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Abstract

A patient-specific phantoms, which are equivalent to human tissues, is needed in the experimental dosimetric verification
before radiotherapy treatments. Most of the shape of gel phantoms have been structurally limited because of the fabrication
method using mold technique. The present study focuses on direct freeform fabrication of gel phantom with the customized
optical 3D gel printing system. Life-sized gel phantoms were replicated using conventional mold techniques, the 3D printer
with two-step sequential free-radical polymerization process and inter cross-linking network gels as 3D printing materials.
The gel phantoms are ultraviolet light-sensitive instead of radiation. The ultraviolet sensitivity of the gel phantoms (using
mold techniques) with different molar ratios were experimentally evaluated with transmittance measurements, and were
theoretically estimated by curve fitting to the observed data. This measurement gave us the insight that more vinyl
monomers in the gel phantoms caused rapid polymerization and visibly opaque as well as conventional gel dosimeters. We
confirmed that inter cross-linking network gel was 3D printable with the customized 3D printer, with resolution of
fabrication 500 pm, as pre-finger-shaped phantom. The cross section of 3D printed gel phantom showed the distribution of
opacity, that is, the distribution of UV irradiation. We expect that the 3D printer specialized gel materials and ICN gels are
feasible for practical fabrication method of 3D gel phantom.

1 Introduction

Radiotherapy is one of standard treatments for cancer with
fewer treatment-related side effects than chemotherapy and
surgery (Etsuo 2017). In the radiotherapy treatments,
suitable radiation should be delivered to the target volume
as much as possible while less radiation should be directed
at the normal cells that are nearby. The techniques, such as
intensity-modulated radiation therapy (IMRT) and volu-
metric modulated arc therapy (VMAT) (Etsuo 2017;
Wagter 2004; Yuichiro 2004; Yuichiro et al. 2002), for
delivering radiation have recently been developed and the
ultimate concentration of radiation have now been
achieved with them. Especially, it is necessary to carry out
the experimental dosimetric verification before radiother-
apy treatments, and generally phantoms have been used for
the verification because it is difficult to directly measure
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actual 3D dose distribution at the target volume inside
human body. Recent investigations have demonstrated that
additive manufacturing enables us to fabricate the desired
shape of phantoms (Takeshi et al. 2017; Forte et al. 2016;
Elter et al. 2019; Pantelis et al. 2018; Leonard et al. 2018;
Fabian et al. 2016). Due to the irradiated regions in poly-
mer gels becoming visibly opaque with absorbed dose,
polymer gels have been considered as an alternative to
water as material of phantoms. However, few studies have
focused on directly fabricating the 3D printed phantoms
consisting of gel materials without using 3D printed mold.
In comparison with molded counterparts, direct 3D printing
offers the possibility of more freely printing 3D structures
such as a hollow structure. In our previous work, 3D
printed hollow objects made of gel materials were fabri-
cated with a customized optical 3D printing system (Shi-
blee et al. 2019), and the 3D printed objects of
multifunctional ionic gels incorporating ionic liquid (IL) in
the thiol-ene network of thiol-based end-crosslinker and
acrylate monomers were fabricated using commercial
stereolithography (SLA) 3D printing system (Kumkum
et al. 2018). It was found that optical 3D printing system

@ Springer


http://orcid.org/0000-0002-0778-3330
http://crossmark.crossref.org/dialog/?doi=10.1007/s00542-019-04550-9&amp;domain=pdf
https://doi.org/10.1007/s00542-019-04550-9

168

Microsystem Technologies (2022) 28:167-171

utilized to fabricate gel materials could create the micro-
scale objects.

