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Unified Electromagnetic Modelling of Biophoton Propagation in Biological Media under
Magnetic-Field Influence

The emission of biophotons from living systems has gained more attention due to its possible
correlation with cellular metabolism, oxidative processes and physiological activities. However,
the interpretation of the measured photon signals is hampered by the combined effects of optical
transit, tissue characteristics and electromagnetic interactions. In this study an electromagnetic
model is proposed for the description of biophoton propagation in biological medium, under the
effects of attenuation, resonance effects and external magnetic fields. The technique integrates
optical attenuation, electromagnetic wave propagation, magnetic-field modulation and
resonance behaviour under a single theoretical framework. It is shown that the main role in
defining the detectable photon intensity is played by attenuation, and under optimal conditions
the behavior of the signal can be dramatically changed by magnetic-field interactions and
resonance effects. The results also reveal that the detected photon signals depend on the photon
generating processes as well as on the propagation conditions and the electromagnetic
properties of the surrounding biological medium. The proposed paradigm gives a coherent
picture of biophoton dynamics by integrating systems normally studied in isolation. Main
theoretical findings agree with experimental observations. The study serves to build a conceptual
bridge between biphotonic, biomedical optics and bioelectromagnetic fields. It could be helpful
for future investigations to better understand measurements of photon emission and to create
non-invasive optical diagnostic techniques.

Keywords: ultra-weak photon emission, tissue optics, dielectric media, photon transport,
resonance behavior, bioelectromagnetic, optical diagnostics, cellular signaling.
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TPaH3UTTIH, TIHAEPAIH, CUNATTamanapblHblH aHEe 3/EKTPOMArHUTTIK e3apa apeKeTTecynepliH,
HipikKeH acepaepiMmeH KublHAaMAbI. byn 3epTTeyae aacipey, pe30HAHCTbIK 3Cepep KaHe CbIPTKbI
MarHWT epicTepiHiH acepiHeH BWonorMAnbiK opTaga 6MOGOTOHHbLIH TapanayblH cMnaTTay YLiH
3/1EKTPOMArHUTTIK MoAe/b YCbiHblAaAbl. byn a4iCc ONTMKANbIK dACIpeyai, 3N1eKTPOMarHUTTIK
TONIKbIHAAPAbIH, TapanyblH, MarHWUT ©piICiHIH, MOAYNAUMACBIH OHEe PE30HAHCTbIK SpPEKEeTTI
bipblHFa TeopuAnblK WeHbepre OipikTipedi. AHbIKTanaTblH  GOTOH  KAapPKbIHAbINbIFbIH
aHbIKTay4afbl Heri3ri penai ancipey atkapaTblHbl, a/l OHTaM/bl }KaF4annapaa CUrHanaplH cMnatol
MarHWUT epiciHiH e3apa sapeKeTTecyiIepi MeH PE30HAHCTLIK acep/iepi apKblibl Tyberenni esrepeTiHi
KepceTinreH. HaTuenep COHbIMEH KaTap aHblkTaafaH GOTOH CUrHaNLapbliHbIH, GOTOHAbI
TYAbIPaTblH MpouecTepre, COHAAN-aK, Tapany »KafdalnapbliHA »KaHe KopllafaH OMONOrMANbIK
OPTaHbIH, 3/1EKTPOMArHUTTIK KacueTTepiHe 6GalnaHbICTbl eKeHiH KepceTedi. YCblIHblAFaH
napagurma saaeTte benek 3epTTeneTiH Kyhenepai bipikTipy apKblibl 6MOGOTOH AMHAMMKACBIHBIH,
ynecimai KepiHiciH bepegi. Herisri TeopuanblK TYKblpbIMAAP SKCNEPMMEHTTIK BaKbliaynapMeH
calkec kenegi. byn 3eptrey 6UPOTOHALI, BMOMEANLMHANBIK ONTUKA KaHE DMOINEKTPOMATHUTTIK
epicTep apacblHAafbl TYXbIpbIMAAManblK Kemnip KbI3MeTiH aTKkapadbl. On  doToHAap/AbIH
WbIFAPbIYbIHA ©/leynepai KaKCblpakK TYCiHYre KaHe MHBAa3MBTI eMeC ONTUKANbIK AMArHOCTMKa
9/liCTepPiH »Kacayfa apHanfaH bonalak 3epTreyaep YuiH nanaansl 60aybl MyMKIH.

