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Abstract 
The capacity of additive manufacturing technologies to initiate speedy polymerization of 
solvent-free resins accounts for their utility in the construction of medical devices. Nonetheless, 
biocompatibility is an issue of concern owing to the paucity of information on the biological 
risks of the materials and, inter alia, the unique parameters of the additive processes, which can 
influence the clinical properties of medical devices. With standards for preclinical evaluation 
lagging far behind emerging technologies, the onus is on academia and the materials science 
community to ascertain the biocompatibility of new materials if patient safety is to be 
guaranteed. In this doctoral project, additively manufactured (meth)acrylates for medical 
devices were subjected to biological evaluation using the innovative zebrafish embryo model, 
which is providing a high potential for toxicity profiling and has high genetic similarity to 
humans. Toxicological data indicate that the gradations of lethal, sublethal and teratogenic 
effects elicited in different exposure scenarios were influenced primarily by physicochemical 
characteristics of the materials, before and after ethanol treatment. Although characterization 
of methacrylates for unreacted carbon=carbon double bonds using Fourier transform infrared 
spectroscopy showed limited correlations between conversion rate and biological performance, 
ethanol-treated methacrylates induced a relatively low toxicity in zebrafish bioassays possibly 
due to decreased chemical constituents as observed by headspace gas chromatography-mass 
spectrometry. To strengthen research on photopolymers in additive manufacturing, quantitative 
analysis of the observed chemical compounds and their throughput in zebrafish bioassays are 
recommended for further study, taking into consideration that resin formulations are constantly 
evolving to meet the requirements for medical devices. While it is generally accepted that the 
zebrafish excels as a model system for developmental toxicity, a further examination of its utility 
in this novel project using different protocols provides basis for its consideration and adoption 
at a crucial when there is a lack of consensus regarding the most suited biological assessment 
methods for medical devices. Furthermore, the presence of potentially toxic acrylic esters other 
than residual methyl methacrylate underscores the need for standards revision to reflect the 
current trends in biomaterials and technological advancements. 
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Chapter 1 Introduction 

Although polymers in their natural state (e.g., proteins, cellulose, silk and natural rubber) have 
existed since the dawn of time, it was the revolutionary discovery of synthetic polymers in the 
19th century that has led to plastics (a blend of synthetic polymers) becoming an essential 
element of modern life 1, 2).  The word “POLYMER” is derived from Greek: “polys” and “meros” 
meaning “many” and “part”, respectively 3). Polymers are identified by the structural and 
repeating units in their chain formulae. A structural unit in a polymer chain represents a residue 
from a monomer used in the synthesis of the polymer, whereas a repeating unit refers to a 
structural unit or a covalently bonded combination of two complementary structural units, 
which is repeated many times to make the whole chain 4). In general, polymers are molecules 
composed of repeating units connected by covalent bonds in a variety of ways 5). The chemical 
process in which relatively small molecules (monomers) are linked to form large molecules 
(polymers) is known as POLYMERIZATION; if light is used to initiate and propagate 
polymerization reactions, the process is referred to as PHOTOPOLYMERIZATION 6). 
 
1.1 Photopolymerization in Additive Manufacturing  
Photopolymerization is considered the most effective way to transform solvent-free liquid resins 
into solid polymers 7). PHOTOPOLYMERS or light-activated resins change their structural and 
chemical properties when exposed to light, usually within the ultraviolet (100-400 nm) and 
visible light (400-800 nm) region of the electromagnetic spectrum 8,9). Compared to thermally-
activated polymerization, it is more economical and offers a myriad of practicalities in imaging, 
microelectronics, graphic arts, printing plates, photoresists, laser direct imaging, computer-to-
plate technology, holographic optical elements and dentistry, to name a few 10). All the same, 
it is argued that photopolymerization has not been more popular than its current application 
in additive manufacturing (AM) often referred to as three-dimensional printing (3DP) 11). In 
AM, crosslinked polymers can be synthesized from multifunctional monomers and telechelic 
oligomers by photochemical reactions, so liquid to solid phase change takes place within a 
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fraction of a second at ambient temperature 7). The digital manufacturing process involves 
feeding a virtual model, usually in standard tessellation language (STL) file format, into a 
designated 3D printer to build parts in successive layers (two-dimensional sections) until the 
desired 3D part is completed 12). AM comprise a host of processes and technologies that offer 
a diverse spectrum of capabilities for the manufacturing of end-use products and devices in 
different materials 13). For the sake of conciseness, only significant aspects of stereolithography, 
digital light processing and material jetting being photopolymerization processes currently used 
for manufacturing medical devices in dentistry are discussed in this thesis. The complete 
manufacturing process is discussed in relevant literature14-16) and reference sources17-20). 
 
STEREOLITHOGRAPHY (SL) is considered the pioneer of 3DP processes 21, 22). In a traditional 
SL system (FIGURE 1A), layers of liquid photopolymer resin from a vat are selectively cured or 
solidified with ultraviolet (UV) laser beam to form physical parts 12). The laser scans across the 
surface of the resin and solidifies it in predetermined x-y directions. The build platform in the 
vat then drops fractionally (z-direction), submerging the solidified layer into the resin to be 
recoated and irradiated 17). In an inverted SL system (FIGURE 1B), the incident light is projected 
through the bottom of the vat to solidify the liquid resin 23). The penetration depth 
(photosensitive energy that goes into the resin) is controlled by the type of photoinitiator, 
concentration of photoinitiator, and wavelength of the laser whereas the cure depth (thickness 
of each solidified layer) is dependent on the irradiation dose, critical energy and concentration 
of the liquid resin 24). In general, the functionality of SL parts is dependent on physicochemical 
properties of the resins, speed and resolution of the optical scanning systems, the power, 
wavelength and types of laser used, the spot size of the laser, the recoating system and the 
postprocessing steps 8). 
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FIGURE 1: Schematic of traditional (A) and inverted (B) stereolithography. 

Image source: Formlabs, Expanding 3D printing technologies to high-volume applications and 
beyond. Published by 3DP+ and Mary Ann Liebert, Inc. Publishers 23) 
 
DIGITAL LIGHT PROCESSING (DLP) is similar to SL in that both are vat photopolymerization 
processes that require washing built parts in organic solvents to remove wet resin remnants, 
followed by postcuring in a UV oven to harden them. DLP, however, uses a more conventional 
light source (FIGURE 2) such as an arc lamp, with a liquid crystal display panel or a deformable 
mirror device, which is applied to the entire surface of the vat of resin in a single pass, relatively 
making it faster than SL 13). Perfactory DLP®, for instance, uses high-definition projectors that 
deliver light in pixels, creating volumetric pixels or voxels in the resin. The projector emit light 
in multiple intensities along a spectrum that goes from white to grey and black, thus enabling 
parts to be built in varying depths at fixed x-y dimensions 25). The newly introduced continuous 
liquid interface production (CLIP) combines DLP technology with oxygen permeable optics 
and programmable resins to build 3D parts: incident light is projected through oxygen-
permeable window (“dead zone”) to cure layers of resin flowing continuously above it 26).  
 
In MATERIAL JETTING (MJ), liquid photopolymer resin is selectively squirted through multiple 
jet heads, and then cured with a passing of UV light as each layer is deposited 12) (FIGURE 3). 
The jet heads are fixed (in x-y directions) whereas the build tray is lowered (z-direction) for 
resin to be added and solidified 27). MJ also allows for simultaneous deposition of materials with 
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variegated characteristics and physical properties. Depending on the technology, support 
structures can be melted away in a heated oven before cleaning 19) or cautiously removed with 
a water jet or by hand 27). Unlike SL and DLP, no post-curing is required for MJ parts. 
 

 
 
 

FIGURE 2: Schematic of digital light processing. 
Image source: 3D Printing Industry 13) 

 

 

 
 

FIGURE 3. Schematic of material jetting.  
Image source: 3D Printing Industry 13) 
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1.2 Chemistry of the Photopolymerization Process  
Although liquid photopolymer resins (FIGURE 4) in AM are largely proprietary, they are usually 
composed of photoinitiators, mono-or-multifunctional monomers and functionalized 
oligomers. The photoinitiators absorb the incident light and generate reactive radicals or ions; 
mono-or-multifunctional monomers act as reactive diluents to adjust viscosity, whereas 
functionalized oligomers constitute the backbone of the polymer after polymerization 28).  
Monofunctional monomers such as acrylic acid, methacrylic acid, isodecyl acrylate and n-vinyl 
pyrrolidone can either act as a crosslinker or reactive dilluent to adjust formulation viscosity 
whereas multifunctional monomers (e.g., trimethylopropane triacrelate, ethoxylated 
trimethylopropane triacrelate, trimethylepropane trimethacrylate and hexanediol diacrylate) 
can be used as crosslinkers and diluents at the same time 29). For enhanced manufacturing 
outcomes, resins should possess high curing rate, good storage stability, low viscosity, low 
toxicity, and display adequate mechanical properties after polymerization30, 31). The relevant 
mechanical properties of the resulting polymer will depend on the chemical structure, 
functionality and concentration of the various constituents of the resin, and the degree of cure 
28).  

 
FIGURE 4: Custom tray built from liquid resin in an ‘inverted’ stereolithography printer. 
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Photochemical reactions in resins proceed mainly by a free-radical and cationic mechanisms 28). 
In both mechanisms, a wide variety of monomers can be polymerized individually or in the 
presence of comonomers; however, only by appropriate selection of ingredients, for instance, 
monovinyl monomers for linear polymers and multifunctional monomers for crosslinked 
polymeric networks will the desired properties of the resultant polymer be guaranteed 32). 
 

Free-radical polymerization (FRP) is used to synthesize acrylic devices such as denture bases, 
surgical guides, orthodontic appliances, hearing aids and a wide range of commercial plastics 
33-35). Acrylics are probably the most versatile family of monomers that can be used to prepare 
polymers with rigid, flexible, ionic, nonionic, hydrophobic, or hydrophilic properties 36). They 
are preferred in FRP, because of the high reactivity of the acrylate double bond. Under intense 
UV illumination, crosslinking polymerization of acrylate-based liquid resins proceeds 
extensively within a fraction of a second to generate a 3D polymer network 7). The speedy 
polymerization occurs by virtue of aromatic ketone photoinitiators undergoing fast homolytic 
cleavage upon irradiation 28). Polymerization of carbon–carbon double bond (C=C) is the most 
important since the carbonyl group is not prone to polymerization by radical initiators due to 

its polarized nature 37). Free radicals attack on the ‘unsaturated’ vinyl double bond (π-bond) 

forms a single bond (σ-bond) to another carbon and an unpaired electron 38). As 
polymerization progresses, the amount of aliphatic double bonds decreases but in practice, the 
process does not guarantee a 100% monomer conversion rate 39). Polymerization reaction 
consists of initiation,  propagation and termination as shown in FIGURE 5 for FRP 5). Initiation 
involves the formation of radicals that react with vinyl monomers. During propagation, there 
is a rapid and progressive addition of monomers to growing polymer chain without changes to 
active centers. Termination occurs when free-radical chain reactions end either 
by combination (e.g., styrene) or disproportionation (e.g., methyl methacrylate). By 
combination, two growing polymer chains react with each other to form a single nonreactive 
polymer whereas by disproportionation, a hydrogen atom is transferred from one radical to 
another to form polymers with saturated and unsaturated ends. In addition, transfer of a growth 
active site from active chain to a previously inactive one might occur 40). To illustrate, the 
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photoinitiator (PI) generates radicals (PI →   PI*(hv) →   2R•), which are transferred to active 

groups on the monomer (M•) chains (R• + M →    RM•) to form a crosslinked phase in 

repeated addition (RM•) n →  polymer) 41). Despite the high reactivity of acrylate double bond, 

oxygen inhibition due to excited triplet state quenching  by O2 and scavenging of initiating R•, 

as well as propagating RMn• radicals by O2  10) occur as drawbacks of the FRP process, not 
forgetting acrylic polymers have a relatively low thermal resistance, glass transition temperature 
and physical properties 42).  
 

 
 

FIGURE 5: Schematic of free radical polymerization of vinyl monomers.  
Adapted with permission of Springer Science and Bus Media B V (Appendix 7.6) from Ravve 
A. Principles of Polymer Chemistry. New York: Springer; 2012; permission conveyed through 
Copyright Clearance Center, Inc. 
 
Cationic polymerization (CP) is reported to be successful with multifunctional monomers and 
oligomers that bear vinyl ether, propenyl ethers or epoxy groups 43). In CP, a proton acid is 
produced by photolysis of triarylsulfonium or diaryliodonium salts to initiate the 
polymerization of epoxides or vinyl ethers 28). Photoinitiator absorbs the incident light and 
undergoes decomposition leading to the formation of initiating species (radical cations, R+) that 
react with monomers (M) 44). The reactive portions of the chain ends carry positive charges 
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during the process of chain growth. These active centers can be either unpaired cations or 
cations paired and associated with anions. Initiations result from transpositions of electrons, 
either as single or pair: one electron transposition (homolytic) initiations occur by reactions of 
direct oxidation of radicals, and cation-radicals formed through charge-transfers, whereas two-
electron transposition (heterolytic) initiation occurs by reactions with protonic (Brønsted) acids, 
Lewis acids, stable carbon cations, certain metal alkyls and cation forming substances. Apart 
from chemical initiation (homolytic or heterolytic), physical initiation occurs through 
photochemically generated cations, high-energy irradiation and electro initiation. Without 
distinction, propagation in CP occurs through successive additions of monomeric units to the 
reactive terminal groups of the propagating chains. The bond between the two ions can vary 
from a high degree of covalence to that of a pair of free, solvated ions. Termination occurs by 
way of unimolecular reactions, transfers to other molecules, and deliberate additions of reactive 
terminating species: the varying parameters of the process also means low molecular weight 
polymers can be formed 5).  A distinctive difference between FRP and CP is that initiation in 
CP may continue even after the light source is removed (“dark reaction”) whereas in FRP, free 
radicals are extinguished by a variety of termination steps, and new radicals are not formed in 
the absence of light 43). Unlike FRP, CP is impervious to atmospheric oxygen. The polymers 
display low shrinkage, enhanced mechanical properties and good adhesion to various 
substrates, particularly metals. The monomers and oligomers are also less toxic than those in 
FRP 43).  Despite these advantages, impurities acting as ion scavengers (e.g., water, ammonia 
and amines) can affect the rate of polymerization and molecular weight of the resulting polymer 
5). A major problem with epoxy-based polymers is their low reactivity; those composed of 
bisphenol A are reported to be very sensitive to irradiation due to their bisphenol A moiety 44). 
Materials that polymerize by combined free-radical and cationic mechanisms (e.g., acrylate and 
epoxide) create interpenetrating polymer networks with the aim to circumvent the drawbacks 
associated with each mechanism. Two polymer networks are formed simultaneously but 
independently from each other 45, 46) as reported recently for 3DP 30) and 4DP 47).  
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1.3 Current Challenges and Scope of Research  
The recent hype surrounding AM attests to its growing popularity in almost every 
manufacturing sector including dentistry, medicine, architecture, aerospace and automotive 
engineering and contemporary arts 48). Nonetheless, there are inherent challenges with the 
manufacturing process. For instance, as light from the illumination source penetrates the built 
material, it is absorbed by the initiating species (along with monomer and polymer moieties in 
some systems), which may cause a decrease in light intensity and consequently, gradients in 
the rate of polymerization and double bond conversion 32). Similarly, the unique parameters of 
the additive process can trigger undesired material chemistries in medical devices. The quality 
of the devices may also vary when they are built with different 3D printers or even when the 
same 3D printer, manufacturing parameters, process steps, and materials are used 49). For 
structurally deficient devices, there is a propensity for them to accumulate residual monomer 
and degradation products that can cause local and systemic side effects in threshold dose50-54).  
 
Another major concern is the gap in knowledge vis-à-vis the biological risks of the largely 
proprietary photopolymers, most notably acrylics: acrylates and methacrylates 55-58). Apart from 
the medical applications of esters of acrylic acid, their widespread use in the production of 
plastics for food packaging, surface coatings and emulsion polymers also raises questions 
pertinent to their toxicological properties, and their short-and long-term health effects (e.g., 
allergenic reactions or chemical “burns”) on persons exposed to them 59, 60). This class of 
material has high cytotoxicity due to Michael addition of the methacrylate group with amino 
or thiol groups of DNA or proteins in the human body. The hydrolysis of non-reacted groups 
form unwanted methacrylic acid, decreasing pH locally, which may produce adverse biological 
effects on the surrounding tissue61, 62). The paucity of information on clinical performance is 
thus limiting the uptake of the AM technology in dentistry, where a host of prosthodontic 
devices is constructed with acrylic polymers 63). With standards for preclinical evaluation 
lagging far behind emerging technologies, 64) and the current lack of consensus regarding the 
most suited biological assessment methods for medical devices, the onus is on academia and 
the materials science community to ascertain the biological risks of new materials if patient 
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safety is to be guaranteed. Interestingly, disclaimers for medical photopolymers state that, ‘‘it 
is the responsibility of the customer, its respective customers and end-users to determine the 
biocompatibility of the printed parts product for their respective purposes’’ 65, 66).  
 
