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Featured Application: Preliminary in vitro screening of radiation–drug combinations within a
clinical set-up.

Abstract: We designed and developed a multiwell tissue culture plate irradiation setup, and intensity
modulated radiotherapy plans were generated for 96-, 24-, and 6-well tissue culture plates. We
demonstrated concordance between planned and measured/imaged radiation dose profiles using
radiochromic film, a 2D ion chamber array, and an electronic portal-imaging device. Cell viability,
clonogenic potential, and γ-H2AX foci analyses showed no significant differences between intensity-
modulated radiotherapy and open-field, homogeneous irradiations. This novel platform may help to
expedite radiobiology experiments within a clinical environment and may be used for wide-ranging
ex vivo radiobiology applications.

Keywords: intensity-modulated radiotherapy; in vitro radiobiology platform; personalised radiotherapy;
preclinical radiotherapy studies; radiation-drug combinations

1. Introduction

Radiotherapy is an important cancer treatment modality as more than half of can-
cer patients will require some form of radiotherapy during their illness [1]. Preclinical
radiobiology experiments can provide valuable information about tumours and normal
tissue radiation effects at the molecular level and serve as a framework to study radiation–
drug combinations. These preclinical explorations may assist in developing clinical trial
strategies, which can ultimately improve the outcomes of radiotherapy treatments.

Various approaches have been used to improve the therapeutic ratio in radiother-
apy [2]. A large number of novel anticancer agents targeting cancer cell signalling pathways
and several immunotherapy agents are now in routine clinical use. Combining these novel
agents with radiation offers many therapeutic opportunities [3]. The challenge is to suggest
optimal clinical radiation–drug schedules given a large number of potential combinations,
doses, and schedules of each agent.

Preclinical models can help to explore this large experimental space of radiation–drug
combinations, but each of them has its advantages and disadvantages [4]. In vitro models
and assays are commonly employed for the preliminary screening [5,6], and large tissue
culture vessels and laboratory irradiators are widely used for this purpose [7]. These allow
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one to culture large numbers of cells and enable homogeneous radiation dose distributions
across the tissue culture vessel. However, their large size may also mean that only a
limited number of experimental conditions are possible per tissue culture vessel, which
may have resource and cost implications [8]. Furthermore, when multiple tissue culture
plates are used for replicate experiments, variations such as differences in incubation
and drug exposure times, and exposure to different environmental conditions can lead to
unintended variations between experiments. A high-throughput in vitro platform that is
efficient, quick, and predictive would help to address some of these challenges.

A high-throughput in vitro platform would help to examine human-derived tumours,
which, compared to animal models, avoid variabilities due to interspecies differences,
and offer an opportunity to test other cells in the tumour microenvironment, such as
vascular endothelial cells, which may be important to the radiation response. Additionally,
this platform would enable testing various radiation response modifiers and potentially
personalising radiotherapy through mathematical modelling [9].

Intensity-modulated radiotherapy (IMRT) is a well-established clinical radiotherapy
technique where the delivery of radiation beams is dynamically modulated to create
nonuniform radiation beam intensities. This nonuniform radiation beam profile potentially
offers the ability to deliver different radiation doses to a single multiwell tissue culture plate,
which may help to expedite the screening of numerous radiation–drug combinations. There
are concerns regarding radiation beam homogeneity between and within, individual wells
when multiwell tissue culture plates are used due to a lack of full scatter conditions due to
air cavities and multiple tissue–air cavity interfaces that potentially introduce variability
between experiments.

We aimed to develop and validate a high-throughput in vitro radiobiology platform
using IMRT and widely available clinical radiotherapy facilities for conducting radiobiology
experiments within a clinical environment and to investigate beam inhomogeneity issues
when using multiwell tissue culture plates.