TyWiH ce3gep: oTe anci3 GOTOH 3IMMUCCUACHI, TIHAIK ONTMKA, AMINEKTPAIK opTanap, GOTOH
TacblManbl, PE30HAHCTbIK, SpeKeT, BUOINEKTPOMArHUTTIK, ONTUKA/bIK ANArHOCTUKA, KacyLlablK,
curHan bepy.
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Eaunnoe 3JIeKTPOMAarHuTHOE MOJIeJIMPOBAHUE PACIIPOCTPAHEHUsI 0MO(OTOHOB B
0MO0JIOrMYecKHX cpeiax Moj Bo3/1eiicTBHEM MATHUTHOTO 10JIA

Imuccunsa 6ModOTOHOB M3 KMBbIX CUCTEM MPUBAEKAET Bce Bosbllee BHMMAHME B CBA3N C ee
BO3MOHOM Koppensumein ¢ KNeTOYHbIM MeTabosM3MOM, OKUCAUTESNIbHbIMKM MNpPOLEeccamm u
dur3nonormyeckon akTMBHoOCTbl. OAHAKO MHTepnpeTaums M3mepeHHbIX GOTOHHbLIX CUIHANO0B
3aTpyAHEHa M3-38 KOMBWHWMPOBAHHOIO BO3AEMCTBMA OMTUYECKOTO MEPEHOCA, XapPaKTEPUCTUK
TKAHEM W 3NEKTPOMArHWUTHbIX B3aMMOAENCTBMA. B AaHHOM WCCAeA0BaHUM NpPeaNoKeHa
3NEeKTPOMArHMTHasa MoAenb ANA ONMCcaHWA pacnpocTpaHeHus 6ModOoToOHOB B BMONOrMYECKOM
cpene noJj, BO3AENCTBMEM 3aTyXaHWA, Pe30HAHCHbIX 3PPEKTOB U BHELIHMX MarHUTHbIX MOEN.
MeToamnKka obbeAMHAET ONTUYECKOE 3aTyXaHWe, PacnpOCTPaHEHWE 3/EKTPOMArHWUTHbIX BOJH,
MOAYNALUMIO MAarHWUTHOTO NOAA M pPe30HaHCHOe MOoBeAeHME B PaMKaxX €MHON TEeOPEeTUYECKOM
moaenu. MNoka3aHo, YTO OCHOBHYIO PO/b B ONpeAeneHuMM AeTEKTUPYEMOW WMHTEHCMBHOCTM
$OTOHOB UrpaeT 3aTyxaHWMe, a B ONTUMAasbHbIX YC/JOBUSAX TMOBEAEHME CUrHana MOXKET
CYWECTBEHHO M3MEHATbCA MoA, BO3AEMCTBUMEM MATHUTHbIX B3aMMOAENCTBMA U PE30HAHCHbIX
a3¢bdeKToB. Pe3ynbTaThl TaKKe MOKa3biBatoT, YTO AETEKTUPYeMble GOTOHHbIE CUTHa bl 3aBUCAT OT
MPOLLECCOB reHepalym GOTOHOB, a TaKKe OT YCA0BMI PacnpoCTPaHEHUs U SN1EeKTPOMArHUTHbIX
CBOMCTB OKpy»Katoulen buonornyeckoln cpeapl. MpeanoxkeHHas napaamrma AaeT LesIOCTHYH
KapTUHY AMHAMUKM BUOGOTOHOB MNYTEM UHTErPaLIMK CUCTEM, 0DbIYHO M3YyYaeMbIX M30JIMPOBAHHO.
OCHOBHble TEOPETUYECKUE BbIBOAbI COTNACYHOTCA C 3KCMEPUMEHTANbHbIMU Hab OAEHUAMMN.
NccnenoBaHne CAYKUT A8 MOCTPOEHMA KOHLENTYa/lbHOTO MOCTa Mexay OWPOTOHHOM,
BrMomeaANLMHCKON ONTUKOM U BUO3NEKTPOMATHUTHBIMM NoAAMKU. OHO MOXKET ObITb N0NE3HO A/
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OyaylWmMx UCCAenoBaHWI, HaMpaB/EHHbIX Ha Jydyllee MOHUMAHME W3MEPEHUN U3yYeHus
(bOTOHOB M Co30aHNEe HEMHBA3MBHbLIX ONTUYECKUX ONAaTHOCTUYECKMX MeTO408B.
Kntoyesble cnoBa: ceepxcnaboe m3nydeHne GOTOHOB, TKAHEBAA ONTUKA, AMINEKTPUYECKNE

cpeabl, nepeHoc GOTOHOB,
ONTUYECKan AMAarHOCTUKA, KNETOUYHbIV CUrHA.

Introduction

Biophoton emission or ultra-weak photon
emission (UPE) is the spontaneous emission of low
intensity photons by living organisms in the absence
of external visual stimulation [1-5]. Such emissions
have been reported in a variety of biological systems
including microbes, plants, animals and human
tissues [ 1-5]. Biophoton emission is characterized by
very low photon intensities and differs from standard
bioluminescence. Biophoton emission is usually
linked to metabolic activity, oxidative reactions and
intracellular energy transfer pathways [1,4—7]. There
is increasing evidence that biophotons may provide
useful information about physiological states, cellular
communication and oxidative stress dynamics [2,5].

