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Abstract
This study investigated the inhalation toxicity of the emissions from 3-D printing with acrylonitrile butadiene styrene (ABS)
filament using an air-liquid interface (ALI) in vitromodel. Primary normal human-derived bronchial epithelial cells (NHBEs) were
exposed to ABS filament emissions in an ALI for 4 hours. The mean and mode diameters of ABS emitted particles in the medium
were 175 ± 24 and 153 ± 15 nm, respectively. The average particle deposition per surface area of the epithelium was 2.29 × 107

± 1.47 × 107 particle/cm2, equivalent to an estimated average particle mass of 0.144 ± 0.042 μg/cm2. Results showed exposure of
NHBEs to ABS emissions did not significantly affect epithelium integrity, ciliation, mucus production, nor induce cytotoxicity. At
24 hours after the exposure, significant increases in the pro-inflammatory markers IL-12p70, IL-13, IL-15, IFN-γ, TNF-α, IL-17A,
VEGF, MCP-1, and MIP-1α were noted in the basolateral cell culture medium of ABS-exposed cells compared to non-exposed
chamber control cells. Results obtained from this study correspond with those from our previous in vivo studies, indicating that
the increase in inflammatory mediators occur without associated membrane damage. The combination of the exposure
chamber and the ALI-based model is promising for assessing 3-D printer emission-induced toxicity.
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Introduction

An accelerating expansion and evolution of fused filament
fabrication (FFF), a three-dimensional (3-D) printing pro-
cess, is occurring across industries. Considerable evi-
dence1-19 shows that the FFF 3-D printing process releases a
significant number of nanoparticles (NPs; diameter <100 nm)
that can deposit deep in the lower respiratory tract and may
cause adverse respiratory effects. The FFF 3-D printing
process also releases various volatile organic compounds
(VOCs) during printing, which might pose serious risk
concerns to human health as they are known irritants, car-
cinogens, odorants, and reprotoxins.20 VOCs exposure can
occur through gas phase substances as well as via particle-
adhered VOCs.
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The potential toxicity of aerosolized emissions from 3-D
printers has been tested in conventional submerged single-cell
culture21,22 and animal models.21,23,24 However, submerged
cultured cell in vitro models, used for performing cytotoxicity
assessment of the respiratory system, have several drawbacks.
These models do not mimic in vivo conditions such as the
morphological and physiological features of airway mucosa
characterized by the presence of ciliated columnar cells,
mucous-producing goblet cells, and basal cells.25 Further-
more, the addition of test agents in liquid form directly into the
cell culture medium may alter the test substance’s physico-
chemical properties (e.g. size, surface charge, solubility,
transformation, or agglomeration state), leading to unreliable
outcomes or inaccurate dose-response.26 In addition, there is
an inability to recapitulate the physiological inhalation con-
ditions and aerosol deposition patterns compared to the in vivo
human exposures.26 Rodent models have been routinely used
in experimental toxicology and risk/hazard assessments.
However, data extrapolation from animals to humans is
challenging because of respiratory tract interspecies vari-
ability. Such differences include: (1) respiratory tract archi-
tectural features (eg, nasal cavity gross anatomy, airway
structure, and branching pattern, the number of cartilaginous
airways, cell types, and composition within the regions of the
respiratory tract); (2) respiratory physiology (eg, breathing
mode and ventilatory patterns, metabolic rates); and (3)
biochemistry (eg, composition and biotransformation capacity
of P450 monooxygenases, epoxide hydrolase and glutathione
S-transferase).27-31 These variations likely influence the local
toxic effects due to differences in the airflow pattern in the
respective respiratory tract architecture, which affects the
deposition of the given inhaled test agents as well as their
retention and clearance from the lungs.32 Moreover, studies of
translational toxicology from rodents to humans used in
setting occupational exposure limits for hazard classification
found that the extrapolation and standardization of rat lung
mass or rat body weight to humans is varying and incon-
sistent,33 and the genomic responses in mouse models poorly
mimic human inflammatory diseases.34 These animal and
single cell in vitro model limitations have led to the devel-
opment of human-relevant toxicity research models, with
particular emphasis on in vitro systems.26,35,36

Physiologically relevant respiratory epithelium models,
such as in vivo-like in vitro models cultured at the air-liquid
interface (ALI), are routinely used to study inhaled particles-
or gases-mediated respiratory toxicity.37 These methods are
promising in the domain of inhalation toxicology as they more
closely mimic the in vivo respiratory epithelium in its orga-
nization and stratification, thus avoiding limitations posed by
the submerged monolayer cultures. This three-dimensional
(3D) in vitro tissue model consists of normal, human-derived
bronchial epithelial cells (NHBEs) cultured on porous
membranes, resulting in a polarized, fully differentiated air-
way epithelial cell layer. This in vitro epithelium is pre-
dominantly composed of three cell types, including

mucus-producing goblet cells (secretory cells), ciliated re-
spiratory epithelial cells, and basal cells (progenitor cells).
This architecture mimics the in vivo respiratory tract by
modeling epithelial barrier function (eg, development of high
trans-epithelial electrical resistance, expression and func-
tionality of tight junctions, and paracellular permeability),
mucous production, and cilia function. Furthermore, the
suitability of ALI cultures as a benchmark for a human-
relevant model is further confirmed through transcriptome
analyses,38 with several reports demonstrating physiological
responses to toxicants or pathogens.39-43 Moreover, the ALI
approaches have been used as an alternative in some animal-
based inhalation toxicity studies.44

Given that there are numerous types of feedstock filaments
on the market and the physicochemical characteristics of FFF
3-D printing emissions vary with each individual filament
type,45,46 these factors might suggest that the potential toxic
effects they pose may vary with filament type as well. Thus,
ALI culture models provide a unique in vitro high throughput
platform to assess the exposure to 3-D printer emissions,
avoiding the drawbacks of using submerged single cell in vitro
models, and animal models and would likely reduce the time
and expenses of traditional in vivo toxicity testing and
screening of multiple filaments at once.

This study investigated the use of primary NHBEs in ALI
cell culture as an in vitro inhalation toxicity model of lung
epithelium to the effects of 3-D emissions upon airway epi-
thelial cells. We evaluated cytotoxicity, tissue injury, and
inflammatory and immune system regulation markers fol-
lowing exposure to blue colored ABS filament (3DXTECH,
Byron Center, MI), one of the most common commercial
filaments. The most common feedstock filaments for 3-D
printing are ABS and polylactic acid (PLA), holding ap-
proximately 29 and 42% market share, respectively.47 While
ABS holds less market share, it is a petroleum-based polymer
and it is generally accepted that it emits more particles
compared with PLA, so it was chosen for this study. ABS
filament contains styrene which is also a health concern if
inhaled.

