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Abstract 

 

 

  There is a large amount of interest and research currently going into studying the 

effects of low dose radiation on humans, and bridging the gap with the data from the 

effects of high dose radiation. Much work is to be done to understand low dose 

exposures such as from medical treatments and those who work with or around 

radiation. Two popular and widely known examples of low-dose phenomena are the 

radiation induced bystander effects and the radioadaptive response (RAR). This research 

involves the study of the impact of a low dose of radiation that is administered several 

hours after a high – even fatal – dose is given, which contrasts the traditional RAR where 

a low priming dose is given before a high dose and can lead to increased cell survival. 

Many different parameters were checked to see if cell survival can be enhanced or 

diminished depending on the stage of the cell cycle, cell growth conditions, and cell 

profiling differences in protein function (namely the TP53 gene). Additionally, the post-

conditioning response was contrasted to see if it was possible to see any effects from the 

newly emerging area of bystander signalling, UV BioPhotons, would be present in cell 

lines that either did or did not exhibit a post-conditioning effect. It was shown that post-

conditioning has a protective effect on survival of the cells in certain dose ranges and 

certain cell lines. The post-conditioning effect also appears to be stronger in magnitude 



 

 

iii 
 

than the classic RAR. No relationship between gamma-induced biophoton signalling and 

post-conditioning was observed, nor is it certain whether an acute gamma-field can 

induce significant UV biophoton damage. This thesis is aimed to explore the various 

parameters by which post-conditioning effects occur on various Human cancers. 
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1 Introduction 

 

There is a large amount of interest and research currently going into studying the effects 

of low dose radiation on humans, and bridging the gap with the data from the effects of 

high dose radiation. Outside of the studies from the Atomic Bombings of Hiroshima & 

Nagasaki in Japan, , which account for majority of the high dose data we currently base 

radiation safety and health physics protocols on, there is still much work to be done to 

understand low dose exposures such as from medical diagnostic treatments and those 

who work with or around radiation. This is needed now because the current LNT model 

cannot describe certain effects that occur on the very low dose range, which would either 

exacerbate or minimize the damage of targeted radiation effects. Two popular and widely 

known examples are the radiation induced bystander effects and the radioadaptive 

response (RAR). The goals of our group are to expand on the current knowledge of the 

traditional bystander and adaptive response modes, which have been suggested to be 

tied together by different key characteristics. This research involves the study of the 

impact of a low dose of radiation that is administered several hours after a high – even 

fatal – dose is given, which contrasts the traditional RAR where a low priming dose is 

given before a high dose and can lead to increased cell survival. Many different 

parameters were checked to   
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see if cell survival can be enhanced or diminished depending on the stage of the cell 

cycle, cell growth conditions, and cell profiling differences in protein function (namely the 

TP53 gene). The protein p53 expression was analyzed in further detail using Western Blot, 

along with p21 which may be involved as a mediator to p53 in the downstream cell cycle 

arrest. It was shown that p53 may be less expressive from pre-conditioning, with no 

change in p53 expression from post-conditioning.  Additionally, this post-conditioning 

response was contrasted to see if it was possible to see any effects from the newly 

emerging area of bystander signalling, UV BioPhotons, would be present in cell lines that 

either did or did not exhibit a post-conditioning effect. It was shown that post-

conditioning has a protective effect on survival of the cells in certain dose ranges and 

certain cell lines. The post-conditioning effect also appears to be stronger in magnitude 

than the classic RAR. No relationship between gamma-induced biophoton signalling and 

post-conditioning was observed, nor is it certain whether an acute gamma-field can 

induce significant UV biophoton damage. There are, however, large implications for post-

conditioning effects on cell survival within the field of radiation therapy, such as if a 

patient had been imaged with CT scans after receiving radiation therapy treatment. This 

thesis is aimed to explore the various parameters by which post-conditioning effects 

occur on various Human cancers. 

The radioadaptive theory or adaptive response phenomenon has been well documented 

since it was first coined in 1984 (Wolff et. al. 1984). Their research suggested that a low 

dose of radiation given at various times before a larger dose resulted in a lower yield of 
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chromatid aberrations for the damaged human lymphocytes than when the same human 

lymphocytes were only subjected to the large dose of radiation. This study was followed 

up with using other cell lines shortly after (Sanderson & Morley (1986); Ikushima, 1987)).  

The mechanisms behind this adaptation have been largely unclear (Matsumoto et al., 

2004; Stecca & Gerber, 1998; Szumiel, 2005; Tapio & Jacob, 2007; Wodarz et al., 2014). 

  There are many workable hypotheses of basic mechanisms behind the response, 

such as induction and suppression of genes during a period of time (Tapio & Jacob, 2007; 

Wodarz et al., 2014). Additionally, the molecular pathways may be related to ATM signal 

cascading leading to cell cycle arrest, phosphorylated ATM at ser1981, or DNA-dependent 

protein kinase activation (Marples, Wouters, Collis, Chalmers, & Joiner, 2004; Marples, 

Wouters, & Joiner, 2003; Short, Bourne, Martindale, Woodcock, & Jackson, 2005). 

Reactive oxygen species (ROS) and nitric oxide may also be play a role in these cellular 

changes (Hamada, Matsumoto, Hara, & Kobayashi, 2007; Matsumoto et al., 2001; 

Matsumoto, Takahashi, & Ohnishi, 2007; MIURA, 2004). Authors today have gone even 

further to suggest the role of p53 with ROS and surviving-associated adaptive responses 

(Murley, Miller, Weichselbaum, & Grdina, 2017). Another model suggests cells may emit 

signals to nearby cells via gap junctions or other ways and cause a type of warning to 

prepare those not-yet damaged cells (Hamada et al., 2007; Ojima, Eto, Ban, & Kai, 2011; 

Snyder, 2004; Wodarz et al., 2014). 
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  The question has also been raised if non-targeted effects such as the bystander 

effect, in which cellular damage is seen in cells that were not directly exposed to radiation 

due to signalling from damaged cells (Liu et al., 2006; Maguire, Mothersill, Seymour, & 

Lyng, 2005; C Mothersill, 1997; Carmel Mothersill & Seymour, 1997, 2002) are related to 

the radiation-induced adaptive response (Ryan, Seymour, Joiner, & Mothersill, 2009). 

The relationship may be linked to a phenomenon called hyperradiosensitivity and 

increased radioresistance, or HRS/IRS, in which cells are much more sensitivity to acute 

doses of ionizing radiation, and yet highly radioresistant, both past a certain threshold of 

around 0.2Gy (M. C. Joiner & Johns, 1988; M. C. Joiner, Denekamp, & Maughan, 1986; 

Marples & Joiner, 1993; Carmel Mothersill, Seymour, & Joiner, 2002; Parkins & Fowler, 

1986). These effects are again related to p53 because of its role as a target down the 

latter of ATM. P53 or tumor protein TP53 codes for cell cycle regulation and tumor 

suppression. To this day, it can be found that researchers are connecting the and 

plausible molecular pathways in order to get a fuller view of the interconnectedness of 

such mechanisms (Guéguen, Bontemps, & Ebrahimian, 2019). 

 

  The nature of low-dose phenomena seems to be linked in ways that are still being 

mapped out, the newest of which is the more recent area of BioPhoton research, in 

which damaged cells may emit signals in the form of cellular luminescence, or photons. 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

5 
 

Of specific interest to this area of cellular luminescence is when damaged cells emit UV 

photons that can damage nearby unirradiated and healthy cells after a prolonged period 

of time. The work in this thesis (schematic pictured in Figure 1) presents a building block 

of seeing whether there is any vague link between cells that have shown classic bystander 

effect and strong biophoton signalling will also reveal any patterns of adaptive responses. 

More specifically, if there are any patterns between the status of the protein p53, which 

was described as seen playing a role as a potential molecular pathway for the adaptive 

response, and these phenomena.  
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Figure 1: Experimental outline of areas of interest 
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2 Background of Radiation Source  

 

  On the main campus of McMaster University is the Taylor Radiobiology Source, 

which is a room with a contained radiation source: 1 kCi Cesium-137. Cesium-137 is 

primarily a gamma-emitter with a half-life of about 30.2 years, and it’s activity of 1 

kCi was the original activity upon installation (the current activity is estimated to be 

approximately 500 Ci). The decay scheme is shown below in Figure 2 

 

Figure 2: Decay Scheme of Cesium-137 Gamma Radiation Source from the McMaster 

Taylor Source 
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At the time of irradiations, the Cs137 source had an activity of approximately: 

𝐴 = 𝐴0𝑒−𝜆𝑡 = 500 𝐶𝑖 

Where the initial activity, 𝐴0, was 1 kCi, the time t was 11,000 days since the initial 

calibration (source retrieval date), and the 𝜆 decay constant is 0.0000629 per day. 

The radiation source is located inside of a heavily shielded cubic container with a 

circular shutter of ~6cm in diameter on the bottom face of the cube. It is assumed 

that the Cs137 source has a roughly even particle distribution inside of its 

containment, which eliminates major beam inequalities that would otherwise affect 

measurements at larger distances (Z > 27 cm) from the source, and allows the 

approximation of the Cs137 source as a crude point source. Beam inequality, or 

dose uniformity, was examined in detail, as shown in Figure 3 
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Figure 3: McMaster Taylor Source Cesium-137 Source Dose Rate as a Function of xyz 

position away from the centerline of the source origin 

 

  In Figure 3, the data shown as a dose mapping graph which graphs the 

dose distribution across an x-distance and y-distance (xy plane that flasks containing 

cells are placed on) for a given z-distance, which is the distance from the Cs137 

radiation source to the cells. The z-distances shown are for either 17.5 cm or 27.1 

cm, which are within the range of distances used for the majority of  irradiations in 

this thesis. For the majority of experiments in this thesis, including all experiments 

presented in the manuscript, a z-distance of 27.1 cm was chosen. Since 
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experiments are designed in treatment groups contained 3 replicate flasks 

(triplicate flasks) per treatment group, the experimental design typically involved 6 

flasks being irradiated at a time, with one treatment group aligned symmetrical to 

the centerline with the other treatment group. This setup was primarily for the 

administration of challenge doses, thereby setting up 3 control-treatment flasks 

facing back-to-back with the other 3 conditioned-treatment flasks, all destined to 

receive the same radiation dose. Flasks were aligned so that there would be as 

small deviation as possible (within roughly 1.5 cm x or y alignment error) from the 

centerline, in order for the 3 flasks on the right of the centerline to receive the 

same overall average dose as the 3 flasks on the left of the centerline. It is 

important to note that centerline in this case refers to either the x = 0 or y = 0 axis, 

where the triplicate flasks of one treatment are in contact with the other.   

 

 

    For some experiments utilizing the HT29 cell line at 2Gy analysis, a 

distance of Z = 20.3 cm was used. In order to analyze the dose-distribution, it 

should be first noted that due to 1/𝑟2 fall off of dose-rate, that at Z = 17.5cm (ie. 

Figure 3) a very large deviation in dose-distribution along concentric circular 

distances in the xy-plane away from the source will be present, compared to the 

actual source-flask distance used which was 20.3cm. Therefore Thermoluminscent 
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Dosimeters (TLDs) were obtained and used in a separate experiment to determine 

the absorbed dose along different x-y coordinates at Z = 20.3cm, as shown in Figure 

4  and Figure 5 below. 

 

 

   

Figure 4: Dosimeters and Dosimetric testing of McMaster Taylor Source dose 

uniformity 
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A                                                                  B  

Figure 5: Dosimeters and Dosimetric Testing results of McMaster Taylor Source. A 

shows the dosimeter placement and reading and B shows the evaluation copy  

 

The results from the TLDs placed at approximately the same xy distances away from 

the centerline of the source are shown in Figure 5 A B. In Figure 5  A the TLD 

arrangement is shown with the corresponding shallow doses written on them. All 

TLDs were destined to receive a theoretical 2Gy after 4 min. 40s of exposure at a 

distance of Z = 20.3cm from the Cs137 source. It should be noted that the shallow 
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dose is calculated based on radiation track penetrating the corner windows of the 

TLD, and that these were symmetrical along the diagonal, but not along the 

centerline plane. The shallow dose recording was taken as the more conservative 

recording because the dose-variation between left side and right side was larger 

than for the deep dose. Additionally, cells expose to gamma rays, separated only by 

liquid non-viscous medium and a thin plastic containment flask, will be more 

appropriately represented by shallow dose. The overall shallow difference between 

TLDs across the diagonal was 0.15 Gy and 0.15 Gy for the left side versus the right 

side. The overall shallow dose difference on average between the left side versus 

right side was 0.1 Gy. These results are within the error of the destined dose of 2 ±

0.23 𝐺𝑦. This error can be considered for both the error of the TLD reading as well 

as the error of the theoretical radiation dose calculations, or dose mapping for all 

four TLDs which is represented in the standard deviation equation below:  

𝑆. 𝐷. =  √
∑(𝑥 − �̅�)2

𝑁 − 2
 

The equation gives an error of 10% or and so the previous expression of simply 

square root of the dose is used as a more conservative error for the beam 

inequality at the close source-flask distance of Z = 20.3cm. 

