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Abstract
Particulate matter (PM10)-induced respiratory illnesses are difficult to investigate in trans-well culture systems. Microphysi-
ological systems offer the capacity to mimic these phenomena to analyze any possible hazards that PM10 exposure poses 
to respiratory system of Humans. This study proposes an on-chip healthy human lung distal airway model that efficiently 
reconstitutes in vivo-like environmental conditions in a microfluidic device. The lung-on-chip model comprises a TEER 
sensor chip and portable microscope for continuous monitoring. To determine the efficacy of our model, we assessed the 
response to exposure to three PM environmental conditions (mild, average, and severe) and analyzed the relevant in vivo 
physiological and toxicological data using the airway model. Our results revealed significant increases in the levels of the 
IL-13, IL-6, and MUC5AC pathological biomarkers, which indicate increased incidences of on-chip asthma and chronic 
obstructive pulmonary disease conditions. Overall, we deduced that this model will facilitate the identification of potential 
therapeutics and the prevention of chronic life-threatening toxicities and pandemics such as COVID-19. The proposed system 
provides basic data for producing an improved in organ-on-chip technology.
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1 Introduction

Particulate matter (PM10) has become a chief distress due 
to its elevated levels in air, which correlate with the greater 
number of breathing illnesses in cosmopolitan cities. Epi-
demiological and toxicological studies indicate that particu-
late matter is a primary cause of lethal respiratory diseases 
and mortality at an early age [1]. Stress catalysts (PM10, 
smoke, Dust and chlorofluorocarbons CFC’s) in environment 
are convoluted in developing airway illnesses, i.e., chronic 
obstructive pulmonary disease (COPD), asthma and intersti-
tial lung diseases [2]. PM10 aggravates respiratory illnesses 

and affects bronchiolar and alveolar passages health. PM10 
resides in the human airways, and its deposition leads to seri-
ous respiratory illnesses, whereas PM2.5 is responsible for 
harming the circulatory system as it can cross the alveolar 
capillary barrier. Moreover, mounting evidence suggests that 
tumor necrosis factor-alpha (TNF-α) and interleukin-6 (IL-
6) are key factors causing inflammation of airways [3–5].

Exposure of allergens causes asthma which is linked with 
TH-2 inflammation along with IL-13. Key cytokines are the 
most important factors for inflammation and remodeling of 
this immune response [6]. Due to the lack of pathophysi-
ological relevance, animal models for respiratory diseases 
are being replaced with high-throughput microfluidic 
microphysiological systems (MPSs) [7]. The organ-on-chip 
technology is supportive for discovery of physiologically 
relevant organs. MPSs recapitulate human physiology at 
cellular level and access diseased and stressed conditions in 
biochemically and mechanically controlled dynamic fluid 
flow conditions [8].

The development of organ chips with the integration 
of real-time sensors has the potential to simultaneously 
mimic and monitor cell health [9, 10]. One of the cellu-
lar development monitoring techniques is trans-epithelial 
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electrical resistance (TEER), which determines cell pro-
liferation by electrical impedance across the epithelium 
[11]. Recently, the TEER system was used to analyze and 
measure integrity of monolayers of cells. For trans-well 
culture systems, this is a basic measurement technique; 
however, its integration into transparent microfluidic chips 
remains a challenge for the medical field. By techniques 
of conventional metal patterning cell culture chambers 
are erected on organ-on-chip microfluidic culture devices 
around electrodes and the integration of glass and poly-
meric substances [12–14]. The TEER electrode location 
effects the changes in TEER values in cultures [14–16]. 
Microfluidic chip design and simulations are also playing 
important role in symmetry of the cell and velocity of the 
fluids in microfluidic systems [17]. Microfluidic systems 
with embedded sensors are increasingly being developed 
owing to their rapid efficacy testing capacity; for example, 
strain sensors and humidity sensors for health tracking and 
production of implantable applications [18].