Materials and Methods

Cell Culture Model

Primary NHBEs, isolated from the epithelium of human
bronchi, were purchased from PromoCell (cat. C-12640,
PromoCell GmbH, Germany). Cryopreserved cells (healthy
donor number 446Z036.9 and 432Z016.5; viability ≥94%;
500,000 cells per vial) were cultured and differentiated ac-
cording to the manufacturer’s instructions. Briefly, cells
(passage P+1) were expanded in one T75 Corning� Cell
Culture Treated Flask, using the Pneumacult-Ex Plus ex-
pansion medium (cat. 05040, Stemcell Technologies, Van-
couver, Canada), supplemented with 0.1% (v/v)
hydrocortisone (cat. 07925, Stemcell Technologies). NHBE
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were cultured at 37°C and under 5% CO2 in air conditions,
with a medium change every other day. After reaching 70%
confluency, the cells were passaged into four T75 Corning�
Cell Culture Treated Flasks (cell density at 0.5 × 104 cells/
cm2) using an Animal Component-Free Cell Dissociation Kit
(Stemcell Technologies) for 7-10 minutes at 37°C. The de-
tached cells (passage P+2) were centrifuged at 350 g for
5 minute and re-suspended in the expansion medium. Cells
were cultured for additional 4-5 days in the expansion me-
dium, with medium changed every other day, and subse-
quently used for the ALI procedure. To proceed with the ALI,
0.12 × 106 cells in 0.5 mL PneumaCult�-Ex Plus Medium
were seeded on the apical side of inserts (0.4 μm pore
membrane, Polyester, Costar® 12 mm Transwell®, Stemcell
Technologies) in a 12-well plate with 1 mL expansion medium
added into the basolateral chamber. The ALI condition was
initiated 5 days post-seeding by the complete aspiration of the
expansion medium in the apical compartment, thereby ex-
posing the epithelial cells to the atmosphere (day 0 post-ALI)
and replacing the medium from the basal compartment with
the PneumaCult�-ALI Maintenance Medium (ALI medium).
The ALI medium consisted of PneumaCult�-ALI Basal
Medium containing 10% (v/v) PneumaCult�-ALI 10X
Supplement, 1% (v/v) PneumaCult�-ALI Maintenance
Supplement, 0.2% (v/v) heparin solution, 0.5% (v/v) hydro-
cortisone and 1% (v/v) penicillin/streptomycin. The cells were
fed from the basal compartment with fresh ALI medium and
maintained for 23 days before exposure to 3-D printer
emissions.

Air-Liquid Interface Cell Exposure

Exposure System. The differentiated NHBEs cells were ex-
posed to ABS 3-D printer emissions at the ALI using the
same exposure system utilized previously to expose
Sprague-Dawley rats to emissions generated during real-
time printing via a whole-body inhalation exposure system.
The 3-D printer emission characterization and exposure
chamber system are described in detail in our previous
study.24 In brief, this system housed three 3D printers
(Lulzbot mini, FAME 3d, Fargo, ND) inside a fume gen-
eration chamber. The emissions from the printers were de-
livered to an exposure chamber (150L volume) at a flow rate
of 25 L/min. Particle count concentration, mass concen-
tration, temperature, humidity, and CO2 levels were moni-
tored inside the exposure chamber and recorded in real time
by the system software. Blue colored ABS filament
(3DXTECH, Byron Center, MI), was used for all exposures.
The object printed was a block; 12.7 cm wide by 12.7 cm
long with a height of 2.54 cm. When not in use the filament
was stored at room temperature in an airtight dry box.
Supplemental Table 1 details the 3-D printer settings used
during all exposures. Cell wells were placed inside the
exposure chamber therefore diffusion and settling would be
the primary factors for particle deposition onto the cells. A

fresh supply of 25 L/min of particles and fume was supplied
to the chamber during all exposures. The average mass
concentration inside the exposure chamber was 250 μg/m3,
and the average count concentration was approximately
200,000 particles per cm3.

Cell Exposure Treatment. Before the cell exposure treatment,
cell morphology was inspected using phase-contrast mi-
croscopy (Supplemental Figure 1 Phase Contrast Images of
Cells at ALI) followed by transepithelial electrical resistance
(TEER) measurements, as described in the next paragraph.

Four different sets of treatments were employed as fol-
lows: (1) cell inserts were placed in the middle of the ex-
posure chamber and exposed for 4 hours to the ABS FFF 3-D
printer emissions (marked as ABS-exposed cells); (2) an-
other set of cells on inserts were kept inside the emissions
chamber covered, serving as exposure chamber negative
controls (marked as “exposure chamber” samples); (3) a third
set of cells were maintained in the incubator at normal
growing conditions, serving as incubator controls (marked as
“incubator” samples); and (4) the last set of cells were treated
on the apical surface of epithelial tissue with 0.1 mL 2%
Triton X-100 (TX-100) (1 hour prior to when the exposure
ended) to serve as a positive control for cytotoxicity and
disruption of barrier integrity. After the 4 hour exposure
treatment (time 0 hour) and 24 hour post-exposure, various
endpoints were evaluated, including changes in phenotypic
characteristics (presence of ciliated, goblet, and basal cells),
functional changes, cytotoxicity, and inflammatory and im-
mune system regulation markers (cytokines, chemokines,
and growth factors). To determine if the exposure system
might be a source of contamination, a plate containing cell
culture medium without antibiotics was kept open in the
exposure chamber during the 4 hour exposure. This plate was
maintained in the incubator for 2 weeks, inspected for
contamination visually as well as by trypan blue stain. After
2 weeks, the media was clear and no contamination was
observed, and no cells were present in the trypan blue-stained
suspension. Studies were performed in single independent
experiments with N = 1-3 inserts/treatment, n = 2-3 replicates
each.

Deposition Characterization. During the 4 hour exposure to
ABS emissions (250 μg/m3), a 12-well Costar® Transwell®

plate containing 0.5 mL PneumaCult�-Ex Plus Medium,
which was added on the apical side of 12 empty inserts (no
cells) was kept inside the exposure chamber. After exposure,
the cell culture medium was collected, stored in a sterile glass
container, and used to characterize the ABS-emitted particles
(mean hydrodynamic particle size and particle concentration)
that would have reached and deposited on the surface of the
epithelial layer using nanoparticle tracking analysis (NTA)
(NanoSight NS300, Malvern Instruments, Worcestershire,
UK), as previously described in detail.22 Note that when
nanoscale particles deposit in culture medium, biomolecules
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quickly attach to particle surfaces and can alter their biological
activity and physical form compared with their native airborne
state.48 Given this rapid alteration of particle properties, as in
our previous in vitro study, we only characterized particles in
the culture medium as that was the form of the emissions that
reached and deposited on the surface of the epithelial cell
layer.22

Particle mass (μg/cm2) was calculated from the NTA data
using a custom MATLAB script (MathWorks Inc. Natick,
MA) as described previously.24 Briefly, the mass distribution
was calculated from the log-normal distribution curve gen-
erated from the NTA analysis with a bin (data point) every
0.5 nm, ranging from 0.5 to 600 nm, with the assumption that
all particles were spherical and have a density of 1.04 g/cm3

(density of ABS filament). Each data point in the count
distribution was converted to mass using the following
equation:

Mass ¼ D × ð4=3Þ × π× r3

Where: D = density, and r = radius of the particle. The mass
from every bin in the distribution was then summed to cal-
culate total particle mass. The assumption of spherical particle
shape was approximately valid based on morphology of the
individual particles that made up the agglomerates that de-
posited on the epithelial cell layer (see Figure 1).