The emission of biophotons is usually related to
reactive oxygen species (ROS) and electronically
excited molecular states that are formed during
metabolic reactions [4,6-8]. Excited intermediates
are generated through oxidative activities in
mitochondria and other cellular structures, which
emit photons during relaxation to lower-energy states
[4,6,7]. Experimental studies have shown
relationships between biophoton intensity and cell
metabolism, stress circumstances, disease states, and
biological aging [2,5]. These discoveries have
attracted great attention in the study of the physical
principles of photon generation and propagation in
biological systems [1,2].

The experimental detection of biophotons has
been brought to a significant advance. However, the
theoretical description of the behavior of photons in
biological medium is still insufficient [1]. Biological
tissues are complex electromagnetic environments
with varied optical properties, wavelength dependent
absorption coefficients, scattering processes and
dielectric responses. As a result, the photons created
in living tissues interact numerous times before being
detected outside, which in turn affects the measured
intensity, geographical distribution and temporal
features of biophoton emission [9—13].

Propagation of electromagnetic radiation in
biological media has been studied extensively in
biomedical optics and biophotonics. Optical

Research Methodology

Biophoton emission is usually considered to be
related to biochemical reactions with electronically

pe3oHaHCHOE noBeaeHue,
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attenuation is due to absorption and scattering effects
related to tissue composition, cellular architecture,
water content and concentrations of chromophores.
The photon penetration depth and detection
probability varies greatly [9—13] as the attenuation
behavior is largely dependent on the wavelength and
the tissue type. Therefore, it is necessary to
understand these processes to interpret the
experimental findings of ultra-weak photon emission
and to assess their biological importance [1, 9—13].

External electromagnetic and magnetic fields
affect biological systems at other organizational
levels besides the optical attenuation. Previous
investigations have revealed that magnetic fields may
influence radical-pair dynamics, charge transport
mechanisms, oxidation reactions and cellular signal
transduction pathways. Such processes may affect
photon-generating reactions and hence the intensity
and time course of biophoton emission. Experimental
data hints at possible connections between the
exposure to the magnetic field and the properties of
the emitted photons, but a unifying scientific
approach to describe such interactions is yet missing
[14-20].

Recent  developments in  biophotonics,
photobiomodulation and bioelectromagnetics have
stimulated the interest in the interaction of
electromagnetic fields with living matter. All these
advances point to the necessity for theoretical models
that incorporate photon creation, optical transport,
attenuation processes and impacts of magnetic field
in a common framework. Such models may lead to a
better understanding of energy-transfer processes in
biological systems and to a better interpretation of
experimental results described in the literature [17—
24]. In contrast to earlier works that discussed
biophoton emission, optical transport or magnetic-
field effects separately [1,14,17], the present work
unifies these processes in a single electromagnetic
framework which allows for a full account of photon
generation, propagation, attenuation, resonance and
magnetic-field modulation behaviour in biological
media.

excited molecular states, which are generated in the
course of cellular metabolism [1-6]. In particular,
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oxidative mechanisms (reactive oxygen species
(ROS), lipid peroxidation and mitochondrial electron
transport) can give rise to excited molecular
intermediates, which could be capable of emitting
photons during radiative relaxation. These ultra-weak
emission phenomena are usually observed in the
spectral window from the near-ultraviolet to near-
infrared region.

From the electromagnetic point of view
biological tissues can be considered as distributed

photon emitting structures embedded in a lossy
dielectric medium. Thus the observed biophoton
signal is not only dependent on the mechanisms of
photon generation, but also on propagation,
attenuation and electromagnetic interactions in the
surrounding biological environment. The overall
conceptual structure of the proposed framework is
given in Figure 1.

Biological Origin
ROS + Metabolism * Mitochondria

Photon Generation
Excited States — Biophotons

!

Electromagnetic Propagation

N

Optical Attenuation
Jual ,Us

N

Magnetic-Field
Modulation
F(B, 6)

——

Resonance Effects
R(w)

v

Observable Photon Signal

Detection * Diagnostics * Monitoring

Figure 1. Unified electromagnetic framework illustrating the biological origin, generation, propagation,
attenuation, magnetic-field modulation, resonance behavior, and detection of biophotons in biological media.

Fig. 1 displays the conceptual scheme of the
proposed electromagnetic model for the description
of biophoton dynamics in biological medium. The
model assumes that biophoton emission is the
consequence of oxidative metabolic activities,
mitochondrial activity, and other intracellular
biochemical reactions which can produce
electronically excited molecular states. These excited
states then serve as sources of ultra-weak photon
emission.
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Once formed biophotons propagate in a
complicated biological medium with absorption,
scattering and dielectric heterogeneity. Hence the
observed photon signal is not only determined by the
emission process but also by transport processes
during transmission. In the proposed framework, two
important elements affecting the transit of photons are
considered: optical attenuation and magnetic-field
modulation. Optical attenuation decreases the
detected visible signal by losses through absorption
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and scattering, and magnetic field interactions can
modify photon-related processes via resonance-
dependent mechanisms and spin-sensitive pathways.

