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This paper describes the use of 3D microtissues as an intermediate model between the 2D cell

culture and the animal model to assess radiation-induced cellular and DNA damage in the context of

personalized radiation therapy. An agarose microwell array was used to generate 3D microtissues

with controlled size and shape. The microtissues were exposed to X-ray radiation of various doses,

and the radiation damage to cells was examined using a variety of techniques with different end

points. Damage to cell membranes and reduction in metabolic activity were examined with the MTT

assay and dye inclusion assay. DNA damage was tested with the micronucleus assay, γ-H2AX

immunostaining, and HaloChip assay. 3D microtissues exposed to X-rays are smaller compared to

unexposed ones in extended cultures, indicating that X-ray radiation can retard the growth of cells in

3D microtissues, where cells at the outer shells of microtissues can prevent further damage to those

inside.

Introduction

X-ray radiation therapy is used widely to treat localized tumors,
and to relieve symptoms of later stage or metastatic cancers.1–3

A challenge of radiation therapy is that radiation dose under
therapeutic conditions can damage normal tissue. This issue
is caused by two factors: the selectivity of energy deposition on
tumors and the susceptibility of tumors to radiation
damage.4–6 A panel of beam techniques such as image guided
radiation therapy and intensity modulated radiation therapy,
as well as proton therapy has been used to enhance the energy
deposition on tumors to minimize the dose on normal cells
and maximize the dose on cancer cells. The radiation beam
can be fractionated over space to intersect at tumors from
several directions to spare normal cells along the beam path.
Multiple beamlets of different intensities can be used to
maximize the dose on tumors by conforming to the shape of
the tumor. Radiosensitizers such as nanoparticles of
heavier elements targeted at the tumor site have been used to
enhance the deposition of radiation energy.7,8 The difference

in the repair ability of cancer and normal cells has also been
utilized in treatment, where the total radiation dose is fractio-
nated over time to allow normal cells to recover from damage,
while cancer cells that are radioresistive in the first period
move into a radiosensitive phase of the cell cycle in the next
period.9–11

Radiosensitivity varies to a great extent across tumor types
and between patients bearing the same type of tumor.12–15

There is a significant need for tools to predict the efficacy of
radiation therapy in individual patients.16–18 The selection of
radiation therapy in a treatment plan for a particular patient is
driven by the clinical and pathological features of tumors,
while the goal of personalized radiation therapy is to identify
patients who are sensitive to radiation therapy, where low-risk
patients may receive additional benefits from radiation
therapy, and high risk ones will be recommended to undergo
surgery.19–21 Meanwhile, this personalized approach can
provide alternate dosing schedules for patients to reduce the
total radiation dose. The radiosensitivity of a tumor can be
assessed by evaluating the gene network through a systems
biology approach. Biomarkers derived from tumors can also be
used to predict radiation sensitivity, although the prediction
outcomes are heterogeneous as a result of gene expression due
to epigenetic control.22–24

In vitro grown mammalian cells could be readily used to
examine the effects of radiation on cancer cells, but cells in
two-dimensional (2D) monolayer cultures do not respond to
radiation as tissues.25 More evidence suggests that the 2D
monolayer model is not a good representation of the true
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physiological conditions of cancer cells in patients, in which
cells are surrounded by and interact through a well-developed
extracellular matrix (ECM).26–28 Other than the geometrical
difference, the ECM can regulate almost all cell functions
(such as migration and toxicity response), cell mechanics
(such as cell stiffness and cell-matrix adhesion), diffusion
characteristics (such as drugs, oxygen and free radicals), and
abilities to repair damage caused by external stimuli (such as
ionizing X-ray radiation and environmental toxins).29–31 Cells
in three dimensional (3D) aggregates are in an environment
close to physiological conditions and can mimic the tissue
architectures and functions of human beings; meanwhile,
these aggregated cells have shown higher stability than those
from a 2D culture.32–35 The cellular functions are well main-
tained in microtissue cultures, and it is possible that cells in
3D microtissues will have enhanced repair ability or damage
tolerance compared to those in the 2D culture, and there is a
reduced surface area in 3D microtissues than the 2D cell
monolayer. It is believed that 3D tumor microtissue-based toxi-
city assays can fill the knowledge gap between the in vitro 2D
cell assay and in vivo animal testing.36–38