For purposes of this study, measured particle number
concentration and calculated particle mass were used to

express dose. The average particle number deposition of ABS-
emitted particles was estimated by dividing the number of
ABS particles per mL measured in the collection medium
using NTA, to the surface area of the Transwell® inserts
(1.12 cm2). Similarly, for particle mass, the calculated value
was divided per cell insert surface area (1.12 cm2) to generate
the average mass per insert. Further, to compare results to our
previous in vivo study, the calculated particle mass value was
normalized to the surface area of a rat lung by dividing by
4,000 cm2, a typical approximate rat lung alveolar surface
area.49

Evaluation of Epithelial Barrier Integrity

As an important indicator of cell barrier integrity, TEER was
measured using an Evom2 Epithelial Volt/V meter equipped
with 4 mm chopstick electrodes (World Precision Instruments
Inc. Sarasota, FL). TEER was measured prior to the treatment
and at defined time points of interest (0 and 24 hours after end
of the exposure). To measure TEER, 0.5 mL of the corre-
sponding fresh medium was added to the apical side of a 12-
well insert, equilibrated for an additional 30 minute at 37°C,
5% CO2 in air, and then the chopstick electrodes were placed
on either side of the primary airway epithelium. All TEER
values were measured in duplicate for each well and corrected
for cell-free insert (≈40 V) resistance and the surface area of a
12-well insert (1.12 cm2).

Figure 1. Representative TEM images of ABS agglomerated printer-emitted particles on the surface of NHBEs cells 24 h after exposure.
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Video Microscopy of Cilia Beating. The ciliary beating of live
ALI tissue was visualized via phase-contrast microscopy
before and after the treatment using a Revolve microscope
(Echo Laboratories, San Diego, CA) at 40X magnification.
The cilia movement was visualized prior to the treatment and
at the end of the time points of interest (0 and 24 hours after
end of the exposure).

Histology. Cultures were fixed in 10% neutral buffered for-
malin at room temperature until ready for processing. After
fixation, the membrane inserts were rinsed twice with
phosphate-buffered saline (PBS). The samples were dehy-
drated using a series of increasing ethanol concentrations,
cleared with xylene, infiltrated with paraffin wax, and em-
bedded in paraffin wax. Sections of 5 μm thickness were cut
using a Thermo Scientific� HM 325 Rotary Microtome
(Thermo Fisher Scientific, Waltham, MA). The sections were
stained with Hematoxylin and Eosin (H&E) or Periodic acid–
Schiff (PAS) using standard histological techniques and im-
aged using an Olympus BX63 light microscope and cellSens
imaging software.

Transmission Electron Microscope Analysis. For TEM analysis,
the cells on the Transwell® membrane were fixed with 2%
paraformaldehyde/2.5% glutaraldehyde solution (Karnovsky’s
fixative) in sodium cacodylate buffer for at least 24 hours,
subsequentlywashed three times with 8% sucrose/0.9% sodium
chloride buffer and post-fixed with 1% osmium tetroxide
(2 hours), washed with the sucrose/sodium chloride buffer, and
stained en bloc with 1% tannic acid (1 hour) followed by 0.5%
filtered uranyl acetate (1 hour). Afterwards, the cells were
dehydrated in ascending ethanol series and embedded in Epon.
From the embedded cells, ultrathin sections were cut parallel to
the vertical axis of the inserts, mounted on copper grids and
stained with 4% uranyl acetate. The sections were imaged on a
JEOL JEM 1010 Transmission Electron Microscope (JEOL,
Tokyo, Japan) operating at 80 kv with a side-mount digital
AMT Orca camera system and software (autoVimation GmbH,
Baden Württemberg, Germany).

Immunofluorescence Microscopy. Cultures on membranes were
fixed in 4% (w/v) paraformaldehyde for 15 minute at room
temperature. The samples were incubated in 0.5 mL per-
meabilization buffer (0.5% [v/v] Triton X-100 in Dulbecco’s
phosphate-buffered saline (D-PBS)) for 15 minutes, washed
once with 0.5 mL D-PBS and blocked for 1 hour in 1% (w/v)
bovine serum albumin (BSA) in D-PBS. Next, the cultures
were incubated with primary antibodies diluted in blocking
buffer for 1 hour at room temperature. The primary antibodies
included rabbit anti-ZO-1 antibody (cat. 40-2200, Thermo
Fisher Scientific Inc. Waltham, MA) used at a 1:100 dilution to
identify tight junction formation, mouse anti-MUC5AC
(45M1) antibody (cat. MA5-12178, Thermo Fisher Scientific
Inc,) used at a 1:200 dilution to identify mucous cells, mouse
anti-alpha tubulin antibody (B-5-1-2) (cat. 32-2500, Thermo

Fisher Scientific Inc,) used at a 1:200 dilution to identify cilia,
and rabbit anti-e-cadherin (5HCLC) (cat. 710161, Thermo
Fisher Scientific Inc,) used at a 1:200 dilution to identify ad-
herent junction. The samples were subsequently washed three
times with 0.5 mL D-PBS and incubated with secondary an-
tibodies and 1 μM Hoechst 33342 (cat. 62249, Thermo Fisher
Scientific Inc,) for 1 hour at room temperature in the dark. The
secondary antibodies included goat anti-mouse-Alexa Fluor
647 (cat. A-21236, Thermo Fisher Scientific Inc,) used at a 1:
500 dilution and goat anti-rabbit Alexa Fluor 488 (cat. A-
11008, Thermo Fisher Scientific Inc,) used at a 1:400 dilution.
The samples were washed three times with 0.5 mLD-PBS, hold
in 0.5 mL D-PBS until were visualized and imaged with a
Revolve microscope (Echo Laboratories, San Diego, CA).

Cytotoxicity. Potential cytotoxic effects of ABS emissions were
assessed by measuring cell viability and the release of the
cytosolic enzyme lactate dehydrogenase (LDH) into the
medium.

Cell Viability Assay. AlamarBlue� Cell Viability Reagent
(cat. DAL1025, Thermo Fisher Scientific), a non-toxic, cell-
permeable compound, was used to assess cell viability. The
assay was performed using medium collected from the apical
compartment. After harvesting culture supernatants from the
basolateral chamber for further analysis (LDH and cytokines
analysis), 500 μL of 10% AlamarBlue solution was added to
each insert, and fresh medium was supplemented in the ba-
solateral chamber. After 4 hour incubation at 37°C, the so-
lution from the apical side of each insert was transferred in
four wells (100 μL per well) on a 96-well plate and fluo-
rescence levels were quantified (ex/em 560/590 nm) using a
Synergy H1 hybrid multi-mode microplate reader (BioTek
Instruments, Inc, Winooski, VT). Three independent inserts
(n = 3 inserts/treatment/time point) were conducted to obtain
the mean and standard error for each treatment group (4
replicates of each sample-insert). Cell viability, proportional to
the changes in fluorescence, was normalized to the controls
and expressed as percentage viability.