The combined effect of propagation, attenuation,
resonance and magnetic modulation ultimately
defines the biophoton signal available for detection
and analysis. Thus, the framework gives a coherent
physical account of the relationship between
biological photon generation and electromagnetic
transport processes and prospective diagnostic
applications.

Optical Attenuation and Absorption

Biophotons travel through biological tissue and
their intensities are reduced by absorption and
scattering processes in the medium surrounding the
biological tissue. These effects are important for the
determination of the detectable photon signal and thus
affect the interpretation of  experimental
measurements of ultra-weak photon emission. This
behavior is described by the Beer—Lambert law,
which is used as a first order approximation for
optical attenuation in biological media [9—13].

B(x) = Bye #t¥ = Be™“, (1)

where By is the initial biophoton intensit, B(x) is the
biophoton intensity after propagating a distance x,
and p,is the effective attenuation coefficient, c is the
speed of light, and t is time.

The attenuation coefficient depends on tissue
composition, wavelength, water content, chromo-
phore concentration, and cellular microstructure.
Consequently, the observable biophoton signal may
vary significantly among different biological tissues
and physiological conditions.

The total attenuation coefficient may be expressed as

Ut = Ugq T+ Us, (2)

where pu, represents absorption and g represents
scattering.

The attenuation formulation adopted in this work
follows the classical Beer—Lambert formalism widely
used in biomedical optics and tissue—light interaction
studies. Unlike conventional applications that
primarily describe optical intensity decay, the present
framework incorporates attenuation as an integral
component of biophoton transport and magnetic-
field-dependent modulation [9-13].

Electromagnetic Propagation in Biological
Media

Biological tissues behave as heterogeneous
dielectric media characterized by electrical conduc-
tivity, permittivity, permeability, and frequency-

dependent optical properties [9—13]. Electromagnetic
radiation generated within living tissues therefore
interacts continuously with the surrounding
biological environment.

For an isotropic medium, electromagnetic wave
propagation may be described by

VZE il =0 3
where E,u, e are the electric-field amplitude, the
magnetic permeability, and the electric permittivity,
respectively.

Assuming harmonic propagation, the electric
field may be written as

E(x,t) = Ege'(=ob), (4)

where E, k, and w denote the field amplitude, wave
number, and angular frequency, respectively.
The phase velocity is given by

V=— ®))

indicating that photon transport depends strongly on
the electromagnetic properties of the biological
medium. [11,13,17] In the present framework,
electromagnetic propagation is considered together
with  attenuation effects. Consequently, the
observable biophoton signal depends on the
combined influence of photon generation,
propagation, absorption, scattering, and medium-
dependent electromagnetic characteristics.
[11,13,17,18]

Magnetic-Field Coupling and Resonance
Effects

External magnetic fields may influence
biological photon-generating processes through
several mechanisms, including modulation of radical-
pair reactions, charge-transport pathways, spin-
dependent interactions, and resonance-related
phenomena [10-14].

To describe this effect phenomenologically, the
biophoton intensity under magnetic-field exposure
may be expressed as

IB = IOF(Bpg)I (6)
where Iy, B, 0, F (B, 8) are the photon intensity in the

absence of an external magnetic field, the magnetic
flux density, the field orientation, and a magnetic

modulation function, respectively. For weak
magnetic perturbations,
F(B,8) =1+ aBcos#, @)
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where o characterizes the magnetic sensitivity of the
biological medium.

Substituting Equation (7) into Equation (6)
yields

Ig = I,(1 + aBcos6). 8)

Indicating that photon intensity may vary with both
magnetic-field strength and orientation. Biological
systems also contain oscillatory biochemical and
electromagnetic processes that may exhibit resonance
behaviour when external excitation conditions
approach characteristic frequencies of the system. A
generalized resonance response may be represented
by

Ro

W — wy)\%’
)

R(w) =

)
1+(

where Ry, w, wy, I' are the maximum resonance
response, the excitation frequency, the resonance
frequency, the resonance bandwidth, respectively.

To account for both resonance enhancement and
attenuation effects, the observable photon intensity
may be written as

lops = [HR(w)e ™ ¥ = [ R(w)e™, (10)

where p; is the effective attenuation coefficient.

Previous studies have frequently examined
attenuation, electromagnetic propagation, magnetic-
field effects, or resonance behaviour separately. In
contrast, the present framework combines these
mechanisms within a unified electromagnetic
description, allowing the coupled influence of
attenuation, propagation, resonance, and magnetic-
field modulation on biophoton transport to be
investigated consistently. [17,18]

Theoretical Analysis

Model Assumptions

The proposed framework is based on the
biological tissues being treated as effective dielectric
media, photon emission originating from intracellular
biochemical reactions, optical attenuation following
Beer—Lambert behaviour at the macroscopic level,
magnetic-field effects represented through a
phenomenological modulation term, and resonance
phenomena described using a generalised Lorentz-
type response function.

