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1. Abstract

Compared to fused deposition modeling (FDM), the stereolithography (SLA) 3D printing

method can provide higher manufacturing speed and increased resolution, which is a requirement

of biomedical usage. However, the additives migrating from SLA printed plastic are toxic, and the

method to reduce toxicity by soaking and exposure to ultraviolet is inadequate. Moreover, current

biocompatible photo-polymerizing resins are rare and expensive. Therefore, a method to negate all

toxicity by coating the fabrication with parylene C is proposed. Early life zebrafish were used to

assess the toxicity of the SLA printed petri dishes with and without parylene C. The result reveals

that the coated petri dishes have little effect on the early life zebrafish development compared

with control group, while the fertilized embryos of uncoated groups die within 24 hours. The

method provides a cost-efficient and straightforward way to produce customized biocompatible

fabrication, contributing to the popularization of 3D-printed products, either in daily life or in

research.

2. Introduction

3D printing, or additive manufacturing, pioneered in the mid-1990s, has been widely applied in

recent years [1]. Metal powder, ceram, beton, or photosensitive resin can be used as a consumable

material for 3D printing. Through the patterning designed in advance on a computer, 3D printing

can fabricate or accumulate consecutive layers of the consumable material and eventually form a

3D entity [2]. After decades years of development, numerous kinds of 3D printing methods have

emerged, including fused deposition modeling (FDM), stereolithography (SLA), powder-liquid

3D printing (PLP), and selective laser sintering (SLS) [1-3]. The FDM method provides multiple

kinds of polymers with biocompatibility [4]. However, such biocompatibility is negated when the



3D parts are with increasing complexity [5]. Particularly, SLA has its advantages of extraordinary

resolution, fabrication speed, and smooth finished surface [3,6]. Therefore, SLA is more widely

applied in medical science and biology in fields such as tissue engineering, organ printing,

artificial bones development, and drug delivery [3]. However, for SLA, only a tiny fraction of

commercially available photo-polymerizing resins have been accredited as biocompatible (i.e.,

according to ISO 10993-5:2009 or USP class testing). Moreover, among the imperative

compounds or additives for SLA, more than 20 compounds are proved to be poisonous for

creatures and be found to remain in the finished product [7]. Some of the toxic compounds are

known as photo-initiators. For example, a 1-HCHPK leak from the 3D parts can induce

developmental defects in zebrafish such as spine curvature, heart oedema, and an overt decrease in

skin pigmentation [8]. Hence, the toxicity of SLA 3D parts was reduced by treatment with

supercritical carbon dioxide [9], sonication of the material in isopropanol [10], and exposure to

ultraviolet light [11]. However, the aforementioned methods are either complex, expensive, or

inadequate.

To eliminate the influence of the toxicity of SLA 3D parts, the method of coating the 3D parts

with parylene C to isolate the toxicity was exploited. Parylene is the generic name for the

members of a xylylene family of polymers [12,13]. They are classified as thermoplastic polymers

formed on substrate surfaces using the technique of vacuum deposition polymerization [12,14].

Currently, three of them are commercially valuable, i.e., parylene N and its halogenated

derivatives and parylene C (p-xylylene substituted with a single chlorine molecule) and D

(substituted with two chlorine molecules) [12,14]. Parylene C exhibits excellent properties for

medical applications, such as low water absorption, high dielectric constant, low coefficient of



friction, and moderate elongation at break [12]. It has been successfully used as a protective

coating on medical metals and metal alloys, such as gold, platinum [15-17], medical-grade

stainless steel (SS 316L) [18-20], and magnesium alloys (AZ31, WE43, AZ9) [21], and ceramics

such as Si3N4 [17] and Al2O3 [22]. In this study, the toxicity of the SLA printed petri dish was

blocked by coating the printed parts with parylene C. The toxicity of parylene C coated petri dish

was assessed compared with the uncoated groups through zebrafish acute toxicity test.

3. Materials and Methods

3.1 Producing parylene C coated STL printed petri dish.

A high-resolution stereolithography printer Lite600 (UnionTech Inc., Guangzhou, Guangdong

Province, China) was used to manufacture the petri dishes. An acrylic polymer (Figure 3B) resin

was used as the printing material. The photoinitiator is 2,2-bimethoxy-2-phenylacetophenone

(Figure 3A). Moderate 3,4-Epoxy cyclohexylmethyl was also added to the raw material. After

printing, all constructed parts were removed from the build platform, rinsed, and cleaned with

ethanol and acetone. The parts were subsequently washed with water and dried with air, and the

support structures were removed. Finally, all parts were cured in a UV flood chamber for a

minimum of five minutes. The petri dish is coated with parylene C (Donghang Nano Technology

Inc., Yingtan, Jiangxi Province, China) with a thickness of 23 �� by nano vacuum coating

machine L-800 (Sante Nano Technology Inc., Dongguan, Guangdong Province, China).