To explore the conundrums associated with additively manufactured materials, this research 
project will evaluate the biocompatibility of photopolymers for medical devices in dentistry 
using the innovative zebrafish embryo model, which is providing a high potential for toxicity 
profiling and has high genetic similarity to humans.  To achieve the aim of the project, the 
following objectives are pursued: 
 

i. preliminary toxicological assessment of acrylates using the Organization for Economic 
Co-operation and Development (OECD) fish embryo test designed to determine acute 
toxicity of chemicals on embryonic stages of fish;  
 

ii. definitive toxicological assessment of methacrylates using different exposure scenarios 
adapted to OECD fish embryo test; 

 
iii. characterization of double bond conversion in methacrylates using Fourier transform 

infrared spectroscopy;  
 

iv. chromatographic analysis of methacrylates for residual monomer, degradation products 
and composition using relevant analytical techniques i.e., gas chromatography with 
flame ionization detector, ultra-performance convergence chromatography and 
headspace gas chromatography-mass spectrometry.  
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1.4 The Zebrafish Embryo Model  
Since it is generally accepted that no material is 100% safe 67), toxicological tests are designed 
to help identify the toxicity mechanisms of chemical compounds, damage that may ensue in 
their exposure, and the necessary preventive measure to ameliorate their adverse effects 68). 
Several tests are recommended in the standards based on intended use of materials or devices 
69). To determine acute toxicity, specific-protein assays rely on enzyme and receptor-binding 
assays; however, acute toxicity that is not mediated by chemical action on specific enzymes or 
receptors will go undetected in these assays. Similarly, cell-based assays such as ‘in vitro’ 
cytotoxicity assays measure phenotypic output such as cellular proliferation, plasma membrane 
permeability, and adenosine triphosphate content; however, they rely on immortalized cell lines 
that have little metabolic capability and often lack information on organ-specific or cell-type 
specific physiology 70).  Animal tests, in contrast, are expensive, complex, and present laborious 
administrative challenges 67). In this regard, zebrafish bioassay offers economy and ease of 
quantifying multiple toxicity endpoints, dose-response relationships, and toxicodynamics of 
chemicals or leachable substances 71, 72). 

The use of zebrafish (Danio rerio) as laboratory animal was pioneered by George Streisinger et 
alia 73, 74). Zebrafish is a small benthopelagic cyprinid fish that originates from the Ganges River 
system, Burma, the Malakka peninsula and Sumatra. It has an average adult length ranging 
between 3 and 5cm, and an approximate generation time of 3 to 4 months at 26 °C in both 
soft and hard waters. As an aquatic vertebrate species, it is easily obtainable and spawned, and 
under appropriate conditions will provide many non-adherent and transparent eggs75-79). 
Genetic strains of zebrafish used in research are classified as wild type, mutant and transgenic. 
The wild-type AB/Tübingen (AB/Tü) strain used in this research project (FIGURE 6) is a hybrid 
cross of two different strains without mutations. It is popular for research related to sequencing, 
genetic screening, gene expression and transgenesis. Mutant strains, in contrast, carry one or 
more mutations, while transgenic strains possess DNA from another species that has been 
deliberately inserted into their genome 80). Despite the physiological differences between fish 
and humans, 70% of protein-coding human genes are related to genes found in zebrafish. 
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Likewise, 84% of genes known to be associated with human disease have a zebrafish 
counterpart81). These similarities make zebrafish apt for research in cancer aetiology 82), 
developmental biology, embryogenesis, pharmaceutical drug discovery 83-86) and assessing 
teratogenic effects 87, 88) to name a few. In 2013, the OECD validated the fish embryo toxicity 
(FET) test, which has since been successfully applied to a wide range of chemicals 89) and 
recently for toxicity profiling of photopolymers (FIGURE 7) in additive manufacturing 55-58, 90-

96). For this research project, the FET test is referred to as the zebrafish embryo model.  
 

 
 

FIGURE 6:  Wild-type AB/Tü in husbandry at FishCore, Monash University. 
 
It is worth clarifying that, the zebrafish embryo model is not considered an animal experiment 
(animal ethics exemption in appendix 7.4) because it is claimed that fish in their early stage 
(during endogenous or autotrophic nutrition) are “not sufficiently aware” that they will suffer 
when a procedure is carried out on them” 97). It is recommended that testing should be 

terminated by 48 h after hatching (usually ≤ 72 h post-fertilization) 78) because, zebrafish as 
natural predators begin to show active swimming, prey detection and body coordination after 
120 h 71). In general, the zebrafish is an excellent model for developmental toxicity and offers 
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advantages such as external fertilization (FIGURE 8), high fecundity, transparent embryos that 
permit ‘whole organism’ assessment through direct observation of internal organs and ease of 
phenotype assessment over other vertebrates or rodents models, in which aspects of 
organogenesis and disease pathology cannot be examined without interventions such as surgery 
or post-mortem examination 98). Within the context of this research, the zebrafish embryo 
model  offers economy and fulfils the pertinent aim to replace, reduce, or refine the use of 
animals for the purposes of research or hazard identification 99, 100). It is envisaged that its use 
will mitigate the current complexities in evaluating the acute toxicity of materials using other 
test models. 
 

 
 

FIGURE 7: Wild-type AB/Tü: 48h normal (A) versus coagulated (B) zebrafish embryo. 
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FIGURE 8: Olfactory control of zebrafish spawning. 
1 Male zebrafish (orange) releases pheromone that triggers ovulation in the female (blue). 2 
The “ovulated” female (green) then releases a pheromone that triggers courtship and chasing 
behaviour in male. 3 The “activated” male (green) then courts and chases the ovulated female. 
4 Oviposition: female (red) releases eggs and male (red) fertilizes them. Republished with 
permission of Taylor and Francis Group LLC Books (Appendix 7.6) from Haper C, Lawrence 
C. The Laboratory Zebrafish. Boca Raton, FL: CRS Press; 2011; permission conveyed through 
Copyright Clearance Center, Inc.  
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1.5 Experimental Design 
Based on the principle of the FET test, representative materials (built with SL, DLP and MJ 
technologies) were exposed to newly fertilized zebrafish eggs and assessed for developmental 
endpoints at 24 h intervals (TABLE 1) in different exposure scenarios. FIGURE 9 shows a 5-day 
old juvenile fish swimming on additively manufactured photopolymer disk in E3 medium. 

Ethical approval (MARP/2015/094, 8 September 2015) to use zebrafish (≤ 120 h post-fertilized) 
for biological experiments was issued by the Animal Ethics Committee in Monash University. 
 
Experimental work in this research project was carried out in three phases (FIGURE 10). In 
Phase I (pilot assessment), Stratasys’ MED610 and MED620, and 3D Systems’ Visijet Crystal 
and Visijet Clear materials were examined for biological safety. The safety data sheets for 
MED610 (SDS-06135) and MED620 (SDS-06164) and Visijet M3 Crystal (01-A) indicate they 
are acrylic formulations whereas Visijet SL Clear (04-A) is a polycarbonate-like material. Visijet 
SL Clear and milled TelioCAD (poly methyl methacrylate) materials were included in the test 
for comparison purpose. As per United States Pharmacopeia (USP) classification 101), Visijet 
photopolymers are Class VI-capable materials, which, according to the manufacturer, are 
suitable for dental and orthopaedic surgical guides, “one-day” dental crown, preparation guides, 
and (unspecified) medical parts. MED photopolymers, in contrast, are USP Class VI (and ISO 
10993)-certified materials with similar applications to Visijet polymers. Experimental design 
was based on the hypothesis that toxicity will be influenced by material composition and/or 
postprocessing methods. Methodology and experimental results are presented in Chapter 2.  
 
In Phase II (definitive assessment), EnvisionTec’s E-Denture (ED), E-Guard (EG), E-Shell 450 
Clear (ES) and Formlab’s Dental SG (DSG) methacrylates were examined for biological safety 
using different protocols adapted to the zebrafish embryo model. ED, EG and DSG 
methacrylates are indicated for 3DP of intraoral devices. ES methacrylate, which is indicated 
for 3DP of hearing devices, was included in the test for comparison purpose. In addition to the 
biological tests, Fourier transform infrared (FTIR) spectroscopy was used to characterize the 
double bond conversion of ED, EG and DSG methacrylates. By adopting the same printing 
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parameters and post-processing validation for the representative materials (FIGURE 11), the 
hypothesis that biocompatibility will be influenced by physicochemical characteristics and/or 
postprocessing methods was formulated. Methodology and experimental results for ED, EG 
and DSG methacrylates are presented in CHAPTER 3.  
 
In Phase III, the methacrylates were examined for residual monomer, degradation products and 
composition using relevant analytical techniques i.e., gas chromatography with flame ionization 
detector (GC-FID), ultra-performance convergence chromatography (UPC2) and headspace gas 
chromatography-mass spectrometry (GC-MS). Considering the tendency of ethanoic-aqueous 
interaction to alter the physicochemical characteristics and biological performance of acrylic 
devices 102), it was hypothesized that ethanol-treated methacrylates will contain fewer chemical 
compounds than non-treated counterparts. Methodology and experimental results are 
presented in CHAPTER 4. Experimental results for ES methacrylate are presented as 
supplementary data in CHAPTER 5.  
 
It is worth clarifying that only headspace GC-MS data are presented in this thesis. GC-FID and 
UPC2 formed the pilot or initial assessments of the chromatographic analysis. GC-FID was 
used to quantify residual methyl methacrylate (MMA) as per ISO 20795 requirements; however, 
the results confirmed a relatively low mass of MMA (≤0.01 %). Thereafter, UPC2 analysis was 
conducted to verify the presence of other potentially toxic compounds, prior to definitive GC-
MS. TABLE 2 presents information on indications, manufacturing parameters, physical 
properties, and hazardous ingredients of the photopolymers examined. 
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TABLE 1 Biomarkers for assessing developmental toxicity in zebrafish bioassay 

 

 
 

FIGURE 9: 5-day old juvenile fish swimming on photopolymer disk in E3 medium 
 

                                              
1 Hatching is not considered an endpoint; however, it provides information on exposure to chemicals without a potential 
barrier function of the chorion.  

 DURATION OF EXPOSURE 
LETHAL ENDPOINTS 89) 24h 48h 72h 96h 120h 
Coagulation  • • • •  
Lack of somite formation • • • •  
Non-detachment of tail-bud   • • • •  
Lack of heart-beat  • • • •  
Lack of hatching 1  • • •  
SUBLETHAL DEVELOPMENTAL ENDPOINTS 79, 103)   
Development of eyes  • • • • • 
Spontaneous movement  • • • • • 
Hypopigmentation  • • • • • 
Formation of edemata   • • • • 
ENDPOINTS OF TERATOGENICITY 79, 103)  
Spinal curvature and malformation of tail  • • • • • 
Yolk deformation  • • • • • 
General growth retardation     • • 
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FIGURE 10: Schematic of experimental work  

Photopolymers for 
medical devices 

PHASE I 
Toxicological 
assessment of 

acrylates 

PHASE II
Toxicological 

assessment and 
FTIR analysis of 
methacrylates  

PHASE III
Analytical 

chromatography



 

19 
 

 
 

FIGURE 11: Surface topography of methacrylates 
E-Denture (A), E-Guard (B), E-Shell 450 Clear (C) and Dental SG (D). Imaging was carried 
out with Olympus AX70 Fluorescence Microscope, Monochrome FViewII Peltier cooled digital 
camera (Olympus. Tokyo, Japan) and running Analysis Software (Soft Imaging 
Solutions, Münster, Germany) at Monash Micro Imaging (Monash University, Australia).
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TABLE 2 Material indications and physicochemical properties  
 

PHOTOPOLYMER PHYSICAL PROPERTIES 

MED610 (Stratasys, Airport Boulevard B 120, 77836 Rheinmünster, Germany) is ISO 10993 
and United States Pharmacopeia (USP) Class VI-approved transparent acrylic for orthodontic 
appliances, implant surgical guides, partial denture try-ins and, delivery and positioning trays 
for temporary placement in the mouth for up to 24h. 
REPRESENTATIVE MATERIALS were built with Objet Eden260VS 3D printer parameters: 
horizontal build layers as fine as 16 microns; x-axis, 600 dpi; y-axis, 600 dpi; z-axis, 1600 dpi; 
accuracy, 20-85 microns for features below 50 mm). Post processing steps for MED610 are 
described in “Printing Biocompatible Parts on PolyJet™ 3D Printers with MED610™ 
document” 104).  
HAZARDOUS INGREDIENTS, w/w%  
20-30% Exo-1,7,7-trimethylbicyclo [2.2.1] hept-2-yl acrylate; 5-10% Tricyclodecane 
dimethanol diacrylate; ≈ 60% is proprietary.  
 

Tensile strength (MPa): 50-65 
Elongation at break (%): 10-25 
Modulus of elasticity (MPa): 2300-3300 
Flexural strength (MPa): 80-100 
Flexural modulus (MPa): 2300-3200 
HDT 0.45 MPa (ºC): 45-50  
HDT 1.82 MPa (ºC): 5-50 
Izod notched impact (J/M): 20-30 
Water absorption (%): 1.1-1.5 
Tg (ºC): 52-54  
Shore hardness: 83-86 
Rockwell hardness (scale M): 73-76  
Polymerized density (gr/cm3): 1.17-1.18  
 

MED620 (Stratasys, Airport Boulevard B 120, 77836 Rheinmünster, Germany) is ISO 10993 
and USP Class VI-approved opaque acrylic for veneer try-ins and diagnostic wax-ups for 
temporary placement in the mouth for up to 24h. 
REPRESENTATIVE MATERIALS were built with Objet Eden260VS 105) 3D printer 
parameters: horizontal build layers as fine as 16 microns; x-axis, 600 dpi; y-axis, 600 dpi; z-
axis, 1600 dpi; accuracy 20-85 microns for features below 50 mm). Post processing steps for 

Tensile strength (MPa): 55-65 
Elongation at break (%): 15-25 
Modulus of elasticity (MPa): 2000-3000 
Flexural strength (MPa): 75-110 
Flexural modulus (MPa): 2200-3200 
HDT 0.45 MPa (ºC): 45-50 
HDT 1.82 MPa (ºC): 45-50 
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MED620 are described in “Printing Bio-compatible Parts on PolyJet™ 3D Printers with 
MED620” 66).  
HAZARDOUS INGREDIENTS, w/w% 
<30% Acrylic monomer; <25% Exo-1,7,7 Trimethylbicyclo [2.2.1] hept 2-yl acrylate; <15% 
Acrylic oligomer; <3% Photoinitiator; <0.8% Titanium dioxide; <0.3% Acrylic acid ester; the 
rest is proprietary.  
 

Izod notched impact (J/M): 20-30 
Water absorption (%): 1.1-1.5 
Tg (ºC): 52-54 
Shore hardness: 83-86 
Rockwell hardness (scale M): 73-76  
Polymerized density (gr/cm3): 1.17-1.18 

VISIJET SL CLEAR (3D Systems, Rock Hill, SC, USA) is USP Class VI capable material. It 
is a transparent and polycarbonate-like material for medical models (unspecified by the 
manufacturer). 
REPRESENTATIVE MATERIALS were built with ProJet 7000 HD printer parameters: 
accuracy, 0.001-0.002 inch per inch (0.025-0.05 mm per 25.4 mm) of part dimension; 
maximum resolution, 4000 dpi; intelligent scanning strategy, down to 75μm - 750 µm; 
operating temperature range, 18-28 ºC. Post processing steps are described in “Customer 
Information Bulletin for VisiJet SL Clear cleaning procedure for USP Class VI” 106). 
HAZARDOUS INGREDIENTS, w/w% 
60-75% 4,4’ Isopropylidenedicyclohexanol oligomeric reaction products with 1-chloro-2,3 
epoxy propane; 15-25% 3-ethyl-3-hydroxymethyl-oxetane; Mixture containing 
triarylsulfonium salt: 50% propylene carbonate and 50% mixed triarylsulfonium salts (1-5%) 
107). 
 

Viscosity (cps) (@ 30°C): 200-300  
Flexural modulus (MPa): 2330 
Flexural strength (MPa): 83 
Tensile modulus (MPa): 2560 
Tensile strength (MPa): 52 
Elongation at break: 6% 
Impact strength (J/m): 46 
Heat deflection temp. (°C): 50°C  

VISIJET M3 CRYSTAL (3D Systems, Rock Hill, SC, USA) is USP Class VI capable material. 
It is a translucent material for medical applications.  
REPRESENTATIVE MATERIALS were built with MJP 3600 3D printer parameters: 

resolution in x-y-z-axis, 375 x 450 x 790 dpi; 32 μ layers; accuracy, ±0.001-0.002 inch per 

Density @ 80 °C (liquid): 1.02 g/cm³ 
Tensile strength: 42.4MPa 
Tensile modulus: 1463MPa 
Elongation at break: 6.83% 
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inch (0.025-0.05 mm per 25.4 mm) of part dimension; operating temperature range, 18-28 
ºC; operating humidity, 30-70 %. Post processing is described in “Customer Information 
bulletin for Visijet Crystal material cleaning procedure for USP Class VI Applications” 108). 
HAZARDOUS INGREDIENTS, w/w% 
15-25% Ethoxylated bisphenol A diacrylate;  
14-24% Urethane acrylate oligomers; 5-11% Tripropyleneglycol diacrylate 109). 
 

Flexural strength: 49MPa 
Heat distortion temperature: 56°C  

TELIO CAD (Wieland Dental + Technik GmbH & Co. KG, Germany) block for subtractive 
manufacturing.  Telio CAD is an opaque material for long-term provisional crowns and 
bridges. Samples were milled in Zenotec mini 4-axis geometry machine. Contains >98% 
cross-linked poly methyl methacrylate (PMMA). Ref. 663618 Lot. TP1118 110). 
 

Flexural strength [MPa]: 130 ± 10 
Modulus of elasticity [MPa]: 3200 ± 300 
Water absorption [µg/mm3]: <28 
Water solubility [µg/mm3]: < 0.6 

E-DENTURE (Brüsseler Str. 51, 45968 Gladbeck, Germany) is a Class IIa material based on 
acrylic esters. E-Denture is indicated for 3DP of denture bases. 
REPRESENTATIVE MATERIALS were built with Perfactory DDP 4M 3D printer: z-height, 

67.98mm; voxel, 100µm and light power, 180 Mw/dm2. 
HAZARDOUS INGREDIENTS, w/w% 
 >60% Ethoxylated bis-phenol A dimethacrylate; 15-25% Methacrylic oligomer; <2,5% Phenyl 
bis (2,4,6-trimethylbenzoyl)-phosphine oxide. 111). 
 

Flexural strength: 85 MPa  
Flexural modulus: 2100 MPa 
Water sorption: 32 µg/mm3 
Water solubility: 1.6 µg/mm3 
Brookfield viscosity at 23°C: 1.0-1.5 Pa•s 
Residual monomer: 1% 
Hardness shore D: 80-90 112) 

E-GUARD (Brüsseler Str. 51, 45968 Gladbeck, Germany) is a Class I material based on 
acrylic esters. E-Guard is indicated for 3DP of splints and retainers.  
REPRESENTATIVE MATERIALS were built with Perfactory DDP 4M 3D printer: z-height, 

67.98mm; voxel, 100µm and light power, 180 Mw/dm2. 