Here, we report 3D printable gel phantoms including
inter crosslinking network (ICN) that can reversibly switch
between transparent and opaque states. Although the aim of
this study is to develop the patient-specific phantoms that
are equivalent to human tissues containing a lot of water,
accidentally we found that ICN gels have a phase transition
due to changing water content. ICN gels with an ordered
structure were synthesized by the copolymerization of the
monomer, N,N-dimethylacrylamide (DMAAm), the rigid-
rod polymer, hydroxypropyl cellulose (HPC, the viscos-
ity = 150-400 cP) and the crosslinker, 2-(2-methacryloy-
loxyethyloxy)ethyl  isocyanate (Karenz =~ MOI-EG).
Chemicals as the ultraviolet (UV) initiator are depending
on the wavelength of laser source in the process of how we
fabricate ICN gels. UV Initiator was added to create the
radicals in the ICN gels because of use of UV instead of
radiation. As reported earlier (Hidemitsu et al. 2013; Go
et al. 2012), high ductility of ICN gels with high water
content was derived from a rare type of network which has
crosslinking structure only between the different types of
polymer, pPDMAAm and HPC. After fabrication the ICN
gels, ICN gels were dipping in the 2nd gel solution
including the UV initiator. The initiator of 2nd gel solution
create the free radicals, which induce the polymerization
led to opacity in the ICN gel phantom, instead of the free
radicals resulting from water radiolysis.

2 Materials and methods
2.1 Materials

Liquid of DMAAm were obtained from Tokyo Chemical
Industry Co., Ltd., Japan and used as monomer. Powder of
the HPC, N,N-methylenebisacrylamide (MBAA) and
2-oxoglutaricacid (a-keto) were obtained from Wako Pure
Chemical Industries Ltd., Japan and used as rigid polymer,
crosslinking agent and water-soluble photo initiators,
respectively. The Karenz MOI-EG were provided by
Showa Denko K.K., Japan and used as crosslinking agent.
2-Hydroxy-1-{4-[4-(2-hydroxy-2-methyl-propionyl)-ben-

zyl]-phenyl}-2-methylpropan-1-one (Irgacure 127) and
5-benzoyl-4-hydroxy-2-methoxybenzenesulfonic acid
(Kemisorp 11S) were purchased from BASF Japan and
Sigma-Aldrich Co., Ltd., respectively and used as photo
initiator and UV absorber for 3D printing, respectively. All
the above reagents were used without further purification.
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2.2 Fabrication of ICN phantoms by mold
technique

The ICN gel phantoms are synthesized via a two-step
sequential free-radical polymerization process. At first,
ICN gels were synthesized from 1st aqueous solution of
1 M DMAAm containing 0.5 mol% rigid polymer, HPC,
0.1 mol% crosslinking agent, Karenz MOI-EG, and
0.008 mol% initiator, Irgacure 127, in a reaction mold
consisting of a pair of glass plates with spacing. The syn-
thesized ICN gels were immersed in 2nd gel solution for
2 days to be in equilibrium swollen state, and thereafter the
swollen ICN gels were irradiated with a UV LEDs of
12.4 mW/cm? with a peak emission wavelength of 375 nm
in the customized incubator set at 30 °C. In the case of low
concentration of MBAA, the crosslinking agent of 2nd
gels, the opacity of ICN gel phantoms cannot be derived
from UV irradiation. That is reason why the ratio of
MBAA to DMAAm in the 2nd gel solution shown in
Table 1 is much higher than the ratio of Karenz MOI-EG to
DMAAm in the synthesis of ICN gels.

All units of numbers in Table 1 are mol% to DMAAm
1 M of each solution.

2.3 Method of characterization

The transmittance spectra of the ICN gels was recorded
with UV-2550 Shimazu spectrometer. The opacity was
characterized at the transmittance at the wavelength of
550 nm.