2. Materials and Methods
2.1. Plate Irradiation Setup, Scanning, and Contouring

A tissue culture plate holder was designed and created in a radiotherapy mould room
facility using Perspex for its near tissue-equivalent properties and ease of manufacture to
irradiate 96-, 24-, and 6-well tissue culture plates (Figure 1A). This holding plate consists of
an upper (with two halves) and lower plate with a space created in the middle to hold three
types of tissue culture plates composed of polystyrene with varying well volumes (6-well,
3 mL; 24-well, 1 mL; and 96-well, 400 µL) and each with dimensions of 128 × 86 mm,
enabling easy handling of the plates without much disturbance of cultured cells during
experiments. The dimensions of this holder were kept sufficient to cover full scatter
conditions. The holder was able to be attached to the indexed immobilisation positioning
system of both a clinical linear accelerator and computed tomography (CT) scanner with a
base plate made of medium-density fibreboard (Figure 1B–D). We positioned 96-, 24-, and
6-well tissue culture plates, with wells prefilled with water representing typical amounts of
tissue culture media, in a CT scanner (GE LightSpeed, GE Healthcare) with the aid of room
lasers (Laser Applikationen, Luvemberg). The plates were scanned (Figure 1B) with an
image slice thickness of 1.25 mm for 96- and 24-well tissue culture plates and 2.5 mm for the
6-well tissue culture plate. The images were then transferred to a radiotherapy treatment
planning system (Varian Eclipse™, Varian Medical Systems, Inc., Palo Alto, CA, USA) and
water columns of individual wells were contoured manually (Figure 2A–F).
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Figure 1. (A) Design of multiwell tissue culture plate holding device. The top plate (stone colour) 
has two halves to facilitate the handling of plates for accurate positioning. The bottom plate is shown 
in light green and a representative tissue culture plate is shown in red. (B) Multiwell tissue culture 
plate scanning in a computed tomography scanner. (C,D) Multiwell tissue culture plate irradiation 
in a clinical linear accelerator. Plates positioned within multiwell tissue culture plate holding device, 
with the use of room lasers for accurate reproducibility. Plate holder attached to the CT scanner and 
linear accelerator by a medium-density fibreboard plate (brown). 

2.2. IMRT and Open-Field Homogeneous Irradiation Planning 
Three individual IMRT plans with target radiation doses of 0, 2, 4, 8, 16, and 24 Gy 

were generated for the 96-, 24-, and 6-well tissue culture plates using nominal 10MV X-
rays. For the 96-and 24-well plate IMRT plans (Figure 2G,H), each column of wells was 
given a target radiation dose. To achieve a good transition of radiation doses, one column 
of wells between each target radiation dose level was sacrificed for the 96-well plate IMRT 
plan. For the 6-well tissue culture plate IMRT plan (Figure 2I), each well was assigned a 
target radiation dose. Using IMRT inverse planning algorithms, an objective was set to 
cover 95% of the target volume by the designated target dose to generate IMRT plans. An 
open-field homogeneous plan was generated for each target radiation dose. 

Figure 1. (A) Design of multiwell tissue culture plate holding device. The top plate (stone colour) has
two halves to facilitate the handling of plates for accurate positioning. The bottom plate is shown in
light green and a representative tissue culture plate is shown in red. (B) Multiwell tissue culture plate
scanning in a computed tomography scanner. (C,D) Multiwell tissue culture plate irradiation in a
clinical linear accelerator. Plates positioned within multiwell tissue culture plate holding device, with
the use of room lasers for accurate reproducibility. Plate holder attached to the CT scanner and linear
accelerator by a medium-density fibreboard plate (brown).
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Figure 2. (A–C) Coronal view of 96-, 24-, and 6-well tissue culture plates showing contouring of 
wells. (D–F) Axial view of 96-, 24-, and 6-well tissue culture plates showing contouring of wells (in 
96-well plate contouring, alternate columns of wells were sacrificed during IMRT planning). (G–I) 
Multiwell tissue culture plate IMRT plans. Contouring are colour-coded (pink—0 Gy, purple—2 Gy, 
green—4 Gy, yellow—8 Gy, light pink—16 Gy, and orange—24 Gy). Radiation absolute dose distri-
butions are shown as dose wash (purple—0 Gy, blue—2 Gy, light blue—4 Gy, turquoise—8 Gy, 
yellow—16 Gy, and red—24 Gy).  