Flexural strength: 80.9 MPa 
Flexural modulus: 2123 MPa 
Water sorption: 27.8µg/mm2 
Water solubility: 1.4µg/mm2 
Elongation at break: 3.81% 



 

23 
 

HAZARDOUS INGREDIENTS, w/w% 
>70% Methacrylic oligomer; <20% Glycol methacrylate; <5% Pentamethyl-piperidyl sebucate; 
<2,5% 2,4,6-Trimethylbenzoyl  Diphenylphosphine oxide 113). 
 

Charpy impact strength unnotched: 13.3 kJ/m2 
Colour: RES-01-3013 Clear 114) 

E-SHELL 450 CLEAR (Brüsseler Str. 51, 45968 Gladbeck, Germany) is a material based on 
acrylic esters. E-Shell 450 is indicated for 3DP of hearing aid shells and medical models 
(unspecified by the manufacturer). 
REPRESENTATIVE MATERIALS were built with Perfactory DDP 4M 3D printer: z-height, 

67.98mm; voxel, 100µm and light power, 180 Mw/dm2. 
HAZARDOUS INGREDIENTS, w/w% 
60-80% Methacrylate oligomers; 15-30% Methacrylate monomers; 1-2% Diphenyl 2,4,6-
trimethylbenzoyl 115). 
 

Flexural strength: 60-80 MPa 
Flexural modulus: 1200-1500 MPa 
Elongation at break: 2-4% 
Tensile strength: 40-48 MPa 
Tensile modulus: 2150-3250 MPa 
Izod impact: 30 J/m  
HDT: 75° at 1.82 MPa 
Hardness, D scale: 82-85 
Viscosity: 320 cP at 30°C 116) 

DENTAL SG (Formlabs Inc.  35 Medford St. Suite 201, Somerville, MA 02143, USA) is a 
Class I material for surgical guides and diagnostic models. 
REPRESENTATIVE MATERIALS were built with recommended Form 2 reverse SL 3D 
Printer: 405nm violet laser and 250mW laser; laser spot size, 140 microns and layer thickness, 
∆z: 50µm).  
HAZARDOUS INGREDIENTS, w/w%  
≥75% Ethoxylated bisphenol A dimethacrylate; 30-50% Diurethane dimethacrylate, mixture 
of isomers; <10%  2,4,6-Trimethylbenzoyl  Diphenylphosphine oxide 117). 
 

Flexural strength: ≥ 50 MPa  
Flexural modulus: ≥1500 MPa  
Hardness shore D: ≥ 80D 
Charpy impact strength unnotched: 12-14 kg/m2 118) 
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Abstract 

The biocompatibility of photopolymers in additive manufacturing (AM) often referred to as 3D 
printing (3DP) is an issue of concern due to, among other things, the unique parameters of the 
manufacturing process, which can influence the physical, chemical, and biological properties of 
AM-produced devices. The quality of AM-produced devices may consequently vary when 
identical parts are built using different 3D printers or even when the same 3D printer, 
parameters, process steps, and materials are used. In this novel study, representative materials 
built with stereolithography and material jetting processes were subjected to biological 
evaluation using the Organization for Economic Cooperation and Development (OECD) fish 
embryo test designed to determine acute toxicity of chemicals on embryonic stages of fish. The 
study demonstrates that the AM materials are toxic in zebrafish assays; however, the adverse 
effects of toxicity in some materials were reduced significantly after treatment with ethanol. 
Within the limitations of the study, it is evident that material composition and cleaning method 
are significant parameters by which the biological risks of photopolymers in 3DP can be 
assessed. Furthermore, the zebrafish biocompatibility assay is a reliable assessment tool for 
quantifying the toxicity of leachates in AM materials. 
 

Keywords 
Biocompatibility; Toxicity; Photopolymer; 3D Printing; Additive manufacturing 
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1 Introduction 

In photopolymerization-based additive manufacturing (AM) or 3D printing (3DP), layers of 
liquid photopolymer resin undergo a chemical reaction upon irradiation, usually in the 
ultraviolet (UV) range to become solid 1). Despite the advantages the manufacturing process 
offers in the fabrication of bespoke medical devices, it also presents several unique parameters 
2) that can influence the physical 3, 4), chemical 3) and biological properties 5-7) of AM-produced 
devices.  The quality of the AM-produced devices may consequently vary when identical parts 
are built using different 3D printers or even when the same 3D printer, parameters, process 
steps, and materials are used 2). An issue of concern is recent studies highlighting their potential 
toxicity8-11). By being toxic, there is a relative ability of the materials to cause injury to biological 
tissues, ranging from improper biochemical function, organ damage, and cell destruction, to 
death 12).  Interestingly, a disclaimer for medical photopolymers state that, ‘it is the 
responsibility of the customer, its respective customers and end-users to determine the 
biocompatibility of the printed parts product for their respective purposes’ 13, 14). In this study, 
representative materials built with stereolithography (SLA) and material jetting (MJ) processes 
are subjected to biological evaluation using the OECD fish embryo test designed to determine 
acute toxicity of chemicals on embryonic stages of fish 15).  In a typical SLA system, layers of 
liquid photopolymer resin from a vat are selectively cured layer-by-layer with a UV laser beam 
to form a solid polymer. In MJ, the liquid photopolymer resin is selectively squirted through 
multiple jet heads, and then cured with a passing of UV light as each layer is deposited. Unlike 
SLA, post-curing is not required in MJ 16). In designing this study, the hypothesis that material 
composition and/or post-processing methods will influence toxicity was proposed.  
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2 Materials and Methods  

2.1 Specimen preparation 
Disk-shaped 15 x 3 mm samples were built from CAD models sent to Stratasys (C-BONS 
International Center 108, Hong Kong, China) and 3D Systems (3D Systems, Rock Hill, SC, 
USA) in materials listed in TABLE 1. Based on the composition of the materials 13, 14, 17, 18), a 
cross-linked polymethylmethacrylate (PMMA) material produced by injection moulding was 
included in the test for comparison purpose. The PMMA material was tested in ‘as-built’ (ASB) 
form, whereas the AM materials were tested in both “ASB” and treated “Rx” forms. “ASB” 
specimens were rinsed with ultrapure water (complying with grade 1 of ISO 3696) and air-

dried for 30 minutes. ‘Rx’ specimens were soaked in ethanol absolute for analysis (purity≥ 99.9 
%, Merck KGaA, Darmstadt, Germany) for 3 min, rinsed five times with ultrapure water, and 
air-dried for 30 min. 
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TABLE 1 Photopolymer, Application and Composition 

 
 
  

Photopolymer Application Composition 
 
 
 
MED materials (Stratasys, Airport 
Boulevard B 120, 77836 
Rheinmünster, Germany) for Stratasys’ MJ 
system. MED samples were built in Objet 
Eden260VS 3D printer. 

MED610 is ISO 10993 and USP Class 
VI approved transparent acrylic for 
orthodontic appliances, implant 
surgical guides, partial denture try-ins 
and, delivery and positioning trays for 
temporary placement in the mouth 
for up to 24h.  

Exo-1,7,7-trimethylbicyclo [2.2.1] hept- 2-yl 
acrylate:  20-30%; Tricyclodecane Dimethanol 
Diacrylate: 5-10%; ≈ 60% is proprietary. 

MED620 is ISO 10993 and USP Class 
VI approved opaque acrylic for veneer 
try-ins and diagnostic wax-ups for 
temporary placement in the mouth 
for up to 24h.  
 

Acrylic monomer (<30%); Exo-1,7,7 
Trimethylbicyclo [2.2.1] hept 2-yl acrylate 
(<25%); Acrylic Oligomer (<15%); Photo 
Initiator (<3%); Titanium dioxide (<0.8%); 
Acrylic acid ester <0.3%. The rest is 
proprietary. 

 
 
Visijet materials (3D Systems, Rock Hill, 
SC, USA) for 3D Systems’ SLA and MJ 
systems. 

Visijet SL Clear is USP Class VI 
capable material. It is transparent and 
polycarbonate-like material for 
medical models. Samples were built 
by SLA in and ProJet 7000 HD 
printer.  

Dangerous components are listed as: 
 4,4’. Isopropylidenedicyclohexanol; oligomeric 
reaction products with 
1-chloro-2,3-epoxypropane (60-75%); 3-ethyl-
3-hydroxymethyl-oxetane (15-25%); Mixture 
containing triarylsulfonium salt: 50% 
propylene carbonate and 50% mixed 
triarylsulfonium salts (1-5%). 

Visijet M3 Crystal is USP Class VI 
capable material. It is a translucent 
material for medical applications. 
Samples were built by Material Jetting 
in ProJet MJP 3600 printer.  

Dangerous components are listed as: 
Ethoxylated bisphenol A diacrylate (15-25%); 
Urethane acrylate oligomers (14-24%); 
Tripropyleneglycol diacrylate (5-11%). 

Telio CAD polymethylmethacrylate, 
PMMA (Wieland Dental + Technik GmbH 
& Co. KG, Germany) block for subtractive 
manufacturing. 

Opaque material for long-term 
provisional crowns and bridges. 
Samples were milled in Zenotec mini 
4-axis geometry machine.  

Contains >98% cross-linked PMMA 19). Ref. 
663618 Lot. TP1118 
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2.2 Test procedures  
Test procedures and toxicological analyses in this study were informed by stringent OECD test 
guidelines 15) that require newly fertilised zebrafish eggs exposed to test chemicals for a 
maximum period of 96 h. Ethical approval (MARP/2015/094) for the study was issued by the 
Animal Ethics Committee in Monash University, Australia.  
 
Embryos for the experiment were obtained by pair-wise mating and natural spawning from 5-
7 months old wild-type (AB/Tü strain) zebrafish maintained at 28 °C, pH 7.2 and 14h light/10h 
dark photoperiod (FishCore, Australian Regenerative Medicine Institute, Monash University). 
In the preliminary test (Test 1) test, five randomly selected 1.5-hour post-fertilized (hpf) 
embryos were placed in test chambers containing specimens and 1.2 ml of transparent E3 
medium and incubated at 28.5 °C in Heracell CO2 incubator (Thermo Fisher Scientific, Inc.). 
Controls assays comprised only embryos in E3 medium. Each test was performed in triplicates 
and repeated for reliability. Phenotype assessment was carried out at 24h intervals using 
Olympus MVX10 Research Macro Zoom Microscope and cellSens imaging software (Olympus 
Soft Imaging Solutions GmbH) to identify lethal endpoints: coagulation of the embryo, non-
detachment of the tail-bud, lack of somite formation and lack of heartbeat. These apical 
endpoints indicate acute toxicity and, consequently, death of the embryos 15). Selected sublethal 
developmental endpoints (development of eyes, spontaneous movement, heartbeat/blood 
circulation, pigmentation, formation of edema) and teratogenic effects (malformation of the 
head, malformation of tail, yolk deformation, general growth retardation) in Nagel 20) were also 
assessed and recorded. At the end of the test, larvae were euthanized in 0.4 % anaesthetic 
tricaine mesylate solution.  In this study, "embryo"  denotes  24 - 72 hpf  fish whereas “larva” 
denotes 96 hpf  fish 21).  
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3 Results 
3.1 Toxicity data for preliminary test 
In addition to embryo deaths recorded in some Visijet assays on day 1, surviving embryos in 
“ASB” Visijet Clear (60%), “Rx” Visijet Clear (13%), “ASB” Visijet Crystal (67%) and “Rx” 
Visijet Crystal (100%) recorded severe sublethal and teratogenic effects (FIGURE 1) on day 2 
and test was discontinued. Representative larvae in Visijet assays are shown in Supplementary 
Figure S1.  All embryos in “ASB” MED assays coagulated on Day 1, in contrast to normal 
embryonic developments in “Rx” MED assays. However, sublethal and teratogenic effects were 
observed in these assays from day 2. On day 3, a 100% hatching rate in all assays was recorded, 
in addition to minor behaviour perturbations, yolk sac edema, pericardial edema, and tail 
malformations. These endpoints were seemingly pronounced by day 4, preceding larvae 

mortality in MED610 (≈15%) and MED620 (≈30%) assays. Figure 2 compares 96h 
representative larvae in MED620 and control assays.  



 

43 
 

 
FIGURE 1: Day 2 embryos in Rx Visijet Clear (A), ASB Visijet Crystal (B), Rx Visijet Crystal 
(D) showing developmental endpoints: i. mortality ii. hypopigmented body iii. hypopigmented 
eye iv. deformed yolk v. pericardial edema vi. blood pooling vii. malformed tail in comparison 
to embryos in Control (E) without developmental endpoints. 
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FIGURE 2: Day 4 representative larvae in MED620 assay (A and B) showing    i. malformed tail 
ii. hypopigmented body iii. malformed head iv. pericardial edema v. yolk sac resorption delay 
vi. malformed head in comparison with control (C). 
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3.2 Additional test 
Since toxicity is dose dependent, additional test (Test 2) was performed to measure the effects 
of leachate concentration on the fertilized embryos. Assays in this test batch comprised 10 
embryos, 2 AM-produced specimens and 10ml E3 medium in soda lime silica petri dish. Tests 
were repeated for reliability. No lethal endpoint was observed in Visijet Clear assays; however, 
96h larvae in “ASB” Visijet Clear developed pericardial edema a day; this occurred a day after 
72h embryos in “Rx” Visijet Clear developed severe pericardial edema. In Visijet Crystal assays, 

≈70% lethality was recorded in “ASB” Visijet Crystal on day 1 and test was discontinued. 
Although only 5% lethality was observed in “Rx” Visijet Crystal, the embryos were lethargic 
with pericardial edema, yolk deformations, and severe hypopigmentation on day 2 and test was 
concluded. More than 50% lethality was observed in ‘ASB’ MED assays on Day 1. No lethal 
endpoint was recorded in ‘Rx’ MED; however, behaviour perturbations observed from day 2 to 
day 3 and the darkening of yolk sacs (SUPPLEMENTARY FIGURES S2, S3) in 96h larvae indicated 
some degree of toxicity 8) in the assays. FIGURE 3 shows the survival rate of embryos and larvae 
exposed to AM materials within the 96h period in Test 1 and Test 2. The survival rates are 
however, not indicative of the overall biological performance of the materials.  
 
No developmental endpoint was observed in Telio CAD (SUPPLEMENTARY FIGURE S4) and 
control assays. As per OECD guidelines, the results are valid as the overall survival rates in the 
control groups were ≥ 90%. Larvae length (FIGURE 4) was measured at the end of the test on 
day 4 in “Rx” MED, Telio CAD and Control assays in Test 1. There was a significant difference 

(p ≤ 0.05, unpaired, two-tailed student’s t-test) between ‘Rx’ MED materials vs. control, and 

between “Rx” MED materials vs. Telio CAD. In Test 2, a significant difference (p≤ 0.05) was 
found between “Rx” MED610 vs. control and between “ASB’” Visijet Clear vs. control.  
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FIGURE 3: Survival rate of embryos and larvae exposed to AM materials within the 96h period in Test 1 and Test 2. Error bars show standard deviation 
from the mean. 
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FIGURE 4: Growth retardation measured on day 4 in Test 1 (T1): MED610 (A), MED620 (B), TelioCAD (C) and control, (D) and Test 2 (T2): 
MED610 (A), MED620 (B) and ASB Visijet Clear, (C) and control (D). Error bars show standard deviation from the mean.
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4 Discussion 
The safety data sheets for MED 13, 14) and Visijet Crystal materials 18)  indicate they are acrylic 
formulations whereas Visijet Clear is a polycarbonate-like polymer 17). The United States 
Pharmacopeia (USP) protocols are used to classify plastics in Classes I - VI, based on end use, 
type and time of exposure of human tissue to plastics, of which Class VI requires the most 
stringent testing of all the six classes 22). As per this classification, Visijet photopolymers are 
USP Class VI-capable materials which according to the manufacturer, are ideal for dental and 
orthopedic surgical guides, one-day crown preparation guides and parts in other medical 
applications 23). MED photopolymers, in contrast, are USP Class VI (and ISO 10993) certified 
materials with similar applications to Visijet polymers. Likewise, they are only approved for up 
to 24 h in the mouth. 
 
Toxicological data show that ‘as-built’ AM materials are generally unsafe in zebrafish assays; 
comparatively, Visijet materials performed better than MED materials. Ethanol treatment; 
however, proved effective in enhancing the biocompatibility of the MED materials but produced 
contrasting results in Visijet materials. The improved tolerance from ethanol treatment 
corroborates similar findings by Macdonald et al. 8) The biological performance of Visijet Clear 
improved in Test 2 and, surprisingly, was safer in ‘ASB’ form than in ‘Rx’ form. Although ‘Rx’ 
Visijet Crystal recorded almost 100% survival rates in Test 1 and Test 2, tests were concluded 
on day 2 due to the severity of sublethal and teratogenic effects observed in embryos. Previous 
studies 8, 10) have also reported Visijet materials to be unsafe in zebrafish assays. Although it is 
not unusual for zebrafish under 120 hpf to spend most of their time lying inactively on the 
bottom of the tanks until the inflation of their swim bladder 24), those exposed to AM materials 
showed increased lethargy or behavioural perturbations, which often precede mortality. This 
sublethal endpoint according to Zhu et al. 10) indicates that photopolymer leachates directly 
affect the central nervous system or muscle contraction in zebrafish larvae. 
 