2.3.1 3D fabrication of ICN Gel phantom

We have fabricated the ICN gel phantom (3DP46) using
the customized 3D printer manufactured by D-lightmatter
Co., Ltd (2019). The ICN gels have been discharged with
the dispenser to the stage of the 3D printer. This 3D printer
has stage of 300 x 300 x 200 mm and a high resolution
along the X and Y axis 500 pum. The linear irradiation type
of UV LED unit, LC-L5G Hamamatsu Co., Ltd., with
wavelength of 365 nm and maximum UV irradiance 6 W/
cm? was used for polymerization in the fabrication process.
The synthesis ratio of the crosslinkers, monomer, initiator
and solvent has been kept same as Mold46. These are used
with critical optimization of composition. The reason for
using Irgacure 127 is because it was observed that, during
3D printing, o-keto created more scattering of UV laser,
forming somewhat broad structure, while choosing Irga-
cure 127, it was possible to control the laser scattering
easily. Additionally, 0.5 mol% UV absorber, Kemisorb11S
has been used to control gelation range and prevent further
scattering of UV light for making fine structures. The ICN
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Table 1 Composition ICN gel Sample 1st gel solution 2nd gel solution
phantom
HPC Karenz MOI-EG Irgacure 127 Water Kemisorb 11S MBAA o-keto Water
Mold 10 0.6 0.6 0.008 371 NA 10 1.0 11,700
Mold 23 0.6 0.6 0.008 371 NA 23 1.0 11,700
Mold 46 0.6 0.6 0.008 371 NA 46 1.0 11,700
3DP46 0.6 0.6 0.008 371 0.5 46 1.0 11,700

gels was kept in the glove box except during preparation of
pre-gel solution and the pre-gel solution has been kept in a
brown plastic seal bottle before transferring them to the
dispenser of 3D printer. The 3D printed ICN gels were
immersed in 2nd gel solution for 2 days to be in equilib-
rium swollen state. After swelling, the ICN gel phantom
was set on the turntable in the UV chamber to realize
homogeneous distributions of UV irradiation, and irradi-
ated for 7 min in the customized incubator.

3 Results and discussions
3.1 Opacity of ICN phantoms

Three ICN phantoms by using a mold technique with dif-
ferent molar ratios of MBAA to DMAAm at 10:1.0 (Mold
10), 23:1.0 (Mold 23) and 46:1.0 (Mold 46) in 2nd gel
solution were synthesized to evaluate the performance of
gel phantom. Figure 1 displays the pictures of ICN phan-
toms at each UV exposure time. As is shown, all samples
gradually turned white; that is, the polymerization of
monomers of 2nd gel solution in 1st ICN gels proceeded
with increases in the time of UV light irradiation. It is
noted that the radical from UV initiator in the ICN phan-
toms initiate the polymerization similar to conventional gel
dosimeter (Kiyofumi et al. 2007; Shinichiro 2013; Baldock
et al. 2010).
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Fig. 1 The change in appearance of ICN gels (Mold10, Mold23 and
Mold46) at each UV exposure time (0, 180, 300, 420 and 600 s)

600

b s

Mold10 |
4

To quantitatively evaluate the opacity of ICN phantoms,
the degree of opacity (7, %) at the wavelength of 550 nm
observed with UV-2550 was nondimensionalized by the
initial degree of opacity (7y, %). The nondimensionalized
value (7/T,, —) of each gel decrease exponentially with
increases in the time of UV irradiation in Fig. 2. If it is
simply assumed that the opacity of phantoms follow
chemical reaction rate theory, the nondimensionalized
value (7/Ty, —) is analytically obtained by the following
formula (Eisenberg and Donald 1996):

T

7I“t
C, 1
Tt (1)

where I' represents the rate of chemical reaction, ¢ repre-
sents the time of UV light irradiation and C represents the
constant number. Based on the least-squares fitting method
for formula (1), I' and C of each gel in Table 2 was
obtained, and the approximate curves of each gel were
drawn in Fig. 2. As shown Fig. 2, 7/T, decreases at a
decreasing rate with increases in time 7, and tends to the
value C. The final values of opacity of ICN phantoms
C depends on the concentration of MBAA owing to cre-
ating the clusters containing much MBAA, which scatter
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Fig. 2 The change in opacity of ICN gels (Mold10, Mold23 and
Mold46) after UV-treatment, recorded with UV-2550 Shimazu
spectrometer at 550 nm, decrease exponentially with increases in
the time of UV treatment. The plots are experiment value, and the
approximate curves are calculated by formula (1)
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Table 2 The rate of chemical reaction I" and the constant value C in
formula (1) for each ICN phantom

Sample I (1/s) [1/T (s)] C (-
Mold 10 0.017 [60] 0.69
Mold 23 0.013 [80] 0.13
Mold 46 0.030 [33] 0.0019

visible light. These clusters were spatially fixed in the 1st
gel network. On the contrary, since the rate of chemical
reaction I' of Mold23 is slowest of three samples, I" does
not depend on the concentration of MBAA simply.

