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Abstract
Pulmonary fibrosis is a poorly understood pathologic condition. Carbon nanotubes (CNTs) are nanomaterials with potentials 
for broad applications. CNTs can induce pulmonary fibrosis in animals, a cause for concern for exposed workers and con-
sumers. Given the large number of CNTs available on the market and the seemingly infinite number of ways these particles 
can be modified in ways that may affect toxicity, in vitro models that can be used to quickly and effectively investigate the 
relative fibrogenicity of CNTs are much needed. Here we analyzed the fibrogenic potentials of six CNTs of varying physical 
properties and crystalline silica using two- and three-dimensional (2D and 3D, respectively) in vitro models. WI38-VA13 
human pulmonary fibroblasts were treated with CNTs or silica, with TGF-β1, a known inducer of fibroblast differentiation, 
as positive control. The cells were examined for fibrotic matrix alterations, including myofibroblast transformation, matrix 
remodeling, and matrix contraction. While all tested CNTs induced myofibroblast differentiation in 2D and 3D cultures, the 
3D culture allowed the examination of myofibroblast clustering, collagen deposition and rearrangement, cell division, and 
matrix contraction in response to fibrogenic exposures, processes critical for fibrosis in vivo. At 1 µg/ml, MWCNTs elicit 
higher induction of myofibroblast differentiation and matrix remodeling than SWCNTs. Among MWCNTs, those with the 
highest and lowest aspect ratios produced the largest effects, which were comparable to those by TGF-β1 and higher than 
those by silica. Thus, the 3D collagen-based model enables the study of matrix fibrotic processes induced by CNTs and 
silica particles directly and effectively.
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Introduction

Pulmonary fibrosis is a devastating pathologic condition 
caused by a buildup of scar tissue in the lungs, leading to 
destruction of lung architecture and respiratory failure. 
While pulmonary fibrosis often represents the common 
end-stage development in many respiratory disease condi-
tions, exposures to certain physical, chemical, and biological 

factors result in induced lung fibrosis. Of particular impor-
tance to occupational and environmental safety and health 
are the emerging and new fibrogenic materials that workers 
may encounter during the manufacturing process, and con-
sumers may be exposed to when using commercial products 
containing these materials (Donaldson et al. 2006; Dong 
and Ma 2015).

Carbon nanotubes (CNTs) are nanomaterials made of 
one-atom-thick graphene sheets in the form of single-walled 
(SWCNT) or multi-walled (MWCNT) cylindrical nanostruc-
tures. Owing to their excellent mechanical strength, thermal 
conductivity, and electrical and optical properties, CNTs 
have been developed with a wide range of applications for 
both industrial and commercial uses. As such, there have 
been largely increased annual productions of CNTs and 

 *	 Qiang Ma 
	 qam1@cdc.gov

1	 Receptor Biology Laboratory, Toxicology and Molecular 
Biology Branch, Health Effects Laboratory Division, 
National Institute for Occupational Safety and Health, 
Centers for Disease Control and Prevention, Morgantown, 
WV, USA

http://orcid.org/0000-0002-6379-9927
http://crossmark.crossref.org/dialog/?doi=10.1007/s00204-018-2306-9&domain=pdf


3292	 Archives of Toxicology (2018) 92:3291–3305

1 3

CNT-containing products worldwide in the recent decade 
(NSF 2011). However, their nanoscale size, fiber-like shape, 
and high respirability and biopersistence are often associ-
ated with fibrogenic and tumorigenic activities observed in 
toxic fibers such as asbestos. Indeed, many forms of CNTs 
have been shown to cause pulmonary fibrosis in laboratory 
animals (Dong and Ma 2016c, 2017a, b; Dong et al. 2015; 
Mitchell et al. 2007; Porter et al. 2010).

A majority of the studies investigating the toxicity of 
CNTs focus on the potential of these nanomaterials to induce 
fibrosis in animal models (Dong and Ma 2015). However, 
animal testing is expensive and time consuming. Given the 
vast number of CNTs available on the market and the seem-
ingly infinite number of ways these particles can be modified 
that may affect toxicity, in vitro models that can be used 
to quickly and efficiently investigate the relative toxicity of 
different CNTs would be an invaluable asset. Such in vitro 
systems would need to reflect the in vivo pulmonary fibrotic 
processes induced by CNTs with regard to key properties 
and dynamics of fibrotic development (Duffield et al. 2013). 
This has been a very challenging task to investigators hoping 
to characterize the fibrogenic potentials of CNTs and CNT-
containing materials.

CNT-induced fibrotic lesions bear certain similarity to 
those observed in pneumoconiosis and idiopathic pulmonary 
fibrosis (IPF), diseases that are frequently progressive and 
incurable. In these scenarios, the hallmark of fibrosis is the 
excessive deposition of collagen fibers in the extracellular 
matrix (ECM) that leads to alveolar and airway remodeling, 
matrix contraction, and progressive scarring of the lungs, 
and eventual loss of lung compliance (Dong and Ma 2016b; 
Duffield et al. 2013). At the cellular level, the fibrotic devel-
opment depends on the activation and differentiation of 
fibroblasts to myofibroblasts. Myofibroblasts are character-
ized by their high capacity of collagen production and their 
de novo synthesis of α-smooth muscle actin (α-SMA) that 
incorporates into stress fibers for enhanced cell contraction. 
These cells are responsible for producing a major portion 
of collagen and other matrix proteins in fibrotic foci and for 
mediating the contraction of fibrotic tissues (Van De Water 
et al. 2013).

Formation of fibrotic matrix involves complex and 
dynamic interactions of fibroblasts and myofibroblasts with 
their surrounding environment. Upon activation, lung fibro-
blasts migrate to the site of injury where they proliferate 
and differentiate into myofibroblasts. These myofibroblasts 
actively remodel the matrix by secreting copious amounts 
of collagen and other fibrotic matrix proteins, rearranging 
collagen fibers, and contracting the matrix, which increases 
the stiffness of the matrix leading to scar formation. The 
matrix plays a prominent role in the continued activation 
of myofibroblasts and the progression of fibrosis (Blaau-
boer et al. 2014; Liu et al. 2010; Marinkovic et al. 2012). 