This study introduces a microphysiological system with 
a human lung distal airways-on-a-chip model, an ITO-
printed glass chip for TEER sensor along with inhouse 
built monitoring microscope for continuous monitoring for 
imaging as shown in Fig. 1a. To create daily human expo-
sure conditions to PM10, three different particulate matter 
concentrations (mild, average, and severe) were allowed to 
pass through the organ-on-chip after stable culture of dis-
tal airway cells on a chip as described in Fig. 1b. Inflam-
matory response in human small airway cells triggered 
by PM10 exposure represented impedance variations cor-
relating with analysis of confocal microscope of cytokine 
secretion, and reactive oxygen species (ROS) levels also 
showed degradation monolayer and its permeability by 
dose-dependent oxidative damage.

To test the exposure of particular matter, the platform 
was configured as shown in Fig. 1a, and the original image 
was displayed. The platform consisted of a peristaltic pump, 
media reservoir, bubble trap,  CO2/temperature control mod-
ule, microscope, and chip. After four days of stable culture 
of (SAEC’s, HPAEpiC’s) on the normal chip was observed, 
for the monolayer permeability. This evaluation by imped-
ance values was performed by the TEER sensor along with 
the real-time microscope. Twelve chips representing mild 
(7.50 μg/ml), average (37.55 μg/ml), and severe (151.5 μg/
ml) conditions of PM10 were exposed to the culture medium 
containing PM10 for a 8 h for 4 d of the working days to 
recapitulate the circadian exposure of the human lung to PM, 
and media was then traded with the medium not exposed to 
PM10. All chips were exposed to identical culturing condi-
tions (except for different PM concentrations), excluding the 
control chip (Fig. 1b).

2  Results and Discussion

2.1  PM Characterization

The PM10 analyzed in this study predominately comprised 
PAHs, dioxins, PCBs, zinc, cadmium, mercury, cobalt, and 
 SiO2. Moreover, SEM analysis confirmed that the particle 
size of the PM10 was < 10 μm, as shown in Fig. 2.

2.2  Barrier Integrity Demonstrated by Impedance 
Data

The impedance data of TEER sensor revealed a positive 
increase in values of barrier junctions along with confluency 
of cells after half hour on positive control chips. Impendence 
data further revealed escalation in confluency of epithelial 

Fig. 1  a Organ-on-chip platform 
attached with peristaltic pump 
and portable microscope, with 
controlled temperature and car-
bon dioxide; b particulate mat-
ter exposure scheme represent-
ing four different cases. The first 
case represents positive control 
with normal growth medium, 
case 2 represents the mild con-
dition with PM10 concentration 
of 7.5 μg/ml, case 3 indicates 
an average condition with a 
relatively high PM10 concentra-
tion (37.5 μg/ml), and a severe 
condition is indicated in case 4 
with high PM10 concentration 
of 151 μg/ml
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cell junctions. Confluency of stable cultures enhanced after 
4 days. The impedance value of the confluent monolayer 
was 930 Ω  cm2, consistent with average impedance values 
reported in a previous study (800–980 Ω  cm2) [8]. Specific 
values could be obtained from the lung-on-chip experi-
ment conducted in this study as the ITO-printed chip for 
TEER sensor facing straight the surface of the cells, several 
reports have demonstrated TEER impedance readings in 
trans-well cell culture systems, and the system integrated 
sensor approach was first introduced in our MPS, as shown 
in Fig. 3a.

2.3  Monolayer Membrane Integrity Epithelium 
Barrier Properties

Confocal microscopy was used for immunofluorescence 
analysis which revealed excellent growth environment pro-
vided by the platform. As a result, a complete monolayer 
of lung epithelial cells was constructed. Mucus-producing, 
ciliated pseudostratified epithelium cells were observed in 
the layer. Their predomination indicated fresh production 
and were characterized by epithelial cell markers with the 
help of MUC5AC for goblet cells and anti-β tubulin IV for 
ciliated cells, as shown in Fig. 3c. The evaluation of integrity 
and epithelial tight junction of the lung epithelial monolayer 
was achieved by stained cells on a glass chip with occludin 
antibody-conjugated Alexa Fluor 594 (Sigma), as shown 
in Fig. 3b. Confocal micrograph results indicate complete 
monolayer integrity along with no damage to morphology of 
lung epithelium in microfluidic platform. The results com-
plemented TEER sensor impedance values.