2.3. Verification of the Dose Delivery of IMRT Plans 
Verification of accurate delivery of IMRT plans was performed using a scanner (Ep-

son Expression 10000 XL) and pre-calibrated radiochromic films (Gafchromic™ EBT) [10], 
a 2D ion chamber array (PTW OCTAVIUS Detector 729, Verifisoft v5.1), and an electronic 
portal imaging device (EPID) (Varian TrueBeam™, Varian Medical Systems, Inc., Palo 
Alto, CA, USA) [11].  

2.4. Cell Lines and Tissue Culture 
A melanoma cell line, A375 (American Type Culture Collection, ATCC® CRL-

1619™), and a glioma cell line, LN18 (ATCC® CRL-2610™), were grown in Dulbecco’s 
modified Eagle medium, supplemented with foetal bovine serum (10% for A375 and 5% 
for LN18), 1% l-glutamine and 1% penicillin–streptomycin (all reagents from Sigma-Al-
drich, Gillingham, U.K.) using standard tissue culture methods.  

  

Figure 2. (A–C) Coronal view of 96-, 24-, and 6-well tissue culture plates showing contouring of
wells. (D–F) Axial view of 96-, 24-, and 6-well tissue culture plates showing contouring of wells (in
96-well plate contouring, alternate columns of wells were sacrificed during IMRT planning). (G–I)
Multiwell tissue culture plate IMRT plans. Contouring are colour-coded. Radiation absolute dose
distributions are shown as dose wash (purple—0 Gy, blue—2 Gy, light blue—4 Gy, turquoise—8 Gy,
yellow—16 Gy, and red—24 Gy).

2.2. IMRT and Open-Field Homogeneous Irradiation Planning

Three individual IMRT plans with target radiation doses of 0, 2, 4, 8, 16, and 24 Gy
were generated for the 96-, 24-, and 6-well tissue culture plates using nominal 10MV X-rays.
For the 96-and 24-well plate IMRT plans (Figure 2G,H), each column of wells was given a
target radiation dose. To achieve a good transition of radiation doses, one column of wells
between each target radiation dose level was sacrificed for the 96-well plate IMRT plan.
For the 6-well tissue culture plate IMRT plan (Figure 2I), each well was assigned a target
radiation dose. Using IMRT inverse planning algorithms, an objective was set to cover 95%
of the target volume by the designated target dose to generate IMRT plans. An open-field
homogeneous plan was generated for each target radiation dose.

2.3. Verification of the Dose Delivery of IMRT Plans

Verification of accurate delivery of IMRT plans was performed using a scanner (Epson
Expression 10000 XL) and pre-calibrated radiochromic films (Gafchromic™ EBT) [10], a 2D ion
chamber array (PTW OCTAVIUS Detector 729, Verifisoft v5.1), and an electronic portal imaging
device (EPID) (Varian TrueBeam™, Varian Medical Systems, Inc., Palo Alto, CA, USA) [11].

2.4. Cell Lines and Tissue Culture

A melanoma cell line, A375 (American Type Culture Collection, ATCC® CRL-1619™),
and a glioma cell line, LN18 (ATCC® CRL-2610™), were grown in Dulbecco’s modified
Eagle medium, supplemented with foetal bovine serum (10% for A375 and 5% for LN18), 1%
l-glutamine and 1% penicillin–streptomycin (all reagents from Sigma-Aldrich, Gillingham,
UK) using standard tissue culture methods.
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2.5. Cell Viability

A375 and LN18 cell lines were irradiated in a linear accelerator with the 96-well
plate IMRT plan and with open-field, homogeneous irradiations. The cell viability signal
(measured at 490 nm) of each radiation dose was assessed with the MTS tetrazolium
colorimetric cell viability assay (CellTiter 96® AQueous One, Promega, Madison, WI,
USA). In addition, the cell viability signal was calculated using a colorimetric plate reader
(VARIOSSKAN FLASH, Thermo Scientific, Vantaa, Finland) and analytical software (Skanlt
Software 2.4.5, Waltham, MA, USA). The cell viability signal of each radiation dose of the
IMRT plan was compared to that of the open-field, homogeneous irradiations (measured
from the first six columns of wells).