This paper describes the use of 3D microtissues as an inter-
mediate model (between the 2D cell culture and the animal
model) to assess radiation induced cellular and DNA damage
for personalized radiation therapy (Fig. 1). An agarose micro-
well array was used to generate 3D microtissues with con-
trolled size and shape. The 3D microtissues are exposed to
X-ray radiation of various doses, and the radiation damage to
cells is examined at cellular and genetic levels using a variety
of techniques. Damage to cell membranes and reduction in
metabolic activity are confirmed with the dye inclusion and
MTT assay. DNA damage is confirmed with the HaloChip
assay, micronucleus assay, and γ-H2AX immunostaining. It is
found that 3D microtissues exposed to X-rays are smaller com-
pared to unexposed ones in extended cultures, indicating that
X-ray radiation can retard cell growth in 3D microtissues,
where cells at the outer shells of microtissues can prevent
further damage to those inside.

Experimental
Materials and methods

SYBR GreenER dye was from Invitrogen. Cytokinesis B and
agarose (melting temperature of 65 °C) were from VWR.
Polyallylamine hydrochloride (PAH, 15 000 Da), polysodium
4-styrene sulfonate (PSS) (70 000 Da), polydiallyl-dimethyl
ammonium chloride (PDAC) (100 000–200 000 Da), and
rhodamine isothiocyanate (RITC) were from Sigma.
Polydimethylsiloxane (PDMS Sylgard 184) was from Dow-
Corning. The Vybrant MTT cell proliferation kit, Vybrant cyto-
toxicity kit, live/dead assay kit, and Quant-iT PicoGreen dsDNA
assay kit were from Invitrogen (Carlsbad, CA). RPMI 1640
culture medium, penicillin, streptomycin, fetal bovine serum
(FBS), and Dulbecco’s phosphate-buffered saline (D-PBS),
4,6-diamidino-2-phenylindole (DAPI), anti-phospho-histone
γ-H2AX antibody, and anti-rabbit IgG-FITC antibody were from
Sigma (St Louis, MO). HeLa (CLL-2) and MG-63 (CRL-1427) cell
lines were from American Type Culture Collection (ATCC, VA).

Three dimensional cell culture

3D microtissues were produced as follows: 50 μL of 2%
agarose gel was introduced in each well for 10 min to form a
solid non-adhesive agarose gel. Cells were grown in RPMI
1640 medium supplemented with penicillin (100 units per
mL) and streptomycin (100 μg mL−1), and 10% fetal bovine
serum (FBS) according to the protocol. 20 μL of cell suspension
was seeded in each well with a final concentration of 105 cells
per mL, and the plate was cultured in an incubator with 5%
CO2 at 37 °C to allow microtissues to form on the non-adhesive
gel surface.

Microscopy

An inverted optical microscope from Milesco Scientific
(AccuScope 3032, Princeton, MN) was used to observe cultured
cells. Fluorescence images of microtissues were taken on a
Zeiss Axioskop 2 mot plus confocal microscope and an
inverted fluorescence microscope from Olympus (GX51). Phase

Fig. 1 Predicting the efficacy of radiation therapy with three dimensional (3D) microtissues (A). A phase contrast image of the microtissue com-
posed of HeLa cells (B) and the size of the microtissue as a function of time (inset). Cells tend to grow into a tight 3D structure after 24 h (C). 3D
microtissues of the HeLa cells (D), and an enlarged portion of 3D microtissues (inset). Live cells are stained in green in microtissues (E). Fluorescence
image of nuclei in microtissues (F). Fluorescence image of microtissues stained with EB (G).
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contrast and fluorescence images of cells were taken with
Olympus IX 81 or Carl Zeiss (VivaTome) optical microscopes.