Lactate Dehydrogenase Release Assay

The supernatant from the basal chamber was collected, and the
release of the cytosolic enzyme LDH into the medium, indic-
ative of cell membrane damage, was assayed spectrophoto-
metrically by monitoring the reduction of nicotinamide adenine
dinucleotide at 340 nm in the presence of lactate as per man-
ufacturer instructions (Lactate Dehydrogenase Reagent Set,
Pointe Scientific, Inc, Lincoln Park, MI). Three independent
inserts (n = 3 inserts/treatment/time point) were conducted to
obtain the mean and standard error for each treatment group
(6 replicates of each sample-insert). LDH (U/L), defined as the
amount of enzyme that catalyzes the transformation of 1 μmol of
substrate per minute, was normalized to the controls and ex-
pressed as percentage LDH (U/L).
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Measurement of Cytokine Release. Media collected from the
bottom (basolateral) wells was stored at �80°C until analysis.
The concentrations of IL-17A, IL-21, IL-22, IL-23, IL-27, IL-
31, MIP-3α, IL-17A/F, IL-17B, IL-17D, IL-3, IL-9, GM-CSF,
IL-23p40, IL-15, IL-16, IL-1α, IL-5, IL-7, TNF-β, VEGF,
IFN-γ, IL-10, IL-12p70, IL-13, IL-1β, IL-2, IL-4, IL-6, IL-8,
TNF-α, eotaxin, eotaxin-3, IP-10, MCP-1, MCP-4, MDC,
MIP-1α, MIP-1β, and TARC (pg/mL) were measured using V-
PLEX Human Biomarker Kits from Meso Scale Discovery
(MSD, Meso Scale Discovery). Plates were read using MSD
QuickPlex SQ 120 (Meso Scale Discovery) for electro-
chemiluminescence. Sample concentrations were derived
from a standard curve plotted using a four-parameter logistic
fit usingMSDWorkbench software (N = 1-3 inserts/treatment,
n = 2-3 replicates each).

Statistics. All statistical analyses were performed in JMP v13
and RStudio Version 1.2.5001. Studies were performed in
one independent experiments with N = 1-3 inserts/
treatment, n = 2-3 replicates each. Assays measured be-
low the limits of quantification were replaced with the lower
limit of quantification as outlined by the manufacturer of
V-PLEX Human Biomarker 54-Plex Kit. The TEER, via-
bility, and LDH data are represented as mean ± standard
deviation. Two-way analysis of variance (treatment by time)
was used to determine significant main and interaction
effects. Residual Plots and Levene’s test were used to assess
the equality of variances while Normal Quantile Plots were
used to assess the assumption of normality. Logarithmic
transformations of the response proteins were used on
proteins (MIP-3 α, GM-CSF, IL-6, MIP-1 β) that exhibited
heterogeneous variance as shown by a funnel shaped Re-
sidual Plot. Significant results were further assessed with
pooled t-tests to identify the specific main treatment effect
and/or interaction effect. All analysis results were deemed
statistically significant with a P-value of < 0.05. Eight of the
studied proteins, IL-17B, IL-3, IL-15, IL-1 α, IP-10, MCP-
4, MIP-1 α, and TARC, exhibited non-normality and/or
heterogeneous variance. To determine significant toxicity of
these 8 proteins, a Kruskal Wallis Test was performed on
treatment and time and post hoc comparisons were com-
pleted with the Mann-Whitney U Test.

Given the disproportionate effect outliers can have on the
statistical results, outliers were identified using the
interquartile range rule50,51 prior to statistical analysis. To
begin, outliers were identified and removed from the raw data.
Afterwards, the repetitions of each cytokine were averaged,
and outliers of the clean dataset were identified.

Results

Particle Characterization and Deposition

The number-based size distribution of cell culture medium
(background) and three samples of ABS 3-D printer-emitted

particles collected in the cell culture medium were analyzed
using NTA. The mean diameter of ABS particle in the medium
varied from 150 to 198 nm (175 ± 24 nm), and the mode
diameter varied from 136 to 165 nm (153 ± 15 nm). After
background subtraction (plain cell culture medium), the av-
erage ABS particle concentration in medium was 8.73 × 107

particles/mL (standard deviation of 3.29 × 107), which is
equivalent to 2.56 × 107 (standard deviation of 1.65 × 107)
particles per insert (0.5 mL/insert, insert surface area
1.12 cm2), and corresponds to an average of 2.29 × 107 ABS
particles per unit surface area of the ALI epithelium. Figure 1
shows the ABS printer-emitted particles agglomerated on the
surface of NHBEs cells 24 hours after exposure. Based on a
MATLAB calculation, the estimated average particle mass of
ABS particle deposition per surface area of the epithelium was
0.144 ± 0.042 μg/cm2.

Evaluation of NHBEs Epithelial Tight Junction
Barrier Integrity

Disruption of barrier integrity enhances translocation of in-
haled particles into the subepithelial space.52 To study junction
function, permeability to small ions is measured by analyzing
TEER. Before proceeding with the exposure (23 days post-
ALI), the barrier integrity of the primary NHBEs was assessed
and confirmed based on TEER measurements. Following
4 hour exposure to ABS emissions, no significant changes in
TEER were observed between ABS-exposed cells and
chamber-control cells or cells maintained in the incubator at
the end time points, 0 or 24 hours post-treatment (Figure 2).

The integrity of the fully differentiated primary NHBEs
was further confirmed by visualizing cilia movement which is
essential for effective mucociliary clearance (Supplemental
Video 1 Ciliary Beat). There were no noticeable differences
between the treatments.

Figure 2. Barrier function of fully differentiated NHBEs measured
by transepithelial electrical resistance (TEER). Values are means ±
standard deviation. N = 2-5 inserts, there were 2 replicates of each
sample-insert. Tx-100 represents 0.2% Triton X-100.
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In addition, the junctional integrity of the fully differ-
entiated primary NHBEs was assessed using TEM
(Figure 3). In addition to tight junctions (TJ), adherens
junctions (AJ) and desmosomes (DS) were identified, further
confirming the presence of junctional complexes and barrier
integrity within the NHBEs cultures. Tight-junction for-
mation was also confirmed using immunofluorescence
staining of the ZO-1 proteins (Figure 4). There were no
noticeable differences between the treatments.

Overall, exposure of NHBEs to ABS emissions did not
affect epithelium integrity at the conditions applied.

Evaluation of NHBEs Epithelium Differentiation

The bronchial epitheliumwas composed of fully differentiated
airway epithelial cells (Figure 5), as noted from H&E and PAS
staining. All of the major epithelial cell types, including
mucous-secreting (goblet cells), and basal cells (b), and cil-
iated respiratory epithelial cells (c) were identified within the
NHBEs layer. This was further confirmed by TEM imaging
(Figure 6). Ciliated cells and mucous cells were present at the
apical side of the epithelium. Histological analysis revealed
that overall ciliation did not appear different between ABS-
exposed cells and chamber-control cells or cells maintained in
the incubator at the end time points, 0 or 24 hours post-
treatment. Basement membrane and basal cells were present in
NHBEs cultures stained with PAS and is seen as a distinct
single thin layer at the interface between the epithelium and
insert membrane.