2.4  Damage to Barrier Integrity after PM Exposure

High concentration of PM disrupts barrier functions, as indi-
cated by the confocal micrographs in Fig. 4, while low PM 
concentrations (7.5 μg/ml) result in expression of epithelial 

cell junction markers on the control chip (Fig. 4a). Bar-
rier permeability loss was recorded at high concentrations 
(37.5 μg/ml and 151 μg/ml), as seen in Fig. 4b–d, previously 
indicated by TEER and cytokine analysis measurements. 
Real-time microscopy images showing low cell viability in 
PM-treated chips compared to the control chips are shown 
in Fig. 2 (Supplementary Data).

2.5  Confocal Microscopy of Ciliated Cells 
Dysfunction and Hyperplasia Goblet Cell

Respiratory disease patient secretes a protein molecule 
MUC5AC, which is a polymeric mucin MUC2 of a low 
charge glycoform. Moreover, inflammation leads to mucin 
hypersecretion which clogs airways causing COP and cystic 
fibrosis (CF) [19, 20]. Disruption of airway hemostasis in 
ciliated cells causes Goblet cell hyperplasia by shutting 
down clearance of mucociliary passage along with mac-
rophage activation. This ultimately results in chronic pul-
monary diseases (Fig. 5b–d). The high expression mucin 
(MUC5AC) was attributed to PM concentrations. The PM-
treated along with untreated (control) chip revealed increase 
in mucin production dependent on dose. This further 
strengthened the fact that exposure to PM causes asthma, 
COPD, along with hyper-responsiveness of the airway, while 
alternatively PM also limits the expression of anti-β tubu-
lin IV, decreased ciliary beating frequency and clearance of 
mucociliary (Fig. 5h). One of the most integral function of 
homeostasis in distal airway epithelial ciliated and goblet 
cells (Fig. 3b, c).

2.6  Reactive Oxygen Species Estimation

PM exposure causes damage to lung cells [21]. The most 
common airborne components in PM10 are Co, Ni, Cr, Mn, 
Zn, Cu, and Fe [22]. Iron (Fe) causes oxidative stress and 
assists the alteration of  (O2

−) superoxide anions and  (H2O2) 

Fig. 2  Scanning electron micro-
graph of PM10 components, 
namely ERM-CZ-100 organic, 
ERM-CZ-120 inorganic, respec-
tively, used in this study. Scale 
bar: 2 μm



308 BioChip Journal (2022) 16:305–316

1 3

hydrogen peroxide to  (OH−) hydroxyl ions [23]. PM10 expo-
sure leads to surfactant dysfunction along with dysfunction 
of pulmonary system [24], leading to epithelial cell damage 
and elevated vascular permeability. PM constitutes polyaro-
matic hydrocarbons (PAHs), predominantly benzo[a]anthra-
cene, benzo[b] fluoranthene, benzo[k]fluoranthene, and 
benzo[a] pyrene, which possess carcinogenicity, as stated 
by the International Agency for Research on Cancer (IARC) 
[25]. The PAHs triggers the inflammation in epithelial cells 
and macrophages. This produces ROS to trigger lipid per-
oxidation [26]. ROS measurement is done by 2′,7′ dichloro-
fluorescin diacetate (DCFDA) assay on conclusion of the 
experiment. The ROS level in the control chip containing 
the healthy live monolayer of lung epithelial cells was sig-
nificantly lower than the PM10-treated chips, while there is 
a relative elevation of ROS induction in the lung monolayer 
epithelial chips due to PM concentration. The control chip 
in Fig. 6a shows less fluorescence compared to Fig. 6b and 
c, and Fig. 6d indicates a decrease in fluorescence.

