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Abstract: Bolus is a kind of auxiliary device used in radiotherapy for the treatment of superficial lesions such as skin cancer.
It is commonly used to increase skin dose and overcome the skin-sparing effect. Despite the availability of various commercial
boluses, there is currently no bolus that can form full contact with irregular surface of patients’ skin, and incomplete contact
would result in air gaps. The resulting air gaps can reduce the surface radiation dose, leading to a discrepancy between the
delivered dose and planned dose. To avoid this limitation, the customized bolus processed by three-dimensional (3D) printing
holds tremendous potential for making radiotherapy more efficient than ever before. This review mainly summarized the recent
development of polymers used for processing bolus, 3D printing technologies suitable for polymers, and customization of 3D
printing bolus. An ideal material for customizing bolus should not only have the feature of 3D printability for customization, but
also possess radiotherapy adjuvant performance as well as other multiple compound properties, including tissue equivalence,

biocompatibility, antibacterial activity, and antiphlogosis.
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1. Introduction

Radiotherapy is an effective way used for the treatment of
tumors, especially in areas where surgery is not possible.
Almost half of cancer patients receive radiotherapy
at certain point of treatment!!l. To provide a sufficient
radiation dose to the tumor, the types of radiation that
target tumor location should be selected. Conventionally,
electron is used to kill tumors of superficial lesions, such
as breast cancer, skin cancer, and nasopharyngeal cancer;
however, the dose distribution is inhomogeneous and the
target coverage is inadequate. It is widely recommended
that the target area should receive at least 95% of the
predesigned dose when administering radiotherapy!?.
However, because of the skin sparing effect of high-
energy photon beams, the superficial lesions cannot

receive a sufficient dose. To solve this problem, a build-
up material called bolus, is often placed on the surface of
the skin to maximize the radiation dose of subcutaneous
tissues so as to achieve the desired dose at target position
while reducing the dose in deep tissues. Bolus acts as a
layer of skin tissues to provide a more effective treatment
to the superficial lesions™ (Figure 1).

Despite the availability of commercial bolus, there
are still some problems with bolus during radiotherapy.
Most commercial boluses are in a flaky structure that
does not form adequate contact with the irregular surface
of patients’ skin, such as the ear, nose, and scalp, resulting
in air gaps between the bolus and the irregular skin®!. The
resulting air gap is very harmful to obtaining the expected
distribution of radiation dose at planning target volume
(PTV) for achieving a desired therapeutic outcome!®. The
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conventional flat bolus with a uniform size can hardly
match the patient’s unique body geometry and allow
for repeatable setup for treatment!”?®. Therefore, it is an
urgent desire to customize a bolus for fitting any skin
contour perfectly in radiotherapy®'?! (Figure 2).

Presently, three-dimensional (3D) printing is one of
the ideal means to achieve the customization of various
complex structure, especially the personalized medical
devicel'*, At present, some personalized boluses
processed by 3D printing have begun to be used in
radiotherapy.

Compared to the commercial flat bolus, the
3D-printed bolus allows for a closer match to a patient’s
skin surface!'>!¢. The patient-personalized boluses
processed by 3D printing have proven to be close to the
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Figure 1. [1lustration of bolus for the treatment of superficial tumors
by radiotherapy. The tumor (red) is located in the subcutaneous
tissues. Bolus (blue) is used to increase skin dose and overcome
the skin-sparing effect.
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skin and have good efficacy in radiotherapy, but have been
limited in practical use due to the shortcomings, including
the immaturity of printed materials, inconvenient
preparation, and time-consuming preparation.

This review mainly focuses on the very recent
advances in the development of 3D printed bolus, which
has significant potential in radiotherapy. A systematic
searching was performed within PubMed, EMBASE,
ScienceDirect, and Scopus investigating terms
(3D printing OR 3-dimensional printing OR three-
dimensional printing OR rapid prototyping OR additive
manufacturing) And (bolus OR polymers) with a careful
selection and deep analysis. Only papers published in
English between January 2000 and December 2020
were included in the study. This review was organized as
follows: the first part shows the main soft polymers used
for processing bolus; the second part describes the current
3D printing technologies suitable for processing soft
polymer materials; the third part discusses the research
status of 3D printing bolus; and the last part presents our
perspective and outlook on the development of the 3D
printing bolus.

2. Soft polymers used for creating bolus

The use of bolus originally reported as early as 1920 still
finds its way in the current radiotherapy!'”. In the history
of radiotherapy, various materials, such as water, wet
gauze, paraffin, beeswax, and Vaseline, have been used to
create bolus!'®. However, there are still many problems in
the practical application of most bolus materials, mainly
because they have poor fit to skin contour and are uneasy

Figure 2. Different boluses and their cross-sectional computed tomography (CT) images. Acrylonitrile butadiene styrene (ABS) bolus
(A) and its CT image (B) for head radiotherapy (Reproduced from Ref!®! licensed under Creative Commons Attribution 4.0 license).
Agilus-60 bolus (C) and its CT image (D) for head radiotherapy (Reproduced from Ref® licensed under Creative Commons Attribution
4.0 license). Silicon bolus (E) and its CT image (F) for ear radiotherapy (Reproduced from Ref!!” licensed under Creative Commons
Attribution 4.0 license). Hydrogel bolus (G) and its CT image (H) for nose radiotherapy (Reproduced from Ref!!”! licensed under Creative
Commons Attribution 4.0 license). PCL bolus (I) and its CT image (J) for nose radiotherapy (Reproduced from Ref!!?! licensed under