The matrix directly contributes to the signal transduction 
that regulates various aspects of fibrotic responses, such as 
activation of the latent form of tissue transforming growth 
factor (TGF)-β1. Increased stiffness also directly stimulates 
fibroblasts to proliferate and to migrate toward foreign body 
deposits through a process called durotaxis. In this manner, 
fibroblasts and their matrix form a positive feed-forward 
loop to foster and sustain fibrotic progression.

In this study, human pulmonary fibroblasts were exposed 
to CNTs of varying physical properties and crystalline silica 
to evaluate their fibrogenic potentials by using in vitro sys-
tems that mimic in vivo fibrotic responses. The fibrogenic 
potentials of these particles were first examined for their 
ability to induce myofibroblast activation in a two- or three-
dimensional (2D and 3D, respectively) model. Importantly, 
the 3D collagen gel made it possible to examine directly 
the morphology, process formation, and behaviors of myofi-
broblasts, as well as their interactions with particulates and 
other cells, in three dimensions. Moreover, the 3D culture 
enabled the visualization and quantification of myofibroblast 
clustering, collagen deposition and rearrangement, cell divi-
sion, and matrix contraction in response to CNT exposures. 
At an equal concentration, MWCNTs elicited higher induc-
tion of myofibroblast differentiation and matrix remodeling 
than SWCNTs, and among the MWCNTs, those with highest 
and lowest aspect ratios produced the largest effects, which 
were comparable to those by TGF-β1 and higher than those 
by silica. These findings demonstrate that 3D collagen-based 
model can be used to study matrix fibrotic processes induced 
by CNTs and silica directly and effectively.

Materials and methods

Cell culture

The human pulmonary fibroblast cell line WI38-VA13 was 
acquired from ATCC (Manassas, VA, USA). Cells were 
maintained in minimum essential medium-α supplemented 
with 10% fetal calf serum (FCS), and 1× antibiotic–anti-
mycotic (ThermoFisher Scientific, Waltham, MA, USA). 
Cultures were maintained at 37 °C in a humidified 5% CO2 
incubator.

Sources and characterization of CNTs and silica

CNTs of various dimensions were acquired to examine their 
fibrotic potential. CNTs were given labels based on their 
physical dimensions and rigidity. MWCNTs with relative 
physical dimensions of long and slender (M-LS), intermedi-
ate (M-IM), and short and slender (M-SS), were purchased 
from Sigma Aldrich (St. Louis, MO, USA). XNRI MWNT-7 
was originally from Mitsui & Company (Tokyo, Japan) and 
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were considered short and rigid (M-SR) based on previous 
characterizations (Dong et al. 2015; Duke et al. 2017; Porter 
et al. 2010). SWCNTs of both long (S-L) and short (S-S) 
lengths were also purchased from Sigma Aldrich. Crystalline 
silica (Min-U-Sil 5) was from US Silica (Berkeley Springs, 
WV, USA).

Properties of the particulate materials used are summa-
rized as the following. Briefly, M-LS have an average diam-
eter of 12 nm, an average length of 10 µm, and a specific 
surface area of 200 m2/g. M-IM have an average diameter of 
10 nm, an average length of 3–6 µm, and a specific surface 
area of 280–350 m2/g. M-SS have an average diameter of 
9.5 nm, an average length of 1 µm, and a specific surface 
area of 300 m2/g. M-SR have an average diameter of 49 nm, 
an average length of 3.68 µm (Porter et al. 2010), and a spe-
cific surface area of 22 m2/g (Birch et al. 2013). For SWCNT 
samples used, S-L have a diameter of 0.7–1.1 nm, a length of 
0.3–2.3 µm, and a specific surface area of 700 m2/g (Teran 
2016), whereas S-S have a diameter of 1–2 nm, a length 
of 0.5–2 mm, and a specific surface area of 480 m2/g. The 
aspect ratios were substantially higher for the SWCNTs, as 
well as M-LS, followed by M-IM and M-SS, and lastly by 
M-SR. The MIN-U-SIL 5 silica has 97% of the particles 
within 5 µm with a median diameter of 1.6 µm. The specific 
density of the particles is 2.65 and their content for silicon 
dioxide (SiO2) is 99.2% and content for iron oxide (Fe2O3) 
0.035%.

All particulate inducers were dispersed in culture media 
with 1% FCS at a stock concentration of 2 mg/mL by vortex 
(three times, 2 min each) and sonication (three times, 30 s 
each; 40% output; Ultrasonic Processor, GE 70T, Fisher Sci-
entific, Pittsburgh, PA). Stock solutions were further diluted 
with the culture media and sonicated immediately before 
use. Vehicle control (VC) samples were treated with an equal 
amount of the dispersion medium (media with 1% FCS) to 
establish a baseline response and validate that there was no 
effect on the cells from the dispersion medium.

Suspended CNTs were imaged using transmission elec-
tron microscopy (TEM). Stock samples as prepared above 
were further diluted in double distilled H2O to 1:300 for 
most of the samples. M-IM and M-SS were further diluted 
to 1:600 to obtain images of single fibers. One drop of the 
diluted samples was placed onto a formvar-coated 200 mesh 
copper grid and allowed to dry overnight. The samples were 
imaged in a JEOL 1400 TEM (Tokyo, Japan) at 80 kV.

Flow cytometry and immunofluorescence staining

Fibroblasts were treated with vehicle, various particulate 
inducers (1 µg/mL), or TGF-β1 (2 ng/mL; Sigma Aldrich), 
a positive control for myofibroblast differentiation, for 24 h 
before being trypsinized and stained in preparation for flow 
cytometry analysis of α-SMA expression. Briefly, after 

trypsinization, cells were centrifuged at 300×g for 10 min, 
fixed in cold 0.01% formaldehyde and permeabilized in 0.5% 
Tween 20 (v/v in phosphate buffered saline or PBS). Cells 
were then washed three times with cold PBS, followed by 
centrifugation at 300×g for 5 min, before being incubated in 
a 1:500 dilution of a monoclonal α-SMA antibody (Sigma 
Aldrich) in permeabilization buffer. After thoroughly wash-
ing cells in cold PBS, cells were incubated with Alexa 488 
goat α-mouse secondary antibody (A11001, ThermoFisher) 
in permeabilization buffer. Cells were then washed in cold 
PBS, resuspended in 1% formaldehyde, and stored for less 
than 2 h before analysis using a LSRII Flow Cytometer (BD 
Sciences, San Jose, CA, USA). Staining controls were per-
formed using IgG that matched the primary antibody. For 
each sample, 10 × 104 events were acquired and the same 
instrument settings were used for each experiment. Initial 
gating and analysis were performed using the FACSDiva 
software (Version 6, San Jose, CA, USA). Dot plots were 
generated using Flowing Software (Version 2.5.1, Perttu 
Terho, Turku Center for Biotechnology, Turku, Finland).