2.7  Mucin Release and Cytokine Analysis

Mucin is a major secretory glycoprotein with potential as 
a biomolecule to observe bronchioalveolar lavage and spu-
tum samples of asthmatic patients. In the PM-treated chips, 
mucin levels increased. Mucin secretion in serum media was 
measured to be dependent on time and dose. Bronchocon-
striction with decreased mucociliary clearance is a result of 
exposure to oxidative environment. Exposure of two days of 
high concentration PM, 400 pg/ml initiated mucin release, 
as shown in Fig. 7a.

IL-13 plays a critical role in the progression of asthma 
[27]. Moreover, it directly affects the epithelium layer of 
the human airways and is involved in causing respiratory 
tract inflammation, hyper-responsiveness of respiratory 
tract, hyperplasia of goblet cells, hypersecretion of mucus, 
and fibrosis of subepithelial layers, similar to that observed 
in the airway mucosa of individuals with asthma [28, 29]. 
Our experiment reports the high concentration of IL-13 in 

Fig. 3  a Impedance values of healthy lung epithelial junctions vs. 
experimental time. The blue line indicates the impedance values of 
the normal chip and shows a complete experimental impedance pat-
tern of the stability of tight junctions achieved on day 3. The red 
line shows the impedance values vs. time for a PM10 concentra-
tion of 7.5  μg/ml, indicating a slight drop in the impedance values. 
The green line represents the impedance values for a relatively high 
PM10 concentration (37.5  μg/ml). The orange line shows a signifi-

cant decline in the impedance values at a high PM10 concentration 
of 151 μg/ml. b, c Alveolar epithelium, AT type-I goblet cells stained 
with MUC5AC (Green) and AT type-II ciliated cells stained with 
Antiβ tubulin IV (Red; scale bar: 100 μm; a epithelial tight junctions 
stained with occludin conjugated Alexa Fluor 594; and b lung on chip 
showing epithelium, small lung airway, and alveolar epithelial goblet 
cells stained with MUC5AC (Green) and ciliated cells stained with 
anti-β tubulin IV (Red). Scale bar: 100 μm
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the media samples after 24-h exposure of PM10, and the 
extreme concentration was observed in samples with PM10 
concentration of 151 μg/ml, as shown in Fig. 7c. Although 
the IL-13 levels remained high after 72 h, they showed a 
decreasing trend until ceasing after 96 h (Fig. 7c).

Cytokine interleukin-6 (IL-6) is also an inflammatory 
biomarker in spite of being originally an efficient modula-
tor in triggering the immune responses [30]. The cytokine 
IL-6 is secreted from airway epithelium cells as an immune 
reaction as incidence of exposure to any allergen. Studies 
have recently determined that IL-6 plays an important role 
in the differentiation of effector  CD4+T cells as an adaptive 
immune response. Specifically, IL-6 suppresses Th1 and 
induces the differentiation of TH-2 to  CD4+T cells in sepa-
rate regulatory cytokine pathways [28]. Numerous studies 
have documented the collective role of IL-6 and TGF-β for 
the promotion of murine Th-17 cells, whereas several oth-
ers have suggested that IL-1β plays a more prominent role 
in promoting Th-17 [31, 32]. Our results indicated that lung 
epithelial cells release IL-6 in a damage-dependent man-
ner, and high concentration of PM stimulus also results in 
much higher concentrations of IL-6 with time also in the 
media sample. The extreme concentration of the cytokine 
was detected after third day of the PM exposure, after which 
it tended to decrease (Fig. 7b). The pattern of cytokine dis-
charge in the sample lung epithelial cells provided a very 
substantial information about the inflammation of the cells 
by PM10-induced stress in acute circumstances at 24 and 
48 h after exposure (Fig. 7b). A well-studied biomarker and 
a cytokine TNF-α is secreted as an immune response of 

PM-induced stressed conditions in human beings, which is 
secreted by parenchymal cells of lungs after ROS produc-
tion in mitochondria after damage to lung epithelial cells, 
leading to the activation of NF-kappa B signaling pathway. 
Figure 7 shows increased TNF-α concentrations at very high 
PM exposure levels. Conversely, the TNF-α levels at lower 
PM concentrations were comparatively low, and significant 
concentrations were only observed after 24 and 72 h of PM 
exposure (Fig. 7d) [33].