Creative Commons Attribution 4.0 license).
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to fabricate. With the development of technology, the
modern bolus based on polymers has begun to appear in
the field of radiotherapy. Compared to other materials,
soft polymers are more suitable for constructing the
modern bolus due to their unique physical properties,
such as toughness, flexibility, and viscoelasticity. Young’s
modulus is a key parameter used for defining soft and
rigid materials. Human soft tissues, such as skin or muscle
tissues, exhibit a modulus of 10*— 10° Pal'”! (Figure 3);
thus, we believe that soft polymers with a modulus in the
range of soft tissues have the quality and can be used to
construct modern bolus.

Sheet-type boluses are now popular in radiotherapy
and are generally used to cover large areas that do
not need customization. Superflab is one of the most
commonly used commercial boluses due to its excellent
tissue equivalency, but they are not moldable”. Besides,
various soft polymers, such as plastics (resins), hydrogels,
silicone elastomers, TangoPlus, and polyurethane (PU),
have been used for processing the tissue-equivalent
modern bolus. From the viewpoint of materials’
physicochemical properties, the application of various
polymers in bolus is reviewed in Table 1.

2.1. Plastic-based boluses used in radiotherapy

Plastic is a kind of macromolecular polymer, which has
been widely used in industry and many fields. Synthetic
resin is the most important component in plastics, and
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Figure 3. Young’s modulus of selected soft polymers (blue) and
human tissues (red).

Table 1. Polymer materials used for processing bolus

thus, the nature of plastic is often determined by the resin
due to its large content. According to the physicochemical
properties of various plastics, they can be divided into
two types: thermosetting plastics and thermoplastics.
Thermoplastics melt when heated, cure when cooled, and
melt again when heated. Up to now, several thermoplastics
including polystyrene, acrylonitrile butadiene styrene
(ABS), polycaprolactone (PCL), polylactic acid (PLA),
and polyethylene terephthalate—glycol-modified (PETG)
have been used for creating bolus.

In radiotherapy, polystyrene is generally considered
the gold standard (solid water) in bolus material®'. Tt has
been reported that a shape memory bolus was designed
by tetra-branch PCL with acrylate end groups. The PCL-
based bolus shows good adhesion to the body surface and
can be processed in a short time!'?. As a form of ABS
resin, ABS-M30 (Stratasys, Eden Prairie, MN) resin and
ABSplus thermoplastic have also been used to process
boluses?>?¥], Park et al. reported a PLA-based bolus used
for breast cancer radiation therapy®®*. Since the plastic is
commonly stiffer than the skin tissues, the poor comfort
can cause pain for patients during therapy and air gaps,
resulting in the failure of radiotherapy. To improve the
fit of bolus to skin contour, the plastic-based boluses
were usually customized by the 3D printing technology,
especially the fused deposition modeling (FDM) method
(the detailed content about 3D printing plastic-based
bolus will be discussed in the later parts).

2.2. Elastomer-based boluses used in
radiotherapy

The elastomer materials used for creating bolus mainly
include silicone and polyurethane (PU). The silicone
elastomer refers to a straight chain polymer, whose main
chain is composed of silicon atoms and oxygen atoms
alternately, and the silicon atoms are usually connected
with two organic groups. Compared with the plastic,
the silicone elastomers have the flexibility and elasticity

Categories Typical Density Youngty Advantages Disadvantages References
materials (g/cm®)  modulus (Pa)
Plastic PCL 1.03-1.30 10— 107  Suitable for processing Stiff; [12,21-24]
Polystyrene discomfortable for
ABS patients
PLA
PETG
Elastomer TPU 1.05-1.25 104 -10° Flexible; elastic; Air gaps between [15,25,26]
Silicone biocompatible bolus and skin
Hydrogel = TPU/PAM 1.05-1.32 102—10*  Tunable Poor mechanical [7,10,27]
Methacrylic acid physicochemical properties
Nanocellulose property; tissue
equivalence; adhesion
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closer to the skin tissue. As a representative silicone,
polydimethylsiloxane, which is colorless, odorless,
transparent and does not cause skin irritation, can be
developed into commercial bolus®. The polymer has
excellent shear resistance, which can ensure its repeated use
in radiotherapy. In addition, other silicone elastomers used
for processing boluses were also reported. For example,
a silicone elastomer based on dihydroxypolysioxane and
ethyl polysilicate as the crosslinking agent was synthesized
to construct a bolus!'. Chiu et al. have constructed a
silicone-based bolus through casting the liquid silicone
(EcoFlex 00-30, Smooth-on Inc.)¢. Due to their chemical
stability, excellent biocompatibility, and good mechanical
properties, silicone elastomers have great advantages
in preparing bolus, but their density (1.1 — 1.2 g/cm?®)
being slightly different from the skin tissue may lead to
a decrease of tissue equivalence. No matter how good the
performance of the silicone elastomers, the sheet structure
of bolus will always cause air gaps in the treatment of
irregular surface of patients’ skin.

