular scale (at a short distance from the emitter) to play an essential
rolein signaling and even local energy transfer, while being ultraweak on the macroscopic scale
(UPE) dueto light flux reduction and increase in light absorption with distance.

Taking this into account, one can expect that the UPE from individual anatomic locations would
follow the pattern of mitochondrial density and dynamics within organs or tissues located nearby.
Organs consuming greater amounts of energy produced by mitochondria more densely packed in
their cells are more likely to emit greater amounts of bio photons. Thus, the activity of the brain
containing hundreds to thousands of mitochondriain asingle neuron ¥, the heart containing more
than 5,000 mitochondriain each muscle cell % or the liver containing more than 500 mitochondria
per single hepatocyte **, results in agreater intensity of UPE near the head, chest or stomach, as
observed % *, Responsiveness of touch receptor neurons has also been linked with increased
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mitochondrial density and shorter inter-mitochondrial distances *, and this may explain significant
contribution of UPE observed on hands *. This supports our conclusions.
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Fig. 3. Marked grey FoF;, complex (@) and Fo unit (b) in ATP synthase/ATPase (amodified drawing
based on publication *®). (c) The proton flow in the F-ATP synthase (including C-ring) protonic p-
n junction system *’ (ascheme based on the structure of ATP synthase/A TPase from & 24 27 28.29),
Preferred (“forward”) proton flow direction with possible light emissionisfrom the”p” to “n” area,
likein aprotonic diode H'LED #*°. We defined the protonic NPN transistor Glu162-Arg176-
Glu223 * "8 whichis "normally off", but even the small base current and low base-emitter voltage
across Argl76-Glu223 will causeit to "turn on”, allowing large proton currents to flow collector
(Glu223-Glu59-Glu162) and starting ATP synthesis. Protonic NPN transistors conduct when Veis
greater than V. [Thisis discussed in a paper on the mechanisms of ATP synthase/ATPase
powering and control based on the protonic p-n junction system (J. J. Langer at al., 2023; in

preparation).]
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Fig. 4. AP, (H'LED) and AP, (Fy ATP synthase/ATPase aperture definitions
(amodified drawing based on publication *%).
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Fig. 5. The emission spectraof protonic H'LEDs with different compositions (left):
Dx50-Dx1, SPS1-Dx1 and SPS2-Dx1, show "fringes" associated with the same molecular
vibrationsin liquid water 2. Vibrational absorption of liquid water (right) ***.
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Conclusions

Our finding explains why UPE (‘'bio photons)) is only observed in living systems (organisms,
tissues and cells) #. Thisis due to the constant flow of protons in the active ATP synthase/ATPase
23 and in the mitochondriain general %28, which is necessary both for life and for the emission of
light (bio photons).

In this context, a very specific flow of protonsin the biological system of protonic p-n junctions
(possible to be detected separately with NMR) generates bio photons (UPE), and both phenomena
appear as the most fundamental biophysical markers of life at cellular and sub cellular levels.

In addition to scientific meaning, this results in important biomedical implications for diagnosis and
therapy using UPE %%,

The similarity of H'LED and UPE spectra (Fig. 2) allows the use of protonic H'LED as anew
broadband light source, ideally suited to mitochondria-oriented low-intensity light therapy *'.
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Fig. 6. Examples of ultra-weak photon emission spectra UPE corresponding to protonic LEDs
(H'LED ?) spectra: @) UPE from human body ** and H'LED SPS1-Dx1 % b) UPE from human body
> and H'LED Dx50-Dx1 2; ¢) UPE from human body ** and H'LED SPS1-Dx1 %

d) UPE from human body * and H'LED Dx50-Dx1 “; €), f) UPE from human body " and H'LED
SPS1-Dx1°.
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Materials and methods

Water, an intrinsic protonic semiconductor, doped with an acid or a base forms protonic analogues
of n-type or p-type semiconductors. Doping and the mechanical stability of the system are achieved
using fictionalized polymers: ion exchangers Dowex 1x4 (Dx1) and Dowex 50W (Dx50) and
sulfonated cross-linked polystyrenes, SPS1 and SPS2, from our laboratory. The active groups are
the acidic groups ~SOsH from Dx50, SPS1 and SPS2, and the basic groups [N(CHs)3] "OH" present
in Dx1.

As aresult of direct contact of wet materials with proton-donor and proton-acceptor properties,
deposited in the form of layers between two Pt electrodes, a protonic p-n junction is formed, which
exhibits rectifying properties and even light emission.

Dx50 Dowex 50W(100-200 meshes) is astrongly acidic ion exchanger with functional groups -
SOsH, used asis in the hydrogen form; matrix: styrene-divinylbenzene; cross-linked 8%.

Dx1 Dowex 1x4 (100-200 meshes; SERVA) isastrongly basic ion exchanger, TY PE I, with
functional groups (CHs)s-N", used after activation with NH4OH; matrix: styrene-divinylbenzene
(C10H12 "CioH10 CgHs® C3H8N)X, cross-linked 4%.

SPS1 astrongly acidic sulfonated polystyrene, cross linked about 1.5%,
[(C8H8-408H7SO3H)'10H20] n

SPS2 strongly acidic sulfonated polystyrene, cross-linked about 1% [CgH;SOsH 3H,0].

All information was described in detail in our previous paper [2].
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