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Abstract: Previous research via cell experiments has shown that ultrafine particles (UFPs, particles less than
100 nm) emitted from Three-Dimensional desktop printers (3D printers) had cytotoxicity. However, a few
particles from different filaments and their cytotoxicity combinations have been tested. Here we quantify
emissions of UFPs and use Air-Liquid Interface (ALI) from one commercially available filament extrusion
desktop 3D printer utilizing three different filaments by controlled experiments. A549 cells were exposed at
the ALI to UFPs generated by a working 3D printer for an average of 45 min and 90 min. Twenty-four hours
after exposure, cells were analyzed for percent cytotoxicity grown on the 24-well ALI insert (LDH assay). UFP
exposure resulted in decreased cell viability (significantly increased LDH levels). The result shows that
Acrylonitrile butadiene styrene (ABS) has the most significant particle emission. ALI exposures enable in vitro
testing of mixtures of particles such as UFP from a 3D printer. ABS is the only filament with a significant
difference compared with the HEPA control in 90 min of exposure (p-value <0.05). ABS and PETG we used
during the experiment presented a significant difference compared with the HEPA control in 45 min of
exposure.A screening analysis of potential exposure to these products in a typical environment suggests
caution should be used when operating many printer and filament combinations in poorly ventilated spaces
or without the aid of combined gas and particle filtration systems.

Keywords: ultrafine particles (UFPs); Air-Liquid Interface (ALI); cytotoxicity; Air-Liquid Interface
(ALI); exposure assessment

1. Introduction

The technology of commercial desktop three-dimensional printing (3D printer) has become
increasingly popular in recent years for its high accessibility —the open-source 3D printer. Open-
source 3D printers allow the user to print suitable material from any supplier. It is a better choice for
3D printer hobbyists because it is easier to use and offers a wide variety of filaments.

Traditionally, the most popular filaments used in the 3D printer are Acrylonitrile Butadiene
Styrene (ABS) and Polylactic Acid (PLA). However, there have been more developed filaments for
3D printers out there in recent years, including Polyethylene Terephthalate(PETG), Thermoplastic
Polyurethane (TPU), and Polyetheretherketone (PEEK).

One of the most extensively used operating principles of 3D printers is Fused Deposition
Modeling (FDM), which shapes the object by melting and cooling the filaments. Specifically, the
filaments are melted and fed onto the build platform with the base and the nozzle, both controlled
by a computer. The computer translates the object and its dimension into coordinates that allow the
nozzle and base to follow. As the nozzle moves across the base, the plastic cools and becomes solid,
forming a complex bond with the previous layer. At this point, the printhead goes up for the next
layer of plastic to be laid1.

However, with the potential cytotoxicity, Ultrafine particles (UFPs) and hazardous
nanoparticles (NPs) would be generated during this process, and health effects have been evidenced

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202306.1327.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 June 2023 doi:10.20944/preprints202306.1327.v1

by former research. However, most of these experiments focus on PLA and other traditional filaments
applied in 3D printers [1,2]. Several in vitro and in vivo studies indicated NPs induced acute lung
inflammation [3-6]. A human case report showed that a 28-year-old worker had work-related asthma
ten days after using 10 FDM 3D printers with ABS filaments in 3000 cubic feet working zone [7].

Air Liquid Interface (ALI) systems have been developed recently; many studies point out that
cells exposed to ALI were much more sensitive than submerged cultures in vitro exposure to airborne
UFPs. Several studies indicated in vitro cellular assays with human tumorigenic lung epithelial cells
(A549) and in vivo mice exposure all showed toxic responses when exposed to PLA and ABS-emitted
particles from an FDM 3D printer [6,8,9].

Nonetheless, few existing studies address the emission of multiple filaments for this new open-
source technology applied to a 3D printer. Fewer filament materials have been characterized for their
toxicity (i.e., only ABS and PLA) [1-9]. Despite previous studies giving us a view of the potential
health effect of 3D printers, essential gaps in our knowledge of emissions from it still need to be
discovered. Therefore, we advance these previous studies by quantifying the emission of particles
and ALI culture models from one commercially available desktop FFF open-source 3D printer
utilizing one traditional (ABS) and two other advanced filaments (PETG and TPU) to print
standardized test objects in a test chamber. We use the results to explore differences in particle and
cytotoxic based on filament material.