Hypopigmentation in terms melanophore development and retinal pigment epithelium was a 
common sublethal effect observed in assays exposed to AM materials, with the most severe 
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occurring in 48h Visijet Crystal embryos. Chemicals such as anilines, phenols and, p-tert-
butylphenol have also been linked to hypopigmentation in zebrafish embryos 20). The 
photopolymer leachates also induced various degrees of teratogenic effects in the assays within 
the duration of test. The striking phenotypic similarities observed  in Telio CAD and control 
assays confirm the absence of toxic residual monomer  in the former 25). Residual monomer 
refers to substances such as monomers, additives and reaction products that are not firmly 
incorporated in the polymer network and may therefore leach and cause local and/or systemic 
side effects 7). The acute systemic toxicity test is designed accordingly to determine the toxic 
potential or the irritant effects of toxic leachables that may be present in extracts of these 
biomaterials over a relatively short time 26). In general, the zebrafish excels as a model system 
for developmental toxicity and offers advantages such as external fertilization, high fecundity, 
and ease of phenotype assessment over other vertebrates including the mouse, in which aspects 
of organogenesis and disease pathology cannot be examined without interventions such as 
surgery or post-mortem examination 27).  
 
Researchers have attempted to improve the biocompatibility of photopolymers in 3DP. Inoue 
and Ikuta 28) were able to detoxify SLA parts with high temperature heat process in nitrogen 
atmosphere but the procedure also impaired the transparency of the materials. Leonhardt et al 
29) suggested extraction of residual monomers with supercritical CO2  to improve 
biocompatibility. Oskui et al. 9) and Leonhardt et al. 29) reported improved biocompatibility 
outcomes for materials cleaned with isopropanol and post-cured.  Schmelzer et al. 11), in 
contrast, reported in their in vitro study that ethanol treatment was ineffective in improving 
the biocompatibility of MED610. It is worth emphasizing that although in vitro tests are faster, 
less expensive, more reproducible, and more scalable than other types of tests, they may suffer 
from a lack of relevance to the clinical use of materials, and this weakness is not trivial 30). 
Nevertheless, the conflicting results, further demonstrate the need for continual biological 
assessments of photopolymers especially those for clinical applications as often, the medical 
profession is overly complacent in its acceptance of new materials without demanding proof of 
their safety and efficacy 12).  
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5 Conclusion 
Within the limitations of the study, it is evident that the zebrafish biocompatibility assay is a 
reliable assessment tool for quantifying the toxicity of leachates in AM materials. Although 
ethanol proved an effective detoxicant for MED materials, conclusive evidence cannot be drawn 
regarding its use in a broader context due to the unique parameters (physical and chemical 
structure of the materials, printing process and post-processing methods) of the manufacturing 
process that eventually influence the clinical performance of the end-use devices. As a result, 
extreme caution must be exercised with the increased use of AM materials particularly with 3D 
printers that may lack apposite settings to ensure the integrity of built parts. Furthermore, as 
the 3DP industry continues to grow exponentially with contemporaneous influx of new 
materials, it is imperative for practitioners and patients to understand both the advantages and 
limitations of the new technologies and materials.  
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Abstract  
The paucity of information on the biological risks of photopolymers in additive manufacturing 
is a major challenge for the uptake of the technology in the construction of medical devices in 
dentistry. In this paper, the biocompatibility of methacrylates for denture bases, splints, 
retainers, and surgical guides were evaluated using the innovative zebrafish embryo model, 
which is providing a high potential for toxicity profiling of photopolymers and has high genetic 
similarity to humans. Toxicological data obtained confirmed gradations of toxicity influenced 
by ethanol treatment, exposure scenarios and extraction vehicles. In direct exposure tests, 
juvenile fish exposed to non-treated methacrylates in ultrapure water showed accelerated 
toxicity endpoints compared to fish in transparent E3 medium. Similarly, toxic extracts induced 
mostly acute responses (embryonic mortality) in contrast to cumulative chronic (sublethal and 
teratogenic effects) in direct exposure. Methacrylates composed of >60% Ethoxylated bisphenol 
A dimethacrylate produced a relatively lower conversion rate in FTIR spectroscopy but were 
safe in zebrafish bioassays after ethanol treatment. The study affirms that biocompatibility was 
influenced primarily by physicochemical characteristics of the materials, which subsequently 
influenced their residual monomer content before and after immersion in ethanol. Given the 
precautionary implications of the study, we propose a 3-tiered approach i.e., using approved 
materials, apposite manufacturing parameters and post-processing techniques that together 
guarantee optimal results for medical devices. 
 
Keywords 
Biocompatibility; Methacrylates; Zebrafish embryo model; FTIR spectroscopy; Double bond 
conversion; Additive manufacturing
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Statement of significance 

This study is timely and relevant since there is limited published literature that precisely 
describes the toxicological properties of additively manufactured methacrylates despite their 
increased popularity for medical devices. While it is generally accepted that the zebrafish excels 
as a model system for developmental toxicity, a further examination of its utility in this study 
using different protocols provides basis for its consideration and adoption at a crucial time 
when there is a lack of consensus regarding the most suited biological assessment methods for 
medical devices. 
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1 Introduction 
Whereas natural polymers have existed since the dawn of time, it was the revolutionary 
discovery of synthetic polymers in the 19th century that has led to plastics becoming an essential 
element of modern life 1, 2).  Current advancements in additive manufacturing (AM) or three-
dimensional printing (3DP) is also amplifying interest in the use of versatile synthetic polymers 
for bespoke medical devices. However, in dentistry, the paucity of information on the biological 
risks of the materials is a major challenge for the uptake of 3DP technologies. This is because 
photopolymerization in 3DP is an iterative process that may result in undesired material 
chemistries for some polymer systems. The structural integrity of the devices may likewise vary 
when they are built with different printers or even when the same printer, parameters, process 
steps, and materials are used 3). For acrylic devices, there is a propensity for them to accumulate 
residual monomer and degradation products that can cause local and systemic side effects in 
high doses 4-6). To put this in context, intraoral devices can cause cytotoxic effects on pulp and 
oral mucosa, and inhibit protein synthesis of the oral epithelial cells 7). Also, apart from the 
medical applications of acrylic esters, their  widespread use in the production of plastics for 
food packaging, surface coatings and emulsion polymers also raises questions pertinent to their 
toxicological properties, and their short-and long-term health effects (e.g., allergenic reactions 
or chemical “burns”) on persons exposed to them 8, 9). As such, the adverse effects of simple 
and multifunctional esters have been the focus of many toxicological studies 8-12). In this paper, 
the biocompatibility of additively manufactured methacrylates are evaluated using the 
innovative zebrafish (Danio rerio) embryo model 13, 14), which is providing a high potential for 
toxicity profiling of photopolymers 15-22) and has high genetic similarity to humans 23).  In 
general, the zebrafish is an excellent model for developmental toxicity and offers advantages 
such as external fertilization, high fecundity, transparent embryos that permit ‘whole organism’ 
assessment through direct observation of internal organs and ease of phenotype assessment 
over other vertebrates or rodents models, in which aspects of organogenesis and disease 
pathology cannot be examined without interventions such as surgery or post-mortem 
examination 24). To our knowledge, there is no reported study of long-term photopolymers 
using the zebrafish as a model organism to test toxicity. 
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2 Materials and Methods 

Representative materials for experimentation were built with EnvisionTec’s digital light 
processing (DLP) 25) and Formlab’s reverse stereolithography (SL) 26) systems. Samples 
comprised E-Denture (ED), E-Guard (EG) and Dental SG (DSG) methacrylates. ED is a Class 
IIa acrylic material for 3DP of denture bases containing >60% Ethoxylated bis-phenol A 
dimethacrylate (Bis-EMA), 15–25% Proprietary methacrylic oligomer and <2,5% Phenyl 
bis(2,4,6-trimethylbenzoyl)-phosphine oxide, as w/w% hazardous ingredients 27). At the time 
of commencing this study, ED did not receive FDA approval for its intended purpose. EG is a 
Class I material (>70% Proprietary methacrylic oligomer, <20% glycol methacrylate, <5% 
Pentamethyl-piperidyl sebucate and <2,5% Diphenyl(2,4,6-trimethylbenzoyl)phosphine 
oxide))28) for 3DP of splints and retainers. DSG is a Class I material ( ≥75% Bis-EMA, 30-50% 
Diurethane dimethacrylate, mixture of isomers and <10% phenyl bis (2,4,6-trimethylbenzoyl)-
phosphine oxide) 29) indicated for 3DP of surgical guides and diagnostic models.  
 
2.1 Sample preparation 
Disk-shaped 60 x 3 mm ED and EG samples were built by EnvisionTec GmbH (Brüsseler Str. 
51, 45968 Gladbeck, Germany) with their recommended Perfactory® DDP 4M 3D printer (Z-
height: 67.98 mm; Voxel: 100 µm; Light power: 180 Mw/dm2) and postcured (2 x 100 flashes) 
in Otoflash G171 (NK-Optik GmbH, Isarstr. 2, D-82065 Baierbrunn, Germany). The samples 
were tested in ethanol-treated (Tx) and non-treated (nTx) conditions. Tx samples were soaked 
in ethanol absolute (Purity ≥99.9%, Merck KGaA, Darmstadt, Germany) for 3 min, rinsed five 
times with ISO 3696 grade 1 water and air-dried for 2h at ambient temperature. DSG samples, 
on the other hand, were built in-house from Dental SG (DSG) V1 resin (Formlabs Inc. 35 
Medford St. Suite 201, Somerville, MA 02143, USA) with the recommended Form 2 reverse SL 
3D Printer (laser specifications: 405 nm violet laser and 250mW laser; Laser Spot Size: 140 µm; 

Layer thickness, ∆z: 50 µm). Samples comprised Tx, nTx and as-built (aSb) or ‘green’ (FIGURE 

1) disks that were not postcured after they were rinsed in isopropanol (Purity 99.5%, Acros 
Organics ENA23, zone1, Janssen Pharmaceuticalaan 3a, B-2440 Geel, Belgium) to remove resin 
remnants. Postcuring of n(Tx) samples was completed in LC-3DPrint Box (Vertex-Dental, B.V. 
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Centurionbaan 190, 3769 AV Soesterberg, The Netherlands) as recommended by the 
manufacturer 30).  
 

  
 

FIGURE 1:  aSb (green) disks built from DSG liquid photopolymer resin in Form 2 SL 3D 
printer. 
 
2.2 Experimentation with zebrafish embryo model 
Embryos for experiments were obtained from 5 to 6 months old wild-type zebrafish (AB/Tü 
strain) by pair-wise mating and natural spawning. The fish culture (FishCore, Australian 
Regenerative Medicine Institute, Monash University) was maintained at 28 °C, pH of 7.2, 14 h 
light/10 h dark photoperiod and fed with Artemia and NRD marine diet. Ethical approval 
(MARP/2015/094) to use zebrafish for experiments was issued by the Animal Ethics Committee 
in Monash University, Australia. 
 
In the preliminary biological test, randomly selected 16-cell stage or 1.5-h postfertilized (hpf) 
embryos (n = 10) were cultured on ED and EG samples in soda lime petri dishes with lid 
(Brand® GmbH + Co Kg, Otto-Schott-Straße 25, 97877 Wertheim, Germany) using transparent 
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E3 medium (E3M)15, 18) and ultrapure water (UW) 17, 19) as extraction vehicles. The ratio of 
surface-area-of-material to volume-of-extraction vehicle used is in accordance with the 
standards 31). Two test batches including controls were incubated in Heracell CO2 incubator 
(Thermo Fisher Scientific Inc.) at an optimum temperature of 28.5 °C. Fish in the first batch 
were assessed at 24h intervals for lethal endpoints (embryo coagulation, absence of somite 
formation, non-detachment of tail-bud and absence of heartbeat) until 96 h13) using Olympus 
MVX10 Research Macro Zoom Microscope, Olympus DP 72 digital colour microscope camera 
and cellSens imaging software (Olympus Soft Imaging Solutions GmbH) (MMI, Monash 
University, Australia). Fish in bioassays were also assessed for sublethal developmental 
endpoints (development of eyes, spontaneous movement, hypopigmentation and formation of 
edemata) and endpoints of teratogenicity (spinal curvature, malformed tail and yolk 
deformation)32). Fish in the second batch were incubated continuously for 120h before a one-
off phenotype assessment including growth retardation. For each methacrylate sample, 40 
embryos were incubated and assessed including repeat tests. In the additional biological test, 
embryos were cultured in extracts (37±1°C in UW for 24h at 3cm2:1mL ratio 33)) obtained from 
nTx, Tx and aSb DSG samples. Toxicological data from the extract tests were compared with 
data from direct exposure tests with the same samples, before and after leachate extraction. The 
bioassays in this group were assessed at 24 h intervals for developmental endpoints. At the end 
of the test, surviving fish were euthanized in 0.4% anaesthetic tricaine mesylate solution. 
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3 Results 
By day 3, a 100% hatching rate was recorded in controls and bioassays containing Tx 
methacrylates. The results in this study are valid as the survival rate in controls was ≥90% with 
no developmental endpoints13). For clarity, ‘‘embryo” denotes 24 - 72 hpf juvenile fish, ‘‘larva” 
denotes 96 - 120 hpf juvenile fish and without regard to exceptions, both are referred to as 
‘‘fish”. TABLES 1 AND 2 show cumulative endpoints observed in bioassays when tests were 
concluded. Supplementary files (S1–S16) are selected video recordings of fish in bioassays.  
 
3.1 Toxicological report for ED methacrylate 
On day 1, nTx ED in E3M and UW induced 10% and 20% lethality in bioassays, respectively, 
in addition to hypopigmentation and behavioural perturbations. On day 2, embryos exposed 
to nTx ED in E3M developed severe yolk sac and/or pericardial edema with a few tail 
malformations whereas embryos in UW recorded additional 60% lethality with severe 
malformations and test was concluded. On day 3, embryos in E3M were markedly 
hypopigmented (albino), lethargic with yolk sac edema and deformations, and pericardial 
edema. For the duration of the test, no lethal endpoint was observed in bioassays containing 
Tx ED; however, larvae in one of the UW assays developed minor pericardial edema, dark yolk 
sacs and reduced melanophores. At 120 h, nTx ED (including nTx EG) assays recorded a 100% 
lethality (embryonic mortality). Tx ED assays recorded a 100% survival rate with no 
developmental endpoint. Larvae in E3M (S1) were phenotypically comparable to control larvae 
(S2); however, 30% of larvae in UW (FIGURE 2 AND S3) developed minor pericardial edema. 
 

https://doi.org/10.1016/j.actbio.2018.08.007
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FIGURE 2: Day 5 representative larvae exposed to E-Denture (A) and E-Guard (B) in water in 
comparison to Control (C). Note the phenotype similarities and differences in larvae: Body (A) 
Eye (B) Head (C) Yolk sac (D) Pericardial sac (E) and Tail (F). 
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3.2 Toxicological report for EG methacrylate 
By day 2, nTx EG in E3M induced > 50% lethality in bioassays, in addition to 
hypopigmentation, behaviour perturbations and yolk deformation (S4). For nTx EG in UW, 
>50% lethality with severe hypopigmentation, behaviour perturbations and malformations was 
observed on day 1 and tests were discontinued. For bioassays containing Tx EG, one coagulated 
embryo (E3M) and tail malformation (UW) were observed on days 1 and 3, respectively. On 

day 4, ≈50% of the larvae in both E3M and UW assays developed minor pericardial edema, 
dark yolk sacs and reduced melanophores. At 120 h, bioassays containing Tx EG recorded a 
90% survival rate with no indicators of lethality but larvae in both E3M (S5) and UW (S6) 
showed reduced melanophores and minor pericardial edema. 
 
3.3 Toxicological report for DSG material 
Extracts from aSb and nTx (S7) DSG samples elicited a 100% lethality (embryonic mortality) 
in bioassays within 24 h. In comparison to direct exposure, aSb DSG also induced a 100% 
lethality (embryonic lethality) within 24 h. Embryos exposed to nTx DSG survived but showed 
cumulative lethargy, pericardial edema, and yolk deformation after 48 h, and test was 
discontinued. Likewise, surviving embryos exposed to nTx DSG after extraction (FIGURE 3), 
were sternly lethargic with severe pericardial edema and yolk sac edema by 72 h. No 
developmental endpoint was observed in Tx and control assays. S8–S12 show embryonic 
development in some of the bioassays. FIGURE 4 shows larvae length in UW and E3M bioassays 
after 120 h continuous exposure to Tx ED and Tx EG in comparison to controls. 
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FIGURE 3: Day 5 representative larvae exposed to E-Denture (A) and E-Guard (B) in water in 
comparison to Control (C). Note the phenotype similarities and differences in larvae: Body (A) 
Eye (B) Head (C) Yolk sac (D) Pericardial sac (E) and Tail (F). 
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FIGURE 4: Larvae length of surviving fish exposed to E-Denture and E-Guard in comparison to fish in Controls after 120 h continuous exposure in 
water and E3 medium. Error bars show standard deviation from the mean. 
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TABLE 1 Cumulative toxicity endpoints observed in E-Denture (ED) and E-Guard (EG) bioassays. 
Bioassay nTx material in E3M nTx material in UW Tx material in E3M Tx material in UW 

ED in 96h 1 3 1 3       1  

ED in 120h 3   3       2  

EG in 96h 2 3 1 2 3 3 1 2   2 1 

EG in120h 3   3   1 2  1 2  
 

Key 1 ≤ 25% LE 2 ≥ 50% LE 3 ≥ 75% LE 1 ≤ 25% SL 2 ≥ 50% SL 3 ≥ 75% SL 1 ≤ 25% TG 3 ≥75% TG 
 
TABLE 2 Cumulative toxicity endpoints observed in Dental SG (DSG) bioassays. 