2.6. Clonogenic Assay

The A375 cell line was seeded with an inoculation density of 500 cells/well in 6-well
tissue culture plates. Plates were irradiated with the 6-well plate IMRT plan and with
open-field, homogeneous irradiations. Clonogenic assays [12] were performed to assess the
clonogenic potential of cells. Plates were scanned after 7–8 days when colonies (a colony
was defined as a group of approximately 50 cells, determined by light field microscopy)
were formed with ChemiDoc-It™2 imager (UVP, Upland, CA, USA) and colonies were
counted using the ImageJ software. The colony number for each radiation dose of the IMRT
plan was compared to that of open-field, homogeneous irradiations.

2.7. γ-H2AX Assay

A quantitative method, an In-Cell Western® assay (LI-COR Biotechnology), was used.
A375 cell line in 96-well plates were irradiated. Two hours after irradiation, cells were fixed
with 4% paraformaldehyde and permeabilised with 0.1% Triton X-100. Cells were stained
for phosphorylated γ-H2AX foci with phosphohistone H2AX (Ser 139) rabbit McAb primary
antibody (Cell Signalling Technology (#9718S), Danvers, MA, USA) and goat anti-rabbit
IRDye secondary antibody (LI-COR Biotechnology, part number 925–3211). Nuclear and
cytoplasmic cell staining was performed with CellTag700 (LI-COR Biotechnology, product
number 926–41090) for the normalisation of phosphorylated γ-H2AX foci (a surrogate
marker for double strand DNA breaks) to the cell number within each well. Plates were
imaged with an Odyssey CLx Imager and the γ-H2AX foci signal intensities were measured
with Image Studio software (LI-COR Biotechnology).

2.8. Evaluation of Radiation Beam Homogeneity

A375 and LN18 cell lines were irradiated in 96-well plates with open-field, homo-
geneous 10 MV X-ray irradiations to 2, 4, 8, 16, and 24 Gy in a linear accelerator (Varian
TrueBeam™, Varian Medical Systems, Inc., Palo Alto, CA, USA). Irradiations (8 and 24 Gy)
were also performed with an orthovoltage unit (Gulmay, Xstrahl) using 250 KV X-rays. The
homogeneity of radiation beams was assessed with cell viability assays. The A375 cell line
was irradiated to 8 Gy using 250 KV irradiations, and phosphorylated γ-H2AX foci signal
levels were analysed to evaluate the homogeneity within wells.

2.9. Statistical Analysis

GraphPad Prism v7 was used to generate graphs and for statistical analysis. Cell
viability, clonogenic assay, and γ-H2AX experimental results from the plate IMRT plan
irradiations were fitted with linear regression modelling and the results were directly
compared with the results of 0, 2, 4, 8, 16, and 24 Gy open-field, homogeneous irradiations.
After normal distribution was confirmed (QQ plots, Kolmogorov–Smirnov, and Shapiro–
Wilk tests), an unpaired t-test was used to ascertain statistical significance. For radiation
beam homogeneity analysis, the average cell viability signal from the central wells was
compared to the average viability signal of cells from the edge wells, and a two-way
analysis of variance was used for statistical analysis.
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3. Results
3.1. Multiwell Tissue Culture Plate IMRT Plans

All three tissue culture plate IMRT plans achieved satisfactory mean doses for each
target radiation dose level for the objective set during the IMRT planning process (Table 1).
The aim was to cover at least 95% of the target volume by the target radiation dose so that
most cells would receive the target dose, while accepting there may be some degree of
variation in the mean dose.