3.2 Zebrafish Husbandry and Embryo Collection

Wild type AB strain zebrafish (Danio rerio) obtained from the China Zebrafish Resource Center

were used in this study. The Adult zebrafish were maintained were cultured at a light/dark cycle of

14:10 with 28.5 ± 0.5 ℃ in a flow-through system (pH 7.5 ± 0.5). Males and females were



kept separately and fed twice a day with Artemia sp during light cycle. Before spawning， male

and female parental zebrafish with a ratio of 1:2 (male to female) were separated in spawning

boxes (Esen Corp, Beijing) overnight. The eggs were collected and incubated in egg water during

the half an hour after fertilization. Only normally developing embryos were selected for the

subsequent experiments.

3.3 Phenotype observation on early zebrafish development

Each treatment was exposed to 100 embryos and replicated three times, for a total of 300

embryos used to explore the effectiveness of our improved technique for 3Dprinting methods. The

embryos were monitored for their survival, hatching rate, and developmental abnormalities (body

length, heart edema, spinal flexure, and absence of swim bladder and heart rate) during 7 days

post-fertilization by Nikon SMZ18 microscope (Nikon, Tokyo, Japan).

The numbers of dead, hatching, and developing abnormally (heart edema, absence of swim

bladder) individuals were recorded daily during the tests. Embryos without heartbeat and loss of

translucency under the microscope were judged to death, removed immediately from the dishes.

Survival rate = survival embryos number / total embryos number during 7d exposure. The

hatching success was identified as opening embryonic membrane and larva swimming up.

Hatching rate = hatched embryos number/total embryos number during 7d exposure. Pericardial

edema was identified as swelling due to an increased volume of fluid in the pericardium, which is

a portion of the coelomic cavity separating the heart from the body wall. The rates of pericardial

edema were calculated as the number of embryos with pericardial edema divided by the number of

survival embryos. The HR was manually counted. Percent swim bladder was equal to the number

of embryos with swim bladder divided by the total survived number of embryos.



The morphology of the larval was observed and photographed using a Nikon SMZ18

microscope (Nikon, Tokyo, Japan). The images of embryos with pericardial edema were recorded

at 3 dpf, while embryos with swim bladder at 4 dpf.

3.4 Measuring the body length of the embryo

The embryos exposed to the CT group at 4 dpf were photographed by Nikon SMZ18

microscope (Nikon, Tokyo, Japan). The body length was quantified using ImageJ software,

measuring the distance from the head to the tail of the embryo. About 20 embryos were detected in

each group.

3.5 Statistical Analysis

Statistical analysis was performed by SPSS 22.0 software (SPSS Inc., Chicago, IL, USA). The

significant criteria were set to be p < 0.05, respectively. Each treatment was replicated three times.

The results were reported as the average of three parallel determinations of the mixture of three

replicated samples. The figures were completed by GraphPad Prism 8.0 software (GraphPad

Software, San Diego, USA). The data were shown as mean ± standard error.

4. Discussion

Our 3D printing ingredient contains acrylate (monomer of photopolymer) (Figure 3B) and

2,2-bimethoxy-2-phenylacetophenone (Figure 3A) as a photo-initiator. Except for acrylate,

moderate 3,4-epoxy cyclohexylmethyl was added to enhance the mechanical properties of the

final product and overcome the drawbacks of a single photopolymer (e.g., low intensity and high

anisotropy) [7].

The toxicity of our photopolymer and photoinitiator has been reported in numerous articles.

Unpolymerized acrylate monomer is water-soluble, and therefore readily leaks into the aqueous



medium. The water solubility of an acrylate monomer may account for part of the zebrafish

embryos dying by 12 hpf and all dying by 24 hpf (Figure 1A). According to recent reports,

leaching of compounds to aqueous media from plastic parts is relatively high in the first 24 h [30].

C.A. Staples et al. have tested the acute and chronic aquatic toxicity for acrylic acid and it was

revealed that the acute LC50 (24 h) of Rainbow trout (Oncorhynchus mykiss), Sheepshead

minnow (Cyprinodon variegatus), Cladoceran (Daphnia magna), and Mysid shrimp (Mysidopsis

bahia) were 45 mg/l, 236 mg/l, >110 mg/l, and 166 mg/l, respectively [31]. The investigation

shows that acrylate and urethane acrylate oligomers are toxic to various species of fish, algae, and

water microorganisms.

Regarding the photoinitiator, though 2,2-bimethoxy-2-phenylacetophenone is poorly soluble in

water, it may damage to organs through prolonged or repeated exposure, and it is harmful to

aquatic life with long-lasting effects [32]. Reactive oxygen species (ROS) are the primary

metabolites of the photoinitiator; for instance, peroxides and peroxy radicals [33,34]. Otherwise,

incomplete polymerization of photo-reactive resins (55-60% of polymerization under optimal

conditions [35]) can cause higher levels of toxicity and leaching rate [36]. Hence, our SLA printed

parts without coating parylene C are likely to have multiple toxic effects with zebrafish, for the

leaching of photopolymer and photoinitiator.

