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Quantifying Biophoton Emissions
From Human Cells Directly Exposed
to Low-Dose Gamma Radiation
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Abstract
Biophoton emission leading to bystander effects (BEs) was shown in beta-irradiated cells; however, technical challenges precluded
the analysis of the biophoton role in gamma-induced BEs. The present work was to design an experimental approach to determine
if, what type, and how many biophotons could be produced in gamma-irradiated cells. Photon emission was measured in HCT116
p53þ/þ cells irradiated with a total dose of 22 mGy from a cesium-137 source at a dose rate of 45 mGy/min. A single-photon
detection unit was used and shielded with lead to reduce counts from stray gammas reaching the detector. Higher quantities of
photon emissions were observed when the cells in a tissue culture vessel were present and being irradiated compared to a cell-
free vessel. Photon emissions were captured at either 340 nm (in the ultraviolet A [UVA] range) or 610 nm. At the same cell
density, radiation exposure time, and radiation dose, HCT116 p53þ/þ cells emitted 2.5 times more UVA biophotons than 610-nm
biophotons. For the first time, gamma radiation was shown to induce biophoton emissions from biological cells. As cellular
emissions of UVA biophotons following beta radiation lead to BEs, the involvement of cellular emissions of the same type of UVA
biophotons in gamma radiation-induced BEs is highly likely.
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Introduction

The phenomenon of radiation-induced bystander effects

(RIBEs) has increasingly become a topic of concern for public

and environmental health. Radiation-induced bystander effects

occur when nonirradiated bystander cells/organisms respond to

signals released by irradiated counterparts and develop

irradiated-like characteristics.1-6 In the whole-body view,

RIBEs could pose undesired damages to normal tissues follow-

ing radiation therapies at the local or distant anatomical site. In

the population view, RIBE signals could be transmitted from

one individual to another and cause adverse effects in neigh-

boring bystanders although beneficial/adaptive effects have

also been shown.7,8 Radiation-induced bystander effects form

part of what is now widely known as the radiation-induced

nontargeted effects, which predominate at the low-dose region

of the radiation dose response curve. Typically, doses of less

than 100 mGy and dose rates of less than 0.1 mGy/min are

considered to be low according to the United Nations Scientific

Committee on the Effects of Atomic Radiation.

While early RIBE research focuses on identifying the

mechanisms primarily involving soluble chemical signals indu-

cing RIBEs,1-4,6,9,10 some evidence of possible physical signals

facilitating RIBEs using rat and fish models was also

reported.11-13 Recently, our group has further shown that bio-

photons are emitted from beta-irradiated cells and can serve as

physical signals inducing the RIBEs in bystander cells not
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directly exposed to beta radiation.14-17 Our group has found

ultraviolet A (UVA) biophotons to be the strongest measurable

signal produced by beta-irradiated cells.14,15,17 The increasing

quantities of beta radiation-induced UVA biophoton emissions

were directly proportional to the increasing level of death in

bystander cells.15,17 Our radiation-induced secondary biopho-

ton studies thus far have exclusively relied on 2 beta radiation

sources, tritium and yttrium-90, that are considered pure or

almost pure beta particle emitters, and both produce 100% beta

yield.14-17 This was technically important as we essentially

eliminated the possibility of the photon counter to pick up

gamma and stray photons that would otherwise raise the back-

ground noise and interfere with the actual UV photon counts.

Since most RIBE work uses gamma radiation, it is important

to widen the studies to include gamma exposures. The impor-

tant question that remains unresolved is whether gamma rays

can induce biophoton emissions from irradiated biological tar-

gets. Here we report a novel experimental method that can be

used to quantify biophoton emissions from gamma-irradiated

cells. Our experimental method used cesium-137 (Cs-137) as

the external gamma radiation source secured in a concrete

casing, precise geometry of lead shielding and positioning of

the photon detector and the culture flask to reduce background

photon levels, and a mathematical approach to calculate the

accurate emissions of biophotons from the irradiated cells.