The ultrastructure of the NHBEs’ cilia configuration re-
veals both cilial basal bodies, which are critical for cilia
motility and sensory functions, and the 9 + 2 axoneme ar-
rangements, microtubule-based cytoskeletal structure that
forms the core of a cilium (Figure 7).

Immunofluorescence microscopy of the apical surface
revealed the presence of mucous (goblet) and ciliated cells
detected using the specific markers MUC5AC and α-tubulin,
respectively (Figure 4 and Supplemental Figure 2 Immuno-
fluorescence Images of Fully Differentiated NHBEs).

Overall, exposure of NHBEs to ABS emissions appeared to
not affect ciliation or mucus production at the conditions
applied.

Figure 3. Representative TEM images of fully differentiated NHBEs
showing junctional complex formation: tight-junctions (TJ),
adherens junctions (AJ) and desmosomes (DS).

Figure 4. Representative labelled immunofluorescence images of
fully differentiated NHBEs showing epithelial features, including
MUC5AC-producing goblet cells (turquoise) and ZO-1 for tight
junctions (green). Nuclei were stained with Hoechst 33342 (blue).
(A) represents untreated cells and (B) represents ABS-treated
cells.
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Evaluation of Cytotoxic and Inflammatory Response in
Differentiated NHBEs

The viability of cells exposed to ABS emissions was not
statistically significant compared with incubator or exposure
chamber controls (Figure 8A). Cytotoxicity was also evalu-
ated by cell membrane integrity as indicated by LDH leakage
from the exposed cells. Exposure to ABS emissions did not
induce significant LDH release from the exposed cells
compared to incubator or chamber controls (Figure 8B). No
significant differences were observed between the 2 sets of
untreated-control cells: inserts kept inside the emissions
chamber covered, serving as exposure chamber negative
controls (marked as “exposure chamber” samples) and inserts
maintained in the incubator at normal growing conditions,
serving as incubator controls (marked as “incubator”
samples).

To investigate the inflammatory response from NHBEs
cells exposed to ABS emissions, screening was performed for
a panel of 43 cytokines and chemokines secreted into the

basolateral medium (Table 1). At the end of the exposure
period (0 hour), statistically significant increased levels of IL-
7 (1.65-fold) were seen in the cells exposed to ABS emissions
compared to the cells maintained in the chamber control
environment. At 24 hours after the exposure, significant in-
creases in IL-17A (2.35-fold), VEGF (1.59-fold), IFN-γ (2.18-
fold), IL-12p70 (1.78-fold), TNF-α (2.10-fold), and MIP-1α
(2.70-fold) were also noted in ABS-exposed cells compared to
chamber control cells. No significant differences were ob-
served between non-exposed chamber control cells and cells
maintained in the incubator.

Discussion

In our previous studies, we evaluated the toxicity of FFF 3-D
printer emissions using both in vitro22 and in vivo methods.24

In the in vitro studies,22 human small airway epithelial cells
(SAEC) were exposed to ABS 3-D printer emitted-particles
freshly collected in the culture medium under submerged
conditions. The in vitro studies established that exposure to

Figure 5. Representative photomicrographs of ALI epithelium before the exposure stained with hematoxylin and eosin (H&E) and Periodic
acid–Schiff (PAS) stains showing normal architecture typical of the airway respiratory epithelium (40x magnification). Black arrows point to
ciliated respiratory epithelial cells. The yellow box surrounds cells within the basal layer of the epithelium. Asterisks (*) highlight mucus
containing goblet cells. Yellow arrows point to the basement membrane separating the epithelium from the underlying filter.

Figure 6. Representative TEM images showing the distribution of ciliated (C) and goblet (G) cells at the epithelial surface of fully
differentiated NHBEs, and basal (B) cells at the basal region of the epithelium. (A) represent untreated cells and (B) represent ABS-treated
cells.
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ABS 3-D printer emissions collected in media induced dose-
dependent cytotoxicity, oxidative stress, apoptosis, necrosis,
and production of pro-inflammatory cytokines and chemo-
kines in SAEC. In the in vivo studies,24 male Sprague-Dawley
rats were exposed to ABS emissions generated during real-
time printing using a whole-body inhalation exposure system.
The data of the in vivo studies demonstrated that a pro-
inflammatory response was seen in bronchioalveolar lavage
fluid (BALF) represented by an initial increase in IFN-γ and
TNF-α Th1-type cytokines, followed by a switch to an anti-
inflammatory response by day 15 of exposure, represented by
a rise in the IL-10 Th2-type cytokine. Our in vivo studies
showed that ABS 3-D emissions did not induce pulmonary
oxidative stress responses nor histopathological changes in the
lungs of rats at these exposure levels. It appears that there is a
divergence between the results of our in vitro and in vivo
studies. The in vitro studies demonstrated that exposure to
ABS 3-D printer emissions induced toxicological changes in
both cell signaling and cell structures, particularly the integrity
of the cell membrane. However, in the in vivo studies at the
concentration of 250 μg/cm324 demonstrated that ABS

emission exposure only induced inflammatory signaling
changes in lungs with no significant pulmonary structural
changes observed.

Considering the challenge of translating toxicological
findings obtained in traditional submerged cell culture models
or animal models to human context, in this study, we in-
vestigated the adverse effects of exposure to 3-D printer
emissions using NHBEs, a relevant human ALI organotypic
airway tissue model. Results showed that the exposure of
differentiated NHBEs to ABS emissions in this ALI model did
not affect epithelium integrity, ciliation, mucus production, or
the induction of cytotoxicity, indicating no cellular structural
changes. However, ABS emissions exposure induced the
production of IFN-γ and TNF-α as well as significant increases
in other cytokines/chemokines involved in the induction of
Th1 responses and regulation of tight junction integrity. These
ALI results reflect our in vivo studies24 of increased levels of
IFN-γ and TNF-α after ABS emissions exposure. Notably, the
exposure conditions and settings utilized in the current ALI
studies and in vivo studies24 are similar, and both results
indicate that the changes in cytokines/chemokines occur

Figure 7. Representative TEM images of fully differentiated NHBEs showing ultra-structural cilia formation in differentiated NHBEs: (A)
longitudinal sections of cilia and basal bodies (yellow arrowheads) and (B) transverse sections of cilia showing 9 + 2 axoneme arrangement
(blue arrowheads). (A) and (B) represent untreated cells, and (C) and (D) represent ABS-treated cells. (D) also shows ABS agglomerated
printer-emitted particles on the surface of NHBEs cells 24 h after exposure.
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without membrane damage or tissue morphological changes.
Given that the exposure of the ALI in vitro model mimics the
real-life scenario in the lung during particle inhalation, the
findings of our current ALI studies could be more physio-
logically representative of the human-based 3-D printer
emission exposure risk outcome than that observed in our
previous submerged in vitro cell culture studies.22

In the in vitro submerged culture studies, the particle
concentration that was shown to cause a 10% decrease in
viability and 20% increase of LDH22 has an estimated
equivalent alveolar lung burden of ABS particles of 758 μg in
rats.24 Our in vivo studies,24 estimated the day 30 alveolar
deposition as 25.54 μg without the consideration of clearance
and 12.10 μg with the clearance. These results indicated that
the equivalent alveolar lung burden of the in vitro studies was
approximately 30- to 60-times higher than that of the in vivo
studies.22 In the current study, the estimated average particle
mass of ABS emitted particle deposition per surface area of the
NHBEs epithelium was 0.144 ± 0.042 μg/cm2, which would
result in an equivalent alveolar lung burden of ABS particles
of 577 ± 166 μg in the rat. Lung burden modeling indicate
in vitro burden at ALI was 23- and 40-times higher than in the
in vivo studies lung burden model without and with clearance,

respectively, and approximately 23% lower than in our in vitro
SAEC studies.22 In this study the estimated particle mass
deposited on the surface of the cells was calculated using
several assumptions (particle shape, particle density, etc.),
therefore this estimate of dosage could have errors. Accurately
determining the dosage when conducting aerosol exposures
with cells is a limitation to this type of exposure model.