PU, also known as polycarbamate, is a kind of
polymer containing repeated structural units of -O-CO-
NH- bonds in its molecular chains. Due to its excellent
biocompatibility and flexibility, PU has been widely used
to construct medical devices, such as catheters, cardiac aid
devices, medical films, artificial skin, and so on®l. PU-
based polymers can be developed by incorporating soft
segments (e.g. lactides, caprolactone, and poly(ethylene
glycol) [PEG]) or chain extenders in PU backbone.
Recently, PU as a bolus material has entered the view of
researchers. For example, Zhao et al. have used a kind
of thermoplastic PU (TPU) to create a bolus for adjuvant
treating a recurrent squamous cell carcinoma at the nasal
septum!’®!, Hou et al. have developed a PU-based bolus
with multi-functions, including excellent mechanics
and adhesive properties, which make it fit closely to the
patient’s skin with irregular surface!”. The mechanical
properties of PU can be tailor-made according to the
structure-property relationship. Therefore, PU is likely to
be processed into a bolus with good tissue equivalence.
Besides, TangoPlus is another kind of commercial
elastomer used to print tissue-equivalent bolus®.

2.3.Hydrogel-based boluses used in radiotherapy

Hydrogel is a kind of 3D network consisting of
hydrophilic polymer chains, which are -crosslinked
to matrix with high water content. Due to its excellent
characteristics, including tunable physicochemical and
bioactive properties, versatility in fabrication, high
biocompatibility, and similarity to native extracellular
matrix, the hydrogel has widely used as promising
biomaterials in the biomedical field®”. Up to now, different
hydrogels from both synthetic and natural hydrogels have
been developed in various applications, such as tissue

engineering, cell therapy, regenerative medicine, and
stem cell and cancer research®'=2. Synthetic hydrogels,
such as poly(vinyl alcohol), polyacrylamide (PAM), and
PEG, generally possess precise controllable performance
and show high mechanical properties, but lack biological
moieties™3%. On the other hand, natural hydrogels, such
as chitosan, collagen, alginate, gelatin, and hyaluronic
acid (HA), have received wide attention due to their
bioactive properties. However, their deficiencies include
uncontrollable degradation, potential immunogenicity,
and low mechanical properties?®-**. Due to the distinct
performance of each of the hydrogel classes, it can
be selectively used in various fields according to the
application requirements.

Among various materials, hydrogels have the best
tissue equivalence due to their similar density and structure
to soft tissues. In recent years, hydrogel-based boluses
have been studied in the radiotherapy. For example, Kong
et al. fabricated a bolus composed of methacrylic acid
hydrogel, which not only showed good dose parameters in
intensity modulated radiation therapy plans, but also had
a high degree of comfort and repeatability'”. Chiozzini
et al. reported a hydrogel-based bolus consisting of the
bacterial nanocellulose, which is made up of D-glucose
monomers and produced by several kinds of bacterial?”.
Compared to the commercial bolus, this bolus showed
superiority in relation to the radiotherapy parameters,
including the radiation attenuation potential and
radiological density.

To the best of our knowledge, hydrogel has
many advantages including flexibility, odorlessness,
nontoxicity, and high transparence, but up to now, it
has not been widely used as a bolus in clinical setting.
The reason is the quality of losing water easily and the
nature of being fragile for the traditional hydrogel. Due
to the high-water content (>85%), hydrogels tend to
lose water and undergo shrinkage or deformation, which
greatly limits their application in radiotherapy. To solve
this problem, a water-resisting layer, such as polyol
PU membrane or silicone oil, can be used to cover the
hydrogel surface to prevent dehydration of hydrogels!'®!,
An alternate approach is to replace the water in the gel
with glycerine, maintaining the structure of hydrogels.

In fact, the main problem limiting the wide
application of traditional hydrogels is their poor
mechanical behavior, including low stretchability, low
toughness, and notch-sensitiveness. For example, the
alginate hydrogel is easily ruptured when just stretched to
1.2 times of'its original length. Most traditional hydrogels
with a fracture energy of about 10 J/m?, are more
brittle than the cartilage with ~1000 J/m™ and natural
rubbers with 10,000 J/m?. When the hydrogels contain
notches, the strength and stretchability of samples can be
markedly decreased. To solve this problem, various types
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of composite hydrogels, including slide-ring hydrogels,
double network hydrogels, and nanocomposite hydrogels,
have been developed by introducing an effective
energy dissipation mechanismB**, For example, a
nanocomposite hydrogel composed of hectorite clay
and N-isopropylacrylamide has an elongation of up to
1300%. A tough and stretchable hydrogel with double
networks was created by mixing covalently crosslinked
PAM and ionically crosslinked alginate. The resulting
composite hydrogel can be stretched more than 20 times
of its original length. It also showed excellent notch-
insensitive and self-recovery performance*l. Hou
et al. have reported a composite hydrogel (PU/PAM)
composed of PU and PAM as bolus. This novel hydrogel
with excellent mechanical, self-healing and adhesive
properties, can provide an optimal dose distribution for
radiotherapy!. Over the past decade, major breakthroughs
have been made in the research of composite hydrogels
with strengthened mechanics. We believe that these
advances will lead to a framework that helps construct
an ideal bolus in radiotherapy through rational design of
hydrogels. Therefore, with the development of hydrogel
research, more and more hydrogels will be developed to
construct boluses used for radiotherapy in the future.