However, these results at Z = 20.3 cm from the source still suggest that either the 

TLDs were slightly misaligned within error or that at Z = 20.3 cm, the beam 
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inequality is such that a difference of 0.15 Gy more on average is received between 

the left side of the centerline and the right sight of the centerline. This is in 

agreement with the dose mapping from Figure 3, which shows that at 17.5cm, 

there may be a slight dose variation due to spatial distribution, particularly along 

the x-axis. It is again important to state that based on the dose mapping and TLD 

measurements that at Z = 27.1 cm away from the source, a much more uniform 

beam should be observed.  

 

   All experiments were set up at a source – flask distance of Z = 27.1 cm 

away from the Cs137 gamma source, giving an approximate dose rate of 0.26 

Gy/min or 260 mGy/min. The only exception a few experiments mentioned with the 

HT29 cell line at 2Gy challenge dose testing versus pre-/post-conditioning which 

were set up at Z = 20.3 cm away from the source, with a corresponding dose rate of 

0.42 Gy/min or 420 mGy/min.  
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3  Radiation Induced Pre-Conditioning & Post-Conditioning Responses  

 

 

3.1  Overview 

 

   Low dose effects have been categorized by a number of different studies 

and backgrounds, one being an area of hormesis or adaptation work. The radiation 

induced pre-conditioning, or classical adaptive, response is one that involves a small (low, 

single acute radiation) dose that is administered to prime an enhanced survival or 

protective effect towards a larger radiation dose, which is given afterwards. The classical 

adaptive response has been of large interest and many studies have been published in 

the years on this low dose research. However, administering the large dose before the 

smaller dose, which for the duration of this thesis will be termed post-conditioning, has 

not been widely looked at. While the mechanisms remain unclear, this area of research 

has been predominantly showcased in physiology research, namely cardiac reperfusion 

for myocardial infarctions. Myocardial infarction, or heart-attack, has been shown to have 

lesser severity (such as infarct size) after subjects were treated with brief post-

conditioning coronary occlusions (oxygen restriction) upon reperfusion (Paglia & Penna, 

2011). 
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  This thesis outlines several cell lines of interest: HT29 human colon colorectal 

adenocarcinoma, HCT116 p53+/+ and HCT116 p53-/- human colon colorectal carcinoma, 

T98G human glioblastoma, and HaCaT human keratinocytes. A direct comparison 

between pre-conditioning and post-conditioning effects was performed to elucidate 

further understanding of cellular responses to high damage mitigated by low dose 

intervention. 

   

3.2 HT29 Materials and Methods 

 

Cell Culture 

  HT29 Cell line is an in-vitro human colon adenocarcinoma with a wild type 

expressive p53 status. HT29 were bathed in RPMI 1640 cell culture medium that was 

supplemented with 10% Fetal Bovine Serum (Invitrogen, Burlington, ON, Canada), and 5 

mL of 10,000 units of penicillin (Gibco, Burlington, ON), and 5mL of L-Glutamine, and   

kept in incubation at 37℃ in an incubator with 5% CO2 and 95% relative humidity.  

 

 

  All cell culturing and experiments were performed in BioSafety Level 2 laminar 

flow cabinets. Cell stocks were maintained in T75 flasks (Falcon) with 20 mL of medium 

and cell passaging was performed at approximately 60-80% confluency. Subculturing 
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routines were performed using a 0.25% dilution of 1:1 trypsin buffer and DPBS and 1 mM 

EDTA in order to create single cell suspensions for cell passaging.  

 

Challenge irradiation and Clonogenic Assay Technique 

  The cell survival of the control and the irradiated cells were assessed using the 

clonogenic assay technique developed by Puck and Marcus (1956) after the irradiations 

were completed. All experimental flasks were T25, including the irradiated cells, and were 

incubated at 37℃ for 24 h after being seeded from the stock T75 flask. After 

trypsinization, cells were neutralized with equal volume of medium and depressed out of 

a serological pipette against the flask wall 3 times to break apart clusters. Afterwards, the 

cell stock was centrifuged at 1000rpm for 5 min. The cell pellet was resuspended in 10mL 

of fresh medium, and cell concentration was counted using a BioRad Automated Cell 

Counter.  

 

  While the 0 Gy control set remained in the incubator, another control set labelled 

“Sham” was taken to the irradiation facility along with the other cells to be irradiated, 

except the “Sham” set was not subjected to any dose. This was to mimic the conditions of 

the irradiated flasks during the time they were out of the incubator for the experiment. In 

total there were three flasks per set, resulting in n=12 or n=9 flasks per set in total, as the 

experiment was independently repeated 3 times. Adaptive Response and 2Gy irradiated 
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controls were repeated 4 times resulting in n=12 flasks per set in total.  

 

 

  The flasks that were irradiated were each were labelled corresponding to their 

subjected radiation: 2Gy for a single 2Gy dose, AR for an adaptive response test (0.1Gy 

priming dose – 5 hour incubation wait – 2Gy challenging dose), and PC for a post-

conditioning test (2Gy – 5 hour incubation wait –0.1 Gy dose). It should be noted that the 

adaptive response set of flasks were also acting as a positive control because these 

human colon adenocarcinoma cells have been shown before to exhibit an adaptive 

response at the challenge dose range (Ryan et al. 2009). Additionally, it was shown from 

the previous published work that the microcolonies were scored during the 5 hours of 

wait period between dose administrations to make sure that cells did not divide during 

this period. The 2Gy control was irradiated after the 5 hour wait period together with the 

adaptive response positive control. After radiation treatment, flasks were placed in an 

incubator in the next room to the irradiation unit, to limit temperature fluctuation. During 

this 5 hour wait time the cells were kept in 37℃  without CO2 . Once the second radiation 

treatment was complete all flasks were carried back to the main incubator at 37℃ in with 

5% CO2 and 95% relative humidity.  

 

 

   All colonies were stained with CarbolFuschin (Ricca Chemical Company, Alington, 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

19 
 

TX) and scored after cell cultures were incubated for 9 days for the HCT line and 10 days 

for the HT29 cell line in conditions previously described. Cell colonies were inspected 

under the microscope and a few were marked on the flask as a reference to determine 

whether a colony on the flask exceeded 50 cells. The marked colonies were used as a 

reference and all colonies exceeding 50 cells were scored as representing surviving cells.  

 

Statistical Analysis 

  Data are presented for three independent experiments containing triplicate flasks 

per group , and either three or four trials (n=12 & n=9 for post-conditioning treatments). 

The data are characterized as the mean of the 12 or 9 flasks normalized to a mean plating 

efficiency, which was calculated by using the plating efficiencies of the 0 Gy controls of 

the experiments and averaged. The errors for these data are standard error of the mean 

for each individual result. An unpaired t-test using GraphPad Software was used to 

measure significance of the experiments. A confidence interval of 95% and p<0.05 were 

selected to be statistically conclusive of a difference between the treatment groups 

studied.  

3.3  Results  

   The HT29 Human Colon Colorectal Adenocarcinoma cells were one of the 

cell lines used to test the effects of pre-/post-conditioning by using Cesium 137 

irradiation at a dose rate of ~0.23Gy/min. The first radiation dose was administered 
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~24 hours after seeding the cells in experimental flasks. The doses were given as 

0.1Gy for the priming dose and 2Gy or 5Gy for the challenge dose. After the first 

dose of radiation was administered, the flasks were immediately placed in the 

incubator for 5 hours before the second dose. The control flasks, stand-alone 2Gy 

or 5Gy treatments, had doses administered at the time when all first doses were 

administered after 24 hours. This is in the form:  2Gy-5h-0Gy, or 5Gy-5h-0Gy, for 

explicit notation. Results were scored as n=9, three replicates per experiment as 

three independent experimental trials, and revealed in Figure 7.  

 

Figure 6: HT29 Clonogenic Assay of Control Plating Efficiency after Staining 

3.3 Results from HT29 Cell Line Pre-/Post-Conditioning Trials 

 

The results suggest that there was non-significant pre- and post-conditioning 

adaptation leading to enhanced cell survival upon 2 Gy challenge doses. The higher 
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clonogenic survival was independent of whether the 2Gy challenge dose was given 

(preceding or following the 0.1Gy priming dose). The results show that similar non-

significant enhanced survival is observed for both pre- and post-conditioning 

treatments compared to the control. 

 

For the 5Gy treatments, pre-conditioning led to a significant (p<0.05) enhanced 

survival of cells, compared to the 5Gy control alone (5Gy-5hr-0Gy).  The post-

conditioning treatment led to a non-significant small enhancement of survival, 

compared to the stand-alone 5Gy treatment alone (5Gy-5h-0Gy). When comparing 

pre-conditioning to post-conditioning, the pre-conditioning treatment had a larger 

significant effect compared to the pre-conditioning treatment. 

 

 

 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

22 
 

 

Figure 7: Summary of experimental results for pre-/post-conditioning of HT29 cell line, n=9. 

Letters a, b, and c indicate statistical significance; a significant difference between any 

group within the given 2Gy or 5Gy experiment will be indicated by separate letters. 

 

3.4  Discussion 

 

  There has been extensive research looking at the effects of low doses of radiation 

on mammalian specimens. Much of the research in this field has been to show of the 

varying degrees that low doses can impact the survival of living systems (Wolff et al 1988, 

Mothersill et al 2002, Mothersill et al 2016). There is an abundance of data showing that 
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that low doses of radiation can stimulate protective effects in vivo and in vitro (Boreham 

et al 2015, Ryan et al 2007, Mothersill et al 2018, Wolff et al 1988). There has also 

recently been research uncovering the mechanisms of the adaptive response in 

cancerous versus normal cells (Cai et al. 2016). Their research shows that the ataxia 

telangiectasia mutated (ATM) pathway increased CDK4/CDK6/cyclin D1 expression 

through AKT/ GSK-3β, as well as the nuclear accumulation of Nrf2 which ultimately led to 

an increase in antioxidant levels and subsequent damage reduction. This is because of the 

well-known connection that radiation produces reactive oxygen species (ROS) (Mothersill 

et al. 2004). However, those effects from the pathways described were absent in the 

carcinoma line used in the study (Cai et al. 2016).  Recently, some researchers have 

suggested that the gamma radiation induced adaptive response is due to concerted 

activation of transcription factors NF-κB and Nrf2 (Paraswani et al. 2018). The group 

similarly proposes that the function of ATM is involved, along with extracellular signal–

regulated kinase (ERK) and NF-κB.  

Previously, it was thought that hyper-radiosensitivity/increased-radioresistance (HRS/IRR) 

and the adaptive response result from the same underlying mechanism (Marples and 

Joiner 1995), and the earlier work done by our group showed a significant positive 

correlation between the adaptive response and the HRS/IRR (Ryan et al. 2007, Mothersill 

et al. 2002). Another group that had also used a glioblastoma cell line suggested the 

involvement of nitric oxide (NO) radicals which lead to the accumulation of NO synthase 

may be responsible for radioresistance (Matsumoto et al 2007). Interestingly, their model 
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suggested that the induced iNOS through the activation of Hdm2 suppressed the 

accumulation and activation of p53, and that based on the observations seen from their 

work, wild-type p53 response may be dampened by chronic irradiation followed by an 

acute radiation. Additionally, it was reported that NO radicals released from irradiated 

mutant p53 cells caused radioresistance in wild-type p53 (Matsumoto et al. 2000, 

Mastumoto et al. 2001). Even recently the role of p53 is being researched as a 

mechanism of mediating the radio-adaptive response in human tumors (Murley et. Al 

2017).  

 

For the post-conditioning response, it is possible that the effect shares repair 

mechanisms as that of the adaptive response. To our knowledge it is the first instance for 

these cell lines to exhibit a post-conditioning effect leading to increased survival. Though 

post-conditioning has been shown in other specimens, such as improving cancer 

morbidity in mice (Boreham et al. 2017). Again p53 status seems to be an important 

indicator of radio-adaptivity, and the phosphorylation of H2AX histones around DNA 

double-stranded breaks, forming γ-H2AX, during DNA repair may serve as a scaffold for 

more repair complexes (Boreham et al. 2017). 