Functional characteristics of airway epithelial cells, such as
TEER across the epithelial layer,53 ciliary motion,54 and the
formation of the junctional complex26 are essential and key
endpoints universally evaluated to study the potential adverse
health effects of airborne toxicants or chemicals. Moreover, a
change in any one of these parameters could be relevant to a
variety of respiratory diseases.55

A previous study56 showed that ALI cultured airway ep-
ithelia from asthma patients display a decreased TEER in
comparison to epithelia derived from healthy controls. In this
study, the TEER values were lower, but not significantly, in
ABS-exposed cells (673-680 V × cm2) compared to chamber
and incubator control cells (691-741 V × cm2).

Abnormal ciliary function can lead to inadequate muco-
ciliary clearance, which is associated with various respiratory
diseases such as cystic fibrosis, and chronic obstructive
pulmonary disease.54 In the current study, light microscopy
observation of beating cilia was visualized with a Revolve
microscope. Rigorous observation of 2 entire inserts per
treatment was performed, and vigorous beating of cilia in an
apparently coordinated manner was noted as described in
other ALI systems,57,58 demonstrating that the differentiated
NHBEs have the potential for active mucociliary clearance.
However, no noticeable differences were observed between
the ABS-exposed cells and the chamber and incubator control
cells.

The formation of junctional complexes (which include
tight junctions, adherens junctions, and desmosomes) between
neighboring epithelial cells creates an additional physical
barrier against inhaled particulates, pathogens, and other
xenobiotics from translocating into the interstitial compart-
ment. The junctional-complex also forms a barrier against the
movement of inflammatory mediators into the circulation,
thereby limiting the activation and recruitment of immune
cells to sites of injury.59 Therefore, the evaluation of
junctional-complex structures is an essential feature and im-
portant tool used in respiratory toxicity testing.

In the current study, the junctional complexes were ob-
served and localized by immunofluorescence staining for E-
cadherin and ZO-1, and also by TEM. To obtain a clear view
of the ultrastructural arrangement, ALI cultures were sec-
tioned, followed by TEM imaging. Tight junctions were seen
at the apicolateral borders of epithelial cells in the differ-
entiated NHBEs. In close proximity (ie, underneath) to tight
junctions, are adherens junctions, emphasizing their inter-
dependency, and the desmosome (localized more basally).
Gasoline emissions is a heterogeneous mixture similar to 3-D
printer emissions in regard to its physical state and composition.

Figure 8. Cytotoxicity of fully differentiated NHBEs: cell viability
(A) and LDH activity (B). Values represent % change in comparison
to exposure chamber control. N = 3 inserts/treatment/time point,
there were 4 replicates of each sample-insert. Tx-100 represents
0.2% Triton X-100.
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Studies showed that exposure to gasoline engine emissions
induced TEER reduction and LDH leakage in primary or-
ganotypic cultures of human bronchial epithelial cells.60

However, in this 3-D printer emissions study, no noticeable
differences were observed between the ABS-exposed cells
and the chamber and incubator control cell at the conditions

applied, which could be explained by the lower delivered dose
in our study compared to the gasoline studies.

The integrity of pseudostratified epithelium composed of
ciliated and secretory cells and basal stem cells is vital for the
process of mucociliary clearance by which multi-ciliated cells
move mucus and trapped pathogens and particles out of the

Table 1. Cytokines Release Into Basolateral Cell Culture Media.

Marker (pg/mL ± SD)

0 h 24 h

Incubator Chamber ABS Incubator Chamber ABS

IL-17A 5.24 ± 1.61 <2.25# 3.76 ± 1.07* 3.00 ± 1.16 <2.25# 3.85 ± 1.40*
IL-21 <1.65# <1.65# <1.65# <1.65# <1.65# <1.65#

IL-22 <2.78# <2.78# <2.78# <2.78# <2.78# <2.78#

Il-23 <3.18# <3.18# <3.18# <3.18# <3.18# <3.18#

IL-27 63.07 ± 21.67 50.73 ± 8.63 56.82 ± 10.89 42.25 ± 12.86 32.79 ± 8.93 60.27 ± 25.16
IL-31 <4.22# <4.22# <4.22# <4.22# <4.22# <4.22#

MIP-3α 1785.57 ± 1211.57 79.94 ± 11.79 176.78 ± 87.18 217.62 ± 286.53 48.78 ± 32.43 232.03 ± 251.60
IL-17A/F <7.57# <7.57# <7.57# <7.57# <7.57# <7.57#

IL-17B <0.78# <0.78# <0.78# <0.87# 1.22 ± 0.36 1.10 ± 0.32
IL-17D <11.2# <11.2# <11.2# <11.2# <11.2# <11.2#

IL-3 <8.84# <8.84# <8.84# <8.84# <8.84# <8.84#

IL-9 41.20 ± 36.50 69.91 ± 21.34 55.33 ± 35.82 49.43 ± 29.46 46.60 ± 35.56 79.84 ± 51.20
GM-CSF 2.61 ± 1.52 4.21 ± 1.05 4.61 ± 3.27 15.23 ± 13.02 7.38 ± 0.82 16.45 ± 9.18
IL-23p40 <1.32# <1.32# <1.32# <1.32# <1.32# <1.32#

IL-15 <0.54# <0.54# <0.54# 0.93 ± 0.22 0.87 ± 0.06 1.24 ± 0.35*
IL-16 <19.1# <19.1# <19.1# <19.1# <19.1# <19.1#

IL-1α <2.01# 6.28 ± 1.94 2.32 ± 0.57 2.33 ± 0.58 <2.01# 2.87 ± 1.17
IL-5 <4.41# <4.41# <4.41# <4.41# <4.41# <4.41#

IL-7 2.30 ± 1.17 1.91 ± 0.24 3.15 ± 0.60* 10.38 ± 3.02 10.90 ± 0.83 12.19 ± 0.88
TNF-β <0.46# <0.46# <0.46# <0.46# <0.46# <0.46#

VEGF 813.01 ± 617.13 517.89 ± 108.99 712.90 ± 274.62 1492.57 ± 261.22 1517.69 ± 67.07 2407.87 ± 679.24*
Eotaxin <12.3# <12.3# <12.3# <12.3# <12.3# <12.3#