In this section, we mainly review the current
soft polymers used to prepare boluses and analyze the
physicochemical properties of these materials as boluses.
Compared with plastics, elastomers, and hydrogels with
excellent flexibility and tissue equivalence are more
suitable to construct boluses. The properties of the
material play an important role in radiotherapy, but to
form full contact with the irregular surface of patients’
skin, the structure of the bolus needs to be customized.

3. 3D printing technology suitable for
processing polymers

As a promising additive manufacturing, 3D printing
has become a versatile technology for manufacturing
3D structures composed of different materials, such as
ceramics, metals, and polymers*?. According to the
digital data of 3D models, the designed 3D objects can
be processed layer-by-layer. Different from traditional
manufacturing methods, 3D printing can rapidly turn
digital-aided designs into 3D complex objects without
wasting any materials. According to the printing
materials and the principles, print heads or laser optics
are generally used to deposit one layer of 3D objects.
During the process of printing, the deposited regions are
crosslinked or solidified to yield entities™¥. In addition,
the ability of 3D printing to quickly produce products on
demand has greatly boosted the academic research and
the industrial production*. Up to now, based on different
principles and materials, over dozen types of 3D printing
technologies that meet the nature of different materials

have been developed™®!. Especially for polymer materials
with various polymerization characteristics, four
printing techniques are mainly used, including powder
bed fusion, material extrusion, material jetting, and vat
polymerization (Figure 4). The performance of different
printing technologies is listed in Table 2.

3.1. Powder bed fusion

As a kind of additive manufacturing process, power bed
fusion makes use of a laser to sinter powdered materials.
It is also called selective laser sintering (SLS) according
to the phase states of powder bonding. With the
help of lasers that automatically aim at points in space
manipulated by a 3D control system, the powdered
materials are bonded together to form a solid structure.
The manufacturing process of SLS consists of three
repeated stepst”. First, the powdered materials are
uniformly distributed as a printing layer by scraping or
rolling. Second, the powder is selectively fused to form
a solid structure by scanning the laser. Third, to print the
next layer, the build platform descends one layer. These
three steps are repeated until the SLS process is finished.
Compared to other 3D printing, SLS does not require
additional supporting materials. In addition, the powder
in the non-molten region can be recycled after printing,
resulting in a material utilization rate of close to 100%.

The resolution of SLS printed parts is largely
dependent on the particle size: the larger the particle and
the lower the spatial resolution. However, for the sake
of safety, cost efficiency and process ability, the size of
powder particles is usually limited to a range of 10 —
100 u. Up to now, the resolution of SLS can reach 100
um under optimal conditionst®,

In general, powdered materials used in SLS should
possess several properties, such as compactness, good
fluidity, and thermal stability. During the first step of SLS
process, good fluidity and compactness are the key factors
to ensure proper coalescence in the subsequent sintering.
In addition, the most crucial requirement for SLS powders
is the thermal properties that allow the powders to
solidify uniformly during melting and sintering™”’. As for
soft polymer materials used for SLS, these requirements
are extraordinarily harsh. At present, few soft polymer
powders are processed using SLS, such as polycarbonate
(PC), PCL, and thermoplastic elastomers (TPEs). There
is a popular view that the biomedical fields are the most
active areas for SLS using soft polymer materials®”;
however, SLS is not well suited for processing soft bolus
with good softness and tissue equivalence due to its strict
requirements for materials.

3.2. Material extrusion

In extrusion printing, the polymer materials are extruded
through a nozzle to form a continuous filament, which
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Figure 4. Schematic illustrations of different 3D printing technologies. (A) Fused deposition modeling printing. (B) Direct ink writing
printing. (C) Inkjet printing. (D) Stereolithography printing. (E) Digital projection lithography printing. (F) Two-photon polymerization

printing.

is deposited to build the target entity. The extruded
filament is deposited at the designed position through the
movement of the XY axis to complete the pattern of one
layer. After finishing one layer, the build platform moves
down to deposit the next layer. These steps are repeated
until the designed objects are completed™!!,

At present, the extrusion printing mainly includes
FDM and direct ink writing (DIW). As for the FDM,
thermoplastic filaments are liquefied into their semi-
molten state using a heated nozzle. The liquefied materials
are then solidified when they are cooled below their glass
transition temperature. Due to the high viscosity and the
swelling of the melted polymer, the resolution of printed
structures is greatly reduced to a few 100 u®?. In addition
to the basic thermoplasticity, the printed materials must
maintain a balance between the mechanical performance
and the rheological properties, which greatly limits
the variety of printable materials. Up to now, several
thermoplastic polymers have been used in the FDM,
including PCL, ABS, PLA, and other thermoplastics®™.
However, inhomogeneity associated with an FDM printed
bolus may also impact the use in radiotherapy.