3  Discussion

This study reports establishment of a microphysiological 
system (MPS) for mechanical, environmental, chemical 
and toxicological analyses with efficient and robust abili-
ties. Our unique microphysiological system comprises a 
sensor embedded chip with detachable glass-based and a 
transparent ITO-printed TEER electrode, an inhouse built 
microscope for online monitoring of different environmental 
conditions. Our MPS is unique in a way owing to its capac-
ity to address previously reported limitations of this model.

The deadly respiratory illnesses such as asthma, COPD, 
and interstitial lung disease are mainly caused by PM envi-
ronmental stress globally. The study of real-time environ-
mental conditions is difficult in trans-well culture; therefore, 
drug development and efficient treatment for such harmful 
diseases leads to failure. Numerous studies have developed 
MPS for mimicking real-time phenomena; however, there 
have been several limitations, including lack of embedded 

Fig. 4  Confocal micrographs 
of epithelial tight junctions 
in the control and PM10 in 
the treatment chips: a lung 
epithelial tight junctions stained 
with occludin conjugated Alexa 
Fluor 594 showing intracellular 
junctions; b PM-treated chip 
with concentration of 7.5 μg/
ml showing some compromised 
integrity; c PM-treated chip 
with concentration of 37.5 μg/
ml showing intracellular barrier 
damage; and d high concentra-
tion (151 μg/ml) of PM-treated 
chip showing diminishing 
expression of occluding. Scale 
bar: 100 μm
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sensors and PDMS-based chips [34]. In the current study, 
we introduced a model with primary lung distal airway mon-
olayer on a glass chip, which provided the characterization 
of our MPS, system integrated sensors, and real-time micro-
scope. We attempted to mimic the disease conditions asso-
ciated with PM exposure, which was characterized by the 
biomarker detection of the secretory cytokine IL-6, TNF-α, 
IL-13, and mucin immunofluorescence analysis. Tight junc-
tions and barrier integrity of the healthy monolayer of distal 
airways on chips were determined by occludin expression. 

This milestone was accomplished by selecting three differ-
ent levels of PM set by daily climate control conditions of 
the country: good, fair, and bad, by following the exposure 
scheme of PM an individual can experience in working days. 
Earliest, we tried to validate the permeability of the lung 
airway monolayer with the help of immunofluorescence 
analysis by confocal microscopy and TEER. Then, we 
initiated exposure of the PM to produce PM stressed envi-
ronment in our microfluidic cell culture system with three 
distinctive concentrations for four days and daily exposures 
of eight hours. For toxicity evaluation, samples from cir-
culating media were collected 12 h after the first exposure 
and then after every 24 h, and impedance was determined 
every 30 min to characterize changes in the permeability of 
the epithelium. A software was installed in the computer to 
automatically record the results of the TEER and real-time 
microscope attached with our MPS.

Barrier junctions integrity was increased up to 80% 
for the first four days in all the experimental and control 
chips; according to the data from the TEER software, it is 
also demonstrated that PM-exposed chips showed compro-
mised permeability of the barrier after 12 h of exposure, 
and increasing toxicity leads to increased concentration of 
inflammatory signaling molecules evaluated later with the 
help of ELISA.

The conditions of diseased and normal treated were 
analyzed by immunofluorescence assay. Significant differ-
ences were observed in occludin expression. This impacted 
the barrier junctions of control and PM-treated chips. PM-
treated chips reveled boosted inflammation. Moreover, 
mucin and anti-β tubulin IV biomarkers specifically used 
for morphology analysis provided a complete overview of 
the experimental results. Asthmatic patients have mucin-
enriched lung epithelium cells. The ciliated cells function 
along with movement of mucociliary cells that stops due 
to pulmonary stress. Pulmonary stress further aggravates 
hyper-responsiveness. Mucin production is promoted by 
IL-13 by higher recruitment of eosinophil in the system. 
Cytokine inductions and release are promoted by exposure 
to PM in 24 h along with IL-13.