These assumptions enable the development of a
tractable theoretical model while preserving the
principal physical mechanisms that govern biophoton
propagation and modulation in biological
systemsInfluence of Optical Attenuation

20

The proposed framework demonstrates that
optical attenuation is one of the dominant factors
governing the observed intensity of biophoton
emission in biological tissues. The biophoton
intensity is attenuated exponentially during photon
propagation through absorbing and scattering media
by the Beer—Lambert attenuation relationship in
Equation (1).

The analysis shows that small changes in
attenuation coefficients could lead to large
differences in the intensity of detected photons.
Therefore, tissue composition, water content,
chromophore concentration  and structural
organization are expected to have an impact on the
measured distribution of ultra-weak photon emission.

Figure 2: Predicted intensity decay for
representative attenuation coefficients. The higher the
attenuation coefficient the faster the decline of the
photon intensity and the lower the possibility of
detection from the outside.

The results are consistent with recent studies on
tissue optics and wavelength dependent photon
transport in biological mediums [14, 17, 18]. The
Beer—Lambert attenuation law implies that the photon
intensity drops exponentially with the propagation of
photons in absorbing and scattering material. To
illustrate this tendency, numerical simulations were
performed for representative attenuation coefficients
corresponding to weak, moderate and strong
attenuation circumstances.

e e e
-~ o =

Normalized Biophoton Intensity

e
%)

0.0

Propagation Distance (cm)

Figure 2. Simulated biophoton intensity as a
function of propagation distance for various
attenuation coefficients.

Figure 2 shows the significant effect of the
optical attenuation on the observed biophoton signal.
For low attenuation coefficients the photon intensity
is detectable across longer distances of propagation.
High attenuation coefficients, on the other hand,
cause a quick decay of the signal, considerably
limiting the possibility of external detection.
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These results underscore the importance of
tissue optical properties in determination of the
observable parameters of ultra-weak photon emission
[9-13].

Effects of Resonance and Magnetic Field

The predicted model indicates that the
observable biophoton intensity could be influenced
by external magnetic fields via alterations of the
resonance conditions, spin-dependent interactions
and energy-transfer processes.

Equation (8) shows the dependence of photon
intensity on the magnetic field strength and its
orientation. The response is approximately linear for
weak magnetic fields, whereas stronger perturbations
may cause larger deviations due to increased coupling
between electromagnetic and biological processes.

The effect of the resonance also modulates
photon intensity. Using the resonance function in
Equation (9), the model predicts a characteristic
enhancement as the excitation frequency approaches
the biological system's intrinsic resonance frequency.
In this case, the efficiency of energy transfer
increases, and the photon signal reaches a maximum.

The observed intensity decreases gradually as
the excitation frequency deviates from resonance.
This behaviour is qualitatively in agreement with
resonance phenomena reported in electromagnetic
and biophotonic investigations [14—20].

Figure 3 highlights the competing roles of
attenuation and resonance in shaping the detectable
biophoton signal. While optical attenuation
continuously reduces photon intensity during
propagation, resonance effects may enhance signal
strength under favorable conditions. The observable
photon signal therefore reflects the balance between
these opposing mechanisms.

The temporal evolution of biophoton intensity
according to Eq.(10) is shown in Figure 4.

Combined Behaviour of the
Framework

The proposed framework claims that the
measurable biophoton intensity is modulated by the
interplay of attenuation, resonance phenomena and
magnetic field modulation. Combining Equations (1),
(8), and (9), the generalized observable intensity may
be represented as

Proposed

Iobs = B(x) F(B,6) R(w), (1D
where attenuation governs photon losses, resonance
contributes to signal enhancement, and magnetic-
field modulation alters the overall response of the
system. The theoretical predictions indicate that a

solid interpretation of the biophoton measurements
requires taking into account a number of interacting
factors, such as tissue-specific optical properties,
environmental electromagnetic conditions, magnetic
field strength and orientation, and resonance
characteristics of the biological system.

Normalized Resonance Response

Normalized Frequency

Figure 3. Simulated resonance response
of the proposed electromagnetic
framework.

Biophotons Intensity (I)

0 T 2 3t 4t 5t
Time (t)

Figure 4. Time evolution of biophoton intensity
according to theoretical equation 10.

Failure to take these factors into account may
lead to a large variation of the experimentally
observed photon intensities. The proposed framework
thus offers a physically consistent basis for
interpreting measurements of ultra-weak photon
emission and might help in designing future
experimental investigations. More generally, the
model indicates that detectable biophoton signals
result from the joint action of biological activity and
electromagnetic transport processes. This perspective
may inspire the development of non-invasive
diagnostic and monitoring approaches based on
biophoton detection technologies [17-20].