However, in this study, the parylene C coated group has almost the same level compared to

control group, which implies that the coating film could block the toxicity of SLA printed parts to

zebrafish, despite the hatching rate of embryos exposed to the parylene C coated group being

mildly lower than those of control embryos at 4 dpf and parylene C coated group exhibit a higher

heart rate than that of control embryos. The differences between the two groups above



demonstrate that slight toxic compounds may exist leaching through the parylene C film,

potentially caused by molecular exchange between the parylene C and the 3D-printed compounds

(e.g., acrylate monomer or 2,2-bimethoxy-2-phenylacetophenone).

In the past decade, numerous studies have investigated the toxicity effects of 3D-printed parts.

Methods have been exploited to modify the toxicity of 3D-printed parts, including supercritical

carbon dioxide [9], sonication of the material in isopropanol [10], and exposure to ultraviolet light

[11]. The recent study assessing the toxicity reduced by exposure to ultraviolet light revealed a

much lower survival and hatch of embryos compared to our method of coating with parylene C

[11], indicating that further strategies need to be devised to totally block or reduce the toxicity of

SLA printing materials.

This study tested the toxicity of the SLA printed petri dishes with or without parylene C using

early life zebrafish. The UT groups show a pronounced toxicity effect on the survival and hatch of

embryos. Contrariwise, the CT group has almost the same level as the control group, implying that

the coating could significantly reduce the toxicity of STL printed parts to zebrafish. However, it

does not entirely negate the toxicity of these parts. Regarding its potential cardiotoxicity, different

strategies for reducing the toxicity are warranted.

This technique can be applied in numerous instances. Parylene C has been proved its

advantages as an inert bulk coating for metallic biomedical implants to boost their corrosion

resistance [18], as it has excellent properties like low water absorption, high dielectric constant,

low coefficient of friction, and moderate elongation at break [12]. Although little is known about

the durability of the parylene C coated 3D-printed parts, this cheap and easy technique can be

utilized to test and improve parts that need to be implanted in vivo as 3D printing is highly



customizable. This technique can also contribute to the popularization of SLA printed products

because it can avoid toxicity from daily contact.

Using zebrafish as a model, our research provided a technique to reduce the developmental

toxicity of 3D-printed parts, which currently displays an uplifting promotion to 3D printing usage.

However, the whole-organism health effects of exposure to 3D-printed parts to adult zebrafish are

still unknown. The potential toxicity to whole-organism in animal models and underlying

mechanisms require further investigation.
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3D-print parts.

(A) Survival rates of zebrafish embryos exposed to 3D-printed parts from CT (red green), UT

(blue) and control embryos that were not exposed to printed parts (green). Each exposure

represents three replicates with 100 embryos in each replicate. Embryos exposed to UT parts had

significantly lower survival rates (almost 100% dead) by 12 hpf when compared to those of

control embryos (p < 0.001), with no STL-exposed embryo surviving past day 7. Inversely,

embryos exposed to parylene C coated parts did not have significantly decreased survival rates

compared to those of control embryos (p > 0.05).

(B) Hatching rates for the CT exposed and control. We did not acquire the data of hatching rates

for UT 3 D-printed parts due to its fatal effect on embryos. On the contrary, embryos exposed to

CT parts did not have significantly lower hatching rates in the embryos (p> 0.05). These results

show that coated treated STL-printed parts had almost no toxicity on the survival and hatch rate of

embryos exposed to the CT parts fare almost as well as control embryos groups.



Figure 2. Effect of exposure to 3 D-printed parts printers on zebrafish
malformation rate.

(A) Embryos exposed to coated 3D-printed parts printers exhibited a reduced body length

compared with that of controls at 4 dpf (parylene C coated group 2.0058±0.0708, control group



2.0419± 0.0570, p=0.0067). Body length was measured along the body axis using image J

software. Statistically significant differences are indicated by asterisks (p < 0.05, Student's t-test).

(B) Parylene C coated parts did not have any effect on the development of swim bladders

compared with the uncoated group.

(C) Pericardial edema percent in the parylene C coated group shows no difference compared with

that of controls at 4 dpf. In contrast, zebrafish embryos parylene C coated parts caused an

increase of the HR at 5 dpf compared to control embryos (parylene C coated group 146±16 bpm,

control group 135± 11 bpm, p=0.0034). The scale bar represents 1000 μ m. Values are

presented as mean ± S.E.

Figure 3. Structural formulas of 2,2-bimethoxy-2-phenylacetophenone and
polyacrylate.
(A) Structural formulas of 2,2-bimethoxy-2-phenylacetophenone.
(B) Structural formulas of polyacrylate.
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