X-ray irradiation

A Mini-X X-ray tube (Amptek, Inc., Bedford, MA) operating at a
tube voltage of 40 kV and a current of 100 mA is used to gene-
rate primary X-rays. The surface dose rate at a distance of 5 cm
from the tube is measured with a handheld radiation dosi-
meter (Mirion RAD-60, Freshwater Systems, Greenville, SC)
and is found to be 0.4 Gy h−1. Cells were cultured on coverslips
in 6 well plates and exposed to an X-ray (40 kV, 100 µA) for
15 minutes. The 9 × 9 array (surface area of 1 cm2) of micro-
wells loaded with cells is then fixed at a distance of 5 cm from
the X-ray source, which is fitted with a collimator resulting in
an output cone angle of 100 for the emerging beam. The X-ray
beam covers an area of 2.4 cm2 on the exposed surface that is
sufficient to uniformly irradiate the entire array. All X-ray
irradiation experiments are performed inside a radiation
shield containing lead sheets to prevent radiation leakage.

Live/dead assays

Calcein AM/EthD-1 (calcein AM and ethidium homodimer)
was done as follows. 100 μL of D-PBS was added into each well
to wash cells to dilute serum-containing esterase. Then, 100 μL
of the dual-fluorescence calcein AM/EthD-1 assay reagent was
added into each well, and the plate was incubated for 30 min
at room temperature before the fluorescence intensity was
measured. A cell free control was used to determine the back-
ground fluorescence, which was subtracted before calculation.
The percentages of live and dead cells were calculated by the
equation provide by the supplier.

MTT assay

MTT[3-(4,5-dimethylthiazol-2-yl )-2,5-diphenyltetrazolium
bromide] assay was done as follows. The medium in each well
was removed and replaced with 100 μL of fresh medium.
10 microliters of 12 mM MTT stock solution were added into
each well and in a negative control (100 μL of medium). After
incubation at 37 °C for 4 h, 100 μL of SDS–HCl solution was
added into each well and mixed thoroughly by using a pipette.
After incubation at 37 °C for 6 h, each sample was mixed well
with a pipette and the optical absorbance at 570 nm was
recorded using a SpectraMax M3 plate reader (Molecular
Devices).

Immunostaining assay

Cells were fixed with 4% paraformaldehyde for 10 min,
washed with 0.2% Triton-X 100 in PBS 3 times and incubated
at room temperature in PBS containing 1% BSA and 0.2%
Triton-X 100 for 1 h. Primary antibodies for the anti-vinculin-
FITC antibody were incubated overnight in a blocking buffer at
4 °C. After washing the coverslip the next day, the rabbit sec-
ondary antibody was added into it and incubated for 2 h at
room temperature. After washing the coverslip, cells were
checked with a laser confocal microscope (Zeiss) at 80×.

Micronucleus assay

Microtissues were re-dispersed into discrete cells by using
trypsin and pipetting up and down. Cytokinesis B (5 µg ml−1)
was added into the cell culture medium. The cells were
cultured at 37 °C and 5% CO2 for 24 h before trypsinization.
Cells were then fixed with paraformaldehyde in PBS for
15 min, and treated with 0.1% Triton X-100 in PBS for lysis.
Nuclei in cells were stained with DAPI (0.2 µg ml−1, 15 min)
and imaged with a fluorescence microscope. The fluorescence
intensity is calculated using Image J.

Double strand break

The expression of the DNA repair protein (γ-H2XA) was deter-
mined to assess DNA double strand break as follows.
Microtissues were re-dispersed into discrete cells by using
trypsin and pipetting up and down. The cells were cultured at
37 °C and 5% CO2 for 30 min, fixed with 4% paraformalde-
hyde in PBS for 10 min, and treated with 0.1% Triton X-100 in
PBS for 5 min. After incubating in blocking buffer (3% bovine
serum albumin in PBS) for 1 h, the primary antibody against
γ-H2XA was added and incubated at room temperature for 2 h.
After rinsing with PBS, the cells were incubated with
FITC-washed with PBS. Nuclei of cells were stained with DAPI
(0.2 µg mL−1) for 15 min, washed with PBS and observed
under a fluorescence microscope.