2. Materials and Methods

2.1. Exposure System Description

All the measurements used the same desktop 3-D printer with hood (Creator Pro 3D Printer,
Zhejiang Flashforge 3D Technology Co., Ltd., Zhejiang, China) that was run on a test chamber. An
overview of the experimental setup is shown in Figure 1. All simulations were conducted at the
Health-Related Aerosol Research Center at the University of Cincinnati. In order to evaluate the
distribution of UFPs emitted by 3D printers with multiple filaments, three filaments, and blank
control were repeated three times in one 3D printer setup, respectively, in laboratory simulations.

The collected particles were described by a scanning mobility particle sizer (SMPS) (Model 3910,
TSI Inc., Shoreview, MN) for 0—420nm aerosol and an optical particle Sizer (OPS) (Model 3330, TSI,
Shoreview, MN) used for 0.4-10 um aerosol measurement, indicating the aerosol exposure of
pollutants generated by 3D printers under different filaments in the same working environment.
Generation and sampling of 3D printer particles were performed based on the former study [10]. The
tested 3D printer has a plastic cover provided by the manufacturer that rests on the top of the device
but does not form a tight-fitting seal. All the test was connected with a tube from a 3D printer inside
to the instruments, shown in Figure 1.

Even though the manufacturer-recommended different extrusion temperatures for the different
feedstocks, we normalized temperature as a variable and excluded the effect of temperature on
aerosol; the filament extruder was run at a setting of 220°C [11]. The experimental conditions are
shown in Table 1. Meanwhile, tubing the working 3D printer connected the In-Vitro Exposure
Systems Air Liquid Interface (CH Technologies Inc., Westwood, NJ) to high flow pumps (located
outside the system) to Exposure Systems at 0.6 litres per minute (lpm) (via In-vitro Exposure
Systems). For all tests but blank tests, we printed a 40 x 40x50 mm traffic cone sample from Creator
Pro 3D Printer, as shown in Figure 2.
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Figure 1. Overview of the exposure system setting.

Figure 2. Printed traffic cone.

Table 1. Experimental conditions of different filaments.

Filaments Extruder Temperature(°C) Bed Temperature(°C)
Blank 24 24
ABS 220 85
TPU 220 50
PETG 220 24

2.2. Aerosol Assessments

SMPS 3910 was used to record the aerosol data during preheating, extrusion, printing, and five
minutes after extrusion, which had been used to observe the decay in aerosol number concentration
within the chamber. Each filament performed three runs. The
NanoScan SMPS allowed the real-time measurement of nanoparticles in size ranges of 10420
nanometers (nm). The NanoScan SMPS utilizes isopropyl alcohol within its internal condensation
particle counter (CPC) to accurately record low to high aerosolized concentrations (1,000,000
particles/cm3). The sixteen-size channels let researchers measure particle sizes from 0.3 to 10 pum
(um). The SMPS 3910 was sampled at a flow rate of 0.6 Ipm. For the extruder heating element
previously set at 220 ° C, after average heating for 5 min, the sidewall temperature of the extruder
reaches 220 ° C and extrusion begins. The filament extruder operated at 220 ° C for three different
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raw materials. Data were recorded using SMPS 3910 during extrusion and continued for five minutes
after extrusion had been terminated to observe the decay in particle number concentration within the
chamber. Three runs of each plastic type were performed.

The particle number concentration data from each run for each plastic type were analyzed.
Concentration data measured by the SMPS were averaged for each plastic type, and a standard
deviation at each point was calculated.

2.3. Cytotoxicity Assessments

A549 cells grown on the inserts were exposed to particles emitted during the 3D printing by
using different printing materials for 1h. After the exposure, ALI culture was incubated at 37C for
24h to allow the LDH release. A549 cells were exposed at the ALI to UFPs generated by a working
3D printer for an average of 45 min and 90 min. Lactate dehydrogenase (LDH) is an enzyme present
in the cytoplasm and released outside of the cells upon damage to the cell membrane. UFP exposure
resulted in a decreased cell viability (significantly increased LDH levels). Twenty-four hours after
exposure, cells were analyzed for percent cytotoxicity grown on the 24-well ALI insert (LDH assay).

Percent cytotoxicity in A549 cells grown in ALI culture was calculated by LDH release in the
media in the basal chamber (n=3 for each exposure). The ALI cultures were exposed to particles
emitted during 3D printing sessions using different printing materials such as HEPA filters (control),
TPU, ABS, PETG. Extracellular LDH release is an indicative of damage to the cell membrane and
cytotoxicity. In our exposure system, the fraction of LDH in the basal media is higher when printing
session performed by using materials ABS, TPU, and PETG as compared to printing session
performed with the HEPA filterThe LDH assay was performed by using CYQUANT LDH
Cytotoxicity Assay (Invitrogen, Waltham, MA) by following the manufacturer’s instructions. Percent
cytotoxicity was calculated for each treatment from the fraction of LDH activities in the treated wells
and untreated wells (n=3).