Bioassay aSb DSG  nTx DSG  Tx DSG  

Extract  3   3      

Direct exposure in UW 3    3 3    

 Direct exposure in UW after extraction  3    3 3    
 

Key 3 ≥ 75% LE 3 ≥ 75% SL 3 ≥75% TG 
 

aSb As-built nTx Non-treated Tx Ethanol-treated E3M E3 medium UW Ultrapure water 
LE Lethal endpoints SL Sublethal developmental endpoints TG Endpoints of teratogenicity
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3.4 Characterization of double bond conversion  
Preliminary degree of conversion (DC I) was quantified to provide information on unreacted 
carbon-carbon double bonds (C= C) in photocured methacrylates (FIGURE 5). DC (%) was 
calculated based on the ratio of variable absorbance of aliphatic double bond (peaks at 1637 
cm-1) against internal standard, which is constant absorbance of aromatic double bond (peaks 
at 1608 cm-1) (peaks at 1608 cm-1) 7) as shown in the formula below: 
 

DC (%) = 1 -  Abs in photocured resin (aliphatic C=C)/(aromatic C=C)
Abs in liquid resin (aliphatic C=C)/(aromatic C=C)

  x100 
 
DC in representative materials (n=6) was measured using Perkin Elmer Spectrum Two FT-IR 
with Universal ATR for contact with the diamond/ZnSe crystal (PerkinElmer, Inc. 940 Winter 
Street Waltham, MA 02451 USA) at 4 cm–1 spectral resolution, 4 scans and 4000 - 450cm-1 
range. We maintained absorbance at 1608 cm-1 peaks for EG despite minor fluctuations since 
attempts to resolve at 1530 cm-1 peaks produced inconsistent results. For ED and EG, 
comparable NextDent Denture 34) and Dental LT Clear 35), liquid photopolymer resins were 
used, respectively. Alternative DC (DC II) was calculated following polymerization reactions 
in liquid photopolymer resins.  
 
During experimentation, resin drops were placed in transparent polyethylene films and pressed 
between sodium chloride crystals to form 0.02 mm thick samples upon irradiation at 20 mm 
fixed distance using Radii-cal LED light (SDI Limited, Bayswater, Victoria 3153, Australia). 
Sample irradiation was within 440–480 nm wavelength range and 1200 mW/cm2 light intensity. 
The degree of conversion (x) was calculated from the decrease in IR absorbance (A) after a 
given exposure using the formula: x = (A0 -At /A0) x 100; A0 is peak absorbance at 1637 cm-1 
at null time (initial intensity when time is equal to zero), and At, which is the absorbance at 
time, t (measured intensity over time)36, 37). Experiments were performed in triplicates. Mean 
values obtained at different time periods (20, 40, 60, 80, 100, 120, 140, 160, 180 and 200 s) are 
shown in FIGURE 6. 
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FIGURE 5: Conversion rates in non-treated (nTx) versus ethanol-treated (Tx) Dental SG (DSG), E-Denture (ED) and E-Guard (EG) methacrylates. 
Error bars show standard deviation from the mean.
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FIGURE 6: Time-dependent conversion rate measured in Dental SG (DSG), E-Denture (ED) and E-Guard (EG) liquid photopolymer resins. Error bars 
show standard deviation from the mean. 
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3.5 Statistical analysis 
A two-way ANOVA test for larvae length showed there was a main effect of material and 
significant interaction between material and extraction vehicle; t-test showed significant 

difference (p ≤ 0.05, unpaired, two-tailed) within the sample groups. For preliminary degree of 

conversion (DC I), significant difference (t-test, p ≤ 0.05, unpaired, two-tailed) exists within 
treatment groups for DSG and ED materials. 
 

4 Discussion 
4.1 Toxicological endpoints 
Behaviour perturbation, mostly lethargy, was a common sublethal endpoint observed in our 
toxicity assays, consistent with a previous report examining polymer extracts in this assay 19). 
Russom et al. 11) reported hypoactive locomotor activity in juvenile fathead minnows exposed 
to methacrylates. Mammals are also sensitive to behavioural effects of these chemicals: dose-
related increase in sleeping time was reported in mice exposed to methyl methacrylate and ethyl 
methacrylate vapours 38). Although relatively non-specific, some of the developmental endpoints 
we observed in toxic bioassays (FIGURE 7, S13 AND S14) are comparable to those reported in 
animal studies that linked methacrylic esters to embryonic foetal toxicity, teratogenicity 8) and 
cardiovascular function 4, 6).  In direct exposure tests, embryos cultured on materials with water 
(S15) showed accelerated toxicological effects compared to fish in E3M (S16). The delayed 
toxicological effect in E3M bioassays may be due to additional supply of calcium to 
dechorionated embryos 39). Toxic extracts induced mostly acute responses (embryonic 
mortality) in contrast to cumulative chronic (sublethal and teratogenic endpoints) in direct 
exposure. Although 120 h fish culture produced comparable toxicological data as 96 h culture, 
daily assessment in the latter ensures dead or compromised embryos removed since they can 
decompose rapidly 40).  
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FIGURE 7: Day 3 representative embryos exposed to nTx ED and nTx DSG methacrylates: PE 
Pericardial edemata; BP Blood pooling YSD Yolk sac resorption delay HP Hypopigmented 
body including eye; SC Spinal curvature; TM Tail malformation. 
 
4.2 Effect of ethanol on biological performance of methacrylates 
The observed level of toxicity in the methacrylates can probably be explained by uncured 
monomers. This class of materials has high cytotoxicity due to Michael addition of the 
methacrylate group with amino or thiol groups of DNA or proteins in the human body. 
Similarly, hydrolysis of non-reacted groups forms unwanted methacrylic acid, decreasing pH 
locally, which may produce adverse biological effects on the surrounding tissue41, 42). By 
applying post-illumination, methacrylate conversion could be increased to improve 
biocompatibility. 
 
Acrylic-based formulations are preferred in UV curing systems, because of the high reactivity 
of the acrylate double bond. The photoinitiators in the resins undergo fast homolytic cleavage 
upon intense illumination according to a Norrish-type I mechanism, to generate free radicals 
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that will initiate the polymerization 37). As polymerization progresses, the amount of aliphatic 
double bonds decreases but in practice, the process does not guarantee a 100% monomer 
conversion rate 43). For this reason, different chemical and physical techniques exist that use 
temperature, initiator, reactive co-monomer, chemical removal, radiation, devolatilization and 
ion exchange exist to reduce residual monomer content in polymers, depending on their 
composition 44). For this study, we observed ‘detoxicant’ effects of ethanol treatment. Immersion 
of dental acrylics in pure ethanol solution reduces residual compounds 45). Likewise, ethanol-
water solutions lower residual monomer contents in acrylic resins, depending on concentration 
and temperature46). Interestingly, poly methyl methacrylate dissolves in ethanol-aqueous 
solutions but it is insoluble in both water and ethanol at ambient temperature 47). The ethanoic-
aqueous effect may be due to induced swelling in polymeric chains, which allows insoluble 
substances to diffuse, partly due to increased water sorption46). Dissolution in polymers is 
preceded by heavy swelling and those bearing polar, hydrophilic groups may finally dissolve in 
polar solvents 48), hence caution is required in the use of ethanol to avoid its deleterious effects 
on structural integrity 49).  
 
The varying conversion rates observed is possibly due to the chemical structure, functionality 
and concentration of the various constituents of the photopolymers 50). ED composed of >60% 
BisEMA recorded conversion rates of 22.33% and 27.10% in nTx and Tx conditions, 
respectively. DSG composed of ≥75% BisEMA recorded 20.88% and 31.12%, in nTx and Tx 
conditions, respectively. The increased conversion rate in Tx methacrylates is consistent 
with the influence of ethanol on dimethacrylates 51); however, dimethacrylates generally have 
lower conversion rates and the higher their composition, the lower the DC of the resulting 
polymer. The speedy curing rates observed in ED and EG liquid photopolymer resins (FIGURE 

6) also correlate with their lower DC7). 
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4.3 Conclusions 
Despite the twofold increase in DC (%) for nTx EG, it was unsafe in zebrafish bioassays, hence 
there is a limited correlation between conversion rate and biological performance. The study 
affirms that biocompatibility was influenced primarily by physico-chemical characteristics of 
the materials, which subsequently influenced their residual monomer content before and after 
immersion in ethanol. Given the precautionary implications of the study, we propose a 3-tiered 
approach i.e., using approved materials, apposite manufacturing parameters and post-
processing techniques that together guarantee optimal results for medical devices. With the 
current influx of 3D printers and materials on the market, it is imperative that buying decision 
is not limited to economic factors but rather, what will deliver long-term benefits. It is 
recommended that manufacturers set out rigorous treatment protocols for materials indicated 
medical devices and include the information in the literature that accompanies their products. 
Lastly, the zebrafish bioassay as a reliable toxicological screening tool could add to existing 
biological evaluation tests in dentistry, where a host of devices for prosthodontic treatments is 
constructed with methacrylates. 

 
Acknowledgements 
We thank EnvisionTec GmbH, Germany for kindly supplying E-Denture and E-Guard 
materials for our experiments. The study was partly supported by Australian Dental Research 
Foundation Grant (231-2017) and Griffith University School of Dentistry and Oral Health 
Grants. G.J.L was supported by the NHMRC (1044754, 1069284). The Australian Regenerative 
Medicine Institute is supported by funds from the State Government of Victoria and the 
Australian Federal Government. 
 
Conflict of interest statement  
No competing financial interests exist. 
 



 

77 
 

5 References 
1) Fried JR. Polymer science and technology. 3rd ed. Upper Saddle River: Pearson 

Education, Inc.; 2014. p. 1-24. 
2) Ravve A. Principles of Polymer Chemistry. New York: Springer; 2012. p. 1-15. 
3) Food and Drug Administration. Technical Considerations for Additive Manufactured 

Devices:Draft Guidance for Industry and Food and Drug Administration Staff. 
Rockville, MD:: Food and Drug Administration; 2016. p. 1-28. 

4) Mir GN, Lawrence WH, Autian J. Toxicological and pharmacological actions of 
methacrylate monomers I: Effects on isolated, perfused rabbit heart. Journal of 
Pharmaceutical Sciences 1973; 62: 778-82. 

5) Mir GN, Lawrence WH, Autian J. Toxicological and pharmacological actions of 
methacrylate monomers II: Effects on isolated guinea pig ileum. Journal of 
Pharmaceutical Sciences 1973; 62: 1258-61. 

6) Mir GN, Lawrence WH, Autian J. Toxicological and pharmacological actions of 
methacrylate monomers III: Effects on respiratory and cardiovascular functions of 
anesthetized dogs. Journal of Pharmaceutical Sciences 1974; 63: 376-81. 

7) Kim S-H, Watts DC. Degree of conversion of bis-acrylic based provisional crown and 
fixed partial denture materials. The Journal of Korean Academy of Prosthodontics 
2008; 46: 639-43. 

8) Autian J. Structure-toxicity relationships of acrylic monomers. Environmental Health 
Perspectives 1975; 11: 141-52. 

9) Dearfield KL, Millis CS, Harrington-Brock K, Doerr CL, Moore MM. Analysis of the 
genotoxicity of nine acrylate/methacrylate compounds in L5178Y mouse lymphoma 
cells. Mutagenesis 1989; 4: 381-93. 

10) Reinert KH. Aquatic toxicity of acrylates and methacrylates: Quantitative structure-
activity relationships based on Kow and LC50. Regulatory Toxicology and 
Pharmacology 1987; 7: 384-9. 

11) Russom CL, Drummond RA, Huffman AD. Acute toxicity and behavioral effects of 
acrylates and methacrylates to juvenile fathead minnows. Bulletin of Environmental 
Contamination and Toxicology 1988; 41: 589-96. 

12) Moore MM, Amtower A, Doerr CL, Brock KH, Dearfield KL. Genotoxicity of acrylic 
acid, methyl acrylate, ethyl acrylate, methyl methacrylate, and ethyl methacrylate in 



 

78 
 

L5178Y mouse lymphoma cells. Environmental and molecular mutagenesis 1988; 11: 
49-63. 

13) Organisation for Economic Co-operation and Development. Test No. 236: Fish 
Embryo Acute Toxicity (FET) Test. Paris: OECD Publishing; 2013. p. 1-22. 

14) Braunbeck T, Kais B, Lammer E, Otte J, Schneider K, Stengel D, et al. The fish 
embryo test (FET): origin, applications, and future. Environmental Science and 
Pollution Research 2015; 22: 16247-61. 

15) Alifui-Segbaya F, Varma S, Lieschke GJ, George R. Biocompatibility of 
Photopolymers in 3D Printing. 3d Print Addit Manuf 2017; 4: 185-91. 

16) Richter S. Medical Device Polymer Biocompatibility Screening Test Using Zebrafish 
Embryos: Microtest Laboratories Inc.; 2014 [cited 2017 22 November]. Available 
from: https://www.mdtmag.com/article/2014/03/medical-device-polymer-
biocompatibility-screening-test-using-zebrafish-embryos. 

17) Oskui SM, Diamante G, Liao C, Shi W, Gan J, Schlenk D, et al. Assessing and 
Reducing the Toxicity of 3D-Printed Parts. Environmental Science & Technology 
Letters 2016; 3: 1-6. 

18) Macdonald NP, Zhu F, Hall CJ, Reboud J, Crosier PS, Patton EE, et al. Assessment 
of biocompatibility of 3D printed photopolymers using zebrafish embryo toxicity 
assays. Lab on a Chip 2016; 16: 291-7. 

19) Zhu F, Friedrich T, Nugegoda D, Kaslin J, Wlodkowic D. Assessment of the 
biocompatibility of three-dimensional-printed polymers using multispecies toxicity 
tests. Biomicrofluidics 2015; 9. 

20) Zhu F, Macdonald NP, Skommer J, Wlodkowic D, editors. Biological implications of 
lab-on-a-chip devices fabricated using multi-jet modelling and stereolithography 
processes. SPIE Microtechnologies; 2015: SPIE. 

21) Zhu F, Skommer J, Macdonald NP, Friedrich T, Kaslin J, Wlodkowic D. Three-
dimensional printed millifluidic devices for zebrafish embryo tests. Biomicrofluidics 
2015; 9: 046502. 

22) Zhu F, Skommer J, Friedrich T, Kaslin J, Wlodkowic D, editors. 3D printed polymers 
toxicity profiling: a caution for biodevice applications. SPIE Micro+Nano Materials, 
Devices, and Applications; 2015: SPIE. 

https://www.mdtmag.com/article/2014/03/medical-device-polymer-biocompatibility-screening-test-using-zebrafish-embryos
https://www.mdtmag.com/article/2014/03/medical-device-polymer-biocompatibility-screening-test-using-zebrafish-embryos


 

79 
 

23) Howe K, Clark MD, Torroja CF, Torrance J, Berthelot C, Muffato M, et al. The 
zebrafish reference genome sequence and its relationship to the human genome. 
Nature 2013; 496: 498-503. 

24) Lieschke GJ, Currie PD. Animal models of human disease: zebrafish swim into view. 
Nat Rev Genet 2007; 8: 353-67. 

25) EnvisionTec GmbH. Understanding the technology behind our advanced 3D printers. 
2016 15 June, 2017. Report No. 

26) Formlabs. Expanding 3D printing technologies to high-volume applications and 
beyond.: Mary Ann Liebert, Inc. publishers. p. 1-53. 

27) EnvisionTEC GmbH. E-Denture SDS ID: SENP2201701UK: EnvisionTEC GmbH,; 
2017 [cited 2018 18 May]. Available from: https://envisiontec.com/wp-
content/uploads/2018/02/SDS_EnvisionTec-E-Denture-E-Dent-400-E-Guide-
Tint_SENP2201701UK-1.pdf. 

28) EnvisionTEC GmbH. E-Guard SDS ID: M-NOC-2015-01-UK: EnvisionTEC GmbH; 
2015 [cited 2018 13 May]. Available from: https://envisiontec.com/wp-
content/uploads/2017/08/SDS-E-Guard.pdf. 

29) Formlabs. Safety Data Sheet: Dental SG 2018 [cited 2018 14 June]. Available from: 
https://support.formlabs.com/hc/en-us/articles/115000015710-Using-Dental-SG-
Resin. 

30) Formlabs. Dental SG: Material properties 2017 [cited 2017 24 July]. Available from: 
https://formlabs.com/media/upload/DentalSG-DataSheet.pdf. 

31) International Organization for Standardization. ISO 10993-12: Biological evaluation 
of medical devices - Part 12: Sample preparation and reference materials. Geneva: 
International Organization for Standardization; 2012. 

32) Nagel R. DarT: The embryo test with the zebrafish Danio rerio - a general model in 
ecotoxicology and toxicology. Altex-Altern Tierexp 2002; 19: 38-48. 

33) International Organization for Standardization. ISO 10993-5, Biological evaluation of 
medical devices - Part 5: Tests for in vitro cytotoxicity. Geneva: International 
Organization for Standardization; 2009. 

34) Food and Drug Administration. NextDent™ Denture / E-Denture 3D-printing 
material 2017 [cited 2018 18 January]. Available from: 
https://www.accessdata.fda.gov/cdrh_docs/pdf16/k162572.pdf. 

https://envisiontec.com/wp-content/uploads/2018/02/SDS_EnvisionTec-E-Denture-E-Dent-400-E-Guide-Tint_SENP2201701UK-1.pdf
https://envisiontec.com/wp-content/uploads/2018/02/SDS_EnvisionTec-E-Denture-E-Dent-400-E-Guide-Tint_SENP2201701UK-1.pdf
https://envisiontec.com/wp-content/uploads/2018/02/SDS_EnvisionTec-E-Denture-E-Dent-400-E-Guide-Tint_SENP2201701UK-1.pdf
https://envisiontec.com/wp-content/uploads/2017/08/SDS-E-Guard.pdf
https://envisiontec.com/wp-content/uploads/2017/08/SDS-E-Guard.pdf
https://support.formlabs.com/hc/en-us/articles/115000015710-Using-Dental-SG-Resin
https://support.formlabs.com/hc/en-us/articles/115000015710-Using-Dental-SG-Resin
https://formlabs.com/media/upload/DentalSG-DataSheet.pdf
https://www.accessdata.fda.gov/cdrh_docs/pdf16/k162572.pdf


 

80 
 

35) Formlab. Dental LT Clear Technical Data Sheet and Safety Data Sheet 2017 [cited 
2018 7 June]. Available from: https://support.formlabs.com/hc/en-
us/articles/115001530544-Printing-Splints-with-Dental-LT-Clear-Resin. 

36) Sideridou I, Tserki V, Papanastasiou G. Effect of chemical structure on degree of 
conversion in light-cured dimethacrylate-based dental resins. Biomaterials 2002; 23: 
1819-29. 

37) Decker C. Kinetic Study and New Applications of UV Radiation Curing. 
Macromolecular Rapid Communications 2002; 23: 1067-93. 