 

In these experiments, an evaluation of the cell survival for the human colon cancer (HT29) 

is shown after cells were treated with challenge doses ranging from 2Gy or 5Gy, preceded 
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or followed by either 0.1Gy priming doses from 137Cs gamma radiation. Adaptive and 

post-conditioning effects were observed in all cell lines used, with the strongest pre-

conditioning effect for a treatment of 0.1Gy five hours before a 5Gy dose (p<0.05). Even 

though the HT29 cell line had demonstrated a post-conditioning effect at 2Gy, it did not 

reach a significant response in this study. However, it was observed that giving a small 

priming dose before or after a large dose generally had a beneficial effect for these 

cancer cell lines. The prominence of each effect could have implications when 

determining at which dose the cell line has significant adaptive effects and whether the 

mechanisms involving cellular adaptation are more similar than previously thought. 

Further studies looking at p53 status in more detail during post-conditioning treatments 

would prove to be a useful comparison to these data. 
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4  Parallel comparison of pre-conditioning and post-conditioning effects in human 

cancers and keratinocytes upon acute gamma irradiation 

 

                     

Purpose: To determine and compare the effects of pre-conditioning and post-

conditioning towards gamma radiation responses in human cancer cells and 

keratinocytes. 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

27 
 

Material and methods: The clonogenic survival of glioblastoma cells (T98G), keratinocytes 

(HaCaT), and colorectal carcinoma cells (HCT116 p53+/+ and p53−/−) was assessed 

following gamma ray exposure from a Cs-137 source. The priming dose preceded the 

challenge dose in pre-conditioning whereas the priming dose followed the challenge dose 

in post-conditioning. The priming dose was either 5 mGy or 0.1 Gy. The challenge dose 

was 0.5–5 Gy. 

Results: In both pre- and post-conditioning where the priming dose was 0.1 Gy and the 

challenge dose was 4 Gy, RAR developed in T98G but not in HaCaT cells. In HCT116 p53+/+, 

pre-conditioning had either no effect or a radiosensitizing effect and whereas post-

conditioning induced either radiosensitizing or radioadaptive effect. The different 

observed outcomes were dependent on dose, the time interval between the priming and 

challenge dose, and the time before the first irradiation. Post-conditioning effects could 

occur with a priming dose as low as 5 mGy in HCT116 p53+/+ cells. When HCT116 cells had 

no p53 protein expression, the radiosensitizing or radioadaptive response by the 

conditioning effect was abolished. 

Conclusions: The results suggest that radiation conditioning responses are complex and 

depend on at least the following factors: the magnitude of priming/challenge dose, the 

time interval between priming and challenge dose, p53 status, cell seeding time prior to 

the first radiation treatment. This work is the first parallel comparison demonstrating the 
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potential outcomes of pre- and post-conditioning in different human cell types using 

environmentally and medically relevant radiation doses. 

Keywords: Cancer, p53, pre-conditioning, post-conditioning, gamma radiation 

  

PURPOSE: To determine and compare the effects of pre-conditioning and post-

conditioning towards gamma radiation responses in human cancer cells and keratinocytes  

MATERIALS AND METHODS:  The clonogenic survival of glioblastoma cells (T98G), 

keratinocytes (HaCaT),  

and colorectal carcinoma cells (HCT116 p53+/+ and p53-/-) was assessed following gamma 

ray exposure from a Cs-137 source. The priming dose preceded the challenge dose in pre-

conditioning whereas the priming dose followed the challenge dose in post-conditioning.   

The priming dose was either 5 mGy or 0.1 Gy.    The challenge dose was 0.5 – 5 Gy.        

RESULTS: In both pre- and post-conditioning where the priming dose was 0.1 Gy and the 

challenge dose  

was 4 Gy, RAR developed in T98G but not in HaCaT cells.   In HCT116 p53+/+, pre-

conditioning had either no effect or a radiosensitizing effect and whereas post-

conditioning induced either radiosensitizing or radioadaptive effect. The different 

https://www.tandfonline.com/keyword/Cancer
https://www.tandfonline.com/keyword/P53
https://www.tandfonline.com/keyword/Pre-conditioning
https://www.tandfonline.com/keyword/Post-conditioning
https://www.tandfonline.com/keyword/Gamma+Radiation
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observed outcomes were dependent on dose, the time interval between the priming and 

challenge dose, and the time before the first irradiation.    Post-conditioning  

effects could occur with a priming dose as low as 5 mGy in HCT116 p53+/+ cells.  When 

HCT116 cells had no p53 protein expression, the radiosensitizing or radioadaptive 

response by the conditioning effect was abolished.   

CONCLUSIONS: The results suggest that radiation conditioning responses are complex 

and depend on at least the following factors: the magnitude of priming/challenge dose, 

the time interval between priming and challenge dose, p53 status, cell seeding time prior 

to the first radiation treatment.   This work is the first parallel comparison demonstrating 

the potential outcomes of pre- and post-conditioning in different human cell types using 

environmentally and medically relevant radiation doses.     

  

INTRODUCTION  

In biology and medicine, pre-conditioning refers to exposing organisms or cells to a large 

damage inducing dose of a stressor preceded by a smaller non-toxic dose of the same 

stressor whereas in postconditioning a large dose of the stressor is followed by a smaller 

dose (Calabrese et al., 2007).    The conditioning effect is generally built upon the 

hormesis concept (Calabrese and Mattson, 2017).  In principle, conditioning enables the 

activation or enhancement of protective programs and therefore helps reduce the 
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damaging effect caused by the stressor (Calabrese et al., 2007; Calabrese and Mattson, 

2017).   The conditioning effect is perhaps best studied in vascular biology.   Ischemic 

conditioning contributes to cardioprotection by reducing oxidative stress and thus 

minimizing or preventing myocardial infarction (Aimo et al., 2015).     

The concept of pre-conditioning also applies to radiation biology where radiation is the 

stressor.  Radiation pre-conditioning describes the irradiation of subjects to a large 

damage-causing dose after a smaller dose (known as priming dose), subsequently leading 

to a more radio-resistant phenotype (Wolff 1998). Olivieri et al. (1984) were the first 

group to report the protective effect of radiation preconditioning in human lymphocytes 

exposed to low-dose radioactive thymidine. Radiation preconditioning, now widely known 

as “radioadaptive response” (RAR), is observed with different types of radiation and in 

many biological systems (Azzam et al., 1994; de Toledo et al., 2006; Maguire et al., 2007; 

Ryan et al., 2008; 2009; Day et al., 2006; Smith and Raaphorst, 2003; Audette-Stuart and 

Yankovich, 2011; Tang et al., 2016; Vo et al., 2017a; Smith et al., 2011).  In cancer onset, 

radiation preconditioning can extend the latent period (Lemon et al., 2017b).   The 

protective effect can occur with the priming dose of as low as 0.001 mGy (Day et al., 

2006).  The mechanism governing radiation pre-conditioning or RAR appears to 

evolutionarily conserved (Calabrese and Mattson, 2017).   As life evolved with radiation 

for millions of years, this concept largely contributes to the big picture of adaptation, 

longevity, and evolution of biological entities living in environments with low radioactivity 

as well as their interactions with other bystander participants within the ecosystem.    In 
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medicine, cancer patients are subjected to diagnostic imaging procedures (low dose 

exposure) prior to an actual therapeutic radiation regimen (high dose exposure).  Thus 

the pre-conditioning-induced radio-resistance may reduce the effectiveness of the 

intended radiation therapy program.   

Radiation post-conditioning, on the contrary, is the procedure of irradiating subjects with 

a large dose before a very small priming dose.   To date, the literature on radiation post-

conditioning is relatively small with significantly fewer studies (Day et al., 2007; Lemon et 

al., 2017a; Lin and Wu, 2015).    In general, radiation post-conditioning exerts a similar 

RAR-like effect as seen in pre-conditioning (Day et al. 2007; Lemon et al., 2017a).   The 

protective effects of radiation post-conditioning include enhanced protection against 

chromosomal damage (Day et al., 2007) and increased lifespan (Lemon et al., 2017a).   

The lowest priming dose inducing a RAR in radiation post-conditioning recorded to date 

was 0.01 mGy (Day et al., 2007).   Currently, how comparable the extent of 

radioprotection is between preconditioning and post-conditioning is not well understood.   

We previously observed that a smaller dose preceding a large dose had a less damaging 

effect than the reverse order (Mothersill and Seymour, 1993), suggesting that different 

mechanisms might underlie low and high dose response and that irrespective of the order 

of delivery both mechanisms were activated by experience of different doses.  

The data also suggested immediate and delayed death levels involved different 

mechanisms.   Lin and Wu (2015) later showed that differences in effects were cell type-

and species-dependent in a complex multi-dose fractionated radiation setup.   



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

32 
 

Interestingly, in one of their two-dose experiments with a human colon cancer cell line 

HT-29, post-conditioning had a more protective effect than preconditioning.   

Increasing evidence has suggested that there are a number of factors that are associated 

with or directly involved in RAR, especially in the context of low-dose radiobiology.   Nitric 

oxide radicals and other reactive oxygen species are key players mediating the RAR 

(Matsumoto et al. 2007; Miller et al., 2016; Murley et al., 2017; 2018).   More 

interestingly, factors in the irradiated cell conditioned medium can alleviate some of the 

damages caused by high dose in bystander cells (Maguire et al., 2007; Matsumoto et al., 

2000; 2001).  Cells that can develop RAR also have traits of hyper-

radiosensitivity/increased radioresistance (HRS/IRS) (Ryan et al. 2009).   Additionally, the 

tumour suppressor p53 protein is important in regulating RAR.   While p53 regulates 

apoptosis in low-dose radiation hypersensitivity (Enns et al., 2004), its expression is 

suppressed during RAR (Takahashi, 2001), which would be consistent with the protective 

survival mechanism although sparing potentially damaged cells may have a role in 

postradiotherapy tumour recurrence.    However, in p53-null or -mutant cells, priming 

cells with a lower dose before a larger challenge dose makes cells more radiosensitive 

(the complete opposite to the traditional RAR) (Miller et al., 2016; Murley et al., 2017; 

2018).   A lot of this knowledge has been gained from the radiation pre-conditioning 

perspective.   Yet nothing is known regarding the other conditioning view, i.e. radiation 

post-conditioning.   Most recent research by our group has evidence suggesting that 
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postconditioning effects can occur on a quantum biological level (Mothersill et al., 2018), 

possibly via UV biophoton-mediated mechanisms (Le et al., 2017a).      

This current paper shows possible outcomes associated with radiation pre-conditioning 

and postconditioning effects in different human cell types.     

MATERIALS AND METHODS  

Cell Cultures  

Four human cell lines were used in this study.  They were two colorectal cancer lines 

HCT116 p53+/+ and HCT116 p53-/-, one brain glioblastoma multiforme cell line T98G, and 

one spontaneously immortalized untransformed keratinocyte cell line HaCaT.   

HCT116 p53+/+ had wild-type TP53 gene and (Brattain et al., 1981; Popanda et al., 2000).   

HCT116 p53-/- had both TP53 alleles inactivated via the homologous recombination 

technology (Bunz et al., 1998) and therefore expressed no p53 protein as confirmed by 

our group (Mothersill et al., 2011; Le et al., 2017b).   HCT116 p53+/+ was HRS-positive and 

HCT116 p53-/- was HRS-negative (Enns et al., 2004).  The cell lines were cultured in the 

Roswell Park Memorial Institute (RPMI)-1640 medium supplemented with 10% fetal 

bovine serum (FBS), 2 mM L-glutamine, 25 mM HEPES, 100 U/ml penicillin, and 100 µg/ml 

streptomycin.    All tissue culture reagents were obtained from Gibco/Life Technologies 

(Grand Island, NY), unless otherwise specified.  Both cell lines were provided by Dr. 

Robert Bristow (University Health Network, University of Toronto, Toronto, ON).  
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T98G had a p53 mutant with a single-nucleotide variant leading to an animo acid switch 

from Met to Ile at codon 237 (Van Meir et al., 1994).  T98G displayed HRS (Short et al 

1999). T98G was routinely maintained in the Dulbecco’s modified Eagle medium F12 

(DMEM/F12), 10% FBS, 2 mM L-glutamine, 25 mM HEPES, 100 U/ml penicillin, and 100 

µg/ml streptomycin.  The cell line was provided by Dr. Brian Marples (Department of 

Radiation Oncology, William Beaumont Hospital, Royal Oak, MI).  

HaCaT had a mutated p53 gene with two heterozygous mutations: one with a single-

nucleotide variant leading to an amino acid switch from His to Tyr at codon 179 and the 

second with a double-nucleotide variant leading to an amino acid switch at codon 282 

(Lehman et al., 1993).    HaCaT displayed no HRS (Ryan et al., 2009).   The growth medium 

for HaCaT was the same growth medium used for HCT116 cells with the addition of 1000 

ng/mL cortisol.   The HaCaT cell line was kindly provided by Dr. Petro Boukamp (German 

Cancer Research Center, Heidelberg, Germany).    