2.4. Statistical Analysis

Statistical analysis of the data collected from the simulated chemical exposure events will be
analyzed using the software Microsoft Excel®. The t tests were used to compare the results of two
different groups at a p-value of 0.05. Statistical significance between the cytotoxicities among the
different groups were calculated by using one-way analysis of variance (ANOVA) models with
Tukey’s posthoc multiple cocomparisonsP<0.05 was considered as statistically significant.

3. Results

3.1. Aerosol Assessments

The description statistic of all tests is presented in Table 2 and printing times varied for different
filaments. The highest peak particle number concentration measured for different filaments was as
follows: TPU at 540033.3#/cm? PLA at 864841.5 #/cm? PETG at 1884866.7 #/cm?, and ABS at 2572400
#/cma3.

Table 2. Descriptive Statistics of particle number concentration in different filaments.

Filaments Median Mean Min, Max Std. Deviation P-value
Blank 1002.2 1002.2 1002.2,1002.2 0 N/A
ABS 25898.3  155056.5  1754.5,2.572e+6 433084.5 <.001
TPU 15879.2 1172123  956.1, 540033.3 116981.3 <.001
PETG 95525.8  124563.0  950.7, 1.885e+6 306704.8 <.001

The particle number concentration data from each run of each plastic type were analyzed.
Concentration data measured by the SMPS were averaged for each plastic type, and a standard
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deviation at each point was calculated. Size distribution data were extracted for each run, and a
representative set was published in the figures below.

Figure 3 depict the particle size distribution for the ABS, PETG, and TPU filament printing
during the preheating and printing tasks compared with blank. The graph shows that during the

preheating task, the number of particles with a diameter less than 46.7 nm was higher than that in
the printing phase.

Number concentration size distribution during printing
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Figure 3. Particle size distribution in different print phases: Above: number concentration size
distribution during printing; Below: number concentration size distribution during preheating.

Particles larger than 46.7nm in diameter for ABS and TPU during the printing process were
significantly higher than those during preheating task, and the gap increased with the diameter of
particles. At the point of 46.7nm, PETG was slightly larger than that of ABS and TPU and appeared
in diameters larger than 64.9nm. During the preheating process, all particles with a diameter of less
than 48.7 nm released by filaments were significantly higher than the background concentration, and
the number concentration of particles with a diameter of 48.7 nm-64.9 nm was almost the same as
the background concentration. The number concentration of particles produced during filament
preheating is lower than the background concentration, and the critical point of the difference
increased with the increase in particle diameter, beginning with particles of a diameter of 64.9 nm.

The particle number concentration of the four filaments in the printing process shows different
distributions. The number concentrations of ABS, TPU, and PETG were concentrated in the range of
36.5nm-115.5nm in diameter. The number of particles in this range was higher than the background
concentration. It was primarily distributed in the scanning with the diameter range of 48.7-64.9 nm
and 64.9-86.6 nm. Nonetheless, the number and concentration of PLA were concentrated in the range
of 20.5nm-48.7nm diameter and 27.4nm- 36.5nm diameter.
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Our methods can monitor the development of the total particle number concentration measured
by SMPS over time, i.e., starting from the measurement of the background values to measurements
during the heating and printing, up to the cooling of the printer (Figure 4). The operation trend for
the three filaments was the same and could be divided into three tasks: preheating, printing, and
cooling. At the preheating task, the number concentration of particles dramatically increased and
reached its peak. The particle number dropped in the printing task and decreased at the blank level
in the cooling task. Instruments indicated that UFP was emitted during each test.

Number Concentration of Three Filaments over Time

Preheating

Printing

cm3)

dN (#

s ABS s0 000 TP wm PETG
Figure 4. Total particle number concentration of three filaments measured by SMPS over time.

The number size distribution of combustion-generated aerosols for the blank and four filaments
is shown in Table 3. Experimental data shows average total number concentration of particles
generated from ABS was 155056.46 particle/cm3. The geometric mean (GM) for the distribution was
calculated to be 66.01 nm, and the geometric standard deviation (GSD) of 75.99 indicated
polydisperse size distribution. Similarly, TPU, PETG, and blank characterizations are shown in Table
2 summarily. Results indicate that, compared with the blank, ABS is the only filament that has a
higher GM than blank.

Table 3. Average geometric mean (GM), Geometric Standard Deviation (GSD) and mean diameters
(Mean) (nm) of emitted particles.