Apoptosis study

Annexin V conjugated with fluorescein isothiocyanate (FITC)
labels phosphatidylserine sites on the membrane surface, and
propidium iodide (PI) differentiates apoptotic cells from viable
and necrotic cells. Cell apoptosis was examined with the
annexin V-FITC/PI kit (BD Biosciences) using flow cytometry.
Cells from microtissues were re-suspended in annexin-V
binding buffer and cultured with annexin V-FITC/PI in the
dark for 15 min. The extent of apoptosis was determined
by using a Becton-Dickinson FACScan cytofluorometer
(Mansfield). The fraction of cell population in different quad-
rants was checked by using quadrant statistics. Both early
apoptotic (annexin V-positive, PI-negative) and late (annexin V-
positive and PI-positive) apoptotic cells were included.

HaloChip assay

Cells from microtissues were patterned to carry out the
HaloChip assay as follows. Three layers of a polyelectrolyte
(PDAC, PSS and PAH-RITC) were deposited on a PDMS stamp
bearing a micropillar array. The stamp was brought into
contact with a glass substrate to form an isolated polyelectro-
lyte array. Cells suspended in the culture medium were
incubated on the glass substrate, where the cells were attached
on the polyelectrolyte array via electrostatic interactions.
The attached cells were embedded in agarose gel (0.1% mass),
followed by incubating in 0.3 M NaOH for 10 min at room
temperature, and staining with 10 μg mL−1 SYBR for 10 min.
After incubating in deionized water for 3 min to remove excess
SYBR, the cells were imaged with fluorescence microscopy.
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Statistical analysis

The results were expressed as mean ± standard derivation (SD).
The statistical evaluation was performed by Student’s t-test.
P < 0.05 was considered statistically significant. The results are
denoted with * when P < 0.05, and with ** when P < 0.01.

Results

Fig. 1A shows the procedure of making 3D cell microtissues,
where discrete cells are seeded into and allowed to grow in
non-sticky agarose microwells produced with microfabrication.
Cells initially seeded in the agarose mold disperse evenly in 2D
as shown in Fig. 1B. Cells grow together and form clusters,
and the size of microtissues increases as a function of time
(Fig. 1B inset). It is observed that the microtissue grows in a
typical exponential solid tumor growth pattern during the first
few days, followed by a plateau, with little or no growth in the
following days. After 24 h, the cells tend to grow into a tight
3D structure (Fig. 1C). Fig. 1D is a phase contrast image of 3D
microtissues of HeLa cells placed in an array of microwells.39,40

A larger area image of 3D microtissues shows that each micro-
tissue has a similar diameter (Fig. 1D inset). In order to deter-
mine the viability of cells in the microtissue, the live/dead
assay with dual fluorescence staining is carried out with
calcein AM/EthD-1, where EthD-1 stains dead cells red by
penetrating into membrane damaged cells and combining
with DNA in nuclei, and keeps live cells unstained, while
calcein AM stains live cells green leaving dead cells unaltered.
Fig. 1E shows a fluorescence image of a microtissue where live
cells are green. The absence of red color indicates that cells are
alive in microtissues. The 3D microtissue shows stronger green
color on its edge and weaker color in the center, probably
because cells are closely packed and it requires a longer time
for the dye to diffuse into the tissue. The nuclei of cells in 3D
microtissues are stained with DAPI (Fig. 1F), where the cell
nuclei are close to each other, indicating close packing of cells
in the microtissues. The nuclei of cells in microtissues are
stained using ethidium bromide (EB). Fig. 1G shows a fluo-
rescence image of a single microtissue taken by using a fluo-
rescence microscope under ultraviolet excitation, where DNAs
of each cell locate only in the nucleus region. SEM images of
3D microtissues are shown in the ESI.†