All cell lines were grown at 37°C in an atmospheric environment equilibrated at 5% CO2 

and 95% air. Subculturing was performed with trypsin/EDTA as previously described by 

our group (Vo et al. (2017b) for HCT116 p53+/+ and Fernandez-Palomo et al. (2016) for 

T98G and HaCaT).   

  

Challenge Irradiation and Clonogenic Assay Technique  
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The cell survival of the control and the irradiated groups was assessed using the 

clonogenic assay technique developed by Puck and Marcus (1956).  Briefly, adherent cells 

were detached from the tissue culture surface and dissociated into single cells by 

trypsin/EDTA along with excessive pipetting. Cell concentrations were determined using a 

BioRad T20 Automated Cell Counter. In T25 tissue culture flasks (BD Falcon), depending 

on the plating efficiency of the cell lines and the magnitude of the lethal dose, cultured 

cells were seeded at densities of 20-60 cells/cm2.     

Depending on the cell lines, cells were seeded in triplicate flasks for 6h or 24h prior to 

irradiation challenge.  Two non-irradiated controls were used.   The first control group, 

regarded as “0 Gy control” was kept at all times in the incubator.   The second control 

group, regarded as “sham-control” (to control for unknown variations imposed by 

temperature, transport, and background radiation), was brought to the irradiation facility 

and was subjected to zero radiation dose.   Irradiated flasks were subjected to a first 

radiation dose, incubated at 37 for 3-5h, challenged again for a second dose, and finally 

returned to the 37 incubator (as illustrated in Figure 1).   All flasks were left undisturbed 

for 9 or 10 days and cell colony survivors (having at least 50 cells) were stained with 

Carbol Fuschin (Ricca Chemical Company, Alington, TX) and scored.   The gamma 

radiation source was 1 kCi 137Cs housed in the Taylor Radiation Source (TRS) suite at 

McMaster University (Hamilton, ON).   Irradiated flasks were 27.1 cm away from the 

radiation source for the dose rate of 260 mGy/min. Thermoluminescent dosimeters were 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

36 
 

used to measure radiation doses and to ensure the uniformity of the radiation dose 

delivery.    Three independent experiments were performed.     

The schemes for the pre-conditioning and post-conditioning response experiments are 

shown in Figure 1.   For the pre-conditioning experiments, the first dose was a small dose 

(5 mGy or 0.1 Gy) and the second dose was a large dose (0.5-5 Gy).   For the 

postconditioning response experiments, the first dose was a large dose (0.5-5 Gy) and the 

second dose was a small dose (5 mGy or 0.1 Gy).   The small dose of 0.1 Gy was used for 

all four cell lines while the small dose of 5 mGy was used only for HCT116 p53+/+ because 

(1) the wild-type p53, but not mutant p53, can facilitate RAR (Miller et al., 2016; Murley 

et al.,  

2018) and (2) 5 mGy was previously shown to be effective to induce RAR in the HCT116 

p53+/+ cells (Murley et al., 2017).  

  

Statistical Analysis  

Data are presented mean of clonogenic survival fraction ± SEM (n=9 or n=12).    A one-

way ANOVA with Tukey’s post test and a confidence interval of 95% or a student’s t-test 

was used to determine statistical significance via the GraphPad Prism software.   p<0.05 

were deemed statistically significant.   
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RESULTS  

Effects of radiation pre- and post-conditioning in the human glioblastoma cell line T98G  

The clonogenic survival was statistically significantly higher in both pre- and post-

conditioning than in the no priming dose control (Figure 2).   Pre-conditioning and post-

conditioning resulted in 7.3 % and 5.3  

% increases in clonogenic survival.   Therefore, both pre- and post-conditioning induced 

the RAR in T98G.   There was, however, no significant difference in clonogenic survival 

between pre- and postconditioning was observed (Figure 2).    

  

Effects of radiation pre- and post-conditioning in the human normal keratinocyte cell line 

HaCaT  

The clonogenic survival in pre-conditioning was slightly higher than that of the no priming 

dose control (Figure 3).   In contrast, the clonogenic survival in post-conditioning was 

slightly lower than that of the no priming dose control (Figure 3).  But both cases had no 

statistical significance.   Therefore, no RAR was observed in both pre- and post-

conditioning in the HaCaT cells.   However, the pre-conditioning clonogenic survival was 

significantly higher than the post-conditioning clonogenic survival (Figure 3).    
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Effects of radiation pre- and post-conditioning in the human colon cancer cell line HCT116 

p53+/+   

When the priming dose was 0.1 Gy, the pre-conditioning clonogenic survival was similar 

to that of the no priming dose control at all three challenge doses (2, 3, and 4) (Figure 4).   

On the other hand, the post-conditioning clonogenic survival was significantly lower than 

those in the control and preconditioning at the 2 and 3 Gy challenge doses but not at the 

4 Gy challenge dose (Figure 4).    Therefore, pre-conditioning did not induce RAR while 

post-conditioning induced radiosensitization effects in HCT116 p53+/+.     

To further see if RAR could be achieved in the HCT116 p53+/+ cells at more 

environmentally relevant doses, the priming dose was chosen to be 5 mGy while the 

larger challenge dose was 0.5 Gy.    In the pre-conditioning, the clonogenic survival was 

higher (an 5.2 % increase) but not statistically significant than that of the no priming dose 

control (Figure 5).    In the post-conditioning, the clonogenic survival was significantly 

higher (an 8.4 % increase) than the no priming dose control (Figure 5).  However, there 

was no difference in the clonogenic survival between the pre- and post-conditioning 

(Figure 5).  

When HCT116 p53+/+ cells were seeded for 24 h and then followed the radiation 

conditioning and exposure regimen where the time interval between the 0.1 Gy priming 

dose and the larger challenge dose was extended to 5 h (instead of 3 h in previous 

experiments), an interesting result was obtained.   The no priming dose control for the 
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pre-conditioning (0.1Gy-5h-2Gy) was shown as “0Gy-5h-2Gy” and the no priming dose 

control for the post-conditioning (2Gy-5h-0.1Gy) was shown as “2Gy-5h-0Gy”.   

Surprisingly, the clonogenic survival of the no priming dose control for the pre-

conditioning was significantly higher than that of the no priming dose control for the pre-

conditioning (Figure 6).   The pre-conditioning clonogenic survival was significantly lower 

than its no priming dose counterpart whereas the post-conditioning clonogenic survival 

was significantly higher than its no priming dose counterpart (Figure 6).    Therefore, 

under these experimental conditions, pre-conditioning sensitized radiation responses 

whereas post-conditioning induced RAR in HCT116 p53+/+ cells.   When the TP53  

gene coding p53 protein was knocked out in HCT116 p53+/+ cells (as in the resulting HCT 

p53-/- subclone), the clonogenic survival was the same in pre- and post-conditioning as 

well as in their no priming dose control counterparts (Figure 7A); thus the observed radio-

sensitization/adaptive effect was abolished.     This was also true when the challenge dose 

increased to 5 Gy (Figure 7B).    This clearly shows that p53 regulated the mechanisms 

that led to the radiosensitization in pre-conditioning and RAR in post- 

conditioning in HCT116 p53+/+ cells in response to high-dose radiation.   

When the priming dose was lowered to 5 mGy and the challenge dose remained to be 2 

Gy, the degree of radiosensitization by pre-conditioning was greatly reduced whereas the 

degree of RAR by post-conditioning was greatly enhanced in HCT116 p53+/+ cells (Figure 

8).   Interestingly, when comparing “2Gy+5h+0.1Gy” (Figure 6) to “2Gy+5h+0.005Gy” 
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(Figure 8) in post-conditioning, the clonogenic survival was significantly higher (p<0.05, 

student’s t-test) when cells were primed with 5 mGy than with 0.1 Gy.   

This shows that 5 mGy was a more effective priming dose than 0.1 Gy in inducing post-

conditioning RAR in HCT116 p53+/+ cells.  Collectively, the data suggest that the 

magnitude of the priming dose was also important in dictating the cells’ radiation 

response outcomes.     

  

Correlation data between pre-/post-conditioning treatments on cell lines  

For each experimental trial, cell survival from the pre-conditioning treatment was 

compared with the post-conditioning treatment (same priming and large challenge dose, 

just in reverse order) against the standard large-dose only control. The data were then 

plotted in Figure 9 as a difference in survival fraction between pre-/post-conditioning 

where the changes in survival fraction per experiment could be observed. A Pearson’s 

Correlation Coefficient was calculated using the 2 arrays of difference in survival fraction 

from pre-conditioning and difference in survival fraction from post-conditioning per 

experimental trial, resulting in a parallel comparison between the strength of pre-

conditioning and that of post-conditioning on the cells. A positive correlation of r=0.86 

was found which suggests that as there is an increase in the effects from a pre-

conditioning treatment, there is similarly an increase of similar magnitude in the effects 
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on survival fraction from post-conditioning treatment within the same trial. The data for 

the correlation holds the time prior to first radiation treatment constant at 6h to 

constrain parameters and keep experimental conditions consistent.  

Overall, our results show that radiation conditioning responses are complex and depend 

on at least the following factors: the magnitude of priming/challenge dose, the time 

interval between priming and challenge dose, p53 status, cell seeding time prior to the 

first radiation treatment.  

  

  

DISCUSSION  

The current study presents a unique parallel comparison between pre-conditioning and 

postconditioning in different human cell types in response to gamma radiation.   As 

radiation preconditioning had already been well established to exert an adaptive 

response, a particular focus in this work was to determine the consequence of post-

conditioning and compare to that of pre-conditioning.  The priming (smaller) and 

challenge (larger) doses were the same in both conditioning methods; the only difference 

was the opposite delivery order of the doses to delineate pre- and post-conditioning  

principles.    
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In the glioblastoma T98G cells, the observed RAR in pre-conditioning in the current work 

agreed with what Ryan et al. reported in 2009 using Cobalt-60 as the gamma source.   

The current study showed, for the first time, that the RAR could develop in glioblastoma 

cells when the priming dose was introduced after a large challenge dose in post-

conditioning.   Similar levels of increase in clonogenic survival in pre- and post-

conditioning in T98G suggests that a common cellular mechanism is very likely involved in 

inducing protective effects induced by both conditioning methods.   In general, the 

protective effect a result of post-conditioning was consistent with the conclusions in 

mouse studies by Day et al. (2007) and Lemon et al. (2017a).     

In the normal keratinocyte HaCaT cells, no RAR was observed in both pre- and post-

conditioning.   The inability of HaCaT cells to develop an RAR in pre-conditioning also 

agreed with Ryan et al. (2009).   The concurrent lack of RAR in both pre- and post-

conditioning, in contrast to T98G, also suggests that a common cellular mechanism 

driving RAR may be absent in HaCaT cells.    The observed differential outcomes perhaps 

mirror some of the results by Liu and Wu (2015).  In one instance, these authors found 

that post-conditioning had no effect in the hamster lung fibroblast V79S cell line but had 

a protective effect in the human intestinal carcinoma HT-29 cell line.   

In the colorectal carcinoma HCT116 p53+/+ cells, cellular responses after pre- and post-

conditioning were complex.   No RAR was observed in pre-conditioning at either the 

priming dose of 5 mGy or 0.1 Gy.    This result was surprising because (1) cells displaying 
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the HRS/IRR trait could develop RAR (Ryan et al., 2009) and HCT116 p53+/+ had HRS 

characteristics (Enns et al., 2004), and (2) 5 mGy had been shown to be effective in 

inducing pre-conditioning RAR in HCT116 p53+/+ recently by Murley et al. (2017).   As 

Murley et al. (2017) used a high dose rate while the lower dose rate was used in this 

study, dose rate may be a differentiating factor in eliciting the RAR induction.    In the 

present study, a protective effect was observed in post-conditioning at both priming 

doses of 5 mGy or 0.1 Gy.    In contrast to how T98G and HaCaT cells responded to 

radiation conditioning, HCT11 p53+/+ did not develop RAR in preconditioning but did 

develop RAR in post-conditioning.  