Immunofluorescence staining for 2D and 3D cultures was 
performed using standard procedures. After 24 h incubation 
with fibrotic inducers, samples were fixed in 4% formalde-
hyde, permeabilized in 0.5% Triton X-100, and stained over-
night at 4 °C with TRITC Phalloidin (Sigma Aldrich) and 
monoclonal anti-α-SMA antibody (Sigma Aldrich). Second-
ary antibody (Alexa 488 goat anti-mouse) was used at a final 
dilution of 1:1000 and samples were mounted in Vectashield 
mounting media with DAPI (Vector Labs, Burlingame, CA, 
USA). Samples were imaged using a Zeiss 780 confocal 
microscope with a Plan-Apochromat 63×/1.40 Oil DIC M27 
objective. The full depth of the cell monolayer was imaged 
at a z-step of 0.5 µm. The average cellular α-SMA content 
was analyzed using Image J software (Version 1.5.1 g, NIH, 
Bethesda, MD, USA). For each treatment, 50 cells were 
evaluated for α-SMA quantification.

For 3D samples, staining was performed on small sec-
tions cut from collagen constructs generated as described 
and images were obtained using a Zeiss 780 confocal micro-
scope with an EC Plan-Neofluar 40×/1.30 Oil DIC M27 
objective and 100 µm sample images were taken at 1 µm 
z-step intervals. The cellular α-SMA content was analyzed 
and surface projections were generated using IMARIS soft-
ware (Version 8.4.1, Bitplane, Zurich, Switzerland).

Histopathology

Collagen solutions containing cells and particles were pre-
pared. After the cells were allowed to remodel the colla-
gen matrix for 48 h, the samples were fixed in 4% formalin, 
embedded in paraffin blocks, and processed for Masson’s 
trichrome staining or immunohistochemistry staining 
as described previously (Dong and Ma 2017b). Images 
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obtained at 10× magnification (UPlanFLN 10×/0.30 Ph1) 
were used for collagen staining, cell cluster number, and cell 
cluster area analysis. Images of the same area obtained at 
100× (UPlanSApo 100×/1.40 oil) magnification were used 
for collagen fiber orientation analysis. The relative amount 
of collagen staining was analyzed in ImageJ. As an analo-
gous measure to fibrotic foci measurements in biopsy sam-
ples from lung samples, we evaluated the number of “cell 
clusters”. For this purpose, a “cell cluster” was defined as a 
group of three or more cells that share a surrounding reor-
ganized collagen matrix, as indicated by visible changes in 
the collagen staining pattern. The total number of cell clus-
ters per square millimeter was calculated from images across 
three separate samples. The total cell cluster area was calcu-
lated using ImageJ. A region of interest was drawn around 
each cell cluster, including the surrounding altered matrix, 
and the area measured. The sum was then used to calcu-
late the cell cluster area as a percentage of the total imaged 
area. For IHC staining analysis, 20× and 100× magnification 
images were obtained and the percentage of cells expressing 
Ki67 determined using ImageJ.

Gel contraction assay and collagen fiber orientation 
analysis

Gel contraction assays were carried out as described previ-
ously (Lygoe et al. 2004). Briefly, fibroblasts were combined 
with 1 mg/mL Type I rat tail collagen (Corning, Corning, 
NY, USA) at a density of 1 × 105 cells/mL and the collagen 
solution was neutralized with 0.1 N sodium hydroxide. For 
treated samples, particulate inducers (1 µg/mL) or TGF-β1 
(2 ng/mL) were added directly to the collagen/cell solution 
and briefly vortexed to ensure an even distribution of the 
particulates throughout the samples as described previously 
(MacDonald et al. 2005). A volume of 0.5 mL of the solu-
tion was added to a 24-well plate. After the collagen was 
allowed to polymerize in a humidified incubator for 30 min, 
the gels were detached from the plate by gently running a 
200 µL pipet tip around the circumference of the gel. Plates 
were imaged at 0, 24, and 48 h thereafter and the percent 
contraction was calculated by measuring the change in gel 
diameter. Samples were poured in triplicate for each treat-
ment and the experiment was replicated three times.

To analyze the physical changes made to the collagen 
matrix after cells are treated with CNTs, we used the Orien-
tationJ plug-in for ImageJ to calculate the coherency coef-
ficient of the collagen fibers in treated samples. OrientationJ 
measures the orientation angle of fibers in each image and 
calculates the coherency coefficient as a value between 0 
and 1. A coherency coefficient of 0 indicates no preferential 
orientation angle in the fibers, as seen in essentially ran-
domly oriented samples and with no significant alignment 
along any direction. A coherency coefficient of 1 indicates 

a strong preferential orientation angle (Puspoki et al. 2016; 
Rezakhaniha et al. 2012). In other words, a group of fib-
ers with a coherency coefficient of 1 are strongly aligned 
in a single direction. For each image, the alignment of the 
collagen in the area immediately surrounding the cells, but 
excluding the cells, was measured. Five measurements were 
taken for each image, with 3 images taken per sample across 
3 samples for a total of 45 measurements.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
software (Version 7.02, GraphPad Software Inc., La Jolla, 
CA, USA). All experiments were performed in triplicate 
and experiments were repeated three times. Data are pre-
sented as mean ± SD. Statistical significance was determined 
using one-way ANOVA followed by a Tukey post-test for 
between sample comparisons. *, p < 0.05; **, p < 0.01; and 
***, p < 0.001.