The DIW method is mainly used to print
viscoelastic materials. Compared with the FDM using
a heated nozzle, DIW utilizes a common needle to
extrude the printed materials®™. After deposition,
the curing processes, including cooling curing and
photopolymerization, are used to solidify the printed
structures. The viscoelasticity of material is critical for
DIW, which requires the rheological property of printed

materials to ensure the printing fidelity and continuity,
including yield point and shear thinning®®*!. The extrusion
of viscoelastic material is considered a transient shear
process, which allows the extrusion to be smooth and
ensures the deposited filaments retain their shapes. When
the inks are extruded from the nozzle, such viscoelastic
liquids can recover their initial storage modulus and
viscosity. Compared to other printing methods, the DIW
process can accept a larger variety of materials that
possess such rheological properties. Therefore, a large
number of polymer materials can be printed using the
DIW, including silicone elastomer, PU, and hydrogels®.
The main disadvantages of the DIW technology are its
slow building speed and low resolution. At present, it
has been reported that the resolution of DIW can just
reach a few 100 p and the highest printing speed of
DIW is only 100 mm/s, which is greatly less than that of
photopolymerization printing®”.

3.3. Material jetting

Inkjet printing is an additive manufacturing technology
through which innumerable droplets of printed materials
are deposited layer-by-layer to form the target entity™®.
The typical setup of inkjet printing is generally composed
of a motion platform with jetting heads, an X-Y-Z three
axis, and auxiliary curing devices. Low-viscosity liquids
are ejected from the jetting heads to form the droplets,
which are deposited on the building platform and then
solidified®. The inkjet printing needs to meet two basic
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requirements, namely, the fluid suitable for ink jetting
and the ability to solidify into an entity. As a key process
of inkjet printing, the generation of droplets is mainly
dependent on both the fluid performance and the 3D
printing parameters®. The former includes dynamic
viscosity (1), fluid density (p) and surface tension (),
and the latter encompasses the velocity of the ejected
fluid (v), the droplet length (/), and the nozzle diameter
(d). The inkjet printing can be achieved only when these
parameters are controlled in an appropriate processing
condition!®!],

The dimensionless Z parameter is generally used to
determine whether the liquids can be ejected stably. As
for the high values of Z, the ejected droplets are easily
to splash into multiple satellite droplets, whereas at
low values of Z, the droplet ejection will be prevented
by viscous dissipation. In general, stable jetting can be
generated when Z is controlled between 1 and 1012,

Due to such stringent requirements, few polymers
can be printed by inkjet printing. Among these polymers,
because many hydrogels have excellent inkjet printing
performance, inkjet printing hydrogels have become a
very hot topicl*?. Nowadays, the advanced inkjet printing
technology possesses a powerful ability to rapidly
construct complex 3D structures using multi-nozzle
arrays, which can eject more than 100 million droplets
per second™. In fact, it is difficult to eject complex fluids
without clogging, limiting the diversity of printable
polymers.

3.4. Vat polymerization

As a kind of additive manufacturing process with
great potential, photocuring printing uses ultraviolet
(UV) light to selectively solidify liquid photosensitive
polymers by photocuring layer-by-layer to obtain the
target object®®*, Up to now, the photopolymerization
printing technology mainly includes stereolithography
(SLA), digital projection lithography (DLP), two-photon
polymerization (TPP), and computed axial lithography
(CAL).

SLA is the first photocuring printing developed
in the early 1980s. The SLA uses a point light source
(e.g. laser) to irradiate only one voxel at a time and
prints patterns with the movement of the beam. After
one layer is completed, the building plate moves by one-
layer thickness and a new layer of liquid photosensitive
polymers turns into the printing regions to print the
next layer. These procedures are repeated layer-by-
layer until the printing of the desired object entity is
accomplished®®!. In general, the photocuring resin is
mainly used as the printed material of SLA to fabricate
3D objects with large size in the manufacturing industry.

In TPP, two laser pulses with high wavelengths
intersect to generate a single pulse with a low wavelength,

which stimulates the polymerization®”. Compared to
the SLA possessing a focal plane, the TPP gets a focal
spot. Thus, the accuracy of TPP is generally higher than
SLA. It is reported that the optimal printing resolution
of the TPP so far is around 100 nm!®®l. TPP is normally
used to fabricate 3D sophisticated objects within several
micrometers, but the printing dimensions are very
small, usually limited in 1 cm®. For example, using this
method, PEGDA gels were processed into 3D helix-
shaped constructs in micron grade!®®. In summary, these
two laser-based prototyping techniques possess the
characteristic of high precision and resolution. However,
the processing speed of SLA and TPP is relatively slow,
which may make 3D printing bolus challenging.

To increase the manufacturing speed of
photopolymerization, researchers have developed the
DLP technology!™, which makes an entire pattern on
the focal plane to be crosslinked simultaneously. In this
method, a dynamic pattern can be projected by using a
liquid crystal display or a digital micro-mirror device!**"!1.
Therefore, the printing speed of DLP is significantly
improved in comparison to the point light technology.
Recently, continuous liquid interface production (CLIP)
technology, which is an advanced DLP technology with
higher printing speed has been developed. The CLIP
can achieve the continuity of printing by forming a
polymerization “dead zone,” which allows the 3D objects
to be printed in minutes instead of hours?.