The noted difference between the “0Gy+5h+2Gy” and “2Gy+5h+0Gy” clonogenic survival 

was a surprising observation.   The “0Gy+5h+2Gy” flasks were at 29 h post seeding prior 

to irradiation and the “2Gy+5h+0Gy” clonogenic flask were at 24 h post seeding prior to 

irradiation. It is possible that there were more cells that doubled at 29 h than those at 24 

h.  Therefore, we performed two additional experiments to see if this was a possible 

reason.  In the first experiment, we seeded 1 million cells in T25 flasks and counted the 

total cell numbers in the flasks 24 or 29 h post seeding.   We found that the cell numbers 

at 24 and 29 h were statistically indifferent from each other (Figure S1).    As the cell 

status can be influenced under an extremely low-cell-density environment, in the second 

experiment we seeded cells at the clonogenic cell density in T25 flasks, stained the flasks 

with the fuchsin carbol dye 24 or 29 h post seeding, and microscopically scored the 

number of singlets (single cells) and doublets (cells that already doubled).    We found 
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that the singlet percent was the same at 24 and 29 h and the doublet percent was also 

the same at 24 h and 29 h (Figure S2).   Therefore, observed differences in the clonogenic 

survival cannot be explained by the unmatched percentages of cells that have or have not 

divided at 24 h and 29 h.   It remains possible that the observed differences could be 

attributable to a cell synchronization effect.  However, while the 2Gy dose could arrest 

cells, as long as the pre- or postconditioning flasks are assessed relative to the correct 

control (24 or 29 hrs), this should not be an issue. It could however provide an 

explanation for a post-conditioning protective effect if the cell synchronisation led to 

more cells being in a radioresistant cell cycle phase at the time the conditioning dose was 

applied. Since the conditioning dose is very small it is unlikely to cause the effect seen but 

the possibility is presented here for consideration. We consider it more likely that parallel 

processes are induced by small and large doses and that the precise order of 

administration of the high and low doses are less important than the absolute fact of two-

dose administration.   On the other hand, differences seen in cells seeded 6 h or 24 h 

before irradiation could be due to cell cycle arrest, synchronization or “lag” after 

trypsinization.  

T98G and HaCaT have a mutant p53 whereas HCT116 p53+/+ cells have a wild-type p53 

and the different p53 status could influence the outcome of RAR.   Indeed, Miller et al. 

(2016) and Marley et al. (2017; 2018) tested a collection of mammalian cell lines with 

different p53 status and found that wild-type p53 cells (including HCT116 p53+/+) 

developed RAR whereas mutant or null p53 cells developed a radiosensitive response 
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instead.   In the current study, we also found that HCT116 p53+/+ with a wild-type p53 

developed RAR with the priming dose of 5 mGy as well as 0.1 Gy.    We also found that 

when cells (HCT116 p53-/-) had no p53 expression, RAR disappeared but was not replaced 

with a radiosensitizing response as previously reported by Miller et al. (2016) and Marley 

et al. (2017; 2018).   On the other hand, in contrast to those authors’ work, T98G and 

HaCaT with a mutant p53 also did not develop radiosensitizing response.  In T98G cells, 

p53 has a Met237 mutation (Van Meir et al., 1994) and has no functional activities 

(Schmidt et al., 2001).   HaCaT has His179 and Arg282 mutations (Lehman et al., 1993) 

and has partial functions.  Arg282 is one of the hotspot mutations and frequently 

mutated in many cancers (Kamaraj and Bogaerts, 2015).   Arg282 mutation has been 

shown to acquire a gain of function (Zhang et al., 2016) and is attributable to an 

alternative radio-responsive apoptosis pathway in HaCaT cells (Henseleit et al., 1997).   

The likely contribution of different p53 mutations to the different responses of cells to 

low-dose biophoton radiation was recently linked by Le et al. (2017b).   Our results 

suggest that there are other factors besides p53 that regulate RAR.     

The mutual relationship between HRS/IRR and RAR phenomena has been previously 

implicated (Marples and Joiner 1995; Ryan et al., 2009).   T98G and HCT116 p53+/+ were 

HRS/IRR-positive (Short et al 1999; Enns et al., 2004) and developed RAR whereas HaCaT 

and HCT116 p53-/- were HRS/IRR-negative (Enns et al., 2004; Ryan et al., 2009) and did 

not develop RAR.    Although common molecular players that participate in the 

orchestration of mechanisms that enable HRS/IRR and RAR are not known, our data in 
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this work further corroborated the previous notion that both phenomena may share 

some interconnected biochemical pathways activated by low-dose radiation.  

The most surprising finding in the current study was with HCT116 p53+/+.   Pre-

conditioning had either no effect of radiosensitizing effect while post-conditioning could 

induce both radiosensitizing and radioresistant traits and the difference in outcomes was 

due to how the conditioning conditions were formulated.    Our results have implications 

in clinical oncology where diagnostic imaging doses may present a potential challenge 

affecting the treatment outcome for cancers with HRS/IRR traits as well as in health 

physics concerning occupationally exposed nuclear workers or bystander residents living 

in radioactive-contaminated areas.        
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4.1  Supplemental Material 

  In this section, it was tested whether the HCT116 p53 +/+ cells doubled within the 

time span of the above experiments. Since several of the experiments radiation 

treatment was performed 24 hours after seeding, and then the 2nd dose of radiation five 

hours that (at the 29 hour mark), checking to see if cells were doubling during this time 

frame would help determine whether the pre-/post-conditioning treatments had an 
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additional variable that might have to be considered. It is useful to know whether or not 

the cells doubled especially during the 5 hour window as this might be another area to 

consider when determining the factors by which the pre-/post-conditioning treatments 

affected the clonogenic survival. 

  In Figure 8 (or Figure S1), an experiment was performed using the BioRad 

Automated Cell Counter TC10. Briefly, 1 million cells were seeded into triplicate T25 

Falcon flasks with 5mL of culture medium, and then trypsinized, a single cell suspension 

created at a time 24 hours and 29 hours later. From the single cell suspension, 10 μL was 

taken and placed into the automated counter via a counting slide. The counter had 

determined the results of the cell concentration. It can be shown from the results that 

there is no apparent difference between the cell concentrations at 24 hours and 29 

hours, for n=3 replicated flasks. 
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Figure 8: Cell concentrations check at 24h and 29h after seeding using an Automated 

Cell Counter 

 

   Afterwards, a follow up experiment was performed to test for cell doubling 

using a very small number of cells, within the typical clonogenic assay range. Briefly 

500 cells were seeded in T25 Falcon Flasks containing 5mL cell culture medium, 

with n=3 triplicates. After 24 hr and 29 hr the flasks were removed of medium and 

stained with Carbol Fuchsin (1:4 dilution to water). Cell singlets and doublets were 

manually counted under a microscope and scored manually as well, with the results 

shown in Figure 9 (or Figure S2). The results show that in each case at 24h and 29h, 

there are slightly higher number of doublets than singlet cells. However, comparing 

24h to 29h, the percentage doublet cells were no more at 29 hours than at 24 

hours.  
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Figure 9:  Cell singlet and doublet percentage at 24h and 29h for n=3 triplicates. The 

method was done using 500 cells seeded and stained at the times given, then 

manually counted under the microscope. 
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5   Protein Expression Resulting from Pre-/Post-Conditioning  

 

5.1  Western Blotting Materials and Methods 

 

  The Western Blot technique was used to examine protein expression in their 

isolated forms after a given treatment. The Western Blot method used in this thesis 

had five main components: protein isolation, protein quantification via BCA assay, 

gel electrophoresis, transfer to blot membrane, and finally blocking along with 

primary and secondary antibody addition.  

  The HCT116 p53+/+ cell line was tested and a confluent T75 flask was trypsinized 

with 0.25% trypsin-0.48 mM EDTA in DPBS, neutralized with equal or greater 

volume of cell culture medium, and then centrifuged and resuspended in fresh cell 

culture medium. Cells were then counted using a BioRad TC20 Automated Cell 

Counter to get concentration/mL and then it was calculated which volume would 

be required to seed 1 million cells per T25 experimental flask. Cells were then 

seeded at densities of 40,000 cells/cm2 in 25 cm2 Falcon (Corning) flasks and then 

incubated for 24 h. Following incubation, the lids on the flasks were tightened and 

the cells were carried in a Styrofoam container across campus to the Cs137 TRS to 
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be irradiated. There were 8 flasks set up total: 0 Gy Control, 0 Gy Sham Control, 0Gy 

– 5h – 0.1Gy Control, 0.1Gy – 5h – 0Gy Control, 0Gy – 5h – 2Gy Control, 2Gy – 5h – 

0Gy Control, 0.1Gy – 5h – 2Gy Treatment, and 2Gy – 5h – 0.1Gy Treatment. All 

flasks except the 0 Gy Control were carried to the radiation source room, with the 0 

Gy Sham Control just being a carry control but also remaining unirradiated just as 

the 0Gy Control. The notation “x” Gy – 5h – “y” Gy means that the cells had 

received a dose of “x” Gy, then incubated for a time of 5 hours before receiving a 

2nd irradiation of dose “y” Gy. All Cells brought to the radiation room were kept in a 

non-CO2 incubator immediately beside the radiation room for the 5 hour period 

between the 1st and 2nd irradiation. After the 2nd irradiation, cells were returned to 

the main lab, caps were unscrewed until loosely fitted for air and CO2 circulation, 

and then kept in a 95% air and 5% CO2 incubator for another 12 hours.  

 

 

  The next morning (12h later), the cells were then subcultured in the same manner 

as they had been from the original T75 flask, then protein isolation began. Protein 

isolation started with collecting the cell pellets and washing the growth medium off with 

PBS a few times. The cells were then lysated in the protein lysis buffer using NP-40 buffer 

and protease inhibitor and kept on ice at all times. Centrifugation involved 14000g at 4C 

for 10 minutes. Afterwards, the supernatant was transferred to new tubes without 

disturbing the cell pellets. The supernatant was considered purified protein lysate.  
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  Next the protein concentrations had to be measured for each of the 8 treament 

groups mentioned above. This is to ensure equal loading for the gel electrophoresis stage. 

The PierceTM BCA Protein Assay Kit from Thermo Fisher (CAT: 23227) was used. Diluted 

Albumin (BSA) Standards were prepared in 9 tubes to get a total of 9 final BSA 

concentrations ranging from 0 to 2000 ug/mL. Then the BCA working reagent (WR) was 

preparing using the following equation: 

(# 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑𝑠 + #𝑢𝑘𝑛𝑜𝑤𝑛𝑠)𝑥 (# 𝑟𝑒𝑝𝑙𝑖𝑐𝑎𝑡𝑒𝑠)𝑥 (𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑊𝑅 𝑝𝑒𝑟 𝑠𝑎𝑚𝑝𝑙𝑒)

= 𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑊𝑅 𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑 

Since the experiment had 9 standards from above, and 8 unknown samples (treatment 

groups) as well as the decided 3 replicates and 0.2mL of WR per sample, a total of 10.4 

mL of WR was made. The WR comprised of a 50:1 dilution of reagent A (containing 

sodium carbonate, sodium bicarbonate, bicinchoninic acid and sodium tartrate in 0.1M 

sodium hydroxide) to reagent B (containing 4% cupric sulfate). Finally, an 96-well 

microplate (BD Falcon) was set up by adding in first the 9 standards (control), and then 

adding 3 replicates of each treatment which contained 10 uL of sample with unknown 

protein concentration with 0.2 mL of WR per well, for a total of 51 wells (9 standards 

control and 8 treatment samples of unknown concentration each replicated 3 times). The 

plate was covered, incubated at 37oC for 30 min. and then taken to the BioInterfaces 

Institute at McMaster to measure the absorbance spectrum at 562 nm on a plate reader.  

The results were tallied and graphed below of Figure 10 A B:  
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A                                                                  B 

Figure 10:  

A: Microplate with working reagent and protein standards control (top three rows), and 

working reagent with unknown protein concentration samples. Note that the image was 

captured a couple of hours after creating the WR and protein samples, colors have faded in 

some areas. 

B: Absorbance versus Protein Standard Curve based on control known protein standards, 

from which a best fit equation was acquired and used to interpolate absorbance data from 

unknown protein samples to solve for the corresponding protein concentration. 

A best fit equation was generated from the data points of the standards and interpolated 

to get a protein concentration of each samples based on the absorbance values. Finally, 

the volume to be pipetted to achieve 40 ug of protein from each sample was added to 4x 
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loading dye, water, and 500 mM dithiothreitol, for a final volume of 25 uL of each sample 

to be loaded in to the gel electrophoresis wells. All samples were boiled at 95oC for 5 

minutes. 

 

  In the Gel Eletrophoresis stage, NuPAGE MES SDS Running Buffer (20x) was 

diluted to achieve 1x SDS running buffer, which was used to fill the chambers of the tank. 

Novex Life Technologies precast gels were loaded with a volume of the protein mixed in 

the solution from the previous stage. Novex Sharp Pre-stained Protein Standard was also 

loaded into one of the wells to get a protein standard contrast to compare the protein 

migration to. The gel was run at 150 V for 1 hour at room temperature.  