38) Lawrence WH, Autian J. Possible Toxic Effects from Inhalation of Dental Ingredients 
by Alteration of Drug Biologic Half-Life. Journal of Dental Research 1972; 51: 878-. 

39) Westerfield M. The Zebrafish Book. A Guide for the Laboratory Use of Zebrafish 
(Danio rerio). 4th ed. Eugene: University of Oregon Press; 2000. 

40) Organisation for Economic Co-operation and Development. Test No. 210: Fish, 
Early-life Stage Toxicity Test. Paris: OECD Publishing; 2013. p. 1-24. 

41) Husár B, Hatzenbichler M, Mironov V, Liska R, Stampfl J, Ovsianikov A. 6 - 
Photopolymerization-based additive manufacturing for the development of 3D porous 
scaffolds.  Biomaterials for Bone Regeneration: Woodhead Publishing; 2014. p. 149-
201. 

42) Andrews LS, Clary JJ. Review of the toxicity of multifunctional acrylates. Journal of 
toxicology and environmental health 1986; 19: 149-64. 

43) Duray SJ, Gilbert JL, Lautenschlager EP. Comparison of chemical analysis of residual 
monomer in a chemical-cured dental acrylic material to an FTIR method. Dental 
Materials 1997; 13: 240-5. 

44) Araújo PHH, Sayer C, Giudici R, Poço JGR. Techniques for reducing residual 
monomer content in polymers: A review. Polymer Engineering & Science 2002; 42: 
1442-68. 

45) Boeckler AF, Morton D, Poser S, Dette K-E. Release of dibenzoyl peroxide from 
polymethyl methacrylate denture base resins: An in vitro evaluation. Dental Materials 
2008; 24: 1602-7. 

46) Neves CB, Lopes LP, Ferrao HF, Miranda JP, Castro MF, Bettencourt AF. Ethanol 
postpolymerization treatment for improving the biocompatibility of acrylic reline 
resins. BioMed research international 2013; 2013: 485246. 

https://support.formlabs.com/hc/en-us/articles/115001530544-Printing-Splints-with-Dental-LT-Clear-Resin
https://support.formlabs.com/hc/en-us/articles/115001530544-Printing-Splints-with-Dental-LT-Clear-Resin


 

81 
 

47) Hoogenboom R, Becer CR, Guerrero-Sanchez C, Hoeppener S, Schubert US. 
Solubility and Thermoresponsiveness of PMMA in Alcohol-Water Solvent Mixtures. 
Australian Journal of Chemistry 2010; 63: 1173-8. 

48) Ghosh P. Fundamentals of Polymer Science: Solution Properties. 2006. 
49) Wang P-P, Lee S, Harmon JP. Ethanol-induced crack healing in poly(methyl 

methacrylate). Journal of Polymer Science Part B: Polymer Physics 1994; 32: 1217-27. 
50) Decker C. Photoinitiated crosslinking polymerisation. Progress in Polymer Science 

1996; 21: 593-650. 
51) Malacarne-Zanon J, Pashley DH, Agee KA, Foulger S, Alves MC, Breschi L, et al. 

Effects of ethanol addition on the water sorption/solubility and percent conversion of 
comonomers in model dental adhesives. Dental materials : official publication of the 
Academy of Dental Materials 2009; 25: 10.1016/j.dental.2009.03.015. 

 
 

 

 



 

82 
 

Chapter 4 Analytical Chromatography  

4.1 Original Article 3 
This chapter includes a co-authored paper. The bibliographic details of the co-authored paper, 
including all authors, are: 

 
Alifui-Segbaya F, Bowman J, White AR, Fidan I, Love RM, George R. Chemical composition 
and degradation products in additively manufactured methacrylates for dental devices. 
Copyright status: Submitted to Additive Manufacturing (Elsevier) 

My contributions to the paper include conception and design of study, data analysis and 
interpretation, writing up, and critical revision of the manuscript. 

 
(Signed)_________________________________(Date)___________ 

Frank Alifui-Segbaya (Corresponding Author) 

(Countersigned)___________________________(Date)_____________ 

Roy George 

 
 
 
 

  



 

83 
 

Chemical Composition and Degradation Products in 
Additively Manufactured Methacrylates for Dental Devices 

 

Frank Alifui-Segbaya 1* Jasper Bowman 2 Alan R. White 3 Ismail Fidan 4   Robert M. Love 5 

Roy George 6 

 

1 School of Dentistry and Oral Health, Griffith Health, Gold Coast campus, Griffith 
University, QLD 4222, Australia.  
Email: f.alifui-segbaya@griffith.edu.au 
 
2 School of Environment and Science, Griffith Sciences, Nathan campus, Griffith University, 
QLD 4111, Australia.  
Email: jasper.bowman@griffith.edu.au 
 
3 School of Environment and Science, Griffith Sciences, Nathan campus, Griffith University, 
QLD 4111, Australia. Email: alan.white@griffith.edu.au 
 
4 Tennessee Tech University, 920 N. Peachtree Avenue, MET Department, LEWS 103 
Cookeville, TN  38505-5003, USA. Email: ifidan@tntech.edu 
 
5 School of Dentistry and Oral Health, Griffith Health, Gold Coast campus, Griffith 
University, QLD 4222, Australia. Email: r.love@griffith.edu.au 
 
6 School of Dentistry and Oral Health, Griffith Health, Griffith University, Australia. Email 
r.george@griffith.edu.au 
 
* Corresponding Author 
Frank Alifui-Segbaya 
 School of Dentistry and Oral Health,  
 Gold Coast campus, Griffith University, Australia.  
 Email: f.alifui-segbaya@griffith.edu.au 

  

mailto:f.alifui-segbaya@griffith.edu.au
mailto:r.george@griffith.edu.au
mailto:f.alifui-segbaya@griffith.edu.au


 

84 
 

Abstract 

In additive manufacturing (AM) or three-dimensional printing (3DP), crosslinked polymers 
can be synthesized from multifunctional monomers and telechelic oligomers by photochemical 
reactions, so liquid to solid phase change takes place within a fraction of a second at ambient 
temperature. Despite the potentials of AM offering speed, biocompatibility is an issue of 
concern due to the complexities of the manufacturing process including postprocessing. For 
acrylic polymers processed by free-radical polymerization, photochemical reactions rarely 
proceed to completion hence leads to accumulation of residual monomer and degradation 
products, which are known to cause local and systemic side effects in high doses. In this study, 
we characterize the composition and degradation products in methacrylates indicated for 3DP 
of denture base (>60% Bis-EMA and 15-25% proprietary methacrylic oligomer), orthodontic 
appliances (>70% proprietary methacrylic oligomer, <20% glycol methacrylate and <5% 
pentamethyl-piperidyl sebucate) and implant surgical guides (≥75% Bis-EMA and 30-50% 
diurethane dimethacrylate, mixture of isomers) using headspace gas chromatography-mass 
spectrometry (GC-MS). This analytical method was chosen owing to the current limitations of 
those specified in the standards for residual methyl methacrylate. Qualitative GCMS data 
confirmed numerous chemical compounds in photocured materials that reduced with the 
applied ethanol-treatment possibly due to ethanoic-aqueous interaction by way of induced 
swelling in polymer chains that triggered insoluble substances to diffuse in water.  The study 
also confirmed the presence of potentially toxic acrylic esters other than residual methyl 
methacrylate thus underscoring the need for standards revision to reflect the current trends in 
materials and technological advancements. Whereas quantitative analysis of the individual 
compounds is beyond the scope of this study, it lays the foundation for further work taking 
into consideration that photopolymer formulations are constantly evolving to meet the 
requirements for medical devices.  
 

Keywords   
Additive manufacturing; 3D printing; Methacrylates; Residual monomer; Degradation 
products; Gas chromatography-mass spectrometry. 
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1 Introduction 
In additive manufacturing (AM) or three-dimensional printing (3DP), crosslinked polymers 
can be synthesized from multifunctional monomers and telechelic oligomers by photochemical 
reactions, so liquid to solid phase change takes place within a fraction of a second at ambient 
temperature 1). The chemical process in which light is used to initiate and propagate the 
polymerization reaction is referred to as photopolymerization 2). Photopolymerization is 
considered to be the most effective way to transform solvent-free liquid resins into solid 
polymers, at ambient temperature 1). Compared to thermally-activated polymerization, it is 
more economical and offers a myriad of practicalities in imaging, microelectronics, graphic arts, 
printing plates, photoresists, laser direct imaging, computer-to-plate technology, holographic 
optical elements and dentistry, to name a few 3). Despite the potentials of offering significant 
benefits in terms of speed in 3DP, there are inherent challenges with the manufacturing process. 
For instance, as light from the illumination source penetrates the built material, it is absorbed 
by the initiating species (along with monomer and polymer moieties in some systems), causing 
a decrease in light intensity and consequently, gradients in polymerization rate and double 
bond conversion 4). For acrylic polymers processed by free-radical polymerization, 
photochemical reactions rarely proceed to completion hence leads to accumulation of residual 
monomer and degradation products in their polymer network 5), which are known to cause 
local and systemic side effects in high doses 6-10). In light of this, analysis of residual monomer 
has been the topic of many studies 11). Nonetheless, there is the gap in knowledge concerning 
this subject for materials in 3DP. In this paper, we characterize dental methacrylates for 
composition and degradation products using headspace gas chromatography-mass spectrometry 
(GC-MS). This analytical method was chosen due to the current limitations of those specified 
in the standards for dental devices with emphasis on residual methyl methacrylate 12, 13). Sample 
preparation was informed by toxicological data from our previous studies14-16). Considering the 
propensity of ethanoic-aqueous interaction to alter the physicochemical characteristics and 
biological performance of acrylic devices17), we hypothesized that ethanol-treated methacrylates 
will contain fewer chemical compounds than non-treated methacrylates. 
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2 Materials and Methods 
2.1 Sample preparation 
Test samples comprised liquid photopolymer resins, post-cured (PC) and postcured with 
ethanol-treatment (PCE) polymeric disks. PCE disks were soaked in ethanol absolute (Purity≥ 

99.9%, Merck KGaA, Darmstadt, Germany) for 3 minutes, rinsed five times with LC-MS grade 
water (Merck KGaA, 64271 Darmstadt, Germany) and air-dried for 2 hours at ambient 
temperature. Three different methacrylates were examined (TABLE 1): dental SG (DSG) was 
built with reverse stereolithography (SL), 18) whereas e-denture (ED) and e-guard (EG) were 
built with digital light processing (DLP) 19) using manufacturing parameters recommended for 
dental devices. FIGURE 1 shows the surface topography of the postcured methacrylates. 
 

DSG 20) samples were built in-house from Dental SG V1 resin (Formlabs Inc.  35 Medford St. 
Suite 201, Somerville, MA 02143, USA) with the recommended Form 2 reverse SLA 3D printer 
(Laser specifications: 405nm violet laser and 250mW laser; Laser Spot Size: 140 microns; Layer 
thickness, ∆z: 50µm). Green samples were rinsed twice in isopropanol (Purity 99.5%, Acros 
Organics ENA23, zone1, Janssen Pharmaceuticalaan 3a, B-2440 Geel, Belgium) and post-cured 
in LC-3DPrint Box (Vertex-Dental, B.V. Centurionbaan 190, 3769 AV Soesterberg, The 
Netherlands) for as recommended by the manufacturer 21). ED 22) and EG 23) samples, on the 
other hand, were built by EnvisionTec (Brüsseler Str. 51, 45968 Gladbeck, Germany) using 
Perfactory DDP 4M 3D printer (Z-height: 67.98mm; Voxel: 100µm; Light power: 180 
Mw/dm2). Postcuring (2x100 flashes) was completed in Otoflash G171 (NK-Optik GmbH, 
Isarstr. 2, D-82065 Baierbrunn, Germany).  
  
2.2 Test procedure 
Prior to headspace GC-MS, PC and PCE samples were stored in a refrigerator at -20°C to 
maintain their monomeric content. Liquid resins (LR) were examined alongside PC and PCE 
samples. For ED and EG, comparable NextDent Denture 24) and Dental LT Clear 25) resins 
were analysed, respectively. PC and PCE samples were frozen in liquid nitrogen at minus 196 

°C and ground into powder before placed in GC-Shimadzu TQ8040 GC-MS/MS. The GC 
column used was Agilent J&W DB5-MS 30m 0.25mm ID 0.25um film thickness. Test 
parameters were, column oven temperature at 40.0 °C, injection temperature at 250 °C, column 
flow rate at 1.16 mL/min, split ratio of 5.0 and a total run time of 15 minutes.
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TABLE 1 Physical and chemical properties of photopolymers  
 

PHOTOPOLYMER PHYSICAL PROPERTIES 
 
Dental SG (Formlabs Inc.  35 Medford St. Suite 201, Somerville, MA 02143, USA) is a Class I material 
for surgical guides and diagnostic models.  
Hazardous ingredients (w/w%) are ≥75% Ethoxylated bisphenol A dimethacrylate; 30-50% Diurethane 
dimethacrylate, mixture of isomers; <10%  2,4,6-Trimethylbenzoyl  Diphenylphosphine oxide 20). 

 

Flexural strength: ≥ 50 MPa  
Flexural modulus: ≥1500 MPa  
Hardness shore D: ≥ 80D 
Charpy impact strength unnotched: 12-14 kg/m2 21) 

 
E-Denture (Brüsseler Str. 51, 45968 Gladbeck, Germany) is a Class IIa material based on acrylic esters. 
E-Denture is indicated for 3DP of denture bases.  
Hazardous ingredients (w/w%) are >60% Ethoxylated bis-phenol A dimethacrylate; 15-25% 
Methacrylic oligomer; <2,5% Phenyl bis (2,4,6-trimethylbenzoyl)-phosphine oxide. 22). 

 
Flexural strength: 85 MPa  
Flexural modulus: 2100 MPa 
Water sorption: 32 µg/mm3 
Water solubility: 1.6 µg/mm3 
Brookfield viscosity at 23°C: 1.0-1.5 Pa•s 
Residual monomer: 1% 
Hardness shore D: 80-90 26) 

 
E-Guard (Brüsseler Str. 51, 45968 Gladbeck, Germany) is a Class I material based on acrylic esters.   
E-Guard is indicated for 3DP of splints and retainers.  
Hazardous ingredients (w/w%) are >70% Methacrylic oligomer; <20% Glycol methacrylate; <5% 
Pentamethyl-piperidyl sebucate; <2,5% 2,4,6-Trimethylbenzoyl  Diphenylphosphine oxide 23). 
 
 
 

 
Flexural strength: 80.9 MPa 
Flexural modulus: 2123 MPa 
Water sorption: 27.8µg/mm2 
Water solubility: 1.4µg/mm2 
Elongation at break: 3.81% 
Charpy impact strength unnotched: 13.3 kJ/m2 
Colour: RES-01-3013 Clear 27) 
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FIGURE 1: Surface topography of E-Denture (A), E-Guard (B) and Dental SG (C) methacrylates.  

Imaging was carried out with Olympus AX70 Fluorescence Microscope, Monochrome FViewII Peltier cooled digital camera (Olympus. Tokyo, 
Japan) and running Analysis Software (Soft Imaging Solutions, Münster, Germany).
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3 Results  
Qualitative GC-MS data were verified with blanks used as reference materials. Although 
numerous chemical compounds were observed in PC and PCE samples, only those with ≥75% 
match in the samples (n =4) are listed in TABLES 2-4 with their retention time [RT/min], which 
is time taken for the solute to pass through the chromatography column.  
 
DENTAL SG METHACRYLATE (TABLE 2): ethylbenzene and toluene were observed as common 
compounds in LR and PC samples whereas in PC and PCE samples, 2-ethoxyethyl 
methacrylate, cyclomethicone 5, cyclomethicone 6, octyl acrylate and d-limonene were observed 
as new compounds.  In addition, the chemical compounds in PC samples decreased with the 
applied ethanol-treatment.  
 
E-DENTURE METHACRYLATE (TABLE 3): dimethadione and ethylbenzene were the common 
compounds observed in all samples. In addition, 6 new compounds (1-methoxy-2-propanol, 2-
ethoxyethyl methacrylate, benzaldehyde, cyclomethicone 5, cyclooctanol and spiro [2,4] hepta-
4,6-diene) were observed in PC as against 3 (isobornyl acrylate, 1-methoxy-2-propanol and 
octyl methacrylate) in PCE.  
 