Recently, a novel photocuring printing technology
named CAL was developed. By irradiating a rotating
volume of photosensitive polymers with a dynamically
changing light pattern, CAL can obtain the concurrent
printing of all points within a 3D object”!. The
conventional photocuring printing, such as DLP, prints
objects layer-by-layer, whereas the CAL delivers light
energy to the material volume in the form of a series of 2D
images. Each image projection is propagated through the
material volume at a different angle. The superposition of
light energy causes the whole entity to solidify at 1 time
in accordance with the designed geometry. It has been
reported that the printing time for a centimeter-scale
object just needed about 30 — 120 s, which is greatly
faster than the layer-by-layer printing method. However,
the resolution of CAL is limited to sub-millimeters’?.

In summary, polymers suitable for most
photopolymerization printing should obtain two basic
characteristics: good fluidity and photocurable ability!.
The photopolymers should be liquid with low viscosity
so that the polymers can be evenly spread within the
printable area. In general, the photopolymers have a
specific group, which can be induced to undergo photo
crosslinking reactions triggered by the initiators. In
addition to the initiators and the photopolymers, other
additives are also used to improve the printing quality,
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including light absorbers, radical inhibitors, and diluents.
The light absorbers can restrain the curing depth, the
radical inhibitors can prevent premature solidification
of liquids, and the diluents can decrease the liquid
viscosityd. Compared to the large polymer family,
the variety of photopolymers is relatively small. Novel
photopolymers can be developed by grafting specific
photosensitive groups with normal polymers. Up to now,
various photopolymers have been used for photocuring
printing, including photocuring resins, hydrogels, and
silicone elastomerst’.

4. Customization of bolus through 3D
printing

With the improvement of 3D printing technology, it
has been widely used in various fields, especially the
biomedical field requiring customization of medical
devices. 3D printing is currently a promising approach
to achieve the customization of bolus. Compared to the
commonly used flat bolus, the 3D-printed bolus allows
for a more match to a patient’s skin surface and shows
desirable curative effect of radiotherapy (Figure 5).
However, 3D printing bolus still stays in the early stages
of development due to shortcomings of printable and
appropriate materials. Reviewing the research progress
of 3D printing bolus in recent years, we divide the current
3D printing bolus into two main categories: indirect

printing and direct printing. The former is to first print a
shell of the bolus and then fill it with other polymers, and
the latter is to print a bolus directly with a 3D printing
technique.

4.1. Indirect printing bolus (casting)

As the name suggests, the indirect printing means that it
takes at least two steps to produce a customized bolus.
The typical workflow to make bolus by the indirect
printing is shown in Figure 6A. In this method, the
bolus shells are first printed by 3D printing technology,
then the materials were cast into the chamber of shells.
After demolding, a customized bolus is obtained. To
be precise, this method should be called casting, which
is suitable for processing most of hydrogels and some
elastomers with low melting point. Up to now, various
polymers have been widely processed as customized
bolus using this method. For example, Kong et al.
printed a shell of bolus using the PLA and then filled it
with silicone rubber and hydrogels for non-melanoma
skin cancer radiotherapy!'”’. Park et al. casted a urethane
liquid rubber and liquid silicon compound into the
mold to make the customized boluses®!!. Resins are
commonly used to print mold shells due to their high
stiffness, low swellability, and low flexibility. Compared
to the commonly used sheet bolus, the bolus cast by
this method can contact closer with the body, greatly

Figure 5. Some 3D-printed boluses reported in the literature. (A) A nose bolus printed with Tangoplus (Reproduced from Refl’! licensed
under Creative Commons Attribution 4.0 license). (B) A bolus printed with ABS on the head phantom surface (Reproduced from Refl””)
licensed under Creative Commons Attribution 4.0 license). (C) 3D-printed bolus of the 4" and 5" knuckle (Reproduced from Ref!® licensed
under Creative Commons Attribution 4.0 license). (D) 3D-printed bolus fitting the ear of a volunteer (Reproduced from Ref!* licensed under
Creative Commons Attribution 4.0 license). (E) 3D-printed Ninjaflex bolus covering the right-hand side of the head phantom (Reproduced
from Ref” licensed under Creative Commons Attribution 4.0 license). (F) 3D-printed breast bolus (Reproduced from Refl”! licensed
under Creative Commons Attribution 4.0 license). (G) Bolus printed with PLA on the Alderson RANDO phantom (Reproduced from Refl*")

licensed under Creative Commons Attribution 4.0 license).
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reducing the air gap and improving the efficiency of
radiotherapy.