Eotaxin-3 <7.14# <7.14# <7.14# <7.14# <7.14# <7.14#

IFN-γ 5.31 ± 1.70 4.85 ± 1.00 7.03 ± 2.85 5.35 ± 3.37 4.04 ± 1.72 8.74 ± 2.54*
IL-10 2.41 ± 1.28 3.22 ± 0.58 3.84 ± 0.84 2.74 ± 1.06 2.69 ± 0.65 3.67 ± 0.91
IL-12p70 2.13 ± 0.90 2.26 ± 0.85 3.15 ± 1.11 1.94 ± 0.84 2.32 ± 0.55 4.44 ± 0.99*
IL-13 17.17 ± 9.87 20.87 ± 3.98 21.38 ± 8.28 13.68 ± 4.21 19.77 ± 5.03 29.71 ± 6.85*
IL-1β 3.02 ± 1.68 3.27 ± 0.40 4.04 ± 0.23 2.89 ± 0.98 2.88 ± 0.53 3.99 ± 0.92
IL-2 2.82 ± 1.60 3.04 ± 0.57 3.04 ± 1.42 2.78 ± 1.76 2.60 ± 0.71 3.71 ± 0.95
IL-4 0.86 ± 0.37 0.77 ± 0.16 0.93 ± 0.33 0.81 ± 0.59 0.71 ± 0.29 1.30 ± 0.27
IL-6 96.37 ± 117.01 9.09 ± 3.79 126.25 ± 120.36 88.14 ± 137.10 25.72 ± 10.85 265.24 ± 218.20
IL-8 1797.19 ± 51.93 1833.41 ± 28.82 1774.27 ± 50.31 1788.03 ± 64.34 1831.01 ± 70.99 1807.54 ± 67.22
TNF-α 6.58 ± 4.61 10.84 ± 3.08 11.05 ± 7.45 5.18 ± 2.50 8.84 ± 4.21 18.62 ± 7.94*
IP-10 27.16 ± 16.30 3.26 ± 0.18 16.00 ± 6.70 91.37 ± 38.89 85.41 ± 5.40 113.52 ± 61.24
MCP-1 18.71 ± 13.65 14.43 ± 2.46 22.37 ± 9.61 33.42 ± 9.36 25.50 ± 3.30 65.65 ± 30.69*
MCP-4 4.42 ± 1.80 <3.62# 4.02 ± 0.84 4.34 ± 1.61 <3.62# 6.64 ± 2.76
MDC <88.3# <88.3# <88.3# <88.3# <88.3# <88.3#

MIP-1α 14.41 ± 7.74 <9.69# 11.18 ± 2.71 16.66 ± 9.38 <9.69# 32.25 ± 15.49*
MIP-1β 4.99 ± 2.92 2.75 ± 1.14 4.22 ± 2.40 10.20 ± 2.40 8.00 ± 2.09 11.74 ± 4.91
TARC 3.42 ± 0.84 <2.34# 2.43 ± 0.34 10.74 ± 3.78 10.79 ± 1.06 13.78 ± 3.73

Values represents mean ± standard deviation (SD). N = 2-5 inserts/treatment/time point; there were 3 replicates of each sample insert.
*P < 0.05 level different from the chamber control.
#indicates contains replicates that are below the lower limit of quantification.

322 International Journal of Toxicology 41(4)



lung.54 Chronic exposure of primary HNBEs at the ALI to
gasoline engine emissions impaired the cellular composition of
the airway epithelium, increased the number of goblet cells.60 In
our 3-D printer emission study, the major cell types normally
associated with in vivo airway epithelium (ie, ciliated, mucous
or goblet, and basal cells) were present within the differentiated
NHBEs cultures, and these were replicated in a pseudostratified
morphology with ciliated cells interspersed with goblet cells
facing the apical side and basal cells spreading along the ba-
solateral membrane. Qualitative assessment of the epithelium
did not indicate major degradation or de-differentiation changes
between any of the treatments applied at any time point; there
was no noticeable reduction in the number of ciliated cells, no
increase in the number of epithelial vacuoles/gaps, and no
adverse changes visible by H&E, PAS, and TEM. Ultrastruc-
tural analysis of ciliated cells by TEM demonstrated that cilia
associated with differentiated HNBEs were of comparable
morphology to those of ex vivo tissue, both in terms of the
structure of the basal bodies and the 9 + 2 arrangement of
axonemes. In the present study, evidence from PAS-stained
histological sections and MUC5AC-labelled cultures demon-
strated the presence of goblet cells and the production of mucus
from differentiated HNBEs. The identification by TEM of
mucus globules on the apical surface of HNBEs cultures and
goblet cells actively extruding mucus confirmed these findings.
Lastly, basal cells were identified from H&E-stained histo-
logical sections and TEM images. These cells represent an
important component of airway epithelia because they function
as progenitor (stem) cells which are involved in repair and
regeneration following injury.61

The measurement of cytotoxicity is an important biomarker
in the evaluation of toxicants. In the current study, the applied
treatments (except for the positive control) had no effect on
cellular viability. The LDH release into the media was not
statistically significant in the ABS exposed cells. However,
significant increases in IL-12p70, IFN-γ, TNF-α, VEGF, IL-
17A, and MIP-1α were observed. Similar findings have been
reported with other respiratory toxicants;62,63 these studies
determined that functional changes and oxidative metabolism
occurs at concentrations (4 × 105-4 × 107 glass fibers/ml) that
do not significantly affect the integrity of the cellular mem-
brane and that the cellular function is typically affected before
membrane damage, and we speculate that the cytokines re-
sponses may be a more sensitive measure of cytotoxic effects.
Similarly, in our in vivo studies,24 cytokine changes occurred
before structural changes.

The ability of NPs to induce persistent inflammation in
tissues is a key factor in determining their toxicity and also a
fundamental mechanistic paradigm in nanotoxicology.64,65

Although the exposure of differentiated NHBEs to ABS
emissions did not affect epithelium integrity, ciliation, mucus
production, or induced cytotoxicity, a significant increase in
cytokines involved in the induction of Th1 responses and
regulation of tight junction integrity was observed. Similarly,
after 3-D printer emissions exposure, in both in vivo24 and

in vitro22 inflammation was the most sensitive biological
response parameter measured in these studies.

In our previous in vivo study,24 IFN-γ and IL-10 were
significantly increased in the BALF of rats after ABS emission
exposure of 1 and 4 days. In the ALI study, IL-7, IL-13, IL-15,
IL-12p70, IFN-γ, TNF-α, VEGF, IL-17A, MCP-1, and MIP-
1α cytokines were significantly increased in differentiated
NHBEs. There was no consistent and demonstrative overlap
between the cytokines detected and measured in our three
studies. First, this may reflect that the time-dependent release
of cytokines was not captured in the time endpoints selected
for this ALI study. Second, additional studies using multiple
concentrations are needed to establish an exposure dose-
response relationship; third, this could reflect species differ-
ences (rat and human); fourth, differences in the cell types
used in in vitro studies; and fifth, in the rat and ALI, the
exposures were to the gas phase and the particle-phase
emissions, whereas the submerged in vitro the exposure
was to particles and gases trapped in the culture media during
collection, with the latter, we could have lost important gases
or had lower concentrations of gases compared with the ALI
and in vivo set-ups.