The conceptual balance between attenuation
losses and resonance enhancement is illustrated in
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Figure 5. Figure 5 highlights the competing roles of
attenuation and resonance in shaping the detectable
biophoton signal. While optical attenuation
continuously reduces photon intensity during
propagation, resonance effects may enhance signal
strength under favorable conditions. The observable
photon signal therefore reflects the balance between
these opposing mechanisms.

Competing Effects Governing Detectable Signal

Resonance Enhancement

Enhancement

Observable
Biophoton Signal

Losses

Optical Attenuation
Absorption + Scattering

Figure 5. Competition between resonance
enhancement and optical attenuation in determining
the observable biophoton signal.

The number of pulses per second averaged over
1 minute for various spectral components is shown in
Figure 6.

so

(a)

count/sec

no-filter

455 nm
500 nm
550 nm

14 P —

845 nm

counts/sec

o s0 100 150 200 250 300
time (hours)

Figure 6. Counts per second averaged over 1 min
for the different spectral components. Panel (a)
shows exponential decay, which is related to the

lentil seeds, while panel (b) refers
to the single bean [27].
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Figure 7 shows the exponential decay over time
and the change in biophoton intensity due to the
change in the attenuation coefficient caused by biotic
and water stress for some randomly selected
examples of the change in biophoton emission
intensity over time in different experimental groups
(see below for detailed results).
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count min

30000000
20000000
10000000

0

1 2 3 +

200000 s Biotic stressec
Control group B
150000 —Control

100000 ~ —Water stressed

count min
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Figure 7. Exponential time decay and change in
biophoton intensity due to change in attenuation
coefficient. (A) Blue lines represent biophoton
emission intensity of water-stressed plants; green
represents plants in the biotic-stressed group; black
represents measurements in the control group. (B)
Dynamics of biophoton emission intensity in the
control group, which is not visible in Fig. 1A due to
the O (103 —104) difference in biophoton emission
intensities [28].

The myogenic proliferation response to a 1.5 mT
PEMF pulsed electromagnetic field directed upward
and downward under light and dark conditions is
shown in Figure §. Statistical analyses were
performed on at least three independent biological
replicates. Data represents n = 5 (with three technical
replicates each) independent biological replicates,
and statistical analysis was performed using one-way
ANOVA with multiple comparison tests, with p <
0.01 and p <0 [29].

The theoretical predictions indicate that a
reliable interpretation of biophoton measurements
requires consideration of tissue-specific optical
properties, environmental electromagnetic
conditions, magnetic-field strength and orientation,
and resonance characteristics of the biological
system. The proposed framework therefore provides
a physically consistent basis for interpreting ultra-
weak photon emission measurements and may assist
in the design of future experimental investigations.
More generally, the model suggests that detectable
biophoton signals arise from the combined influence
of biological activity, optical transport, attenuation
mechanisms, resonance phenomena, and electromag-
netic-field interactions, thereby supporting the
development of future non-invasive diagnostic and
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monitoring approaches based on biophoton detection
technologies [25, 26].
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Figure 8. Myogenic proliferation in response to
upward- and downward-directed 1.5 mT pulsed
electromagnetic field PEMF in light and dark
conditions. Live cell count of murine C2C12
myoblasts in response to upward- (lined) and
downward-directed (solid) PEMF exposure in both
light (in the open) (blue) and dark (black box)
(black) conditions compared
to the light control [29].

Results

Theoretical predictions suggest that a reliable
interpretation of biophoton measurements requires
the inclusion of a number of interacting parameters
such as tissue-specific optical properties, environ-
mental electromagnetic conditions, magnetic field
strength and orientation, and the resonance features of
the biological system.

Disregarding these parameters may be
responsible for large range of experimentally
recorded photon intensities and may confound the
comparison between results obtained under different
biological and environmental situations. Therefore,
the suggested framework provides a physically

Comparison with Prior Studies

This is in agreement with the experimental
findings of ultraweak photon emission from

Table 1. Static magnetic field effects on
different biological functions [30]

system magnetic

field references

cryptochrome
responses
enhanced
decrease in wing
size in Drosophila
melanogaster

cryptochrome 0.5mT Pooam et al.

Stamenkovi-

35mT Radak et al.

circadian clock
in Drosophila
melanogaster
stem cell-mediated <l mT Huizen ef al.
growth

bone stem cells in 0.5-30 Abdolmaleki et
vitro mT al.