 

  Next the mini-blot Module was used for Protein Electrotransfer (transfer gel to 

blot nitrocellulose membrane). Each gel, prepared in the previous stage described above, 

was placed as a sandwich in the following order from cathode surface: sponge, filter 

paper, nitrocellulose membrane, gel, filter paper, and sponge. 1x ice-cold transfer buffer 

was used to fill the module core and  entire chambers. The transfer was run for 60 

minutes at 10 V.  

  The final stage, after electrotransfer, involves blocking and antibody additions. 

Blots were blocked in 5% milk-TBST solution for 60 minutes at room temperature while 

on a rocker. Then rabbit polyclonal anti-p53 primary antibody (cat. no. 9282; Cell 
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Signaling Technology, Danvers, MA) added to a blot at a dilution of 1:1,000. On another 

blot, rabbit monoclonal anti-p21 primary antibody (cat. no. ab109520; Abcam, 

Cambridge, MA) at a 1:1,000 dilution was added and both blots were left overnight at 

48C. The next morning, the primary antibody solution was discarded, the blots were 

washed with TBS-T for three times at 5 minute intervals, and the secondary anti-body 

of 1:5000 donkey anti-rabbit (peroxidase-linked) was added in a 5% blocking solution to 

each blot for 60 minutes at room temperature. The secondary anti-body was discarded 

from each blot and then each blot was rinsed thoroughly with TBS-T again. It should also 

be noted that in addition to the p53 and p21 proteins of interest, a loading control, actin 

(42 kDa), was used by blocking the a section of blot (that was cut, removed, and blocked 

in a separate container) and subsequently incubated with rabbit anti-actin primary 

antibody (cat. no. A5060; Sigma-Aldrich). Finally the blots were reading for imaging, using 

the ECL+ Detection (Thermo Scientific cat no: 32209). 0.5 mL of this enhanced 

chemiluminescent substrate was placed on the blots for 5 minutes and then the blots 

were imaged using a ChemiDoc MP (BioRad Laboratories Inc., Hercules, CA) under 

colormetric and chemiluminescent options. This was done to get overlaid images of the 

protein standard (ladder) and the protein bands of interest.  

 

 

 



M.Sc Thesis. - Jason Cohen; McMaster University – Radiation Sciences: Radiation Biology 

 

 

66 
 

5.2 Results 

 

  The results show that the following systematic controls were in place starting with 

the actin protein at 42 kDa. The Actin protein acts as a placeholder to show that the 

Western Blotting technique has been performed to precision and addresses the locality of 

protein separation as per the designated scale on the edge of the blotting membrane.  

 

 

Figure 11: Actin control at 42 kDa in Wells 1, 3, 5, 6, 8-11 (from left-right). 

 

  After having the controls set up, the results of Figures 12 and 13 show the 

Western Blotting results for the p53 status after the experiments were completed. The 

results are shown as a BioRad ChemiDoc Imaging file which has chemiluminescence and 

colorimetric overlay to show on the far edge a scale which confirms the molecular weight 

and thus the protein. The results show that based on the quantity of stain (thickness of 

the band) which is proportional to quantity of protein expression, there was the least 
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protein expression of p53 for the AR adaptive response treatment (pre-conditioning). 

Interestingly, the post-conditioning PC treatment had the highest p53 expression 

according to thickness of band division.   

 

Figure 12: Original image of Western blot membrane investigating p53 status after pre-

/post-conditioning treatments and controls, with visible protein standard ladder on the 

right side. 

 

Figure 13:  Close-up and labelled p53 protein expression from each of the 8 treatment 

groups used in this experiment with the HCT116 p53+/+ cell line. 
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Figure 14 shows p21 expression as a result of various experimental treatments. According 

to the visual representation of protein expression from the blotting protocol, there were 

no remarkable differences in protein expression across all treatment groups. The higher 

dose treatments received more p21 expression than did the low priming or zero dose 

treatments. 

 

Figure 14: p21 western blotting results. Image taken from BioRad ChemiDoc as an overlay 

of colorimetric and chemiluminescent image. 
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5.3 Discussion 

    It is shown from the Western Blotting techniques that the expressions for 

protein p53 have varying results from the pre/post-conditioning treatments 

compared to control large or small dose only. 

 

    The results for p53 status suggest that there is less p53 expression from 

the pre-conditioning treatment compared to post-conditioning treatments. The 

post-conditioning treatment (large dose followed by smaller dose after some time) 

clearly indicates the largest p53 protein expression. Visually the band is quantifiably 

almost twice in thickness for the post-conditioning treatment (PC) compared to the 

pre-conditioning treatment (AR). Interestingly, the post-conditioning control (2Gy – 

5h – 0Gy) has thicker band formation, suggesting higher p53 presence, than the 

pre-conditioning control (0Gy – 5h – 2Gy). In the previous results of section 3 of this 

thesis, parallel comparison of pre-/post-conditioning using clonogenic cell survival 

endpoints, the clonogenic survival of these controls also differed. This may suggest 

that the timing windows play a role, whether the large dose is administered as     

2Gy – 5h – 0Gy, as in the case for the post-conditioning control, or as                    

0Gy – 5h – 2Gy, as for the pre-conditioning control. For the p21 protein expression 

as a signal cascade, there were no notable differences in protein expression. 
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6  Quantifying Cell Luminescence in a Gamma Field via Photon Detection 

 

 

6.1  Photon Detection Overview 

   

 

    The purpose of the following experiments was to show and quantify 

photon emissions, also referred to as cellular luminescence or BioPhotons, of 

biological material from gamma-radiation. The photon emission data upon 

irradiation of colorectal carcinoma cells (HCT116 p53+/+) was assessed following 

gamma ray exposure from the Cs-137 source previously described in the beginning 

of the thesis. A single-photon-counting system was used and shielded with lead to 

reduce counts from stray gammas reaching the detector. In the presence of gamma 

radiation, a higher photon emission was observed when cells were present and 

being irradiated compared to background without cells. In a gamma-field, photon 

emission quantity depended somewhat on the cell density. The results show that 

there is an increase in photons present upon cells being irradiated by gamma 

radiation. The amount of photons emitted in the presence of cellular material 

depend on, but are not limited to, cellular density and wavelength of release.  
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6.2  Materials and Methods 

 

Cell Cultures 

   The human colorectal cancer cell line HCT116 p53+/+ was used to 

investigate the emission of biophotons from human cells upon direct gamma 

irradiation. The cell line was cultured in the Roswell Park Memorial Institute (RPMI)-

1640 medium supplemented with 10 % fetal bovine serum (FBS), 2 mM L-

glutamine, 25 mM HEPES, 100 U/ml penicillin, and 100 µg/ml streptomycin. All 

tissue culture reagents were obtained from Gibco/Life Technologies (Grand Island, 

NY), unless otherwise specified. The cell line was provided by Dr. Shane Harding 

(University Health Network and University of Toronto, Toronto, ON). 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 (Cohen 

et al., 2019; Vo et al., 2017).  
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Single Photon Counting 

   The single photon detection unit consisted of a Hamamatsu R7400P 

photomultiplier tube (PMT) (Hamamatsu Photonics, Bridgewater, NJ, USA) 

configured with a specific interference-type band filter of choice. The detection unit 

had been previously used to quantify the UV biophoton emissions from cultured 

human cells irradiated with beta particles (Ahmad et al 2013; Le et al 2015; 2017). 

The PMT was set to a high voltage −800V. In some cases, for the gamma irradiation 

measurements -1000V was tested to see if there was any difference between the 

treatment groups as a result, and there were no observable differences between 

the groups from this.  

 

γ-Irradiation 

   Densities of 250k, 500k, 750k, 1m and 4m cells were seeded into 75-cm2 

tissue culture flasks (BD Falcon) containing 15 mL of the growth medium. Control 

flasks had the same medium but without cells and served as a control for the 

experiment. After 24h incubation, all flasks were brought to the McMaster 

University’s Taylor Radiobiology Suite that had Cs-137 as the gamma source.   
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   The single photon counter was set up 75 cm directly below the circular 

opening of the Cs-137 source containment unit. In one instance, with 4m cells, the 

single photon counter was either set up as closely as possible to the radiation 

source (~22cm) or as far away as possible from the radiation source (~150cm) to 

briefly test whether large fluctuations in dose rate had an effect on cell 

luminescence. The detector lies within a chamber that is light tight, in order to 

prevent any outside light sources from affecting measurements. The detector is 

angled and facing downwards with the detector window directly parallel to the wall 

of the T75F that cells would anchor to. Directly above the detector was 2.2” of lead 

shielding held on top by a Styrofoam piece, and behind the detector were two – 1” 

blocks of lead shielding. Because the detector was several cm away from the flask, 

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. Measurements 

were run up to 20 times on five independent sessions and exposure times lasted 

30s each run.  
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Figure 15: A top-down view of the exact setup in how measurements took place. The flask 

is angled so that the wall containing the cells (or lack therof) is parallel to the detector 
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window, ~6 cm away. When the lid is on, this entire area is dark and free from stray light. 

 

Figure 16: A schematic of the photon detector in the gamma-irradiator 
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Shielding, detector factors and background considered 

 

  The background counts without any radiation or cells present was very low, 

approximately 1 count per 3 to 5 seconds. Next, it was checked whether tritium-

water in the cells, which involved β- interactions, would elicit a BioPhoton response. 

This study was previously performed using the same detector with similar settings 

(Michelle Le, McNeill, Seymour, Rainbow, & Mothersill, 2015). This was done by 

setting up a 100mm x 15mm 56.5cm2 petri dish (Falcon) containing ~200,000 cells 

which were originally seeded with 5mL fresh cell culture medium, and the medium 

was replaced with ~15mL of tritiated water (unknown activity). Tritium waste from 

previous experiments was reused by filtering with Acrodisc Syringe Filter with HT 

Tuffryn Membrane (Pall* Life Sciences 0.2 um Pore Size) with a 30mL syringe tube. 

This was to remove any cellular debris and sterilize the tritium solution so that only 

diluted tritium would be used. However, because the tritium was diluted in multiple 

experiments prior to this study, the activity of tritium per unit volume of solution 

was unknown. The original activity of tritium was 1 mCi per 1 mL of pure H2O. 

Consulting to previous tritium users (experimenters) allowed to find a better 

estimate of approximate tritium activity from the waste container. It was found that 

a minimum of ~25 mCi (25mL) of tritium was used and the waste container that 

contained the tritium was ~1500mL. Regardless of this second hand knowledge and 
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primary observations, the tritium concentration could not be quantified with 

certainty at the time of the experiments. After the 15mL of tritium solution was 

placed in the petri dish containing 200,000 cells, the dish was placed directly below 

the detector at ~3cm from the cells to the detector window. Counts were measured 

for 300 seconds, and the total count output was 292 ±17 Counts, or 1  cps. Then 

15mL of tritium solution was placed in another petri dish without cells, and for 

another 300 seconds the measurement took place. The total count output without 

cells was measured at 346 ±19 Counts, or 1.2 cps. Therefore from this observation 

there was little to no measurable difference with cells present. However, it appears 

that compared to background counts without any tritium dishes present, which was 

measured at approximately 1 count ever 3-5 seconds, that there is a very small 

amount of interaction of the tritium with the materials in the dish itself.  

 

  After control measurements were taken, the experiment was set up to allow for 

gamma-ray interactions to be observed. HCT116 p53+/+ cells were seeded at a 

densities between 250,000 cells, 500,000 cells, 750,000 cells, 1 million cells, and 4 

millions cells.  

 

   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 
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Build-up factor is the ratio of photons at a point to those that make it to the point without 

being scattered. When the gamma radiation reaches the Pb material, it will interact with 

Pb and some of the radiation will scatter or produce secondary radiation. This secondary 

source of radiation can make it through the shielding material, along with the less than 

0.5% that did not at all 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 tables from Nuclear Data. For 660 keV gamma-ray photons passing 

through 5.5cm of the Pb shielding material: 

 

Without considering the build-up factor, approximately 5.5 cm of lead shielding will block 

>2 TVLs or about 99.5% of the initial gamma radiation. However, the buildup radiation 

will result in the following equation: 

 

 

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 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 (mpf) is required, 
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which is based on the mass attenuation coefficient and the density of Pb:  

 

# mfp =   
𝜇

𝜌
𝜌 = (0.1102 𝑐𝑚2𝑔−1)(11.35 𝑐𝑚3𝑔) = 1.25 𝑐𝑚−1 

 𝜇 ∙ 𝑥 = (1.25𝑐𝑚−1)(5.5𝑐𝑚) = 6.875 

 

 

  The information to find the mass attenuation coefficient for 662 keV gamma-rays 

is found here in another table (United States National Institute of Standard and 

Technology, NIST Physical Measurement Laboratory). Next, the buildup factor can be 

easily found in the table (Nucleonica European Atomic Energy Community, Dosimetry & 

Shielding) based on the # mfp and the energy. Therefore, the build-up factor for this 

scenario is 2.31. 