The growth dynamics of the microtissues exposed to X-ray
radiation is characterized by measuring the diameter of the
area covered by microtissues. Fig. 2A1–A3 show the growth of
3D cell microtissues stained with DAPI without X-ray
irradiation from day 4 to day 12, respectively, while 2B1–B3
show the growth of 3D microtissues exposed to 10 Gy X-ray
from day 4 to day 12, respectively. Fig. 2C1 shows that the size
of microtissues increases as a function of time, where 10–12
days of culture can produce uniform HeLa microtissues with
an average size of 400 µm, at the initial seeding concentration
of 105 cells per mL. The microtissue exposed to X-ray follows a
similar growth pattern, but the grow rate is lower compared
with the non-exposed ones. Fig. 2C2 shows the integrated fluo-

rescence intensities of two samples, where the color intensity
of X-ray irradiated microtissues is lower than those of non-irra-
diated ones. X-ray-induced damage to the nuclei of cells in
400 µm diameter microtissues has been assessed using the
micro-nucleus assay. After exposure, the cells in the micro-
tissues were re-dispersed to form isolated cells, and were
stained with DAPI. Fig. 2D1–D3 show cells with or without
micronuclei, where the cells are irradiated with 1.5 Gy (2D1),
with 3 Gy (2D2), and with 15 Gy (2D3) (arrows in 2D1–D3 show
micronuclei). The number of micronuclei per 2000 cells is
counted as 10, 27 and 59 per 2000 cells for cells exposed to
1.5, 3 and 15 Gy, respectively. In summary, a higher dose of
radiation produces more micronuclei, indicating enhanced
chromosome damage.

After X-ray irradiation, trypan blue, a non-fluorescent dye
that stains dead cells blue while leaving live cells unaltered, is
added into microwells to stain cells in microtissues. Fig. 3A
shows a photograph of microwells, where cells are stained with
trypan blue after the formation of microtissues. The absence
of blue color shows that most cells in microtissues are alive.
Fig. 3B and C show the post-irradiation image (0.5 and 1 h) of
microtissues that were seeded with the same number of HeLa
cells followed by trypan blue staining. The blue color of micro-
tissues in each microwell is clearly visible with the naked eye
and the color intensity of the image is proportional to the
number of dead cells. Cell viability is monitored for micro-
tissues containing HeLa and MG-63 cells, respectively. This is
done by measuring the color intensity of each microwell from
images taken every 30 min following a 1 h X-ray exposure
(0.4 Gy). Fig. 3D shows that the intensity of blue color increases
and saturates to a value of 100 after 9 h; under the same con-
ditions, it takes 12 h for MG-63 cells to reach the same color

Fig. 2 Fluorescent images of nuclei in microtissues from Day2–Day12
(A1–A3). Fluorescent images of nuclei in microtissues with 10 Gy X-ray
irradiation from Day2–Day12 (B1–B3). Growth dynamics of microtissues,
microtissues without X-ray irradiation (black line), with 3 Gy (red line),
with 15 Gy (blue line). The integrated intensity of fluorescence of two
samples, microtissues without X-ray irradiation (black line), with 10 Gy
(red line) (C2). The MN number of three samples (C3). Fluorescence
image of cells irradiated with 1.5 Gy (D1), with 3 Gy (D2), with 15 Gy (D3).

Paper Analyst

3608 | Analyst, 2017, 142, 3605–3612 This journal is © The Royal Society of Chemistry 2017



intensity. The results confirm that different cell lines respond
differently towards the same X-ray dose with HeLa and MG-63
cells being the most and the least sensitive to X-rays, respect-
ively. This can be explained in terms of the difference in the
cell cycle: HeLa cells double every 24 h, while MG-63 cells
double every 26 h, respectively.41 After X-ray irradiation, cells
do not die until they are in the mitotic period where damaged
DNA fails to duplicate. In the case of cumulative exposure, the
total dose is fractionated to 1 h per day (0.4 Gy per day) for 8
days, whereas in continuous exposure, the whole dose (3.2 Gy)
is applied continuously in one fraction. Fig. 3E shows that the
continuous irradiation kills more cells in HeLa microtissues
than the cumulative irradiation, especially when the
irradiation time is longer than around 3 h. The difference in
cumulative and continuous exposures is likely caused by
repairing of a small amount of DNA damage. Cumulative
exposure provides time for the damaged DNA to be repaired
between exposures while in the case of continuous exposure
the damage accumulates before it can be repaired in 3D micro-
tissues. Fig. 3F shows the cell death at different radiation
doses for two different types of microtissues where the percen-
tage of dead cells correlates with the intensity of trypan blue
staining. At higher doses more cells die, resulting in a more