Ca*' influx 0.6 mT Fanelli et al.
cell shape, cell
surface, sugar
residues,
cytoskeleton and
apoptosis

blocked  sensory
neuron action
potentials in the
somata of adult
mouse
symptomatic
diabetic
neuropathy
Increased
intercellular ROS
in human
neuroblastoma
cells

Increase of H,O, in
the human
fibrosarcoma
cancer cell

flavin adenine
dinucleotide
photochemistry
enzymatic ~ ATP 80 mT Buchachenko et
production al.

circadian

clock <0.5mT Yoshii et al.

stem cell

calcium

6 mT Chionna et al.

10 mT McLean et al.
neurons and

brain

50 mT Weintraub et al.

22 mT Calabro et al.

ROS

45-60 uT Martino&

Castello

<20 mT Antill et al.

others

consistent basis for the interpretation of data of ultra-
weak photon emission and may be helpful in the
design of future experimental investigations.

More generally, the present model proposes that
the observed biophoton signals are the result of the
cumulative effects of the photon creation,
electromagnetic propagation, optical attenuation,
resonance phenomena and magnetic field
interactions. This holistic view may help in the future
development of non-invasive biophotonic diagnostic
and monitoring devices based on ultra-weak photon
emission measurements [25,26].

biological systems and its connection with oxidative
metabolic activities [1,2,4,5]. Biological photon
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emission has been reported to be affected by
physiological circumstances, oxidative stress,
mitochondrial activity and cellular metabolism [5-8].
These findings are in agreement with the notion that
biophoton emission is a quantitative expression of
ongoing biochemical and bioenergetic processes in
living organisms.

The attenuation part of the proposed model gives
a physical explanation to the variability observed for
different tissues and experimental settings. This
explanation is compatible with well documented
studies in tissue optics, showing that photon transport,
penetration depth and signal detectability in
biological mediums are highly influenced by
absorption and scattering mechanisms [9-13].

In bioelectromagnetics and photobiology,
biological responses based on the magnetic field have
also been reported. Such reactions include regulation
of spin-dependent processes, radical-pair dynamics,
formation of reactive oxygen species and energy-
transfer pathways [14—20]. The magnetic modulation
term in the present framework provides a universal
mechanism for describing such results within a
unified  electromagnetic  description  without
restricting the analysis to a particular microscopic
interaction mechanism.

In prior works biophoton emission, optical
attenuation, electromagnetic  propagation, and
magnetic-field effects have been treated as
independent phenomena; the present work unifies
these processes in a theoretical framework. The
suggested model allows a more complete
understanding of the biophoton dynamics in the
biological media involving photon generation,
propagation and attenuation, resonance behavior,
magnetic-field modulation, all in a single description
[17-24].

The theoretical evolution and the effects of the
attenuation coefficient and the magnetic field on the
intensity stated in Eq.(10) and displayed graphically
in Fig.4 are in agreement with the empirical relations
displayed graphically in Figs. 6,7 and 8.

The comparison shows that the proposed
framework does not substitute existing interpretations
of biophoton phenomena but provides an integrative
description that can link optical attenuation,
electromagnetic propagation, resonance behaviour
and magnetic-field modulation within one theoretical
framework (Table 2).

Novel Contributions of the Present Work

The principal novel contributions of the present
framework may be summarized as follows: [17-24]

1. Integration of optical attenuation and
magnetic-field modulation within a single theoretical
framework.
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2. Unified description of biophoton propagation
in biological media.

3. Capability of representing  multiple
interaction pathways without restricting the analysis
to a specific microscopic mechanism.

4. Potential applicability to non-invasive
diagnostic and therapeutic photonic technologies.

5. Agreement of the main results with the
experimental observations.

Table 2. Comparison between previous
biophoton studies and the proposed framework

Feature Previous  Proposed
Studies Framework

Biophoton Emission

Optical Attenuation Partial

Electromggnetlc Limited

Propagation

Magnetic-Field Effects Partial

Resonance Analysis Limited

Unified

Theoretical
.. No
Description

Biological Interpretation

From a biological perspective, the proposed
model suggests that observable biophoton signals are
determined not only by photon-generation processes
but also by transport phenomena occurring within the
surrounding biological medium.

Electronically excited states that emit ultra-weak
photons are produced by cellular metabolism,
oxidative processes and mitochondrial activity [6-8].
However, the signal that may be measured outside
biological tissues is greatly affected by optical
attenuation,  scattering and  electromagnetic
propagation processes during photon transmission
[9-13].

External magnetic fields can also affect these
processes through spin-dependent interactions,
radical-pair dynamics, resonance effects and energy-
transfer routes [ 14—20]. Thus, the observed biophoton
signal could arise as a consequence of a complicated
interaction between the biological activity and
systems of electromagnetic transport.
Physiologically, differences in observed photon
intensity are not always to be attributed to changes in
photon production alone. Alternatively, they may also
result from variations in propagation conditions,
attenuation properties, resonance effects and
magnetic-field-dependent transport mechanisms in
biological tissue [6-8, 9-13, 14-20].This
interpretation supports the view that biophoton
emissions may serve as a sensitive indicator of
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physiological and biochemical processes occurring
within living systems.