Results

Characterization of particulate inducers

CNTs of various physical dimensions and crystalline silica 
particles were acquired in order to measure and compare 
their fibrogenic potentials in an in vitro model of tissue 
fibrosis. Their physical dimensions and characteristics were 
provided under “Materials and methods”. The dimensions 
and appearances in solution of the CNTs were assessed 
using TEM (Fig. 1). M-LS had a relatively long and slender 
appearance, with some single fiber tangles or fiber aggre-
gates observed. M-IM appeared to have more variability in 
length. M-SS were likely to form aggregates; in some cases, 
fibers were wrapped around each other, forming a rope-like 
structure. M-SR were visibly thicker and thus more rigid 
than the other MWCNTs. Additionally, few individual fiber 
tangles or fiber aggregates were observed for M-SR. Both 
S-L and S-S formed rope-like structures as described for 
M-SS fibers, even at higher dilutions and with increased 
sonication.

CNTs and crystalline silica induced robust α‑SMA 
expression in fibroblasts

A hallmark of fibrogenic responses is the transformation of 
fibroblasts to myofibroblasts, which can be identified by their 
de novo synthesis of α-SMA. A human pulmonary fibroblast 
cell line (WI38-VA13) was tested for induction of α-SMA 
in a 2D culture using flow cytometry, which allows for the 
analysis of individual cells in a large cell population with 
high efficiency. TGF-β1, a potent inducer of fibrosis and 
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α-SMA expression, was used as a positive control (2 ng/
mL). Respirable crystalline silica causes silicosis in humans 
upon inhalation, and is therefore included for comparison 
with CNTs for their fibrogenic activities. The concentra-
tions used for TGF-β1 and each particulate inducer were 
first evaluated individually in concentration–response stud-
ies, from which a concentration at 1 µg/mL was chosen for 
all particulate inducers to produce optimal induction.

TGF-β1-treated cells had the highest percentage of 
cells expressing α-SMA. Figure 2a–i shows representative 

dot plots for the treatment groups and Fig. 2j presents the 
average percentage of α-SMA-positive cells. After 24 h of 
treatment, nearly all TGF-β1-treated cells were positive for 
α-SMA expression, whereas < 1% of VC cells expressed 
α-SMA, revealing a high sensitivity and specificity of the 
assay. An average of 72% of silica-treated cells were posi-
tive for α-SMA expression. This result indicates that silica 
potently induces α-SMA expression, which is consistent 
with the notion that crystalline silica is a strong inducer of 
fibrosis in humans and animal models. For each CNT treat-
ment, there was a significant increase in α-SMA-expressing 
cells compared with VC. For each of the MWCNTs tested, 
greater than 75% of the cells were positive for α-SMA, 
higher than that of silica. M-LS and M-SR had the highest 
percentage of positive cells, at 89 and 85%, respectively. S-L 
and S-S SWCNTs had 69 and 72% α-SMA-positive cells, 
comparable to silica treatment, but significantly lower than 
TGF-β1 or M-LS. Therefore, CNTs directly stimulate robust 
myofibroblast activation at levels comparable to TGF-β1 and 
higher than silica in this quantitative in vitro assay by flow 
cytometry.

CNTs and silica induced localization of α‑SMA 
to stress fibers

Contraction by myofibroblasts is mediated through con-
tractile stress fibers containing newly synthesized α-SMA, 
which increases the cells’ contractile ability. Hence, local-
ized expression of α-SMA to stress fibers and the appear-
ance of thick, contractile stress fibers are two functional 
markers of myofibroblast transformation. Cells were probed 
for α-SMA (green) and F-actin (red) in order to determine 
the localization of α-SMA and changes in cytoskeleton. 
As expected, VC cells showed no detectable expression of 
α-SMA, whereas cells treated with TGF-β1 had substantially 
increased α-SMA staining, as shown in Fig. 3a and quanti-
fied in Fig. 3b. Moreover, TGF-β1-treated cells exhibited 
an increased number of thick, contractile stress fibers (indi-
cated by white arrowheads) compared with VC. Localiza-
tion of α-SMA to stress fibers can clearly be observed in 
the merged channel image where yellow marks the overlap 
between α-SMA and F-actin channels (indicated by cyan 
arrowheads). Therefore, TGF-β1-treated fibroblasts differ-
entiated into highly contractile myofibroblasts.

All CNTs, as well as silica, increased the expression of 
α-SMA compared with VC, with M-LS having the high-
est induction (Fig. 3a, b). M-LS-treated fibroblasts also had 
an increased number of contractile stress fibers contain-
ing α-SMA. Other MWCNTs induced variable amounts of 
α-SMA expression, appearance of contractile fibers, and 
localization of α-SMA to stress fibers, which were less in 
intensity than M-LS, but comparable to silica and higher 
than SWCNTs. The differences among different CNT 

Fig. 1   Transmission electron microscopy of CNTs. TEM was per-
formed on stock solutions of CNTs diluted in double distilled water. 
Shown are individual fibers and, in some cases, tangles or aggregates 
that are representative of these samples, especially, M-LS, M-IM, and 
M-SS. Final magnification of the images is ×10,000. Scale bars are 
400 nm. Dimensions of particulate inducers are listed as the follow-
ing: M-LS has an average diameter of 12  nm, an average length of 
10 µm, and a specific surface area of 200 m2/g; M-IM has an aver-
age diameter of 10 nm, an average length of 3–6 µm, and a specific 
surface area of 280–350  m2/g; M-SS has an average diameter of 
9.5  nm, an average length of 1  µm, and a specific surface area of 
300 m2/g; M-SR has an average diameter of 49 nm, an average length 
of 3.68 µΜ, and a specific surface area of 22 m2/g; S-L has a diameter 
of 0.7–1.1 nm, a length of 0.3–2.3 µm, and a specific surface area of 
700 m2/g; and S-S has a diameter of 1–2 nm, a length of 0.5-2 mm, 
and a specific surface area of 480 m2/g. The MIN-U-SIL 5 silica has 
97% of the particles < 5 µm, a median diameter of 1.6 µm, a specific 
density of 2.65, and silicon dioxide (SiO2) content of 99.2% and iron 
oxide (Fe2O3) content of 0.035%
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treatments are more pronounced and reaches statistical 
significance as measured by immunofluorescence staining 
(Fig. 3b). Silica induced α-SMA expression and stress fiber 
formation at levels comparable to those of M-SS and M-SR. 
Together, these data indicate that CNTs and silica not only 
stimulated α-SMA expression, but also induced its incorpo-
ration into the stress fibers and increased contractile stress 
fibers, and these changes in cytoskeletal structure can be 
distinguished among different nanoparticles.