intense blue color. The dark grey bar represents HeLa cells;
light grey bar represents MG 63. Fig. 3G shows that the
increase in the intensity of the blue color is proportional to
the decrease in the viability of HeLa microtissues which are
monitored with the MTT assay. Similar results are obtained for
MG-63 microtissues. The linear relationship between the color
intensity and X-ray dose is also plotted accordingly. The limit
of detection depends on the cell type, since some cells are
more sensitive to radiation than others. Extensive DNA
damage can lead to cell apoptosis or death. Flow cytometry
was used to determine whether cell death caused by X-ray
irradiation was due to apoptosis or necrosis. Annexin V-FITC
allows fluorescent detection of annexin V which binds to apop-
totic cells. Annexin V conjugated with fluorescein isothio-
cyanate (FITC) labels phosphatidylserine sites on the cell
membrane. Propidium iodide (PI) is added to label cellular
DNA in necrotic cells where the cell membrane was compro-
mised. The upper left and lower left quadrants in Fig. 3H show
cells that died from apoptosis (Annexin V staining) in the
absence of X-rays. In comparison, Fig. 3I shows that the distri-
bution of cells treated with 10 Gy X-ray shifted upward. In the
absence of X-ray, among 30% of dead cells, 23.61% were
caused by apoptosis. When microtissues are treated with 3 Gy

Fig. 3 Optical images of HeLa microtissues in microwells stained with trypan blue, not exposed to X-rays (A), exposed to X-rays for 0.5 h (B) and 1 h
(C). The intensity of blue color from trypan blue measured at different times after 1 h X-ray irradiation of microtissues containing different cell lines
(D). Color intensity of trypan blue stained HeLa microtissues for continuous and cumulative X-ray exposures (E). Percentage of dead cells for three
different cell types after exposure to different X-ray doses (F). HeLa cell viability against the color intensity of trypan blue stain, the inset shows the
variation of color intensity for trypan blue stain with X-ray dose (G). Flow cytometry plot of control cells (H), and cells treated with 3 Gy X-ray (I).
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X-ray, among 50.5% of dead cells, 53.1% are caused by early or
late apoptosis. Hence, death in a larger number of cells is
caused by apoptosis when treated with X-ray irradiation.

Radiation can destabilize the microtubule network in cells
and affect cell migration.42 Fig. 4A1 shows the extensive micro-
tubule network of untreated cells. This phenomenon correlates
with a healthy cell where cargo-carrying motor proteins used
the microtubule network to move essential proteins intracellu-
larly. In one of the experiments, cells were treated with 3 Gy
X-ray irradiation. Punctate structures form in some cells with

3 Gy of X-ray radiation (Fig. 4B1); Fig. 4A2 shows the extensive
microtubule network of untreated cells, disassembly of the
microtubule network in most cells can be seen at 3 Gy
(Fig. 4B2). Fig. 4A3 and B3 show the merged images of
4A1–4A2 and 4B1–4B2, respectively, while the blue indicates
nuclei stained with DAPI. There are less red microtubes with
increased X-ray irradiation. The fluorescence integrated inten-
sity of sample 4A3 and sample 4B3 is shown in Fig. 4C, where
red and green bars represent α-tubulin and vinculin, respect-
ively. The viabilities of 3D and 2D cells decrease as the X-ray
dose increased, the low dose of X-ray radiation shows no
significant toxicities on both 3D and 2D cells, and the viability
of 3D microtissues is higher than 2D monolayer cells. The
reason that 3D microtissues show higher viabilities can be
explained by a protective effect of 3D microstructures. Cells at
the external surface of microtissues are more susceptible to
toxicity than inner cells. The function of individual cells is
highly dependent on interactions with 3D organized extra-
cellular matrix (ECM) proteins and neighbouring cells. ECM
proteins play important roles in the toxicity tolerance in 3D
microtissue cultures because they form a natural barrier that
limits the diffusion of the free radicals. Moreover, the cellular
functions are well maintained in microtissue cultures, and it is
possible that cells in 3D microtissues have enhanced repair
ability or damage tolerance compared to those in the 2D
culture. The diffusion characteristics are different, for 3D cells,
the radiation profile along the radial direction is decreased,
while each cell is evenly exposed to the same amount of
radiation in 2D cells. The impact of X-ray irradiation on the
inner parts of the microtissue is shown in the ESI.†