We used the human colorectal carcinoma cell line HCT116

p53þ/þ to demonstrate the proof of principle in this pilot study

because this cell line is robust at producing a consistently high

number of biophotons following radiation exposure.16,17

Materials and Methods

Cell Cultures

The human colorectal cancer cell line HCT116 p53þ/þ was

cultured in the Roswell Park Memorial Institute-1640 medium

supplemented with 10% fetal bovine serum, 2 mM

L-glutamine, 25 mM HEPES, 100 U/mL penicillin, and

100 mg/mL streptomycin (Gibco). The cell line was grown at

37 in an atmospheric environment equilibrated at 5% CO2 and

95% air. Subculturing was performed with trypsin/EDTA as

previously described.18 The cell line was kindly provided by

Dr Shane Harding (University Health Network and University

of Toronto, Toronto, Ontario, Canada).

Single Photon Counting

Photon counts were recorded using the single-photon detection

unit that was designed specifically for optimally capturing

photon emissions from cells cultured in tissue culture ves-

sels.14-17 The single photon detection unit consisted of a Hama-

matsu R7400P photomultiplier tube (PMT; Hamamatsu

Photonics), which was configured with a specific bandpass

interference filter of choice as previously described.14 The

bandpass interference filters only allow photons at a specific

wavelength to pass through. Preliminary experiments showed

that the externally measurable photon signals were the most

prominent at the wavelengths of 340 nm (in the UVA range)

and 610 nm. Therefore, photon quantification was performed

with the filter centered at 340 + 2 nm or 610 + 2 nm (Edmund

Optics). The PMT was set to a high voltage �800 V.

Gamma-Irradiation and Photon Quantification

Two hundred fifty thousand cells were seeded in 75-cm2 tissue

culture flasks (BD Falcon) containing 15 mL of the growth

medium. Control flasks had no cultured cells and contained the

same volume of growth medium. After 24 hours incubation in

the 37 CO2 incubator, all flasks were brought to McMaster

University’s Taylor Radiobiology Suite that has Cs-137 as the

gamma source. Flasks were warmed up at 37 for 10 minutes

and then were gamma-irradiated for 30 seconds at room tem-

perature (22 ). For every experiment, 3 photon counts were

recorded concurrently with irradiation runs for background

(no culture flask and no cells; accounting for stray gammas

only), the cell-free control flask, and the flask with cultured

cells. Net photon counts were calculated by subtracting the

background counts from the flask counts. Net photon emission

rates were then calculated by dividing the net photon count by

30 seconds and recoded as counts per second (cps).

The single-photon detection unit was set up 70 cm directly

below the circular opening of the Cs-137 source containment

Figure 1. Schematic of radiation source to detector and flask setup.
Lead shielding directly above detector was 5.5 cm in thickness, while
the 2 slabs behind the detector were in total of 5.2 cm in thickness.
While the lead shielding completely covered the detector, the flask
(containing cells or cell-free) was exposed to the radiation source.

2 Dose-Response: An International Journal



unit (Figure 1). The detector lay within a chamber that was light

tight, in order to prevent any outside light sources from affecting

measurements. The detector was angled and facing downward

with the detector window directly parallel to the wall of the flask

that cells would anchor to (Figure 2). Directly above the detector

was 5.5 cm-thick lead shielding held on top by a Styrofoam piece,

and behind the detector were 2 blocks of lead shielding (totaling

5.2 cm in thickness). Because the detector was 6 cm away from

the flask (Figure 2), it was arranged so that the detector would be

shielded and the flask would be as exposed as possible to the direct

opening of the Cs-137 source. In all experiments, irradiated flasks

were approximately 70 cm away from the gamma source; at this

distance, the dose rate was 45 mGy/min and 30-second irradiation

yielded a total dose of 22 mGy of gamma exposure. This low dose

is environmentally relevant as it is in the range of dose exposure

for radioactive-exposed local animals following the aftermath of

the Chernobyl and Fukushima Dai-ichi nuclear power plant melt-

down accidents.19-21

Radiation Detection Geometry and Shielding

1. Attenuation from the shielding would still result in

background coming from photons that pass through the

lead (Pb), including what is called a build-up factor.