Mucin release is associated with IL-13, and proliferation in 
the absorption of mucin released from lung epithelial cells is 
evidence of the malfunctioning of ciliated cells that are convo-
luted in clearance of mucociliary. The graph of mucin ELISA 
complemented the fluorescent microscopic images and vali-
dated our MPS’s ability to recapitulate physiology of human 
at the alveolar level by displaying increasing concentrations 
of mucin at high concentrations of PM and long-lasting expo-
sure. Such biomarkers could be used to indicate increased inci-
dences of numerous disorders in our sophisticated and auto-
mated MPS model. Interleukin-6 is an inflammatory cytokine 
formed in COPD and asthma and is associated with acute com-
promised lung function [35]. In our study, the interleukin-6 

Fig. 5  Confocal micrograph of lung epithelial cells exhibiting goblet 
cell hyperplasia and decreased ciliated cell function in lung on chips 
after PM exposure; a–d lung on chip, human pulmonary epithelium 
stained with MUC5AC and attached with secondary Alexa Fluor goat 
anti mouse-488 control chip with media showing normal expression 
of mucin; b intensified mucin expression at PM concentration of 
7.5 μg/ml; c, d high expression of mucin characteristic in asthmatic 
patients. Scale bar: 100 μm. e–h Diminishing expression of ciliated 
cell function with rising intensity of the PM10 exposure stained with 
primary Antiβ tubulin IV antibody followed by secondary Alexa 
flour, goat anti-rabbit 555 (H + L) red showing loss of movement of 
the AT type-II ciliated cell function
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absorption presented a continuing proliferation in the pro-
duction of these cytokines, which is typically observed in the 
sputum samples of asthma patients [36, 37]. Production of 
free radical and oxidative stress occur as inflaming responses 
associated with exposure of PM, as described previously 
in numerous studies [38–40]. Several studies have reported 
information of our MPS validity for fruitful analysis of toxi-
cological and the reconstruction of pathophysiology of organ, 
and the future scope of our research is to study physiology of 
complex tissue with the incorporation of embedded sensors. 
The graph demonstrating levels of mucin in Fig. 7a, which 
shows a proliferation in the mucin released in the serum, is 
also similar with the confocal micrographs. In the future, this 
device will aid to design complex tissue of human physiology 
and disease models for toxicity testing. Moreover, organ-on-
chip technology has provided suitable drug candidates during 
the COVID-19 pandemic.

4  Conclusion

Advancements in the technology of organ-on-chip offer effi-
cient and robust solutions for discovery of drug and evalu-
ation of therapeutics. Our MPS device has the potential to 

recapitulate the healthy and stressed human physiology. 
Findings of our study made us eligible to validate this well-
equipped system, consisting of a reconfigurable microfluidic 
chip, a handheld real-time microscope live monitoring of the 
cells, and a system embedded TEER sensor, which are essen-
tial for mimicking the physiologically healthy and stressed 
MPS models of the human body. Metabolically active lung 
epithelial monolayer growth in optimized fluidic conditions 
was compared to less active monolayer in trans-well cul-
tures. High cytokine levels were observed in all types of the 
disease models in this device due to optimized circulation 
of the fluid shear stress conditions. The main challenge in 
manufacturing an MPS is to replicate the in vivo like condi-
tions for accommodating an organ reliably and robustness. 
First, the difficulty associated with reconstructing the in vivo 
environment for housing an organ. The second challenge of 
MPS’s production is the development of a low-cost toxicity 
score using a sensor embedded in the system. In this study, 
these challenges partially fulfilled the need for a robust and 
effective Microphysiological system (MPS). This device pro-
vides preliminary data for a breakthrough in MPS develop-
ment technology. In upcoming researches, our research will 
aim to construct complex tissue mimics of the human lung 
organ for toxicity analysis and discovery of novel drugs by 

Fig. 6  Confocal micrographs 
of DCFDA assay for ROS 
detection: a normal positive 
control without PM exposure; b 
lung epithelial cells exposed to 
a PM concentration of 7.5 μg/
ml showing ROS; c, d chips 
treated with PM concentrations 
of 37.5 μg/ml and 151 μg/ml 
showing increased ROS genera-
tion in the cellular environment. 
Scale bar: 100 μm
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using system incorporated pathological sensors to substi-
tute the molecular investigation of pathological disorders. 
Furthermore, we would like to apply these similar 3D MPS 
concept to other tissue organ, such as liver.