In our first in vitro study,22 IL-16 increased at the highest
level compared to the other measured cytokines in human
small airway epithelial cells (SAEC) at 24 hours post-expo-
sure of ABS emissions in suspension. IL-16 is a mediator of
inflammation by promoting the secretion of other pro-
inflammatory cytokines (IL-1β, IL-6, and TNF-α).66 IL-16
plays a key role in asthma,67 in particular with airway hyper-
responsiveness and up-regulation of IgE antibodies.68 Another
cytokine recently found to be involved in severe asthma
pathogenesis is IL-17A.69 In the current ALI study, IL-17A
was increased in the differentiated NHBEs exposed to ABS
emissions, suggesting that ABS emissions might be exacer-
bating asthma pathogenesis.

IL-12p70 and TNF-α were significantly increased in both
in vitro studies. TNF-α was also slightly increased in BALF in
the in vivo study at day 1 of exposure. IL-12p70 is a pro-
inflammatory cytokine which promotes induction of Th1
(IFN-γ, TNF-α) and cytotoxic T cell responses.70 Similarly, in
this study, increased levels of IL-12p70 was concomitant with
increases in IFN-γ and TNF-α, which are well-known for their
role in the regulation of tight junction integrity.71 TNF-α is
involved in acute systemic inflammation, regulation of tight
junction integrity70 and expression and secretion of MU-
C5AC.72 TNF-α decreases the protein expression of the tight
junction proteins claudin-1, occludin, and ZO-1, as well as
induces cytoskeletal F-actin rearrangement and the mis-
localization of occludin and ZO-1.73,74 In this study, quan-
tification of ZO-1 and MUC5AC following exposure to ABS
emissions was not possible; therefore, future studies can
elucidate if a relationship occurs from 3-D printer emission
exposures.

IFN-γ, similar to TNF-α, disrupts the barrier integrity of
epithelial and endothelial cells both in vivo75 and in vitro76-80
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IFN-γ induces an increase in barrier permeability through the
reduction of ZO-1 and occludin expression in an adenosine
monophosphate-activated protein kinase (AMPK)-dependent
pathway.81 Ng et al78 suggests that p38 MAP kinase is ac-
tivated in response to IFN-γ and causes actin rearrangement
and altered cell morphology, which in turn mediates endo-
thelial cell hyperpermeability. IFN-γ was found significantly
increased in this ALI study and in our in vivo study. Disruption
of epithelial barrier function triggered by the elevated IFN-γ is
accompanied by reduced expression of the TJ proteins, zonula
occludens ZO-1 and occludin.76,80

The simultaneous presence of both TNF-α and IFN-γ cy-
tokines suggests that exposure to ABS emissions might have a
detrimental effect on epithelium barrier integrity through the
disassociation of tight junction proteins.82 In this study, TEER
was not statistically significant between any of the groups.

TNF-α and VEGF have been reported to be involved in the
expression and secretion of MUC5AC,72 a major mucin
glycoprotein hypersecreted in asthmatic individuals.83,84

VEGF is also a potent stimulator of inflammation, as well
as airway and vascular remodeling.85 MCP-1α was slightly
increased in ALI exposed cells. The elevations of IL-17A,
MIP-1α, and MCP-1α following exposure to ABS emissions
could promote generation of other pro-inflammatory cyto-
kines and chemokines, which might lead to the migration and
infiltration of neutrophils and monocytes/macrophages to the
inflammation site, as has been previously reported.86-88 In
addition, IL-17A can synergize with other proinflammatory
cytokines such as TNF-α and IFN-γ,89 which were found to be
increased in our exposure model as well.

The dysregulation of pro- and anti-inflammatory cytokines
and chemokines is a central aspect in the promotion of
inflammation.90,91 However, the distinction between pro- and
anti-inflammatory effects is not entirely clear mainly due to
pathway interactions and their dual pro- and anti-
inflammatory effects.90 Therefore, it is often difficult to use
cytokines levels as a diagnostic tool.

There are several commercially available exposure sys-
tems92-99 largely used in the field of in vitro inhalation tox-
icology to test a variety of airborne substances, such as
nanoparticles, gases, and complex mixtures. These air-liquid
interface cell exposure systems100-104 have been used for
aerosolization of NP-containing liquid aerosols. The deposi-
tion rates are known to vary among these exposure systems.
From the total aerosolized amount in nebulizers, reported
particle deposition ranged between 0.037% for aerosolized
polystyrene particles/well in one system,104 0.157% in the
other system,103 and 2.8% in the optimized exposure sys-
tem.105 Indeed, it has been found that in these systems, the
deposition is particle-dependent.104 We attempted to utilize
one of these systems in our studies; however, due to the
difficulty of delivering a reliable dose, we instead used the
exposure chamber developed for our animal exposure stud-
ies.24 Therefore, both our previous in vivo studies and the
current in vitro studies used the same exposure chamber.

Some advantages regarding the exposure method employed
in this study are that: (1) the cells were exposed to aerosols and
gases via “dry” dispersion (i.e., not previously collected in
liquid prior to dosing cells), which is comparable to the realistic
exposure scenarios of the proximal airway experienced by
humans including cell-chemical interactions, and faster uptake
kinetics of the test material;106 and (2) the cells were exposed to
emissions freshly generated during real-time 3-D printing
avoiding the “ageing” effect of long-term storage of NPs as has
been previously reported.107 With regard to the toxicological
effects, overall, the biological effects noted here resulted from
the exposure to the complex mixture composed of ultrafine
particles and volatile organic compounds.

This current acute ALI exposure study presented here is
phase one of our 3-D printer emissions studies. Results ob-
tained from this phase study showed that the currently used
ALI-based exposure chamber is promising for testing the
respiratory toxicity of 3-D printer emissions. To develop a
more sophisticated ALI exposure chamber system, some
structural changes are needed to include more sample ports,
optimized and validated to ensure a uniform particle depo-
sition throughout the chamber.

Conclusions

At the current experimental conditions, exposure of differen-
tiated NHBEs to ABS emissions does not affect epithelium
integrity, ciliation, and mucus production, nor induce cyto-
toxicity. However, after 4 hours exposure to ABS emissions, we
observed increased IL-7 secretion, and at 24 hours after ex-
posure, IL-17A, VEGF, IFN-γ, IL-12p70, TNF-α, and MIP-1α
compared to chamber control cells, which correlates with the
findings from our previous in vivo studies in rats. In conclusion,
both our in vivo and the ALI-based in vitro studies indicate that
the FFF 3-D printer emissions could induce minimal toxico-
logical effects. This study is significant as it is the first study to
evaluate the pulmonary toxicity of 3-D printer emissions using
an advanced human ALI organotypic airway tissue model
derived from primary normal bronchial epithelial cells and
compared current findings to previously published in vivo re-
sults, indicating that ALI-basedmodel could be a promising one
to predict 3-D printer emissions-induced toxicity in vitro.
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