Furthermore, the UV irradiated ICN phantoms turns to
transparent after deswelling. It was found that the trans-
parent-opaque transition is reversible as shown in Fig. 3.
This phenomena demonstrates that the MBAA clusters
were homogenized by shrinking of gel network, but the
positional information of the clusters was spatially saved in
the dry state.

3.2 Fabrication of ICN gel phantom

We have fabricated the ICN gel phantom (3DP46) using
the customized 3D printer with the fluid-dispensing head.
The publicly available 3D data of a right index finger under

Fig. 3 Influence of water
content on the transparent-
opaque transition of ICN gels

UV Irradiation

the license CC-BY SA 2.1JP (BodyParts3D/Anatomogra-
phy 2019) was used for the development of the life-sized
ICN gel phantom (Fig. 4a). The 1st gel solution of 3DP46,
whose synthesis ratio is suitable for the customized 3D
printer, was similar ratio to Mold46 because Mold46 was
the most sensitive for UV irradiation of the three ICN gels.
The finger shape of 1st ICN gel was replicated (Fig. 4b).
This is the first ever report of highly stable ICN network
gels that can also be 3D printable by optical fabrication of
stereolithography using a dispenser up to micro resolution.
In order to add UV sensitivity to the 3D printed ICN gels
instead of dose sensitivity, the 3D printed ICN gel were
immersed in 2nd gel solution, including a photo initiator, to
be in equilibrium swollen state: ICN gel phantom (Fig. 4c).
The swollen state was about 3.5 times as heavy as before.
After UV irradiation for 7 min, the ICN gel phantom
turned to opaque from transparent due to photo polymer-
ization (Fig. 4d). In the cross section of ICN gel phantom
as shown Fig. 4e represented the inhomogeneous distri-
butions of actual UV irradiation. For example, enough UV
light for polymerization did not pass through at the center
of the cross section, and so the center kept transparent after
UV irradiation.
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Fig. 4 Process of fabrication of ICN gel phantom. a 3D modeling of a right index finger. b 3D printed ICN gel. ¢ 3D printed ICN gel swollen
with 2nd gel solution: ICN gel phantom. d ICN gel phantom after UV irradiation. e Cross section of d
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4 Conclusions

In the current study, the double network gels having
ICN:ICN gel were used as the gel phantom, which has
sensitivity for UV irradiation. The opacity of three ICN
phantoms with the molar ratios of MBAA to DMAAm at
10:1.0, 23:1.0 and 46:1.0 in the 2nd gel solution were
observed with UV-2550 after UV irradiation. With the
decreasing molar fraction, the final opacity become higher,
but the rate of polymerization may not be estimated by the
molar fraction simply. Besides, we observed that photo
polymerized ICN phantom can reversibly switch between
transparent and opaque states with changing water content
in the network.

We confirmed that ICN gel was fabricated with the
customized 3D printer with a high resolution 500 pm as the
pre-finger-shaped phantom. For the chemical composition
specialized in 3D printing process, we considered photo
initiators and UV absorbers. The immersion into 2nd gel
solution enable us to add sensitivity for UV light to the 3D
printed ICN gel. The cross section of swollen 3D printed
ICN gel after UV irradiation showed the distribution of UV
light after UV irradiation similar to gel dosimeter. We
expect that the 3D printer specialized gel materials and
ICN gels are feasible for practical fabrication method of 3D
gel phantom.
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