E-GUARD METHACRYLATE (TABLE 4):  dimethadione and o-Xylene were observed as common 
compounds in all samples. PC samples recorded 12 new compounds for which only 1-methoxy-
2-propanol and 2,2,4-trimethyl-1,3-pentanediol diisobutyrate were observed in PCE samples.  
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TABLE 2 Chemical compounds observed in Dental SG methacrylate samples 
 

 
Liquid photopolymer 
 

 
RT [min] 

 
Post-cured 

  
RT [min] 

 
Post-cured and ethanol treated 
 

 
RT [min] 

1,1,2,3-tetramethylcyclopropane 4.352 2-Ethoxyethyl methacrylate 8.105 1-Methoxy-2-propanol 1.955 
2-Hydroxyethyl methacrylate 8.238 Glycol Dimethacrylate 9.683 2-Ethoxyethyl methacrylate 8.111 
3,3-Dimethyl-1-hexene 10.82 Cyclomethicone 5 9.854 Cyclomethicone 5 8.555 
Crotonic anhydride 11.18 Cyclomethicone 6 9.548 Cyclomethicone 6 9.548 
Cyclooctatetraene 6.302 D-Limonene 7.855 Octyl Acrylate 9.588 
Dimethadione 6.132 Mesitaldehyde 9.726 D-Limonene 7.855 
Ethyl methacrylate 3.892 Octyl Acrylate 9.586 p-Xylene 5.975 
Ethylbenzene 5.971 Toluene 3.323 3-Ethoxy-1,1,1,7,7,7-hexamethyl-

3,5,5tris(trimethylsiloxy)tetrasiloxane 
10.34 

Hexyl Methacrylate 10.01 Ethylbenzene 5.975 
n-Hexyl acrylate 8.341 Texanol 9.962 
Octyl Acrylate 9.584 o-Xylene 5.816 
Toluene 3.320 2-butoxyethanol 6.610  
Vinyl crotonate 11.14 m-Xylene 5.969 
2-Propenoic acid, 5-methylene-6-heptenyl 10.12 2,7,10-Trimethyldodecane 9.625 

Propanoic acid, 2-methyl-, 3-hydroxy-
2,2,4-trimethyl pentyl ester 

10.07 

 
  



 

91 
 

TABLE 3 Chemical compounds observed in E-Denture methacrylate samples 
 
Liquid photopolymer 
 

 
RT [min] 

 
Post-cured 

 
RT [min] 

 
Post-cured and ethanol treated 
 

 
RT [min] 

1,5-Heptadien-3-yne 3.321 1-Methoxy-2-propanol 1.903 1-Methoxy-2-propanol 1.888 
 1-Decene 7.484 2-Ethoxyethyl methacrylate 8.114 Isobornyl acrylate 10.12 
1-Ethyl-3-methylcyclopentane 5.257 Benzaldehyde 7.234 Octyl methacrylate 9.588 
2-Hydroxyethyl methacrylate 8.243 Cyclomethicone 5 8.556 Dimethadione 6.132 
3-Hexen-2-one 4.276 Cyclooctanol  7.619  Ethylbenzene 6.303 
3-Methyl-5-propylnonane 9.622 Dimethadione 6.141  
Glycol Dimethacrylate 9.678 Ethylbenzene 5.799 
But-3-enyl 2-methylprop-2-enoate 7.190 Spiro [2,4] hepta-4,6-diene 3.337 
Cyclobutylcarboxylic acid 6.439  
Dimethadione 6.128 
Ethyl Methacrylate 3.866 
Ethylbenzene 5.788 
Glycidyl methacrylate 8.841 
Methyl Isobutyl Ketone 2.813 
M-Ethyltoluene 7.269 
N-Butyl methacrylate 7.376 
o-Xylene 5.971 
p-Xylene 6.311 
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TABLE 4 Chemical compounds observed in E-Guard methacrylate samples 
 

 
Liquid photopolymer 
 

 
RT [min] 

 
Post-cured  

  
RT [min] 

 
Post-cured and ethanol treated 
 

 
RT [min] 

2,6,11-Trimethyldodecane 9.602 1-Methoxy-2-propanol 1.921 1-Methoxy-2-propanol 1.931 
2,6-Dimethylundecane 9.117 2,2,4-Trimethyl-1,3-pentanediol 

diisobutyrate 
9.590 2,2,4-Trimethyl-1,3-pentanediol 

diisobutyrate 
11.07 

2,7,10 Trimethyldodecane 9.461 
2-Butyloctan-1-ol 7.562 Benzaldehyde 7.235 o-Xylene 5.968 
2-Hydroxyethyl acrylate 6.905 Dimethadione 6.136 Dimethadione 6.133 
2-Hydroxypropyl acrylate 7.207 Pelargonaldehyde (Nonanal) 8.440  
3-Methyl-1-hexanol 6.428 Texanol 10.07 
5,5-Dimethyl-1-hexene 7.466 Cyclomethicone 6 9.549 
Glycol Dimethacrylate 9.244 2-Ethoxyethyl methacrylate 8.112 
Dimethadione 6.129 o-Xylene 5.807 
Dodecane 8.381 Octyl Acrylate 9.590 
Ethyl Methacrylate 3.856 2-Hydroxyethyl methacrylate 7.715 
Ethylene Glycol Monoacetate 5.702 2-Propyl-1-pentanol 7.833 
Glycidyl acrylate 8.696 Farnesane 9.047 
Glycidyl methacrylate 8.186  
Mesityl Oxide 4.178 
Methyl Isobutyl Ketone 2.790 
o-Xylene 5.969 
p-Xylene 6.306 
Toluene 3.323 
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4 Discussion  
Although liquid photopolymer resins are usually composed of photoinitiators, mono-or-
multifunctional monomers and functionalized oligomers 28),  the exact composition is largely 
proprietary. FIGURE 2 shows similarities and variations in the absorbance spectra of LR 
samples, obtained by Fourier transform infrared spectroscopy. The GC-MS data shed light on 
the likely composition of the polymeric samples and compounds that can be categorized as 
residual monomer and degradation products; residual monomer being unreacted chemical 
compounds in the liquid resins whereas degradation products are compounds resulting from 
the breakdown of the photocured materials including those produced by consecutive chemical 
reactions 29). Some of the observed chemical compounds are potentially toxic acrylates and 
methacrylates that have been biologically assessed using different test models30-34). For instance, 
2-ethoxyethyl methacrylate  (a monomethacrylate with functional group) has a lethal 
concentration (LC50) of 27.7 mg/l (in Pimephales promelas bioassay) 34). Likewise, 2-
hydroxyethyl methacrylate (an alkyl ester with a hydroxyl group) used in dentistry for 
desensitizing teeth is documented to have an LC50 of 227 mg/l (Pimephales promelas) 34) but a 
lethal dose, LD50 of 5564 mg/kg (rat, oral) 35). The extrapolation of these results to human 
responses can be found in relevant literature and reference sources 36).  
 
Photochemical reactions in acrylic resins proceed mainly by a free-radical mechanism 28) and a 
wide variety of monomers can be polymerized individually or in the presence of comonomers; 
however, only by appropriate selection of ingredients will the desired properties of the resultant 
polymer be guaranteed 4). Although acrylic-based formulations are preferred in ultraviolet light-
curing systems because of the high reactivity of acrylate double bond 28), the polymerization 
process does not guarantee a 100% monomer conversion rate 11). In this study, it is evident that 
majority of the chemical compounds are degradation products in PC materials that reduced 
with the applied treatment possibly due to ethanoic-aqueous interaction 37) by way of induced 
swelling in polymer chains that triggered insoluble substances to diffuse in the ultrapure water 
used to wash the samples 17). In our previous assessment of additively manufactured acrylics in 
zebrafish bioassay we observed ethanol-treated materials, particularly methacrylates to be less 

https://www.sigmaaldrich.com/MSDS/MSDS/DisplayMSDSPage.do?country=AU&language=en&productNumber=280666&brand=ALDRICH&PageToGoToURL=https%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F280666%3Flang%3Den
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toxic than non-treated counterparts 14-16). Nonetheless, caution is required in the use of organic 
solvents due to the possible adverse effects on the structural integrity 38) of acrylics, which are 
also noted for low thermal resistance, glass transition temperature and physical properties 39). 
 

5 Conclusion 
The study confirms the presence of potentially toxic acrylic esters other than residual methyl 
methacrylate thus underscoring the need for standards revision to reflect the current trends in 
materials and technological advancements. Whereas quantitative analysis of the individual 
compounds is beyond the scope of this study, it lays the foundation for further work taking 
into consideration that photopolymer formulations are constantly evolving to meet the 
requirements for medical devices. Further work to assess the physico-chemical-mechanical 
effects of ethanol treatment on photopolymers will equally enhance academic reflection on the 
subject of biocompatibility. Finally, the analytical technique used provided ease of identifying 
unknown chemical compounds hence could be considered as an initial screening tool in the 
characterization of proprietary photopolymers. 
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DSG liquid resin 
ED liquid resin 
EG liquid resin 

 

FIGURE 2:  Absorbance spectra of liquid photopolymer resins. Spectra was obtained from Perkin Elmer Spectrum Two FT-IR with Universal ATR 
(PerkinElmer, Inc. 940 Winter Street Waltham, MA 02451 USA) using 4 cm–1 spectral resolution, 4 scans and 4000 - 450cm-1 range. Note: Dental 
SG (Black) and E-Denture (Red) show similar absorbance spectra in contrast to E-Guard (Blue).
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Abstract  
The capacity of 3D printing (3DP) technologies to initiate speedy polymerization of solvent 
free resins accounts for their utility in the manufacturing of medical devices. Nonetheless, 
independent biological evaluation of 3D-printed materials is recommended due to the unique 
parameters of the manufacturing process, which can influence their physical, chemical, and 
biological properties. In this study, E-Shell 450 clear methacrylate indicated for 3DP of hearing 
devices was examined for biological safety using zebrafish bioassays adapted to Organization 
for Economic Cooperation and Development (OECD) fish embryo test. In addition, the 
proprietary material was characterized for composition using headspace gas chromatography-
mass spectrometry (GC-MS).  To initiate the biological test, newly fertilized zebrafish eggs were 
cultured on non-treated and ethanol-treated methacrylates in glass petri dishes with ultrapure 
water, incubated at 28.5°C and assessed for developmental endpoints of toxicity at 24h intervals 
until 96h. Toxicological data indicate that non-treated methacrylate is extremely toxic in 
zebrafish bioassays whereas ethanol-treated counterpart showed a relative lower toxicity 
possibly due to ethanoic-aqueous interactions as observed by GC-MS. With the current influx 
of 3D printing materials, users are urged to exercise caution. Operators must also take 
cognizance of the potential toxicity of the chemicals used in 3DP and implement safety 
measures to limit their exposure. 
 
Keywords 
3D printing; biocompatibility; hearing devices; methacrylates; zebrafish embryo model; digital 
light processing. 
  



 

104 
 

1 Introduction 
The recent hype surrounding 3D printing (3DP)  attests to its growing popularity in almost 
every manufacturing sector including medicine, architecture, sports, aerospace and automotive 
engineering and contemporary arts 1). 3DP comprise a host of processes and technologies that 
offer a diverse spectrum of capabilities for the manufacturing of end-use products and devices 
in different materials 2). The digital manufacturing process simply involves feeding a virtual 
model (usually ‘STL’ file) into a designated 3D printer to build parts in successive layers until 
the desired 3D part is completed. Despite the potentials of 3DP offering significant benefits in 
terms of speed 3), independent biological evaluation of manufactured devices is highly 
recommended 4, 5) due to the unique parameters of the manufacturing process, which can 
influence their physical, chemical, and biological properties 6). In this study,  E-Shell 450 clear 
methacrylate indicated for hearing devices  is examined for biological safety using zebrafish 
bioassays adapted to the Organization for Economic Cooperation and Development  (OECD) 
fish embryo test 7). The zebrafish is considered an excellent model for developmental toxicity, 
offering economy and ease of quantifying multiple toxicity endpoints 8) as well as fulfilling the 
pertinent aim to replace, reduce, or refine the use of animals for the purposes of research or 
hazard identification 9, 10). Representative materials were built with digital light processing 
(DLP) technology 11). DLP is similar to stereolithography (SL) in that both are vat 
photopolymerization processes that require washing built parts in organic solvents to remove 
any wet resin remnants, followed by postcuring to harden them. However, DLP uses a more 
conventional light source such as an arc lamp, with a liquid crystal display panel or a deformable 
mirror device, which is applied to the entire surface of the vat of resin in a single pass, relatively 
making it faster than SL  2). To extrapolate toxicity effects to residual monomer and degradation 
products 12) that may be present in the proprietary material,  it was characterized for chemical 
composition using headspace gas-chromatography mass spectrometry (GC-MS).  
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2 Materials and Methods 
EnvisionTec GmbH (Brüsseler Str. 51, 45968 Gladbeck, Germany) supplied 60x3 mm disk-
shaped samples that were built from E-Shell 450 clear resin. Postcuring (2 x 100 flashes) of 
samples was completed by the manufacturer in Otoflash G171 (NK-Optik GmbH, Isarstr. 2, 
D-82065 Baierbrunn, Germany). TABLE 1 shows the manufacturing parameters, hazardous 
composition 13) and physical properties 14) of photocured E-Shell 450 clear (FIGURE 1).  
 
To initiate the biological test, newly fertilized (1.5 h postfertilized) zebrafish eggs (n=20) 
obtained from FishCore (Australian Regenerative Medicine Institute, Monash University) were 
cultured on non-treated (‘as-received’) and ethanol-treated 6) samples in glass petri dishes using 
ultrapure water (3cm2:1mL ratio) 15) as test medium. The bioassays were incubated at  28.5 °C 
in Heracell CO2 incubator (Thermo Fisher Scientific Inc. Waltham, MA, USA) and assessed 
for developmental endpoints 7, 16, 17) shown in TABLE 2 at 24h intervals until 96h using Olympus 
MVX10 Research Macro Zoom Microscope, Olympus DP 72 digital colour microscope camera 
and cellSens imaging software (Olympus Soft Imaging Solutions GmbH). As per OECD test 
guidelines, fish is considered dead if one of the lethal endpoints is present. Ethical approval 
(MARP/2015/094) to use zebrafish embryos was issued by the Animal Ethics Committee in 
Monash University 



 

106 
 

TABLE 1 Manufacturing parameters, composition and physical properties of E-Shell 450 methacrylate 
 

 
MANUFACTURING PARAMETERS 

 
HAZARDOUS INGREDIENT(S) W/W % 

 
PHYSICAL PROPERTIES 

 
Photocured samples were built with 

Perfactory DDP 4M 3D printer. 
Manufacturing parameters are z-height: 
67.98mm, voxel: 100µm and light power: 
180 Mw/dm2). 
 
 

 
60-80% Proprietary methacrylate oligomers; 
15-30% Proprietary methacrylate monomers; 
1-2% diphenyl 2,4,6-trimethylbenzoyl. 

 
Flexural strength: 60-80 MPa;  
Flexural modulus: 1200-1500 MPa;  
Elongation at break: 2-4%;  
Tensile strength: 40-48 MPa;  
Tensile modulus: 2150-3250 MPa;  
Izod impact: 30 J/m;  
HDT: 75° at 1.82 MPa;  
Hardness, D Scale: 82-85;  
Viscosity: 320 cP at 30°C. 
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FIGURE 1: Surface topography of E-Shell 450 clear. Imaging was carried out with Olympus AX70 
Fluorescence Microscope; Monochrome FViewII Peltier cooled digital camera (Olympus, Tokyo, 
Japan) and running analysis software (Soft Imaging Solutions, Münster, Germany). 
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TABLE 2 Biomarkers of lethality, sublethality and teratogenicity assessed at 24h intervals until 96h 

 

  

 24H 48H 72H 96H 
LETHAL ENDPOINTS     
Coagulation  • • • • 
Lack of somite formation • • • • 
Non-detachment of tail-bud   • • • • 
Lack of heart-beat  • • • • 
SUBLETHAL DEVELOPMENTAL ENDPOINTS   
Development of eyes  • • • • 
Spontaneous movement  • • • • 
Hypopigmentation  • • • • 
Formation of edemata   • • • 
ENDPOINTS OF TERATOGENICITY   
Spinal curvature and malformation of tail  • • • • 
Yolk deformation  • • • • 
Growth retardation     • 
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3 Results 
After 24 h, non-treated methacrylate induced ≈70% embryo death or lethality while surviving embryos 
(FIGURE 2) were largely unhealthy, hence test was discontinued. Although ethanol-treated 
methacrylate recorded only 5% mortality after 24h, additional 50% with cumulative hypopigmentation, 
pericardial edema, yolk sac resorption delay and hypoactive behaviour were observed in surviving fish 
by 96h (FIGURE 3).  Average growth length in surviving fish after 96h was 3241.30µm compared to 
3590.33µm in controls. At the end of the test, fish were euthanized in 0.4 % anaesthetic tricaine 
mesylate solution. 
 

 
 

FIGURE 2: Toxicity effects induced by non-treated methacrylate in zebrafish embryo bioassays after 
24h (A): CE coagulated embryo, DE dead embryo, MF malformed embryo without somite and UD 
underdeveloped embryo as compared to healthy embryos in controls (B). 
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FIGURE 3: Fish in toxic (A) and control (B) bioassays after 96h. Note the phenotype differences in 
unhealthy zebrafish (A): HM Head malformation HP Hypopigmentation SC Spinal curvature PE 
Pericardial edemata YD Yolk sac resorption delay, as compared to normal zebrafish (B). 
 
3.1 Qualitative gas chromatography-mass spectrometry  
Since the toxicological effects observed in bioassays are likely due to residual monomer and degradation 
products, the photocured materials were examined for chemical composition using headspace GC-MS. 
Prior to analysis, they were frozen in liquid nitrogen at -196 °C and ground into powder before being 
tested in Shimadzu TQ8040 GC-MS/MS (Shimadzu Corporation, Tokyo, Japan). GC column is 
Agilent J&W DB5-MS 30m 0.25mm ID 0.25um film thickness. Test parameters were, column oven 
temperature at 40.0 °C, injection temperature at 250 °C, column flow rate at 1.16 mL/min, split ratio 
of 5.0 and a total run time of 15 minutes. GC-MS data shown in TABLE 3 shows 16 chemical 
compounds that reduced to 5 with the applied ethanol treatment. For reliability, only chemical 
compounds observed in ≥ 75% or ≥ 3/4 of the samples are reported.  
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TABLE 3 Chemical composition of non-treated and ethanol-treated photocured E-Shell 450 methacrylates 

 
NON-TREATED E-SHELL 450 METHACRYLATE 

 
ETHANOL-TREATED E-SHELL 450 METHACRYLATE 

 
2-Hydroxyethyl methacrylate Propylene glycol methyl ether 
Propylene glycol methyl ether m-Xylene 
Octyl Acrylate Methyl 3-methoxy-2-methylpropanoate 
2-Propyl-1-pentanol Toluene 
Benzaldehyde Undecane 
Tetrahydrofurfuryl Butyrate  
Cyclohexanone  
Cyclomethicone 5 
Cyclomethicone 6 
2,6,11-Trimethyldodecane 
Ethylbenzene 
N-[1-(4-Hydroxy-5-hydroxymethyltetrahydrofuran-2-yl)-4-oxo-1,4-
dihydropyrimidin-2-yl] benzamide 
Texanol 
Methyl 3-methoxy-2-methylpropanoate 
Toluene 
Undecane 
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4 Discussion 
Experimental results in this study indicate that non-treated methacrylate is extremely toxic in 
zebrafish bioassay. Ethanol-treated methacrylate, in contrast, induced a relatively lower lethality 
but surviving fish showed cumulative sublethal and teratogenic effects. The improved biological 
performance is likely due to induced swelling in polymeric chains, which allowed chemical 
compounds to diffuse in the ultrapure water 18) used to rinse the samples.  