Induction of α‑SMA in 3D culture by CNTs and silica

In traditional 2D systems, cells interact with the inducers 
only on their surface bathing in the medium and cell–cell 
interactions are limited to those between adjacent cells 
through their sides of direct contact, which deviates from 
in vivo scenarios. On the other hand, fibroblasts cultured in a 
3D matrix extend their processes in three dimensions, which 
effectively increases the cellular surface area and, more 
importantly, allows cells to receive signals in all directions 
and from distance, which mimics the cell microenvironment 
in vivo. Therefore, we set out to establish a 3D culture of 
myofibroblast differentiation.

A collagen-based gel matrix was used to create a 3D cul-
ture in which fibroblasts and inducers were evenly distrib-
uted. Expression of α-SMA was measured for myofibroblast 
differentiation by immunofluorescence imaging (Fig. 4). 
As expected, VC-treated cells had very little expression of 
α-SMA with a RFU of merely 0.1. Treatment with TGF-
β1 induced a marked increase in α-SMA expression to 
28.1 RFU. Cells treated with CNTs also expressed signifi-
cant amounts of α-SMA. M-LS-treated cells had a relative 
expression of 27.8 RFU, M-IM 18.5, M-SS 20.1, and M-SR 
25.4. Both SWCNTs induced less intense α-SMA expression 
than MWCNTs. Induction by silica was similar to that by 
M-SR. Therefore, the 3D collagen construct model used here 
allows quantification of myofibroblast activation and differ-
entiates among CNTs and silica for their inducing activity.

To visualize cell morphology, and cell–cell and 
cell–matrix interactions in three dimensions, representative 
images of collagen constructs stained for α-SMA were used 
to generate surface projections (Fig. 5). Projections were 
generated using the F-actin channel to ensure that the entire 
cell body was captured in the surface projection and indi-
vidual cells were color-coded according to the intensity of 

α-SMA staining. The color coding ranges from dark blue, 
indicating no staining, to red, the most intense staining. Pan-
els on the left are the 3D surface projections as imaged, 
while panels in the right hand column are the images as 
seen from the z-axis, which allows the observation of how 
cells interact with each other in all dimensions. The general 
morphology of the cells is typical of that seen in fibroblasts 
in 3D cultures. The cells form processes which often con-
tain focal adhesions and other cell adhesion complexes that 
enable the cells to “feel”, manipulate, and anchor themselves 
to the surrounding matrix (Doyle and Yamada 2016).

Three features of the cells are readily seen from these 
images. First, these images generate a visual representa-
tion of the quantitative data presented in Fig. 4 for α-SMA 
expression. VC cells are color-coded as dark blue, indicating 
no α-SMA staining. Cells treated with either TGF-β1, M-LS, 
M-SS, or M-SR had significant numbers of cells color-coded 
red, with nearly no cells at the lower end of the spectrum, 
indicating high amounts of α-SMA staining. Cells treated 
with M-IM are in the light blue to orange range of the spec-
trum, while SWCNT-treated cells are mainly in the blue to 
green range of the spectrum with a small fraction of cells 
in red, indicating an overall low level of α-SMA staining. 
Cells treated with silica exhibited red, yellow, and green 
colors, at levels comparable to those in M-LS, M-IM, or 
M-SR-treated cells. Second, the panels on the right, showing 
the z-axis view, reveal that cells in different focal planes of 
the collagen construct are interacting with each other, with 
processes extended throughout the depth of the image, as 
expected from a 3D culture. Third, cells with similar levels 
of α-SMA staining tend to cluster together, as is especially 
evident in the red and green clusters of cells. This could 
indicate local release of TGF-β1 or other signaling factors 
from cells directly interacting with CNTs, or a local change 
to the collagen matrix which affects nearby cells, resulting in 
a feed forward loop of myofibroblast differentiation among 
nearby cells.

CNTs and silica induced remodeling of collagen 
matrix

To examine myofibroblast–matrix interactions and their 
modulation by CNTs in 3D culture, the collagen matrix was 
visualized using Masson’s trichrome staining and analyzed 
for fibrotic-like properties. Representative images are shown 
in Fig. 6a. The amount of collagen staining in the sam-
ples, which reflects both elevated collagen deposition and 
increased collagen bundling, was quantified and is presented 
as the average staining intensity (Fig. 6b). Cells treated with 
either TGF-β1 or CNTs showed markedly increased collagen 
staining surrounding the cells. Samples treated with M-LS 
had the highest amount of collagen staining, followed by 
samples treated with M-SR, then by samples treated with 

Fig. 2   Flow cytometry measurement of α-SMA expression. a–i 
Representative histograms of α-SMA expression in fibroblasts as 
measured by flow cytometry are shown. j The average percentage of 
α-SMA-positive cells was calculated for each treatment across three 
separate experiments. As M-LS had the highest induction among 
particulate inducers, statistical comparison between M-LS and each 
other particulate inducer is shown to indicate differential induction of 
α-SMA. *p < 0.05; **p < 0.01

◂
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silica, TGF-β1, M-IM, and M-SS; and lastly by samples 
treated with S-L and S-S. Notably, areas with increased col-
lagen staining corresponded with the presence of CNT fibers 
and aggregates nearby (indicated by arrowheads).

The relative alignment of collagen fibers in the area 
immediately surrounding the cells was determined using the 
OrientationJ plugin for ImageJ, where a higher coherence 
coefficient corresponds to a higher level of collagen align-
ment (Fig. 6c). All treatment groups showed an increase 
in collagen fiber alignment compared to VC control. Con-
structs treated with M-LS had the highest coherence with a 
coherence coefficient of 0.16 ± 0.013, which is significantly 
higher than those of constructs treated with any of the other 
CNTs. These results indicate that CNTs and silica induce 
fibroblasts to alter the surrounding collagen matrix and this 
effect varies among CNTs with different physicochemical 
properties, with M-LS producing the highest effect on col-
lagen realignment.