The Build-up factor is the ratio of photons at a point

to those that make it to the point without being scat-

tered. When the gamma radiation reaches the Pb mate-

rial, it will interact with Pb and some of the radiation

will scatter or produce secondary radiation. This sec-

ondary source of radiation can make it through the

shielding material, along with the less than 0.5% that

did not get blocked by the shielding material. The build-

up factor depends on photon energy, shielding material,

and thickness of shielding material, and the build-up

factors are found in the tables from Nuclear Data. For

660 keV gamma-ray photons passing through 5.5 cm of

the Pb shielding material:

Without considering the build-up factor, approximately

5.5 cm of lead shielding will block >2 tenth-value layer (TVL)

or about 99.5% of the initial gamma radiation. However, the

buildup radiation will result in the following equation:

I ¼ I0 � b � e�mx

Where I is the gamma radiation from the source that reaches

the detector, Io is the gamma radiation that is initially present

before reaching the Pb shielding, b is the build-up factor for Cs-

137 radiation upon Pb material, and the e�mx is the attenuating

factor by which the shielding reduces the incident gamma

radiation to the detector.

To calculate the build-up factor first, the number of mean

free paths (mfp) is required, which is based on the mass

attenuation coefficient and the density of Pb:

# mfp ¼ m
r
r ¼ 0:1102 cm2g�1

� �
11:35 cm3g
� �

¼ 1:25 cm�1

m � x ¼ 1:25 cm�1
� �

5:5 cmð Þ ¼ 6:875

The mass attenuation coefficient for 662 keV gamma rays

was found by National Institute of Standards and Technol-

ogy.22 The build-up factor was found by Nucleonica GmbH23

based on the # mfp and the energy. Therefore, the build-up

factor for this scenario is 3.5.

Using the tables provided by National Institute of Standards

and Technology and Nucleonica GmbH,22,23 for a point source

in Pb, and interpolating for 0.661 MeV, and then interpolating

for mfp ¼ 1.25, yielded B ¼ *2.31. The Cs-137 radiation

source was approximately 500 Ci at the time of measurements,

and the detector 70 cm away from the source, resulting in the

branching ratio for the 0.661 MeV gamma rays to be 0.85. The

unshielded fluence rate at the time of measurements is given as:

500 � 3:7� 1010 � 0:95
4 p � 102

¼ 255:4 � 106 g � cm�2 � s�1

Therefore, the shielded (full energy) fluence rate would be

266:8� 103 g � cm�2�s�1. Scattered gamma rays can be

roughly approximated to be half the energy of full energy

gamma rays. The fluence rate, in terms of photon number,

after the 5.5 cm Pb shield would be about 120� 104

photons � cm�2�s�1.

2. It must be stressed that the actual number of biophotons

emitted is actually much greater than what was being

detected. This is in part due to attenuation from the

photons passing through the cellular material, followed

by the flask, and then through the space between the

emission source and the detector window. Additionally,

only due to the solid angle of the detector to the plane of

cells, the limited geometry of a small windowed

Figure 2. Positioning of the culture flask with respect to the photon
detector in the single-photon counting unit. The distance between the
plane of the culture flask and the detector is 6 cm.
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detector which is not all-encompassing across the cel-

lular emissions results in most of the biophotons being

undetected. The following equations represent that loss

of detection due to (i) solid angle and (ii) attenuation

through various media:

i) Solid angle of detector to plane of cells

O ¼
Ð Ð

S

sinydydj . The solid angle, defined as the surface

area of a sphere that is enveloped by the projection onto the

sphere, or O, is found by integrating over the surface S across

its polar (yÞ and azimuthal (jÞ angles. Ideally if the entire

range of photons were picked up by the detector across all cells

on the plane, the solid angle O ¼ 4p. However, because there is

a plane (or slab) of cells which are emitting photons across all

directions in a spherical geometry around them, and a detector

of a small circular window that is approximately situated in the

middle of the slab and 6 cm away (Figure 2), the approximate

solid angle would be *0.0079, which is *0.8% of the entire

solid angle. This means that only less than 1% of the cell

luminescence observed above background is being detected

by the detector. Therefore, if a detector setup existed that was

able to receive 100% of the biophoton signal coming from the

cells, then it would theoretically have a 100-times increase in

the number of photons detected from cellular emissions.24,25

ii) Attenuation of biophotons due to (i) cellular material,

(ii) flask material, (iii) air/space between emission

source and detector window

Incident photons ¼ Initial photons� e� mcell�x1þ mflask�x2 þ mair �x3ð Þ

Where:

mcell ¼*0:2 cm�1 for 0:05 mm of tissue
mflask ¼ 0:178663 cm�1 for paraffin wax of close structure to the flask
mair ¼ 0:0001039 cm�1

x1 ¼ distance for biophotons to pass through the cell, or cell

diameter ¼ 0.00174 cm; x2 ¼ distance for biophotons to pass

through thickness of flask wall ¼*2 mm; x3 ¼ distance from

flask wall to detector window ¼*6 cm.26-29

Taking the above factors into consideration, indicating that

the biophotons detected (currently seen as a significant increase

above background) is still much less than the actual biophoton

emission after the solid angle and attenuations limitations are

realized. The following equation approximates the true number

of biophotons that were theoretically present at the time of

measurements:

Iobserved ¼ Itrue � e� mcell�x1þ mflask�x2 þ mair �x3ð Þ � O

Itrue ¼
Iobserved

e� mcell�x1þ mflask�x2 þ mair �x3ð Þ � O

In the example of 340 nm measurements, which observed a

detected biophoton count rate (above background levels) as 19

974 cps, the actual number of biophotons emitted at the time of

detection was:

Itrue ¼
19:974� 103 cps

e� mcell�x1þ mflask�x2 þ mair �x3ð Þ � 0:0079
Itrue ¼ 2:623� 106 cps

Therefore the true biophoton rate of emission at the time of

measurement was theoretically 2 623 000 cps.

Statistical Analysis

Data are presented as mean net photon emission rates + stan-

dard error of the mean (SEM). Student t tests with a Welch

correction test and a 95% confidence interval were used to

determine statistical significance. Value of P < .05 was deemed

statistically significant.

Results

Emission of 340-nm (UVA) Biophotons
From Gamma-Irradiated Cells

When the control flasks containing no cells were gamma irra-

diated, the average net photon count rate was 13415 + 1126

cps (Figure 3), suggesting that the flask plastic materials and/or

the culture medium were excited by gamma rays, releasing

some UVA photons. When the flasks containing 250 000 cells

were gamma irradiated, the average net photon emission rate

was 19974 + 227 cps, which was statistically significantly

higher than when the cells were absent (Figure 3). Therefore,

Figure 3. Net photon emission rates from culture flasks with or
without 250 000 cells during a 30-second exposure to gamma irradia-
tion with a 340 nm bandpass interference filter. A total dose of 22
mGy was administered at a dose rate of 45 mGy/min. All flasks had 15
mL of the complete growth medium. Net photon emission rates were
calculated by subtracting the background count rates when there was
no flask from the photon count rates when flasks were present. Data
are presented as mean net photon emission rates + SEM (n ¼ 3). A
Student t test with a Welch correction test was performed for statis-
tical significance. *P < .05.
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on average, 6559 + 1148 UVA biophotons per second were

emitted from 250 000 HCT116 p53þ/þ cells. As the photon

detection setup could, in principle, only pick up 0.8% of the

signals, the cells would have emitted 131 times higher than the

recorded number, which equates to 859 229 + 150 388 UVA

biophoton emissions per second.

Emission of 610-nm Biophotons From Gamma-Irradiated
Cells

When the control flasks containing no cells were gamma irra-

diated, the average net photon emission rate was �792 +
92 cps (Figure 4), suggesting that the flask plastic materials

and/or the culture medium absorbed some background

photons from stray gammas that had energy signatures at

610 nm. When the flasks containing 250 000 cells were

gamma irradiated, the average net photon emission rate was

1796 + 226 cps, which was statistically significantly higher

than when the cells were absent (Figure 4). Therefore, on

average, 2588 + 224 biophotons with 610-nm energy equiva-

lence per second were emitted from 250 000 HCT116 p53þ/þ

cells. After accounting for the 0.8% signal detection effi-

ciency, theoretically, the cells would have emitted 339 028

+ 31 964 biophotons at 610 nm per second.