The radiation induced DNA damage has been assessed at a
single cell level with the HaloChip assay as follows: 3D micro-
tissues (diameter of 250 µm) with X-ray radiation of 3 Gy and
10 Gy. Cells in the microtissues are re-dispersed by trypsiniza-
tion to form isolated cells. The single cell array is produced by
patterning a positively charged polyelectrolyte multilayer array
on the glass substrate. After embedding the arrayed cells in

Fig. 4 Fluorescent images of microtubules in cells without X-ray
exposure (A1 and A2). Merged fluorescent image (A3). Fluorescent
images of microtubules in cells with 3 Gy (B1 and B2). Merged fluor-
escent image (B3). The integrated intensity fluorescence of three
samples (C). Viability of 3D microtissues and 2D cell monolayers after
X-ray irradiation (D).

Fig. 5 Halo arrays of cells irradiated with 1.5 Gy (A), 3 Gy (B), and 15 Gy (C). rNDF values of the samples (D). Fluorescence images of cells irradiated
with 1.5 Gy (E), 3 Gy (F), and 15 Gy (G), and fluorescence intensity of three samples (H).
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agarose gel, the sample is immersed in an aqueous solution of
NaOH for lysis. Damaged DNA fragments self-diffuse into the
gel matrix, and are stained with SYBR green fluorescence dye,
forming a diffusive ring around each nucleus. DNA damage is
quantified with the relative nuclear diffusion factor (rNDF)
derived from the areas of halo and the nucleus as follows:

rNDF ¼ ðR2 � r 2Þ=r 2

where R and r are the radio of halo and nucleus, respectively.
Fig. 5A–C are halo arrays of three samples: cells irradiated with
1.5 Gy (5A), 3 Gy (5B), and 10 Gy (5C), where the rNDF values
are shown in Fig. 5D. Sample (1) has smaller rNDFs than the
other two samples; sample (3) has larger rNDFs than sample
(2), indicating enhanced DNA damage at a higher dose of X-ray
radiation. The X-ray radiation damage to DNA has been
assessed at the protein level by measuring the expression of a
DNA repair protein, γ-H2AX, which is recruited to the DNA
double strand break sites for repair.42 Cells irradiated with 1.5
Gy show weak green fluorescence (blue is due to DAPI staining
of DNA), indicating that a small amount of γ-H2AX is
expressed (Fig. 5E). Cells irradiated with 15 Gy radiation show
higher γ-H2AX expression than with 3 Gy (Fig. 5G and F), due
to the increased dose of radiation. The fluorescence signal
from DAPI stained DNA is artificially reduced to highlight
green color (Fig. 5E–G). Fig. 5H shows the fluorescence intensi-
ties of cells irradiated with (1) 1.5 Gy, (2) 3 Gy, and (3) 15 Gy,
where the fluorescence intensity proportionally depends on
the radiation dose, confirming the results that more double
strand breaks of DNA occur at high radiation doses.

Conclusions

3D microtissues have been generated using agarose microwell
arrays with controlled size and shape. 3D microtissues have
been used as an intermediate model between the 2D culture and
the animal model to assess radiation induced cellular and DNA
damage. The radiation damage to cells in 3D microtissues was
examined with a variety of techniques with different end points.
X-ray irradiation affects differently the growth rate, cell viability
and the protein expression of cells in 3D microtissues and the 2D
culture. This work has established the way to perform a better
radiosensitivity test on patient derived cancer cells to simulate the
response of patient during X-ray treatment.
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