Samples treated with CNTs had an increase in the num-
ber of cell clusters, which appear analogous to early stage 
fibrotic foci seen in lung samples from CNT-exposed ani-
mals. For the purpose of this study, cell clusters were defined 
as 3 or more cells that shared an extended and visibly altered 
collagen matrix, as can be clearly distinguished in the 100× 
magnification panels of CNT-treated samples in Fig. 6a. 
Quantification of the cell clusters is expressed as the num-
ber of cell clusters per mm2 (Fig. 6d), as well as the cell 
cluster area, i.e., the percentage of the cluster area in the 
total sample area (Fig. 6e). VC control samples had only 
minimal cell clusters. Similar to collagen staining and col-
lagen coherence, samples treated with TGF-β1 or particulate 
inducers had significantly increased cell cluster numbers and 
cell cluster area, with M-LS producing the highest effects, 
followed by M-SR, then TGF-β1, M-IM, M-SS, and silica, 
and lastly S-L and S-S. These data are qualitatively in line 
with the results for collagen staining and fiber alignment. 
Therefore, CNTs induced cells to alter the amount and struc-
ture of their surrounding collagen matrix and promoted the 
formation of cell clusters increasing both their number and 
size, a phenomenon analogous to the fibrotic focus formation 
observed in vivo.

Cell proliferation was investigated as a mechanism of 
cell cluster formation. Constructs were stained for Ki67 
expression using immunohistochemistry and counter-
stained with Masson’s trichrome (Fig. 7a, quantified in 
Fig. 7b). Control cells had a relatively low rate of Ki67 
expression (21.7%). Treatment with M-LS induced expres-
sion in the greatest number of cells, with 63% of cells 
expressing Ki67. Consistent with collagen fiber alignment 
and cell cluster analysis, M-LS-induced Ki67 expression 
was only slightly higher than M-SR treatment (58%), 
while M-IM treatment induced the lowest level of expres-
sion among MWCNT samples at 48%. Finally, SWCNTs 

Fig. 3   α-SMA expression and localization with stress fibers. Fibroblasts 
were treated as indicated for 24 h before being stained for α-SMA (green 
channel), F-actin (red channel), and DAPI (blue channel). a Representa-
tive images are shown. White arrowheads on the F-actin channel indicate 
areas containing contractile stress fibers and cyan arrows on the merged 
images indicate α-SMA localized to stress fibers. b α-SMA staining is 
presented in RFU as means ± SD from three separate experiments. Sta-
tistical comparison between M-LS and each other particulate inducer and 
between M-SS and M-SR is shown. *p < 0.05; ***p < 0.001
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induced a relatively modest level of Ki67 expression 
(29.7% and 32.7%). Silica increased Ki67 expression to a 
level similar to that by M-SR. Therefore, CNTs and silica 
increased cell proliferation, which in part contributes to 
cell cluster formation.

CNTs stimulated contraction of collagen gels 
by myofibroblasts

A gel contraction model where cells are allowed to freely 
contract the collagen matrix was used to examine CNT’s 
effect on matrix contraction, which is measured as the 
change in diameter of the collagen gel and is expressed as 
percent contraction. VC-treated cells had a baseline con-
traction of 20.5%, attributable to an intrinsic fibroblast 
contraction (Fig. 8). The optimal concentration for TGF-β1 
was determined to be 2 ng/mL, which induced contraction 
to 40.2%, more than double that of VC (Fig. 8). For each 
of the CNTs tested, a concentration range of 0.25–10 µg/
mL was examined and the highest gel contraction for each 
CNT was found to occur at the concentration of 1 µg/mL 
(Fig. 8, data not shown). Therefore, 1 µg/mL of particu-
lates was used to examine gel contraction.

M-LS induced 45.6% contraction, which is the high-
est contraction among all treatments and is significantly 
higher than cells treated with M-IM, S-L, S-S, or silica, 
or is higher than cells treated with M-SS and M-SR but 
without statistical significance (Fig. 8). SWCNTs produced 
significantly lower gel contraction than MWCNTs and S-S 
were only able to contract the gels by 24.7%, which is 
similar to VC. These results are qualitatively similar to the 
α-SMA induction data in 3D collagen constructs. There-
fore, myofibroblasts induced by CNTs and silica demon-
strate increased capacity to contract their matrix in this 
3D collagen model, which reflects the ability of CNTs and 
silica to stimulate fibrotic contraction in vitro.

Discussion

The potential of CNTs to cause fibrosis in lungs has been a 
major concern in occupational safety and health as well as 
consumer and environmental protection (Donaldson et al. 

Fig. 4   CNT induced SMA expression and morphology of fibroblasts 
in 3D culture. Cells were seeded at a density of 1 × 105 cells/mL in 
1 mg/mL Type I collagen. Particulate inducers (1 µg/mL) and TGF-
β1 (2 ng/mL) were also included in the collagen solution before being 
poured in a 24 well plate. After collagen polymerization, gels were 
freed from the edges of the plate and allowed to incubate for 48  h. 
Constructs were then fixed, polymerized, and stained for α-SMA 
(green channel), F-actin (red channel), and DAPI before being 
mounted in a photobleaching resistant mounting media with DAPI. a 
Representative images for each channel and each treatment are shown 
with merged images on right. b The relative intensity of α-SMA 
staining (RFU) was quantified using Imaris software. Data is pre-
sented as mean ± SD from three separate experiments. All treatments 
induced a significant increase in α-SMA expression compared with 
VC. As M-LS had the highest induction among particulate induc-
ers, statistical comparison between M-LS and each other particulate 
inducer is shown to indicate differential induction of α-SMA among 
particulate inducers. ***p < 0.001

▸
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2006; Dong and Ma 2015). However, investigating the 
fibrogenic potential of CNTs can be a time- and resource-
consuming process due to the lack of replicable, verified 
in vitro models. In vitro systems generally have the advan-
tage of being efficient, inexpensive, and adaptive for large-
scale screening in comparison with animal studies. But the 
in vitro models for fibrosis would need to account for a large 

role of the ECM in the fibrotic process and offer a way to 
measure the activation of myofibroblasts by both traditional 
biomarkers and functional changes, attributes that most con-
ventional in vitro systems do not possess. In addition, any 
in vitro model must be sensitive enough to detect differences 
in fibrogenic potential among CNTs. From this prospective, 
there has been a rapidly growing trend in using 3D cultures 