However, the indirect printing method is
complicated and time-consuming, and the accuracy of
this method is relatively low. The process of this method
mainly includes molding and casting, which determines
the preparing efficiency of customized bolus. Chiu et al.
have constructed a silicone bolus using this method
for head-and-neck radiotherapy. The time taken for
construction including mold printing and fillers casting is
about 2 days depending on bolus surface area, complexity
and volume®. In this method, two pieces of mold shells
including a positive and a negative are first printed and
then put together to form a chamber for casting fillers.
The accuracy of the bolus is seriously influenced by the
thickness of mold shells. This method is suitable for the
preparation of bolus with a large size used for breast or
head radiotherapy, but not for small bolus with complex
structures used for ear or nose. In a word, although the
indirect printing method enables the customization of
bolus and improves the efficiency of radiotherapy to some
extent, the complicated and time-consuming process will
greatly limit the commercialization of this technology in
the field of radiotherapy.

4.2. Direct printing bolus

Direct printing means that 3D objects can be directly
realized from CAD models by means of computer
numerical control printers. CAD models are translated
into computer-readable formats (usually standard
tessellation language file), and then sliced into control
codes which can control printers to solidify material in
a layer-by-layer manner’ (Figure 6B). With the rapid
development of 3D printing technology, increasing
researchers from different backgrounds have started to
manufacture devices or structures with high complexity
using this powerful technology™’”7, In recent years, the

Casting

Patient model

customized bolus directly processed using 3D printing
has also attracted wide attention of doctors and scholars
in the field of radiotherapy.

Up to now, various polymers have been used to
fabricate bolus using different 3D printing technologies,
mainly including FDM, inkjet and SLA#%. FDM is
one of the earliest 3D printing technologies used to print
bolus. For example, Kim et al. have used the FDM method
to print a nose bolus using ABS resins as the printing
material®?l. Using ABSplus thermoplastic as printing
materials, Park et al. have fabricated a customized ear
bolus by applying the FDM method®. A customized
breast bolus composed of PLA was also printed by means
of this method™. Through this method, a semi-flexible
TPU was processed into a customized leg bolus used
for treating the primary cutaneous lymphoma®!. In the
current study, the thermoplastic polymers were mainly
used to process customized bolus based on the printing
principle of FDM technology. Compared with both the
commercial sheet bolus and the indirectly printed bolus,
the customized bolus processed by FDM has a better fit
to the irregular body skin. However, these thermoplastic
polymers used for FDM are stiffer than the soft tissues.
It inevitably results in the patient experiencing pain and
air gaps, influencing the efficiency of radiotherapy. In
addition, the time required for preparing a customized
bolus using this method was relatively long due to the
time-consuming process of FDM. Consequently, a more
malleable and printable polymer should be used to
process customized bolus.

Recently, some other 3D printing technologies
suitable for processing soft polymers have begun to be
used to produce customized bolus. Park et al. used an
inkjet printing technology to print a nose bolus composed
of a malleable rubber-like material”. Using the same
method, Baltz ef al. also made a customized bolus cap
composed of a rubber-like photopolymer resin used for

paally

Demolding Printed model  Patient Application

- 5

Patient Application

Figure 6. (A) Indirect printing workflow of bolus. (B) Direct printing workflow of bolus.
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total scalp irradiation®. In addition, Munoz et al. used
SLA method to create a customized nose bolus composed
of elastomeric materials, which showed compliant, elastic,
and water equivalent properties®®. Compared to the
rigid bolus, the soft bolus created by these two methods
greatly reduces the patient discomfort and unwanted air
gaps. It suggests that the customization of bolus is not
only related with the selection of 3D printing methods,
but also dependent on the properties of printed materials.

Direct printing is a promising approach to rapidly
achieve the customization of bolus, but 3D printing of
bolus using soft polymers is still in the early stage of
development. An ideal bolus should not only provide
a close contact with the patients’ irregular surface, but
also possess excellent properties, such as flexibility,
biocompatibility, and adhesion. The 3D printing methods
determine the printing speed and printing accuracy of
bolus, while the printed materials mainly influence the
performance of bolus. With the current 3D printing
technology, the bottleneck restricting the application of
3D printed bolus is mainly the deficient development
of printable polymer materials. The advances in
materials science and 3D printing technology lead to the
development of more printable polymers, which will be
used for 3D printing of bolus.

5. Summary and outlook

Various materials that are able to be processed into bolus
have been used in radiation therapy, but the development
of customized bolus prepared by 3D printing of polymers
is still in its infancy. To achieve the personalized
customization of bolus, this review aims at providing
comprehensive insights into the 3D printing bolus. How
to choose an appropriate 3D printing technique and to
design a suitable printable polymer is an urgent issue to
be solved in customizing bolus. We focus on three points:
(1) polymer materials used for fabricating bolus, (ii)
3D printing techniques suitable for processing polymer
materials, and (iii) personalized customization of bolus
through 3D printing technology.