These results show that gamma radiation, even at low doses,

can excite cells to emit biophotons. Additionally, the genera-

tion of UVA biophotons is significantly higher than that of 610-

nm biophotons in HCT116 p53þ/þ cells. In particular, 22 mGy

of gamma ray exposure led to a 2.5-fold increase in UVA

biophotons as compared to 610-nm biophotons.

Discussion

The present work is the first proof of principle that gamma

radiation, like beta particle radiation, also induces the emission

of biophotons from biological cells. The emission or absorption

of photons generated from cell-free polystyrene flasks and buf-

fered growth media alone following radiation exposure is gen-

erally expected,30 and that was what we also observed in the

present study. Such observations are attributed to light release

following atomic or molecular excitation by radiation ener-

gies.30 Nevertheless, we observed that the net biophoton emis-

sion rate in the culture flasks containing cells was always

statistically higher than that in the cell-free flasks. While natu-

rally occurring autofluorescent events in biological cells are

possible, our previous studies have shown that, with our bio-

photon counter, nonirradiated human cells including the

HCT116 cell line do not show biophoton emissions that are

above the background level.15,17 Therefore, the data clearly

show that biological cells emit biophotons following low-

dose gamma radiation exposure.

Two major types of biophotons of 340-nm and 610-nm

wavelengths emitted by gamma-irradiated cells were found in

the present study. UVA biophotons at 340 nm make up the

predominant photon energy in the UV spectral analysis

following radiation from different beta emitter radioisotope

sources.14-17 In the present work, we also found a large

number of UVA biophoton emissions at the same energy

output (340 nm) following gamma exposure. Therefore, low-

LET (linear energy transfer) ionizing radiation appears to

induce cells to emit UVA biophotons. We could also detect a

significantly high number of 610-nm biophotons emitted from

the cells and to the best of our knowledge this is the first-ever

reported emission of 610-nm biophotons by cells following

radiation exposure.

Radiation-induced secondary biophotons, especially in the

UVA range, have recently been shown to contribute to the

RIBEs.15-17 Secondary UVA biophotons can (1) induce direct

damage in bystander cells and (2) induce bystander cells to

release exosomes, which can further cause negative effects in

other bystander cells.15-17 Much of what had been learned was

from studies using beta particle radiation. Our data in the pres-

ent study showing that gamma rays can also induce the emis-

sion of the same type of UVA biophotons that cause RIBEs as

seen in beta radiation exposure thus leads to an important

implication: RIBE science is complex and RIBEs are really the

consequence of the interplay of both physical and chemical

signals modulating nontargeted effects that are essentially the

determinants of low-dose radiation responses. In this work, 22

mGy of gamma ray exposure could induce the production rate

of almost 860 000 UVA biophoton cps (approximately equiv-

alent to 2.3 � 10�9 Jm�2s�1). In our beta radiation work, we

found that the production rate of 250 UVA biophoton cps was

Figure 4. Net photon emission rates from culture flasks with or
without 250 000 cells during a 30-second exposure to gamma irradia-
tion with a 610 nm bandpass interference filter. A total dose of 22
mGy was administered at a dose rate of 45 mGy/min. All flasks had 15
mL of the complete growth medium. Net photon emission rates were
calculated by subtracting the background count rates when there was
no flask from the photon count rates when flasks were present. Data
are presented as mean net photon emission rates + SEM (n ¼ 6). A
Student t test with a Welch correction test was performed for statis-
tical significance. **** P < .0001.
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strong enough to cause detrimental effects on bystander cells

(over the period of 7-10 days of secondary biophoton expo-

sure).15-17 Our work further suggests that RIBE studies must

not ignore the contribution of physical signals, especially sec-

ondary UVA biophotons, to the overall RIBE outcome. We

conclude that new preventive/countermeasure strategies and

medical intervention approaches may need to be considered

and developed to protect tissues from damages by radiation-

induced secondary UV biophoton following nuclear accidents

and radiotherapies.
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