Fig. 5   α-SMA expression, 
morphology, and projections of 
fibroblasts in 3D culture. Cells 
were seeded in 1 mg/mL Type 
I collagen including particulate 
inducers or TGF-β1 before 
being poured in a 24-well plate. 
After collagen polymerization, 
gels were freed from the edges 
of the plate and allowed to 
incubate for 48 h. Constructs 
were then fixed, polymerized, 
and stained for α-SMA and 
F-actin before being mounted 
in a mounting media with 
DAPI. Z-stacks were acquired 
using confocal microscopy and 
images were analyzed using 
Imaris software. Surface projec-
tions were generated using the 
F-actin channels and surfaces 
were color-coded according to 
their relative α-SMA intensity. 
Images in the left column are 
the x–y plane projection, while 
images in the right columns are 
the x–z plane projection



3301Archives of Toxicology (2018) 92:3291–3305	

1 3

for biological screening and mechanistic analysis because of 
several apparent advantages to 3D assays. For instance, cells 
in 3D cultures form attachments to each other and to their 

surroundings in all dimensions (Baker and Chen 2012; Pam-
paloni et al. 2007; Ravi et al. 2015). 3D models also allow 
cells to interact with treatment agents across the entire cell. 

Fig. 6   Collagen matrix remodeling induced by CNTs. Collagen gel 
constructs were prepared as described for Fig. 3. The constructs were 
stained using Masson’s trichrome to visualize the collagen matrix. 
Shown are representative images at both ×40 and ×100 magnifica-
tions (a), quantification of collagen staining (b), collagen fiber ori-

entation (c), number of cell clusters (d), and cell cluster area (e), 
for each treatment. Data were collected in triplicate and is presented 
as mean ± SD. Statistical analysis was performed and shown as 
described for Fig. 1. *p < 0.05; **p < 0.01; ***p < 0.001
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Therefore, 3D cultures mimic the in vivo cellular environ-
ment for cell–cell, cell–matrix, and cell–inducer interactions 
better than many traditional 2D cultures. This feature of 3D 
cultures is especially important for studying diseases like 
fibrosis that has a large ECM component (Blaauboer et al. 
2014; Van De Water et al. 2013).

In this study, we identified and validated a collagen-based 
3D model as a potential in vitro model of pulmonary fibrosis. 
In this 3D system, induced differentiation of human pulmo-
nary fibroblasts to myofibroblasts, as well as the functions 
of the myofibroblasts and their interaction with their matrix 
and the particulate inducers, can be analyzed and visualized 
at cellular and molecular levels. To achieve this goal, human 
pulmonary fibroblasts were treated with 6 CNTs of varying 
physicochemical properties or silica, and their fibrogenic 
potentials were measured across several assays, including 
traditional 2D culture-based assays and a new, collagen-
based 3D system, in comparison with vehicle control and 
TGF-β1, a known inducer of fibrosis with high potency.

Differentiation of fibroblasts into myofibroblasts is a 
critical step toward fibrosis development and expression 
of α-SMA is a commonly used marker of myofibroblast 
formation (Dong and Ma 2016b). We used two different 
approaches to measure CNT’s ability to induce α-SMA 
expression in fibroblasts, i.e., flow cytometry, which quan-
tifies the inductive response in a large cell population, and 
immunofluorescence staining, which images and quantifies 
α-SMA localization and expression in single and group cells. 

Fig. 7   Ki67 Expression Induced by CNTs. Collagen gel constructs were 
prepared as described for Fig. 3. Cells were stained for Ki67 expression 
and the collagen matrix was visualized using a modified Masson’s Tri-
chome staining. Shown are representative ×100 magnification images (a). 
Image J was used to quantify the percentage of cells expressing Ki67 (b). 
Data were collected in triplicate and is presented as mean ± SD. Statisti-
cal analysis was performed and shown as described for Fig. 1. *p < 0.05; 
**p < 0.01; ***p < 0.001

Fig. 8   Collagen gel contraction assay. Collagen gel constructs were 
poured as described for Fig.  3 and fibroblasts were allowed to con-
tract the collagen gel for 48 h. Data were collected in triplicate across 
three separate experiments and presented as mean ± SD. Representa-
tive images of the contracted gels are shown at the bottom with red 
circles outlining the boundaries of contracted gels. Statistical analy-
sis was performed and shown as described for Fig.  1. **p < 0.01; 
***p < 0.001
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All CNTs tested induced expression of α-SMA in a signifi-
cant percentage of the cell population. However, MWCNTs 
induced expression to a greater degree than SWCNTs. Cells 
treated with CNTs expressed high levels of α-SMA that 
localized to cytoskeleton-associated stress fibers, which 
indicates myofibroblast activation. In these studies, quan-
tification of α-SMA reveals differential induction by TGF-
β1, each MWCNTs and SWCNTs, and silica compared with 
vehicle control, whereas imaging of α-SMA expression 
uncovers unique shapes and behaviors of myofibroblasts in 
3D cultures that mimic in vivo systems, such as the forma-
tion of contractile stress fibers and clustering of activated 
myofibroblasts.

Changes in the organization of the collagen matrix are 
integral components of wound healing and fibrosis, includ-
ing contributing to myofibroblast differentiation and acti-
vation (Tschumperlin et al. 2018; Xue and Jackson 2015). 
Certain changes to collagen fiber orientation, specifically the 
degree of fiber alignment, are associated with a more stiff 
matrix (Xu et al. 2011). We visualized and measured these 
changes to the collagen matrix using Masson’s trichrome 
staining. The intensity of collagen staining was significantly 
increased in samples treated with CNTs and silica, indicating 
increased synthesis and secretion of collagen from activated 
myofibroblasts. Moreover, cells treated with CNTs and silica 
organized their surrounding matrix to a significantly higher 
degree indicating induced fiber alignment and stiffness.