Using the tables provided, for a point source in Pb, and interpolating for 0.661 MeV, and 

then interpolating for mfp = 1.25, yields B = ~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 ∙ 0.85)/(4 π ∙ 702)  =  255.4 ∙ 106 γ ∙ 𝑐𝑚−2 ∙ 𝑠−1 
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Therefore shielded (full energy) fluence rate would be 266.8 × 103 γ ∙ 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 be 120 × 104 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 ∙ 𝑐𝑚−2 ∙ 𝑠−1. 

 

  It must be stressed that the actual number of biophotons emitted is actually a lot 

greater than what was being detected. This is in part due to attenuation from the 

photons passed 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 detector which is not all-encompassing across the cellular 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 

   𝛺 =  ∬ sin 𝜃 𝑑𝜃𝑑𝜑
𝑆

 . The solid angle, defined as the surface area of a sphere that is 

enveloped by the projection onto the sphere, or 𝛺, is found by integrating over the 

surface S across its polar (𝜃) and azimuthal (𝜑) angles. Ideally if the entire range of 

photons were picked up by the detector across all cells on the plane, the solid angle 𝛺 =

4𝜋. However, because there is a plane (or slab) of cells which are emitting photons across 
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all directions in a spherical geometry around them, and a detector of a small circular 

window that is approximately situation 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 

(Zaluzec, N.J XEDS Tools Solid Angle Calculator TelePresence Microscopy Collaboratory; 

Zaluzec N.J 2014).. 

 

 

 

ii) Attenuation of biophotons due to i) cellular material ii) flask material iii) air/space 

between emission source and detector window 

𝐼𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = 𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 × 𝑒−(𝜇𝑐𝑒𝑙𝑙∙𝑥1+ 𝜇𝑓𝑙𝑎𝑠𝑘∙𝑥2 + 𝜇𝑎𝑖𝑟∙𝑥3) 

Where: 

 𝜇𝑐𝑒𝑙𝑙 = ~0.2 𝑐𝑚−1 𝑓𝑜𝑟 0.05 𝑚𝑚 𝑜𝑓 𝑡𝑖𝑠𝑠𝑢𝑒 

𝜇𝑓𝑙𝑎𝑠𝑘 =  0.178663 𝑐𝑚−1 𝑓𝑜𝑟 𝑝𝑎𝑟𝑎𝑓𝑓𝑖𝑛 𝑤𝑎𝑥 𝑜𝑓 𝑐𝑙𝑜𝑠𝑒 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 𝑡𝑜 𝑡ℎ𝑒 𝑓𝑙𝑎𝑠𝑘   

   𝜇𝑎𝑖𝑟 = 0.0001039 𝑐𝑚−1 
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(Chen et al. 2015; Mousa A, Kusminarto K, Suparta G B 2017;  The Risk Assessment 

Information System, University of Tennessee 2018) 

 

x1 = distance for biophotons to pass through the cell, or cell diameter = 0.00174cm 

(Tahara et al., 2014) 

x2= distance for biophotons to pass through thickness of flask wall = ~2mm  

x3= distance from flask wall to detector window = ~6cm 

 

  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 =  𝐼𝑡𝑟𝑢𝑒 ×  𝑒−(𝜇𝑐𝑒𝑙𝑙∙𝑥1+ 𝜇𝑓𝑙𝑎𝑠𝑘∙𝑥2 + 𝜇𝑎𝑖𝑟∙𝑥3) ×  𝛺  

𝐼𝑡𝑟𝑢𝑒 =  
𝐼𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑

𝑒−(𝜇𝑐𝑒𝑙𝑙∙𝑥1+ 𝜇𝑓𝑙𝑎𝑠𝑘∙𝑥2 + 𝜇𝑎𝑖𝑟∙𝑥3) ×  𝛺
 

If we take the case of 340 nm measurements, which observed a detected Biophoton 

count rate (above background levels) as 19974 cps, then the actual number of 
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Biophotons emitted at the time of detection was: 

 

𝐼𝑡𝑟𝑢𝑒 =  
19.974 × 103 𝑐𝑝𝑠

𝑒−(𝜇𝑐𝑒𝑙𝑙∙𝑥1+ 𝜇𝑓𝑙𝑎𝑠𝑘∙𝑥2 + 𝜇𝑎𝑖𝑟∙𝑥3) ×  0.0079
 

𝐼𝑡𝑟𝑢𝑒 = 2.623 × 106 𝑐𝑝𝑠 

Therefore the true biophoton rate of emission at the time of measurement was 

theoretically 2.623 × 106cps. 

 

 

6.3  Results 

γ-Irradiation 

   The results from gamma-irradiation show an observed difference in 

photon emission when cellular material is present. In Figure 17 it is shown that a 

polystyrene flask irradiated for 30s, at ~70 cm from the presence of a 50 Ci Cs-137 

gamma-source resulted in an average non-significant increased emission of 26,000 

Counts. Compared to a polystyrene flask alone, a flask containing 500,000 cells 

reached 79,000 Counts above background, which is approximately 53,000 Counts 

above the flask alone, and higher than both of the calculated individual errors.  
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Figure 17: Average Counts from 30s exposure to γ-Irradiation with a 610nm filter. The 

counts were subtracted from background (detection of stray gammas only) for each 

independent trial.  
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   Additionally, it is shown in Figure 18 that changes in cell density may result 

in changes in cell-luminescence output (shown as count rate in counts per second). 

The experiments were performed such that each flask was placed in front of the 

detector, the measurement took place for 30s while the Cesium 137 gamma-source 

was exposed, and then afterwards the flask was replaced with a flask of different 

cell density, going from Flask Only (no cells), to 250,000 cells, 500,000 cells, 750,000 

cells, and 1 million cells. The filter that was on the detector during all 

measurements was that for 610 nm. 

 

Figure 18: Average Count rate from 30s exposure to γ-Irradiation with a 610nm filter. 

The count rates above were background corrected (subtracted from the detection of 
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stray gammas only, with no flasks present) for each independent trial, n=9. Different 

cell densities were used with Flask Only indicating no cells present during the 

measurements. 

 

   Afterwards, the filter was changed to encompass the 340 nm Ultraviolet A 

(UV-A) wavelength. It is shown in Figure 19 the count rate from 250,000 cells under 

detection in a gamma field for 30s compared to a detector facing only a flask (no 

cells). The results are tabulated as a count rate (counts per second) after being 

converted to count rate from dividing the total counts recorded in the 30 s run by 

the 30 s time. 
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Figure 19: Average Count rate from 30s exposure to γ-Irradiation with a 340nm filter. 

The count rates above were background corrected (subtracted from the detection of 

stray gammas only, with no flasks present)  for each independent trial.  
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were set up to track any effects of distance from radiation source (dose rate) versus 
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there was no difference in count rate either at 23cm (highest possible Dose Rate of 
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(Dose Rate of roughly 0.012Gy/min), as depicted in Figures 20 and 21. Note that the 

actual dose rate following a 
1

𝑟2
 inverse-square law would results in ~0.008Gy/min, 

however the dose rate estimates at a distance of around 150cm were based on a 

conservative model, adding some height for the flask being inside the detector, and the 

casing being several centimetres above ground. 

 

Figure 20: 4 million cells seeded, and no differences in observed count rate from 

changes in dose rate at highest dose rate 0.35Gy/min. 
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Figure 21: 4 million cells seeded, and no differences in observed count rate from changes in 

dose rate at lowest possible dose rate for the Cs137 source 0.012Gy/min. 
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exposed to a fair amount of bright light due to opening and closing the lid of the 

unit several times, and the light in the room the detection system was in at the time 

was much brighter than the irradiation room. 

 

Figure 22: Photon emission detected immediately AFTER irradiation for 4 million 

cells, and compared to natural background or flask only. 
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sources (Ahmad B S 2012; Le M 2018). The work that was done in this thesis using 

gamma-radiation can be compared to the previous two beta sources in Table below: 

 

Source & Activity (or 

Dose Rate): 

Cells-

Detector 

Distance: 

 

Background 

Counts per 

Second  

(absence of 

cellular 

material): 

Fluorescent Counts per Second (with cells): 

Yttrium-90,  

703 μCi 

 

(Max E(β) = 2.28 

MeV;  

Avg E(β)  = 0.933 

MeV) 

2cm 2767 counts/s 45,000 counts/s  (with 10,000 cells/5mL)  

Tritium-Water (H3),  

857.5 μCi  

4cm   (?) 1200 counts/s (with 2000 cells/cm2, 200,000 cells 

total) 
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  It can be shown that the gamma-source used in these experiments is very high in 

the dose rate used to irradiate the cells compared to the previous research on the 

tritium irradiated HaCaT cells (Michelle Le et al., 2015). It should be noted that the 

background counts are quite high due to reasons mentioned in the explained 

 

(0.347 mGy/min, 

total dose = 0.5Gy)  

 

(Max E(β) = 18.6 

keV;  

Avg E(β)  = 5.7 keV) 

Cs-137,  

~7500 Ci 

 

(Dose rate at 60cm = 

0.052 Gy/min.) 

6cm 140,000 

 counts/s 

 2000-20,000 counts/s (with varying cell densities 

and filters) 
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section of the methods under background. However, even still, for when a 610 nm 

filter is used, the count rate from a flask containing cells jumps to up to 2000 

counts/second higher than background. Since radioactive decay is modelled by the 

Poisson distribution, if the mean background is 140,000 counts/second then 

counting statistics error can take the square root of the mean background counts 

and then divide by the run time of the measurementswhich gives approximately 

4,200,000 ±√4,200,000

30
=  

4,200,000 ±2049

30 
= 140,000 ± 68 𝑐𝑝𝑠 as the background. 

Measurements taken with values higher than the background and above the error 

can be comparatively, namely irradiated cell concentrations of 250,000 cells, 

500,000 cells and 1 million cells per 75 cm2 flask at 610 nm wavelength filtering. 

 

  Additionally, at the 340 nm wavelength filter which was of interest due to the UVA 

characteristic emissions, count rates reached as high as 20,000 counts/s above 

background levels for cellular concentrations of 250,000 cells/75cm2 flask. This 

characteristic 340 nm is also noted to result in highest count rates in previous 

biophoton work performed (Ahmad et al., 2013; Michelle Le et al., 2015). 

 

    In the cases where 4 million cells were used with a 340nm filter, 

interesting results were shown in Figures 20, 21, and 22 around varying the dose 

rate or intensity of damage to the count rate of cell luminescence as well as testing 
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cell luminescence immediately following radiation damage. However, there were 

no notable changes across these experiments and results could be followed up with 

using different cell densities to confirm these findings or to see any patterns 

thereof.  

 

7  Radiation Induced Bystander Effects and BioPhoton Cell-Cell Signalling  

 

7.1  Radiation Induced Bystander Effects and BioPhoton Emission 

Quantification Materials and Methods  

 

  In order to observe any effects of cell communication from BioPhotons after 

incident gamma irradiation, primary considerations must first be made to develop 

an experimental apparatus to host the cells. First, a light tight box containing black 

paper inside was used as a holder for all cells, direct irradiated and reporters. There 

was a lid on top of the box that could be easily opened and closed moderately 

tightly in order to place and retrieve cells. The reporter cells were to made taped 

with a very thin, clear piece of tape to the inside top center of the box, which will sit 

directly below the source opening with heavy lead shielding (which will be 

discussed further below) place in between the radiation source and those cells. 

Next, 4 larger T75 flasks containing 300,000 cells would be placed at ~45o angles at 

the sides of the box, without shielding at the top. Geometry was an important 
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consideration to minimize  
1

𝑟2 photon density distribution and maximize fluence. 

The trade-off was that the cells had to be placed far enough to be exposed by full 

intensity gamma radiation while being close enough to the shielded reporter flasks 

to minimize the inverse square dependence of distance for UV photon dose. A 

distance of ~4-10cm was achieved (4cm being the closest and 11cm being at the 

bottom ends of the flasks). After taking into account the type of box used, the 

shielding, and geometry, the next consideration was dose of gamma radiation to be 

delivered to the directled irradiated flasks. In previous work (Michelle Le et al., 

2015) it was observed that as the radiation dose increased, the BioPhoton emission 

will also increase. However, this dose delivered is another trade-off with the fifth 

consideration, temperature, because the cells are being irradiated in a room with 

ambient temperature ~22o-26o, which is much colder than the standard incubation 

temperature of 37.5o Celsius. Therefore the cells should be irradiated with exposure 

times less than around 25-35 minutes, as above this time the cells will reach a low 

enough temperature where cell function can be compromised. Finally, the sixth 

consideration was the number of cells to seed in the directly irradiated flasks. 