Various 3D printing techniques utilizing different
principle to pattern are suitable for different materials.
The choice of 3D printing methods is mainly determined
by the actual requirements of application®!. A 3D
printing technique suitable for processing bolus should
have the following three characteristics: rapid printing
speed (<1 h), medium printing scale (X-Y-Z three axis
<30 cm), and general printing accuracy (<200 um).
The extrusion printing and the inkjet printing utilize a
nozzle to deliver the polymers to the designed position
and solidify the polymers by a curing process. As for
the nozzle-based printing techniques, most polymers
can be printed as long as they have suitable rheological
properties. However, the point-to-point printing mode

results in a slow printing speed, which will greatly limit
the manufacturing efficiency of personalized bolus. In
contrast, photocuring printing can selectively solidify
the polymers from a liquid tank, which can perform the
patterning process and curing process at the same time.
Especially for the DLP- and CLIP-based layer-by-layer
printing mode, these photocuring printing methods
enable the direct and rapid construction of bolus. As
an emerging photocuring printing technology, the CAL
shows a faster patterning speed in comparison to the
DLP method. However, this technology is premature,
costly, and the printing precision is still relatively low.
Therefore, among different 3D printing techniques, the
DLP and CLIP methods based on layer photocuring are
probably the most ideal technology to print personalized
bolus at present.

Up to now, the printable materials suitable
for DLP-based photocuring printing are mainly
photosensitive resins, which have the basic characteristic
of photocurability®. Photosensitive resins are a class
of relatively mature photocurable prepolymers with
low molecular weights, which mainly include esterified
acrylate epoxy resin, unsaturated polyester, PU, and
polymercaptan/polyene photocurable resin systems®’),
Although the photo-resins (Young modulus, ~GPa) have
been widely used in the manufacturing industry, they are
not suitable for constructing bolus by DLP-based printing
due to their higher hardness compared to patients’ skin
tissues (~KPa). The mismatching in hardness between
bolus and skin tissues will inevitably lead to the failure of
radiotherapy. Besides, the potential toxicity of photo-resin
makes it even less likely to be used in clinic. Therefore,
it is urgent to develop a kind of material that can not only
be used for DLP printing, but also has an elastic modulus
equivalent to skin tissues.

Hydrogels and silicon gels have an elastic modulus
close to that of human skin tissue, while most of these
materials cannot be directly used for photocuring printing
due to a lack of photosensitive properties. To endow the
gels with photocurable ability, some photopolymerizable
functional groups have been grafted onto the molecular
chain of the gels. The modified gels with both
photocurable ability and bionic hardness will be a kind of
ideal materials for constructing bolus. In addition, it has
been recognized that the bolus-assisted radiotherapy can
efficiently control the recurrence of subcutaneous tumor,
butitalso causes some side effects. For example, itis likely
to damage the normal tissues around tumors and cause
dermatitis in the exposed areas. More severely, inflamed
areas are susceptible to bacterial infection, which may
prevent irradiated skin from healing and even aggravate
skin necrosis. Therefore, to improve the curative effect of
radiotherapy, it is urgent and necessary to design a new-
type bolus with combined features, including printability,
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II

Printability

B Ideal bolus

Antibacterial

' Biocompatibility

Figure 7. Anideal soft polymer suitable for customized bolus should
have combined features, including printability, tissue equivalence,
biocompatibility, flexibility, and antibacterial properties.

biocompatibility, good-fit to skin contour as well as
antibacterial and antiphlogosis properties (Figure 7).

In brief, there has been impressive progress in
the application of 3D printing technology in many
areas. However, as an emerging technology used in
radiotherapy, 3D printing still faces numerous challenges
before practical applications, including printing methods,
printable materials, and boluses’ design. Through
reviewing the 3D printing techniques and polymers
suitable for processing bolus, we anticipate this review
could help readers choose suitable printing methods
and design printable polymer materials to achieve the
customization of bolus.

An ideal 3D-printed bolus for radiotherapy is
an auxiliary device that should integrate multiple
properties, including customizable dimensions,
appropriate  physicochemical  performance, and
favorable compatibility and antibacterial activity. (i) The
customizable dimension is the primary feature of the 3D
printed bolus. The conventional bolus is usually a kind
of square film with uniform thickness (5 mm), while
the 3D printed bolus is an irregular membrane tailored
to the characteristics of the patient’s skin surface.
Compared to the conventional bolus, the 3D printed
bolus allows for a more match to the human body, such
as the head, breast, and facial parts, and ensures the
expected dose distribution at PTV. (ii) The appropriate
physicochemical properties of 3D printed bolus
mainly include the tissue equivalence, transparency,
mechanical performance, and bioadhesion. The bolus
is considered a kind of tissue equivalence, which can
simulate the absorption and scattering properties of skin
tissues for a given irradiation. Although transparency
does not normally affect the effects of radiation,

good transparency (=50%) will help to facilitate the
accurate and repeatable placement of bolus. Good
mechanical performance means that the bolus not only
has an elastic modulus similar to the skin tissues, but
also good toughness to prevent it from being torn in
repeated use. The bioadhesive performance enables the
3D printed bolus to fit well with the irregular human
skin, ensuring the accuracy of radiation dose. (iii) The
favorable compatibility means that an ideal 3D-printed
bolus should not generate any adverse effects in contact
with human body. Besides, antibacterial properties can
inhibit the occurrence of inflammation caused by the
side effect of radiotherapy. Therefore, to obtain an ideal
3D printed bolus, the convergence of versatility in the
soft polymers is inevitable in the future, and is thought
to accelerate the outcome of radiotherapy.
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