Table 1. Radiation dose statistics of multiwell tissue culture plate IMRT plans (radiation doses in Gy).

96-Well Plate IMRT Plan 24-Well Plate IMRT Plan 6-Well Plate IMRT Plan

Target
dose

Mean
dose

Maximum
dose

Minimum
dose

Mean
dose

Maximum
dose

Minimum
dose

Mean
dose

Maximum
dose

Minimum
dose

0 0.27 0.46 0.16 0.42 1.76 0.13 0.47 2.85 0.14
2 2.41 2.7 2.07 2.4 3.59 1.77 2.41 3.6 2
4 4.38 4.97 3.93 4.48 6.82 3.64 4.56 8.62 3.4
8 8.57 9.84 7.76 8.71 12.27 7.41 8.74 14.14 6.84

16 16.96 18.29 15.52 17.37 20.28 15.16 17.34 18.66 14.3
24 25.2 27.11 22.74 25.54 27.59 21.46 26.08 27.72 22.86

3.2. Dosimetric Verification of Accurate Delivery of Tissue Culture Plate IMRT Plans

Radiochromic film dose distribution analyses showed good concordance between the
predicted and the measured radiation dose profiles across both X and Y axes for target
doses of 2, 4, 8, and 16 Gy for all three tissue culture plates IMRT plans. However, at 24 Gy,
measured radiation doses were lower than the predicted doses for all three IMRT plans,
and this effect was likely due to the saturation of radiochromic films at this dose level.
The 2D ion chamber array analyses showed good matching between the predicted and
measured doses. Gamma index analysis was used to evaluate the percentage of agreement
for pre-set dose and distance differences [13]. EPID analysis confirmed accurate delivery of
all IMRT plans with gamma index pass rates of 99.5%, 93.1%, and 89.1% (pre-set tolerance
of 3% for dose and 1% for distance differences) for 96-, 24-, and 6-well plate IMRT plans,
respectively (Figure 3).

3.3. No Significant Differences in Cell Viability Signal, Clonogenic Potential, or γ-H2AX Foci
Signal Levels between IMRT and Open-Field, Homogeneous Irradiations

For the A375 cell line, cell viability signal for 0, 2, 4, 8, 16, and 24 Gy with the IMRT
plan were 2.08, 1.75, 1.42, 0.76, 0.55, and 0.55, respectively. With open-field, homogeneous
irradiations, the corresponding values were 2.08, 1.65, 1.18, 0.65, 0.52, and 0.5. The differ-
ences between the techniques were not statistically significant (p = 0.82; Figure 4A). The
corresponding values for the LN18 cell line were 2.01, 1.7, 1.39, 0.77, 0.27, 0.25, and 1.91;
and 1.65, 1.33, 0.66, 0.35, and 0.37, respectively. Again, these differences did not reach
statistical significance (p = 0.95; Figure 4B).
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(C) 

Figure 3. Dose distribution analyses of multiwell tissue culture plate IMRT plans. Screen shot images
of radiochromic film (A); red line shows planned and green line shows predicted radiation doses
across the X-axis), 2D ion chamber array (B); planned doses shown by orange line and measured
doses by points), and EPID analyses (C); orange line shows predicted doses from the plan and green
line shows measured doses).
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Figure 4. (A) Comparison of A375 cell viability signal between 96-well tissue culture plate IMRT and
open-field, homogeneous irradiations (p = 0.82). (B) Comparison of LN18 cell viability signal between
96-well tissue culture plate IMRT and open-field, homogeneous irradiations (p = 0.95). Results are
reported as the average from four independent biological experiments. Cell viability signal measured
at 490 nm. Error bars indicate standard deviation.