Importance of the Proposed Framework

The main contribution of this work is the
combination of many mechanisms that usually are
studied separately: biophoton  generation,
electromagnetic propagation, optical attenuation,
magnetic-field modulation and resonance behaviour.
The model described here, which includes these
processes in a cohesive theoretical framework,
provides a physically consistent basis for the
interpretation of ultra-weak photon emission in
biological systems. The framework offers a
conceptual  relation  between  biophotonics,
biomedical optics and bioelectromagnetics, thus
providing a larger outlook for future theoretical and
experimental studies.

Apart from its theoretical significance, the model
could be helpful in interpreting biophoton readings
from experiments, and can provide a basis for the
development of future non-invasive optical
diagnostic methods. The paradigm highlights the
combined roles of attenuation, resonance and
magnetic-field modulation in the photon transport
and thus leads to a more complete understanding of

Conclusion

The emission of biophotons from living systems
has attracted more and more attention due to its
possible connection with cellular metabolism,
oxidative processes and physiological activity. The
interpretation of the measured photon signals,
however, remains difficult due to the combined
effects of optical transit, tissue characteristics and
electromagnetic interactions. In this study, an
electromagnetic model is proposed for the description
of biophoton propagation in biological media, under
the effects of attenuation, resonance effects and
external magnetic fields. The technique integrates
optical attenuation, electromagnetic wave
propagation, magnetic-field modulation and
resonance behaviour in a unified theoretical
framework. The analysis demonstrates that
attenuation is the key determinant in determining the
detectable photon intensity, but magnetic-field
interactions and resonance effects can considerably
alter the behaviour of the signal in proper conditions.

Author Contributions

ultra-weak photon emission in complex biological
contexts [17-24].

Limitations and Future Directions

It is important to note several limitations of the
present framework. First, the biological tissues were
modelled as an effective dielectric medium, with
microscopic structural complexity not considered.
Second, the magnetic modulation function was
introduced phenomenologically and does not attempt
to describe a particular molecular or biochemical
mechanism. Third, the implementation of the
resonance component was simplified to capture
general trends rather than detailed tissue-specific
responses. Finally, the present framework offers
qualitative and semi-quantitative predictions, which
await further experimental validation under
controlled biological and electromagnetic conditions.
Future versions of the model may include tissue-
specific optical parameters, nonlinear
electromagnetic interactions, detailed biochemical
pathways, and advanced numerical simulations.
Validation through modern photon-detection
techniques and controlled magnetic-field exposure
systems in experiments could further improve the
framework's predictive power and strengthen its
applicability to biomedical investigations [20,26].

The results further indicate that the detected photon
signals depend not only on the photon generating
processes but also on the propagation conditions and
the electromagnetic properties of the surrounding
biological medium. The proposed paradigm yields a
consistent understanding of biophoton dynamics by
merging mechanisms that are generally investigated
independently. The study contributes to the
establishment of a conceptual bridge between
biphotonic, biomedical optics and bioelectromagnetic
fields. It may be useful for future studies to better
understand measurements of photon emission and to
create non-invasive optical diagnostic techniques.
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      B  ( x ) =   B 0   e  −   𝜇  t x   = B 0   e  −   𝜇  t c t ,                   (1)


    B 0  


  B ( x )


  x


    𝜇  t


        𝜇  t =   𝜇  a +   𝜇  s ,                                               (2)


    𝜇  a


    𝜇  s  


       ∇ 2 E − 𝜇 𝜀    ∂ 2 E  ∂   t 2 = 0 ,                                     (3)


  E , 𝜇 ,   𝜀


      E  ( x , t ) =   E 0   e  i  ( k x − 𝜔 t ) ,                         (4)


    E 0


  k


  𝜔  


      v =  1   𝜇 𝜀                                                                 (5)


        I  B =   I 0 F  ( B , 𝜃 ) ,                                             (6)


    I 0   , B ,   𝜃 ,   F ( B , 𝜃 )  


      F ( B , 𝜃 ) = 1 + 𝛼 B cos ⁡ 𝜃 ,                               (7)


  𝛼


        I  B =   I 0  ( 1 + 𝛼 B  cos ⁡  𝜃 ) .                             (8)


      R  ( 𝜔 ) =     R 0  1 +    (   𝜔 −   𝜔 0 Γ ) 2 ,                           (9)


    R 0 ,   𝜔 ,


    𝜔 0


  Γ


        I  o b s =   I 0 R  ( 𝜔 )   e  −   𝜇  t x =   I 0 R ( 𝜔 )   e  −   𝜇  t c t ,     (10)


    𝜇  t  


        I obs = B  ( x )   F  ( B , 𝜃 )   R  ( 𝜔 ) ,   (11)