Filaments GM GSD Mean
Blank 62.90 1.94 77.6
ABS 66.01 1.75 75.99
TPU 15879.2 117212.3 956.1, 540033.3
PETG 95525.8 124563.0 950.7, 1.885e+6

3.2. Cytotoxicity Assessments

Ab549 cells were exposed at the ALI to UFPs generated by a working 3D printer for 45 min and
90 min, and the percent cytotoxicity LDH assay result is reported in Figure 5. Percent cytotoxicity
was calculated from the fraction of LDH release in the basal chamber. From the test result, we found
shorter time exposure has higher cytotoxicity than longer’s.

The ANOVA analysis results in Table 4 indicated that the ABS and PETG we used during the
experiment presented a significant difference from the HEPA control in 45 min of exposure. ABS
shows the highest cytotoxicity compared to any other group, with a statistically significant difference
compared to the HEPA filter group. ABS is the only filament with a significant difference compared
with the HEPA control in 90 min of exposure (p-value <0.05).
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Figure 5. Percent cytotoxicity in A549 cells grown on Air-Liquid Interface (ALI) exposed to particles
emitted from working 3D printer.

Table 4. ANOVA result: Single Factor of HEPA control.

Filaments F P-value df

ABS 289.90 2.62E-06* 7

45 min TPU 2.60 0.18 5
PETG 7.37 0.042* 6

Filaments F P-value df

ABS 30.70 0.005% 5

90 min TPU 2.10 0.22 5
PETG 0.32 0.60 5

4. Discussion

The results show that the particle emissions for the three filaments are significantly different;
This needs to be clarified in previous publications because only one or two filaments (e.g., PLA and
ABS) are usually analyzed. We observed a higher emission for ABS compared to other filaments.
Some authors describe the larger particles of ABS and the larger particles of PLA. In further studies,
no size differences were observed. Byrley et al. reviewed 13 publications and described that the
average particle size of PLA was between 14.0 nm and 108.1 nm and that of ABS was between 10.5
nm and 88.5 nm [12]. The difference in particle size may be due to the measurement at different time
points. Some measured at the highest concentration, and some reported the size of the entire printing
process. So far, the only Research Report on 3-D printers shows that the maximum particle size of
PLA can reach 60.4 nm and that of ABS can reach 173.8 nm, which is similar to the research results of
this paper[13,14].

ABS has a higher GM than blank from the experiment result. This may be because ABS
previously melted at higher temperatures, and ABS fragments remain in the print head and do not
melt so that they can block the nozzle. However, in previous experiments, a uniform temperature
was used in all material experiments not to make the temperature a variable, which may be the reason
for giant GM. It may also be because ABS is an oil-based plastic. Despite its robustness, its oil-based
plastic composition can lead to more considerable geometric means and less environmentally
friendly emissions.

Responses from all real-time instruments indicated that UFP was emitted during each test. A
typical result of all filaments after printing begins was a sharp increase in the emissions of the 3-D
printer, which coincided with that observed in former studies [10]. Products with additives are a
mixture of thermoplastic and metal or other small particles. The particles might not be evenly
distributed and could thereby cause a higher standard deviation. The geometric standard deviations
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ranged between 1.70 and 1.95, indicating a single modal distribution in the fine and ultrafine particle
range, as observed in previous studies of 3-D printers [10-14].

The results in this paper show that we can successfully expose A549 cells in ALI to the complete
UFPs produced by the working 3D printer and show the cytotoxic reaction caused by the UFPs
produced by different filament exposure. The 45-min exposure has more significant potential toxicity
than long-term exposure. This may be because the 3D printer works faster during the 45-min
exposure. ABS showed the most remarkable cytotoxicity, followed by PETG, and TPU showed less
cytotoxicity than other filaments. ABS has the most significant cytotoxicity, which may be related to
the material polymerization characteristics of ABS. Because ABS is a common thermoplastic polymer,
the ratio of polymer to monomer is one of the variables affecting cytotoxicity [15]. PETG and TPU, as
3D printing materials that have become popular in recent years, have improved their manufacturing
process and formula compared with traditional materials ABS. Previous studies have shown that
cytotoxicity is related to average geometric mean and mean diameters [16,17]. In our experiment, the
particles produced by ABS have higher average geometric mean and mean diameters, which may
cause more significant cytotoxicity.

This study is the first to evaluate the cytotoxicity of particles emitted from different filaments in
a commercial desktop 3D printer filament extruder. The results showed that under the conditions
used in this study, many particles and ultrafine inhalable particles were released by using these
filament extruders.
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