The clonogenic assays showed that the A375 cell line colony numbers for 0, 2, 4, 8,
16 and 24 Gy were 208, 141, 74, 0, 0, and 0, respectively, and for the open-field homoge-
neous irradiations, they were 194, 143, 55, 0, 0, and 0, respectively. These differences in
colony numbers between the two techniques did not reach statistical significance (p = 0.92;
Figure 5A,B).
Appl. Sci. 2022, 12, x FOR PEER REVIEW 11 of 15 
 

 

  
Figure 5. (A,B) Comparison of A375 colony numbers between 6-well tissue culture plate IMRT and 
open-field, homogeneous irradiations (p = 0.92). Results are reported as the average from three in-
dependent biological experiments. (C,D) Comparison of A375 γ-H2AX foci signal between 96-well 
tissue culture plate IMRT and open-field, homogeneous irradiations (p = 0.75). CellTag700 stain (in 
red) was used to stain nucleus and cytoplasm. γ-H2AX foci shown in green. Results are reported as 
the average from two independent biological experiments. Radiation doses are in gray (Gy). Error 
bars indicate standard deviation. 

3.4. No Radiation Beam Inhomogeneity between and within Wells of Multiwell Tissue Culture 
Plates 
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central wells were 2.00, 4.00, 8.09, 16.08, and 24.07 Gy, and for the edge wells, they were 
2.01, 4.01, 8.02, 16.04, and 24.07 Gy. No consistent pattern of difference in cell viability 
signal between the central and the edge wells was observed for either A375 or LN18 cell 
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Figure 5. (A,B) Comparison of A375 colony numbers between 6-well tissue culture plate IMRT and
open-field, homogeneous irradiations (p = 0.92). Results are reported as the average from three
independent biological experiments. (C,D) Comparison of A375 γ-H2AX foci signal between 96-well
tissue culture plate IMRT and open-field, homogeneous irradiations (p = 0.75). CellTag700 stain (in
red) was used to stain nucleus and cytoplasm. γ-H2AX foci shown in green. Results are reported as
the average from two independent biological experiments. Radiation doses are in gray (Gy). Error
bars indicate standard deviation.
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The γ-H2AX foci signal analyses showed a dose-dependent increase in signal intensity
with increasing radiation dose. The mean γ-H2AX foci signal intensity for 0, 2, 4, 8, 16,
and 24 Gy with IMRT plan was 4.74, 11.74, 18.68, 32.63, 60.51, and 88.40, respectively. The
corresponding values for the open-field, homogeneous irradiations were 7.15, 16.33, 23.83,
41.35, 64.3, and 102.7. These differences were not statistically significant (p = 0.75; Figure 5C,D).

3.4. No Radiation Beam Inhomogeneity between and within Wells of Multiwell Tissue Culture Plates

For MV irradiations (open-field and homogeneous), the mean radiation doses for the
central wells were 2.00, 4.00, 8.09, 16.08, and 24.07 Gy, and for the edge wells, they were 2.01,
4.01, 8.02, 16.04, and 24.07 Gy. No consistent pattern of difference in cell viability signal between
the central and the edge wells was observed for either A375 or LN18 cell lines or with either
MV or KV irradiation. For 10 MV irradiations, the differences in cell viability signal between
the central and the edge wells were not statistically significant (p = 0.41 for A375 and p = 0.88
for LN18). For 250 KV irradiation, no significant differences in cell viability signal between the
central and the edge wells were observed (p = 0.71 for A375 and p = 0.12 for LN18; Figure 6A–D).
The γ-H2AX foci signal analyses showed a homogeneous pattern of γ-H2AX foci for 8Gy KV
irradiation (Figure 6E).
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of γ-H2AX foci (in green) for A375 cell line. CellTag700 stain (in red) was used to stain nucleus and
cytoplasm. Superimposed images showing homogeneous γ-H2AX foci distribution related to cells
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4. Discussion

Recent advances in the discovery and development of new anticancer drugs provide an
opportunity to enhance the efficacy of radiotherapy. To quickly and efficiently screen a large
number of potential radiation–drug combinations, there is a need for a high-throughput
in vitro radiobiology platform [14].