Acrylics are probably the most versatile family of monomers that can be used to prepare 
polymers with rigid, flexible, ionic, nonionic, hydrophobic, or hydrophilic properties 19). They 
are preferred in free-radical synthesis of plastics because of the high reactivity of the acrylate 
double bond. Under intense ultraviolet illumination, crosslinking polymerization of liquid 
resins proceeds extensively within a fraction of a second to generate a 3D polymer network 20). 
As per standards definitions 21), E-Shell  450 is a surface device, hence it does not require 
stringent biological evaluation compared to methacrylates for intraoral devices. Nonetheless, 
uncured methacrylate monomers can be absorbed through the skin 22) and cause allergic 
reactions (e.g., dermatitis) 23, 24). In addition, the toxicity of methacrylate esters is theorized to 
involve alkylation of critical cellular nucleophiles via Michael addition 25). Some of the 
developmental endpoints observed in toxic bioassays are comparable to those reported in 
animal studies that linked methacrylic esters to embryonic foetal toxicity, teratogenicity 22) and 
cardiovascular function 26, 27).  The observed chemical compounds are also used in industrial 
applications and can be toxic to humans if present in threshold dose. For instance, 
cyclomethicone is used in cosmetic and personal products 28), 2-hydroxyethyl methacrylate for 
desensitizing teeth,  benzaldehyde for pharmaceutical products and texanol as fuel additives 29). 
It is worth emphasizing that, inhalation toxicity 30) may result from exposure to liquid 
photopolymer resins, which are often characterised by unpleasant odour. For enhanced 
manufacturing outcomes, resins should possess high curing rate, good storage stability, low 
toxicity, low viscosity, and display adequate mechanical properties after photocuring 31).  Resins 
with relatively low viscosity are likely to produce rapid polymerisation yielding crosslinked 
polymers with properties suited to the demands imposed by the target application 32). Some 3D 
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printers have in-built heating mechanism for achieving the desired resin viscosity 33) but often 
not applicable to third-party materials. In general, the mechanical properties of photocured 
materials depend primarily on the chemical structure, functionality and concentration of the 
various constituents of the resin, and the degree of cure 34). 

 
5 Conclusion 
With the current influx of 3D printers and materials 35), it is imperative that the biological 
performance of 3D-printed medical devices is not overlooked. Users are advised to exercise 
caution and if necessary demand approved certification for the materials. Since 3DP is not a 
“one-stop” manufacturing process, operators should take cognizance of the potential toxicity of 
the chemicals used and implement safety measures to limit their exposure. The limitations of 
the study lie in the extrapolation of the toxicological data to human responses hence 
quantitative analysis of the observed compounds and their throughput in zebrafish bioassays 
are recommended for further study. 
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Chapter 6 General Conclusion 

In Phase I and Phase II of this research project, toxicological data indicate that the gradations 
of toxicity induced by acrylates and methacrylates in zebrafish bioassays were influenced 
primarily their physicochemical characteristics, before and after immersion in ethanol. 
Although additional characterization of methacrylates for unreacted carbon=carbon double 
bonds using FTIR spectroscopy showed limited correlations between conversion rate and 
biological performance, ethanol-treated methacrylates induced a relatively low toxicity in 
zebrafish bioassays possibly due to the reduction in chemical constituents during ethanoic-
aqueous interaction as observed by headspace GC-MS (in Phase III). These findings are timely 
and relevant since there is limited published literature that precisely describes the toxicological 
properties of additively manufactured photopolymers despite their increased popularity for 
medical devices. While it is generally accepted that the zebrafish excels as a model system for 
developmental toxicity, a further examination of its utility in this novel project using different 
protocols provides basis for its consideration and adoption at a crucial when standards for 
preclinical evaluation are lagging far behind new materials and emerging technologies, and 
there is a lack of consensus regarding the most suited biological assessment methods for medical 
devices. Furthermore, the presence of potentially toxic acrylic esters other than residual methyl 
methacrylate underscores the need for standards revision to reflect the current trends in 
biomaterials and technological advancements. 
 
6.1 Limitations and Further Work  
It is important to clarify that the experimental results presented in this thesis relate specifically 
to the materials examined as per their chemical composition, manufacturing parameters, 
postprocessing, and the test protocols used. A key limitation of the toxicological data is their 
extrapolation to human responses. To strengthen research on photopolymers in additive 
manufacturing, quantitative analysis of the observed chemical compounds and their throughput 
in zebrafish bioassays are recommended for further study, taking into consideration that resin 
formulations are constantly evolving to meet the requirements for medical devices. A 
comparison of zebrafish toxicity data with other test models (e.g., L929 mouse fibroblasts) and 
further work on assessing the physico-chemical-mechanical effects of ethanol treatment on 
photopolymers will equally enhance academic reflection on the subject of biocompatibility. 
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Additive Manufacturing: A 
Novel Method for Fabricating 
Cobalt-Chromium Removable 
Partial Denture Frameworks

ABSTRACT
Additive manufacturing (AM) often referred to as 3D printing (3DP) has shown promise 

of being significantly viable in the construction of cobalt-chromium removable partial 
denture (RPD) frameworks. The current paper seeks to discuss AM technologies (pho-
topolymerization processes and selective laser melting) and review their scope. The 
review also discusses the clinical relevance of cobalt-chromium RPD frameworks. All 
relevant publications in English over the last 10 years, when the first 3D-printed RPD 
framework was reported, are examined. The review notes that AM offers significant ben-
efits in terms of speed of the manufacturing processes however cost and other aspects 
of current technologies remain a hindrance.

INTRODUCTION
Removable partial dentures (RPDs) are an affordable and popular alter-

native to fixed restorations such as implants and fixed partial dentures 
(FPD)/bridges.1,2 Their use dates back to around 700 BCE when human 
or animal teeth were anchored to gold bands. This was long before ivory 
and vulcanite dentures were used.3, 4 Currently, RPD frameworks are con-
structed mainly with cobalt-chromium (Co-Cr) alloys due to their low cost 
and durability compared to gold-based alloys.5 The construction of these 
frameworks is however time-consuming and requires exceptional manual 
dexterity to minimise potential errors.6 These limitations are claimed to 
be less problematic with significant improvements in additive manufac-
turing (AM) technologies.7, 8 AM which is also known as three-dimensional 
printing (3DP), is defined as ‘a process of joining materials to make objects 
from 3D model data, usually layer upon layer, as opposed to subtractive 
manufacturing methodologies’.9 In essence, 3D printing can simply be de-
scribed as two-dimensional printing of materials in successive layers until 
the desired 3D part is completed. 

Eggbeer et al.6 are documented as the first to build resin RPD frameworks 
with a stereolithography apparatus (SLA-250) machine which was popu-
lar at that time. These frameworks were then cast in a cobalt-chromium 
(Co-Cr) alloy using conventional methods. The first Co-Cr RPD framework 
manufactured directly by selective laser melting (SLM) for a patient is cred-
ited to Williams et al.10 For this review, the term selective laser melting 
refers to all laser-based metal AM systems utilizing ‘full melting’ mecha-
nisms to build Co-Cr parts not specific to any particular variant. Despite 
the evident advantages of AM, using computer aided design and computer 
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aided manufacturing (CAD/CAM) systems requires adequate 
operator training, as well as prior knowledge of traditional 
manufacturing methods. Furthermore, acquiring CAD/CAM 
systems requires additional expense, which could be a hin-
drance to smaller dental laboratories especially when manufac-
tured parts still require considerable manual finishing. In light 
of this, the sustainability of these technologies depends on how 
they compare with traditional ‘lost-wax’ or investment casting 
methods. Their acceptance as a suitable alternative depends 
on accessibility, affordability and clinical evidence.11 The cur-
rent paper seeks to discuss the AM technologies used in remov-
able partial prosthodontics, and review their scope. All relevant 
publications in English over the last 10 years when the first 3D-
printed RPD framework was reported are examined.

ADDITIvE MANUFACTURING TECHNOlOGIES
Digital manufacturing by AM or 3DP involves feeding CAD 

model files (usually STL files) into a designated 3D printer to 
build 3D parts. For most applications, it is worthwhile to con-
sider the print speed, part cost, ease of use and build resolu-
tion of the 3D printer.12 For the sake of conciseness, only sig-
nificant aspects of photopolymerization processes for castable 
resin/wax frameworks and selective laser melting techniques 
for direct metal frameworks are discussed in this review. The 
complete manufacturing process is discussed in great detail 
in relevant literature and manufacturer’s reference sources.

PHOTOPOlyMERIzATION PROCESSES 
In photopolymerization, liquid photopolymer resins undergo 

a chemical reaction upon irradiation, usually in the ultraviolet 
(UV) range to become solid.13 Currently, stereolithography (SL), 
digital light processing (DLP) and material jetting are the three 
photopolymerization processes that could be used to manufac-
ture resin/wax RPD frameworks for investment casting.14

Stereolithography (SL) is considered the pioneer of AM pro-
cesses.15,16 In a typical SL system, layers of liquid photopoly-
mer resin from a vat are selectively cured or solidified layer-
by-layer with an ultraviolet (UV) laser beam17 to form resin 
frameworks. Parameters that influence the performance and 
functionality of SL parts in 3DP include physical and chemical 
properties of the photopolymer resins, speed and resolution 
of the optical scanning systems, the power, wavelength and 
types of laser used, the spot size of the laser, the recoating 
system and the post-curing process.18 

Digital Light Processing (DLP) is similar to SL but their parts 
are built in a shallow vat of resin resulting in less waste and 
lower running costs. This process also uses a more conven-
tional light source, such as an arc lamp, with a liquid crystal 
display panel or a deformable mirror device, which is applied 
to the entire surface of the vat of photopolymer resin in a 
single pass, generally making it faster than SL.19 Resin frame-
works built with these technologies require support struc-
tures in their liquid vats which are removed after post-curing. 
Post-curing involves placing the manufactured frameworks in 
a solvent solution to remove any wet resin remnants, followed 

by final curing in a UV oven which fully hardens these frame-
works and allows them to maintain their structural integrity.17

Material jetting is a process whereby a liquid photopolymer 
is selectively squirted through multiple jet heads, and then 
cured with a passing of UV light as each layer is deposited. 
This process is noted for producing accurate frameworks with 
a very smooth finish.19 Unlike SL and DLP, no post-curing is re-
quired in material jetting. Some 3D printers have the capacity 
to produce a single RPD framework from multiple materials 
which have different characteristics and properties. Support 
structures are melted away in a heated oven20 in some pro-
cesses while others require cautious removal of the support 
structures with a water jet or by hand to avoid breakage or 
distortion.21 A 3D-printed resin framework and cast Co-Cr 
framework are shown in Figure 1.

Figure 1: 3D-printed resin and cast Co-Cr RPD frameworks. 
Source: 3D Systems

Although RPD frameworks built by photopolymerization re-
quire further processing, this represents a cost-effective option 
for dental laboratories that cannot afford higher-priced SLM ma-
chines. It is possible in some instances to invest multiple frame-
works in a casting ring to reduce time and material cost.22 How-
ever, with substantial investment casting steps required, using 
this manufacturing technique will primarily be dependent on its 
economic viability and other advantages it may offer a particular 
laboratory. 

SElECTIvE lASER MElTING 
Selective laser melting (SLM) is a powder bed fusion process that 

uses high-energy laser beams to melt metallic powders together, in 
a layer-by-layer fashion, into 3D objects.8 The laser beam is traced 
across a powder bed of tightly compacted powdered material, ac-
cording to the 3D data fed into the machine, in the X and Y axes. As 
the laser interacts with the surface of the powdered material it fus-
es the particles to each other thereby forming a solid mass. After a 
layer of metallic part is built, the powder bed drops incrementally 
(in Z-axis) and a roller levels the powder over the surface. New lay-
ers are built on top of the existing layer successively until the pro-
cess is completed in an enclosed gas chamber.19,23,24 The different 
SLM technologies25-27 are able to produce almost 100% component 
density.13 In dental technology, the SLM process eliminates many 
physical manufacturing steps such as spruing, investing, burnout, 
casting and devesting. SLM as an advanced manufacturing process 
also offers reduced labour and speed compared to AM/investment 
casting technique. It is claimed to be suitable for constructing a 
standard RPD framework in a time period of around 30 minutes.25 
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The ease of processing titanium alloys, which previously required 
specialised equipment in conventional casting methods27,28 is an 
advantage. However, high cost associated with these metal 3D 
printers (e.g. EOS M270 is estimated to cost $560000), makes them 
less financially viable14 for smaller laboratories, which may be com-
pelled to outsource these procedures to third-parties. The stages 
of manufacturing the Co-Cr removable partial denture by the SLM 
process are shown in Figure 2. Framework finishing and denture 
processing are accomplished in the same manner as standard con-
ventionally manufactured frameworks.

Figure 2: RPD Co-Cr framework with support structures af-
ter SLM B. Support structures removed and finishing accom-
plished in the same manner as standard conventionally manu-
factured Co-Cr frameworks C. Finished Co-Cr RPD framework. 
Source: EOS GmbH

ClINICAl PROPERTIES OF SlM-PRODUCED CO-CR 
AllOyS 
Documented studies show SLM-produced Co-Cr alloys pos-

sess adequate mechanical properties.29-31 for clinical use and 
are superior to cast Co-Cr alloys.32-34 These mechanical prop-
erties are closely related to their microstructure. Yager et al35 
found SLM-produced Co-Cr alloy possess superior homogene-
ity with a smaller grain size (~5–80µm) compared to cast Co-Cr 
alloy (200–300µm). The small grain sizes in the SLM process 
increases the yield strength of the alloy3 and is formed as a 
result of rapid solidification and little segregation of alloying 
elements.36 This differs from investment casting, where within 
the pool of molten ingots, larger grains are formed around 
tiny nuclei that grow until the grain boundaries meet in the 
solid state. As a result of this, dendritic structures may be very 
large in cast Co-Cr alloys, where the size of a single grain can 
approach the diameter of a removable partial denture frame-
work clasp.3 A comparision of tensile test properties between 
cast and SLM-produced Co-Cr alloys in a study by Alifui-Seg-
baya32 is shown in Table 1.

Overall, superior mechanical properties of dental alloys 
translate into higher resistance to distortion and efficient 
transmission of occlusal forces to the remaining teeth or oth-
er tissues.5 These properties are also important to accomplish 
a tissue-friendly satin finish which is achieved via electrolytic 
polishing to prevent fitting and cleaning problems on the fit-
ting surface of Co-Cr frameworks.37 A good surface finish in 
alloys serves as an important corrosion resistance parame-
ter.7,8 Corrosion is a prerequisite for biologic effects to take 
place in the human body.38,39 In the assessment of biocompat-

ibility, corrosion data is a useful adjunct to cytotoxicity stud-
ies.7 Corrosion tests showed that SLM-produced Co-Cr alloys 
have low ion emission rates7,40,41 under ISO 10271 acceptable 
threshold of 200µgcm-² within 7±0.1 days.42 Cytotoxicity tests 
also proved to be safe, non-irritant and nontoxic to oral tis-
sues and the body as a whole.43,44 Figure 3 shows corrosion 
trends of SLM and cast Co-Cr alloy samples after 42 days. In 
this study,32 the SLM-produced Co-Cr alloys performed bet-
ter than cast Co-Cr alloys. Interestingly, the electrobrightened 
samples in both groups also performed better in the corrosive 
environment than hand-polished samples. The two prepared 
finishes were carried out to simulate the clinical use of Co-Cr 
frameworks.

Acceptable clinical fit of denture frameworks is achievable 
with SLM techniques10,45,46 but there is inconclusive evidence 
of this. Kim et al.47 recorded inferior fits for SLM-produced 
dental bridges compared to cast dental bridges. It must be 
noted that fitting accuracy of dental devices can also be influ-
enced by other pertinent clinical and laboratory processing 
steps29 as well as the build parameters of SLM systems.18

Differences in the build parameters have been identified 
as the likely cause of the differences in the microstructure of 
SLM-produced Co-Cr alloys.33-35 Yager et al.35 found that at low 
energy densities, small grains without preferred orientations 
form, while at high energy densities, long columnar grains 
form with strong texture along the travel direction of the la-
ser due to a large thermal gradient that appears as the laser 
moves across the sample. Also, smaller cellular dendrites in 
SLM-produced Co-Cr alloys have been linked to higher cooling 
rates in SLM systems that use fiber lasers compared to CO2 
lasers.33 The metallurgical conditions under which these alloys 
are processed differ substantially from those in conventional 
casting hence it is possible that the different microstructures 
can subsequently alter the physico-mechanical properties of 
individual components that make up SLM-produced frame-
works.35 In light of this, further microstructure studies on 
SLM-produced Co-Cr are required as the current knowledge is 
lacking in conclusive evidence. 

Figure 3: Elemental release of Co-Cr-Mo in artificial saliva af-
ter 42 days in accordance with ISO 10271. Key: CP = cast and 
polished Co-Cr; CEB = cast and electrobrightened Co-Cr; SP = 
SLM-produced and polished Co-Cr; SEB = SLM-produced and 
electrobrightened Co-Cr. Source: Alifui-Segbaya (2011)
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CONClUSION 
This review has shown that:

SLM is a manufacturing process which offers increased speed 
and flexibility by eliminating many physical steps as needed in 
investment casting. Thus, a decision to choose a particular tech-
nique over another may depend on its economical viability. 
Although both techniques require manual finishing, SLM-pro-
duced frameworks offer better predictable clinical outcomes as 
this process is digitally controlled and thus offers a standardized 
method for the manufacture of dental devices. These devices are 
then likely to be much closer to the manufacturer’s specification, 
than those produced by investment casting which as a process is 
fraught with many variations. As 3D printing gains in popularity, 
it is imperative for practitioners to be familiar with this technol-
ogy. Educational institutions could integrate 3D printing modules 
into their curricula to enable newly graduated dental technolo-
gists and clinicians to fully understand the range of AM technolo-
gies available to them. This will allow them to make informed 
decisions regarding the most appropriate techniques, systems 
and materials to choose from for varying dental applications.
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