Previous research has shown that seeding numbers above 2000 cells/cm2
 would 

reduce the UV photon damage received by the reporter flasks (Michelle Le et al., 

2015). To maximize the photon output while keeping a consistent cell density 

within this boundary, large T75 flasks (Falcon) were used with surface area ~75cm2 

which is almost an additional 20 cm2 cell growth area, or 25% larger, cell growth 
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area than the petri dishes used in the previous research. Additionally, in contrast to 

the previous research done, there were 4 of the 75cm2 Flasks used as directly 

irradiated flasks in these experiments compared to 1 petri dish at 56.5cm2 (Falcon). 

  

Figure 23: Schematic of flask arrangement to perform crude testing of cell-cell 

signallgin through UV BioPhotons. Grey color here represents shielding, whereas 

black represents the enclosed case that was kept dark during measurements. The 

orange color represents gamma irradiation and the green represents potential 

BioPhoton signals. 
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Figure 24: A layout of the flasks before the top cover was placed directly over the rest 

of the enclosure. 
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A                   B   

Figure 25: A shows the direct setup of the experiment just before irradiation, 

including the shielding placement. B shows a rough schematic using stock images of 

how the flasks were placed relative to the Cesium 137 radiation source opening. 

  The distance from the flasks to the radiation source was chosen to be 30cm, with 

a dose rate of ~0.211 Gy/min. Appropriate shielding was estimated using lead 

blocks surrounding the flask enclosure. To define shielding, the Tenth Value Layer 

(TVL) was looked at which is defined as the thickness needed to reduce radiation 

intensity to 1/10 of the original value. The equation given: 

 

(U.S NRC Regulatory Documents – Basic Health Physics – 32 Shielding Radiation;   

Research University of Cincinnati – Isotopes: Cs137) 
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Represents the TVL for any source where μ/ρ is the mass attenuation coefficient 

(cm2/g) and ρ is the density of the shielding material. For Cs-137 shielded by lead 

(Pb), the thickness required for 1 TVL is approximately 0.9”. In all experiments it 

was decided that 2.2” of lead (or 2.44 TVL) will be used to shield directly above (and 

directly below the Cs137 radiation source opening) of the “unirradiated reporter 

flasks”. The sides will be partially shielded with ~2” of lead, and the bottom will be 

shielded with 1”-2” of lead (2” directly below the reporter flasks). 

 

For a Cs-137 1 kCi γ-Source at ~27.1 cm away there is a general uniform 

photon distribution within marginal error of 3% (estimations for error 

based on error from 20.3 cm distance). The build-up factors for γ-

energies over 500 keV were calculated using Taylor’s form: 

 

(McMaster University Radiation Sciences Graduate Program – Medical Physics 775 

Byun S H, 2016) 

For an assumed point isotropic source, the equation used for finding the reduced 

dose based on a given thickness of lead shielding is: 

 Where    
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This equation shows that the dose rate (in Gy) after shielding is equal to the original 

dose rate (without shielding) multiplied with the build-up factor, and an exponential 

attenuation containing the linear attention coefficient for shielding material (μ, in 

cm-1) and the thickness of the shield (R). The original dose rate is a product of 

Activity of the source and specific gamma constant (𝛤 = 0.33 𝑓𝑜𝑟 𝐶𝑠137) divided 

by the square of the distance from the source. Both the build up factor B and linear 

attention coefficient μ are found in respective tables based on lead (Pb) shielding. 

 

  From the calculations above it was found that based off of 2.4 TVLs (or 2.2” of Pb 

shielding) would result in 6142 mR/h exposure = 1.706 x 10-5  Gy/s. This would 

result in ~10 mGy dose to cells in ~10 minutes exposure. 

 

  Another consideration was that in a gamma field contained within a closed room 

as this setup, there will be stray gamma rays from backscatter against the walls or 

other surfaces. The gamma rays after scatter are dependent on the scattering 

angle, θ. 

 

Most of the gammas hitting any wall will require at least 120o scattering angle in 

order to reach the unirradiated reporter flasks in the areas where shielding is not 
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present, reducing the gamma energy to 250 keV or less, roughly 1/3 of its original 

energy (Nuclear Physics Compton Scattering Calculators, 2019). 

 

 

 

7.2  Results  

 The results in Figure 26 and Figure 27 represent the outcome from the biophoton 

experiments. A positive control was attempted in order to try to confirm that the HCT 

p53 +/+  and p53 -/- cells were functioning in a manner relative to what was generally 

seen in this lab before. The positive controls are represented in each Figure 26 and 27 by 

CCCM and ICCM which mean Irradiated Cell Control Conditioned Medium and Irradiated 

Cell Conditioned Medium. This would mean that the CCCM was the clonogenic survival 

control for the bystander effect, having received medium transfer from cells that were 

not irradiated and remained healthy, and CCCM is the clonogenic survival of the cells that 

had received medium bathing previously irradiated cells (receiving ~2Gy at a time of 1 

hour prior to medium transfer). The results for HCT p53+/+ for this positive control show 

an approximately 13% decrease in survival from the bystander effect compared to the 

control. The results for the HCT p53-/- show no difference in survival between the CCCM 

and ICCM. These two results are relatively consistent with previous findings 
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  For the BioPhoton Cell-Cell Communication of HCT p53+/+, it is shown that 

compared to the control of flasks only (no cells) on the signalling end, the 

clonogenic survival of cells that were “signalled” by flasks of 200,000 cells receiving 

~3Gy of direct gamma irradiation were higher by 6%. In contrast, for the HCT p53-/-

, there was no difference between the control flask only signals versus the flasks 

with cells signalling to the shielded reporter cells.  

 

 

Figure 26: HCT116 p53+/+ summary of experimental results, n=9, 3 independent 

trials. 0Gy control is completely unirradiated, control plating efficiency, BP Con is the 

BioPhoton control of flasks only signalling to 500 shielded reporter cells, 3Gy DIR BP 
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is flasks containing 200,00 cells receiving ~3Gy Direct irradiation to signal towards 

500 shielded reporter cells, and CCCM and ICCM are the bystander medium transfer 

positive controls. The graph is representing the survival fraction on according to 

various treatments.  

 

 

 

Figure 27: HCT116 p53-/- summary of experimental results, n=9, 3 independent 

trials. 0Gy control is completely unirradiated, control plating efficiency, BP Con is the 
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BioPhoton control of flasks only signalling to 500 shielded reporter cells, 3Gy DIR BP 

is flasks containing 200,00 cells receiving ~3Gy Direct irradiation to signal towards 

500 shielded reporter cells, and CCCM and ICCM are the bystander medium transfer 

positive controls. The graph is representing the survival fraction on according to 

various treatments. 

 

 

7.3  Discussion 

   

   HCT116 p53+/+ cells, which have been previously shown to have a strong 

bystander response through both cellular medium via medium transfer techniques 

as well as BioPhoton signalling through chronic exposure to Triatiated β- irradiation, 

were explored in this study to test whether acute gamma irradiation can induce a 

significant enough UV emission to cause a change in cell survival in unirradiated 

reporters (M. Le, Mothersill, Seymour, Rainbow, & McNeill, 2017). As explained 

above, positive controls were set up as it has been previously shown that this cell 

line with a p53 wild-type presence has significant changes in cell survival from 

bystander medium transfer experiments. There was a difference in cell survival 

between the CCCM, or control conditioned cell medium (medium transfer to 

reporter flasks where there was no irradiation involve to the donor flasks), and the 
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ICCM, or irradiated cell conditioned medium, where 200,000 donor cells were 

irradiated with 1.5Gy and then the medium was transferred to the reporter cells 

one hour later. This difference is shown in the Figure 26 and was ~10%.  

 

  For the testing of whether irradiated cells would be able to communicate damage 

from radiation through UV photons, which would in turn damage unirradiated 

reporter cells enough to be an observed effect in the clonogenic survival of HCT116 

p53+/+, it can be seen there was a 6% non-significant increase in cell survival 

between the BP Con, which is the control representing reporter flasks exposed to 

irradiated Falcon flasks without any cells present to be directly irradiated, and the 

3Gy DIR BP, which is the set of the reporter flasks which have been exposed to cells 

directly irradiated with an acute dose of ~3Gy in 18min. Additionally, the HCT116 

p53-/- had shown no difference in clonogenic survival of the reporter cells signalled 

by the 200,000cells irradiated by 3Gy (3Gy DIR BP), compared to the control which 

were exposed to only empty flasks without cells present. 
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8  Future Directions 

 

  In the pre-/post-conditioning work, there are many endpoints and even more 

modifications to the experiments to gather more information and insights in the 

mechanisms and patterns. For one, flow cytometry could be used to investigate cell cycle 

stage relationship to pre-/post-conditioning. Another important factor aside from cell 

cycle, is investigating cell density and how cell density may affect the relative response 

mechanisms and signalling of cells. Furthermore, and also alluded to in the publication 

shown in this thesis, investigating type of radiation and/or dose-rate on pre-/post-

conditioning would show insight and possibly result in the normalization of the adaptive 

response across different radiation research modalities. 

 

  Following up on the Western Blotting on protein expression, creating a western 

blot procedure at the time 5 hours after the priming dose of radiation (for pre-

conditioning this is when the adaptive effects are likely to kick-in) and/or right after the 

priming dose for post-conditioning, may show more and provide enhanced results, as 

opposed to the work in the current thesis which had utilized the blotting procedure at a 

quite a bit later than that. 

 

              For the experiments of using a photon counter to detect cell-luminescence as a 
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result of direct irradiation, there are many parameters that can be changed and 

considered. Of such parameters, considering the utilization of more shielding and the 

placement of shielding around the detector, while ensuring the cells are still receiving the 

right dose of radiation, will be paramount in reducing background counts. Additionally, 

using more filters and cell densities may help to map out further patterns in cell 

luminescence and to relate to and confirm previous findings. 

 

  The experiments of the BioPhoton cell-cell signalling were only one arrangement 

of a large potential of arrangements of the system. Creating a new apparatus or 

geometry to irradiate cells while keeping them as close as possible to the unirradiated 

reporter cells would result in a better possibility of seeing effects, as the 
1

𝑟2 photon 

density distribution decreases. The use of reflective mirrors could be a useful application 

in order to create more concentrated BioPhoton signals to reach either reporter cells or a 

photon detector. The purpose of the mirror would be to project BioPhotons that are 

emitted in all directions from an irradiated flask, and then direct the BioPhotons to the 

target (reporter cells or detector) which where not on an original path towards that 

target. The most important consideration when using a mirror is its reflectance. Normally 

mirrors sold for everyday purposes have a glass surface, or substrate, with a sheet of 

aluminum underneath, which could result in much of the UV photons being absorbed and 

not effectively transmitted. Lab purpose mirrors such as first surface mirrors which have a 

high reflectance coating on the first surface and therefore incoming photons do not need 
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to pass through another material first before being reflected or enhanced metal coating, 

can be quite useful in these applications (Edmund Optics Resources - Metallic Mirror 

Coatings, 2019). Additionally, dielectric mirrors, or enhanced metal coatings, can also 

enhance the reflectance (Edmund Optics Resources - Metallic Mirror Coatings, 2019). The 

chart below shows below that DUV Aluminum would be ideal for increased reflectance 

from 120-400nm wavelength range. 

 

 

Figure 28: UV-NIR Spectrum and the most suitable reflecting materials as provided by the 

Edmund Optics Company  
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Additionally, exposing the cells for a longer, chronic period of time to radiation 

while keeping them in appropriate temperature conditions would be optimal, 

especially to follow off of previous BioPhoton experiments where the tritium 

irradiated cells were chronically irradiated and signalling to the reporter cells while 

in the incubator for 24 hour periods. 
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  10    Appendix A: Raw Data  

 

 

Pre-/Post-Conditioning Experiments: 

 

1. 5Gy HT29  

 

2. 
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*Trials that were excluded due to low plating efficiency or experimental errors (ie. wrong irradiation times) 

 

4. 

 

 

*Trial 1 excluded due to poor plating efficiency for Sham and 0 Gy controls 
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7. 

 

 

 

BioPhoton Experiments using single photon counting detector (data is in photon counts after 30s 

runs): 

1. 610nm Wavelength Filter, ~70cm distance from Cs137 Gamma-radiation source, 30s runs: 
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2. 250,000 cells seeded, 340nm Wavelength Filter, ~70cm distance from Cs137 Gamma-radiation source, 

30s runs 

                           

 

   

 