Increased stiffness of the matrix provides a ready scaf-
fold for potential cell migration through a process called 
durotaxis (Asano et al. 2017; Baker and Chen 2012). This 
phenomenon may play a role in the formation of the cell 
clusters observed in this study, which mimics the formation 
of fibrotic foci in vivo. In this scenario, once one cell is 
activated to a contractile myofibroblast and alters the sur-
rounding matrix, the resulting change in matrix tension may 
draw nearby cells to migrate toward the initially activated 
cell. Alternatively, proliferation of activated cells may be 
responsible for the formation of cell clusters (Chilosi et al. 
2006). Increased tension on the ECM releases latent TGF-
β1 from the matrix (Marinkovic et al. 2012), providing an 
additional mechanism for a feed forward loop between acti-
vated fibroblasts and the diseased matrix. Indeed, we found 
that CNT treatment significantly increased cell proliferation 
within cell clusters. As matrix contraction is a major process 
in fibrosis to lead to scarring, the contractile ability of cells 
treated with various CNTs was determined using a gel con-
traction assay, which allows the direct measurement of the 
contractile capabilities of a population of cells. Consistent 
with α-SMA expression, MWCNTs induced gel contraction 
to a greater degree than SWCNTs, with M-LS producing 
the greatest effect on gel contraction. Together, these par-
ticulate-induced changes in matrix remodeling, formation 
of cell clusters, and matrix contraction provide new insights 

into the nature of matrix–fibroblast interactions, an impor-
tant aspect of studying fibrotic responses induced by CNTs.

Previous studies have postulated that the aspect ratio of 
CNTs plays a role in CNT toxicity including lung fibrosis 
(Hamilton et al. 2013; Liu et al. 2016; Murphy et al. 2011; 
Sanchez et al. 2011; Sweeney et al. 2015), i.e., CNTs with a 
high aspect ratio would produce more apparent toxic pheno-
types than CNTs with lower aspect ratios. Our results agree 
with this prediction on M-LS, M-IM, and M-SS, but deviates 
on the CNTs with a very low aspect ratio, i.e., M-SR, which 
is short, thick, and rigid. Notably, these previous studies 
were performed in animals (Hamilton et al. 2013; Murphy 
et al. 2011), or on cultured macrophages (Sanchez et al. 
2011; Sweeney et al. 2015) or endothelial cells (Liu et al. 
2016), and with different CNTs, which may contribute to dif-
ferences in the results from different studies. Alternatively, 
Hamilton et al. (2013) observed that there was an increase in 
toxicity as either the diameter or the length of the MWCNT 
increased. The two MWCNTs with the highest induction of 
α-SMA expression in this study were those with the longest 
length, M-LS, and highest diameter, M-SR, which is consist-
ent with this notion. Therefore, length, diameter, and rigid-
ity are consistently found to be among the most important 
physical properties in determining the relative fibrogenicity 
of CNT fibers. Similar conclusions have been made by oth-
ers with respect to fibrosis in mouse lungs and tumorigenesis 
in mouse lungs and pleural space (Bussy et al. 2013; Duke 
and Bonner 2018; Duke et al. 2018; Nagai et al. 2011; Nagai 
and Toyokuni 2012).

Interestingly, though M-SR induced high expression of 
α-SMA and increased collagen staining and alignment, this 
did not correlate to a significant increase in matrix contrac-
tion. These findings suggest that M-LS and M-SR stimulate 
myofibroblast differentiation and activation via overlapping 
but distinguishable mechanisms, which deserves further 
investigation. Of the CNTs investigated here, M-SR is the 
most studied in vivo, where it has been shown to potently 
induce pulmonary fibrosis in rodent models. Notably, in 
these systems, M-SR dosing induced significant immune 
responses, activating leukocytes to produce an array of 
cytokines, chemokines, and growth factors (Dong and Ma 
2016a, 2018a, b). Further studies are needed to define and 
dissect phenotypic and mechanistic differences between 
M-LS and M-SR MWCNTs. Silica induced fibrotic changes 
that are comparable to those by M-SS and M-SR for many of 
the assays, which is consistent with their strong fibrogenic 
activity in the lungs (Dong et al. 2015, 2016).

The results of this study indicate that the 3D collagen-
based model allows for the investigation of the ability of 
CNTs to induce fibrosis in a defined and controlled envi-
ronment. This system is effective and versatile, allowing 
for the detailed examination of multi-aspects of cells and 
the collagen matrix in relation to fibrosis. In this study, we 
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demonstrated that the 3D collagen constructs can be fixed 
and stained for α-SMA for myofibroblast differentiation 
and functioning, whereas collagen matrix remodeling, cell 
clustering, and contraction within the matrix can be visu-
alized and quantified by tissue staining. This system can 
also be adapted for other types of fibrosis investigations. 
For instance, expression of particular matrix proteins 
and regulators can be examined in this 3D culture for the 
identification of biomarkers of exposure and pathogenesis. 
Macrophages and epithelial cells are known to contribute 
to fibrotic development and investigating how these cells 
contribute to fibroblast contractile ability in the 3D col-
lagen model with co-cultures of fibroblasts and the cells of 
interest would reveal new aspects of how these cells modu-
late fibrogenesis and fibrotic progression caused by CNTs, 
silica, and other particulate inducers in future studies.

In conclusion, the rapidly increased production and use 
of many types of CNTs, along with the findings from ani-
mal studies revealing fibrogenic potentials of some CNTs, 
call for effective and timely toxicological evaluation of 
CNTs, especially on their fibrogenic activities. Because 
of the large numbers of CNTs available on the market and 
numerous ways these nanomaterials can be modified in 
ways that may affect toxicity, in vivo animal testing is 
far from being capable of meeting this vastly increased 
demand, both economically and in terms of efficiency. 
Therefore, in vitro models that can be used to quickly and 
efficiently investigate the relative toxicity of CNTs would 
be invaluable. In this regard, induction of α-SMA expres-
sion in cultured cells is shown to be a quantitative and 
robust marker of myofibroblast differentiation, whereas the 
collagen-based 3D model is demonstrated to effectively 
evaluate the fibrogenic potentials of CNTs and particulate 
inducers by measuring the function and behaviors of acti-
vated myofibroblasts, as well as the production, remod-
eling, and contraction of the matrix, in vitro. Modification 
of these parameters by CNTs and their mode of action are 
dependent upon their physical dimensions, with the length, 
diameter, and rigidity as the most affecting factors.
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