In the past, a modulated Cobalt-60 beam was used to vary radiation dose across a
96-well tissue culture plate for radiobiology experiments with a physical lead wedge used
to modulate the beam [15]. However, Cobalt-60 teletherapy machines have largely been
superseded by more modern and sophisticated linear accelerators that have the capability
of producing multi-energy photon and electron beams. Multileaf collimators with varying
functional capabilities have replaced traditional lead wedges. Modern linear accelerators
can modulate radiation beams, and modulated radiation beams have already been used for
radiobiology experiments [16]. A multiwell tissue culture plate based irradiation technique
using homogeneous radiation dose distribution was developed for in vitro experiments [17].
Although this helps to investigate a range of drug doses in a single multiwell tissue culture
plate, this has not eliminated the need for different plates for different radiation doses. It is
possible to conduct cell viability experiments in 96-well plates with smooth dose gradients
of up to 10.6 Gy with spatially distributed radiation [18]. A step- and-shoot radiation
delivery technique was also used to deliver different radiation doses to a 96-well plate
using treatment table movements along with clinical radiotherapy equipment [19] and
there is potential for further improvement and refinements of this application.

Our high-throughput, in vitro radiobiology platform utilises widely available clinical
radiotherapy facilities and IMRT, which has the ability to deliver different radiation doses
to a single multiwell tissue culture plate. When cells are exposed to modulated radiation
beams, due to the bystander effects of radiation, the proliferative capacity of cells is affected
depending on experimental conditions [20,21]. To address this issue, in addition to the
dosimetric verification of accurate dose delivery, we validated our platform by demon-
strating bioequivalence between radiation doses delivered with tissue culture plate IMRT
and conventional, open-field, homogeneous irradiations. Another concern with using
IMRT for radiobiological experiments is the potential risk of intrafraction DNA repair due
to the prolonged radiotherapy fraction treatment delivery times in IMRT [21–24], which
potentially impacts the results of radiobiology experiments. This is an interesting area in
radiobiology research that would need further exploration [25].

Our radiobiology platform has several advantages over previously described mod-
els. It allows testing of various radiation–drug dose combinations in a single multiwell
tissue culture plate and the choice of three types of multiwell tissue culture plate allows
our platform to be used for various in vitro radiobiology applications. As our platform
uses widely available clinical radiotherapy facilities, it has the potential to enable more
institutions to conduct radiobiology experiments. One limitation is that it is not possible to
deliver the exact target radiation doses, although satisfactory mean target radiation doses
were achieved. This is likely because of very steep radiation dose gradients given the dose
range investigated. To address this limitation, one solution is to fit experimental results
with linear regression modelling and derive results for target radiation doses. Another
possible solution is to use the experimental result of each mean radiation dose as they were
measured/calculated. Further technical advances in radiotherapy planning and equipment
may help to overcome this limitation in the future.

Air cavities can influence radiation interactions with matter and its dose deposi-
tion [26]. When using multiwell tissue culture plates, because of the multiple air–tissue
interfaces, there is concern about dose homogeneity between and within wells, which
can affect the interpretation of the results and introduce uncertainties in radiobiology
experiments. There was up to 4% underdosing at the air–fluid interface in multiwell tissue
culture plate wells but this was not seen at the bottom of wells where cells were attached
and grown [27] and our results confirm this observation, which may alleviate some of
these concerns.
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5. Conclusions

We developed a high-throughput in vitro radiobiology platform using IMRT and
widely available clinical radiotherapy facilities. We dosimetrically verified the delivery of
IMRT plans and biologically validated the platform by comparing it with conventional,
open-field, homogeneous whole-plate irradiations. Such a radiobiology platform may help
to make in vitro radiobiology experiments more efficient and cost effective.
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