5  Materials and Methods

5.1  Chemical and Materials

Particulate matter PM10 organic components reference 
material ERM(CZ-100) and inorganic components ERM 
CZ-120 were bought from JRC Joint research commis-
sion Europe and characterized by SEM Analysis (Scanning 

Electron microscopy (MIRA-3 TESCAN). Three differ-
ent concentrations (good, fair, and bad) of the PM10 were 
manufactured according to daily update of climate control 
department, South Korea. Stock solution of equimolar com-
ponents of the PM10 was prepared under sterile environmen-
tal conditions in the BSL-2 laboratory facility. Equimolar 
components of PM10 were resuspended in the Alveolar epi-
thelial growth medium and followed by 60-min sonication 
for deagglomeration.

5.2  Chip Design and Sensor Development

The chip (BioSpero) was constructed using top and bottom 
glass (W = 56 mm, H = 41 mm, T = 1.1 mm). Based on the 

Fig. 7  Cytokine concentration (pg/ml) vs. exposure time. a MUC5AC 
discharge in the serum of the microfluidic environment was analyzed 
as dose and time-dependent because highly oxidative stress condi-
tions lead to high Mucin production and less ciliary movements. By 
the end of the of particulate matter (PM10) exposure, high concen-
tration of PM10 leads to the discharge of 400 pg/ml mucin. The ‘*’ 
denotes significant results (p < 0.05), and ‘**’ denotes highly signif-
icant results (p < 0.001); b IL-6 concentration in cell culture media 
recorded at 12, 24, 48,72, and 96 h. The concentration increased after 

24  h and, as for ROS production, recorded a high concentration at 
96  h until the end of the experiment; c **IL-13 secretion in serum 
was analyzed after 12 h of PM10 exposure. The highest concentration 
was recorded at 24  h and decreased with time until 96  h; d TNF-α 
concentration showed dose-dependent pattern of cytokine release 
with respect to PM exposure. The lowest TNF-α concentration 
recorded in the cell culture media was approximately 30 pg/ml, and at 
high PM-concentration exposures, release of cytokine was maximum 
after 3 d of exposure
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3D printing technology, a microchannel and cell culture 
chamber were implemented using a silicon elastomer mate-
rial (Musil Medical Grade Silicone MED-6033). For cell 
culture, the channel is printed in 15 mm size on the bottom 
glass, and the channel and the cell culture chamber are con-
nected. The TEER sensor was coated with indium tin oxide 
(ITO) to achieve an electrode of length 4 mm and thickness 
500 nm. The ITO electrodes coated on the upper and lower 
glasses were fixed at the same position using a chip holder 
(BioSpero), and a circuit was implemented to measure elec-
trical impedance. One Indium Tin Oxide printed TEER 
electrode was 4  mm2. Electrical resistance was measured in 
Ohms (Ω  mm2). LabVIEW software monitoring was acti-
vated by connecting a connector to the ITO electrode, and 
resistance values that could check the cell state were meas-
ured. (Supplementary Fig. 1).

An A120 portable microscope was developed to moni-
tor the state of cells in real time using a TEER sensor. The 
microscope consisted of a Plain Achromatic Objective 121 
(AmScope TM) and an SCMOS series 122 USB 2.0 eye-
piece camera (ToupTek TM) assembled using a 3D printer. 
A blue wavelength 469 ± 17.5 nm filter was used. Moreo-
ver, camera control software (ToupTek TM) was used for 
high-speed visualization of the images and video processing. 
Calibrations of real-time microscopes and TEER sensors are 
described in our previous papers [9, 41]. In order to simulate 
the dynamic environment of the human body, the peristal-
tic pump was connected to a chip and the culture solution 
was circulated. The flow rate of the culture solution was 
corrected to simulate the human lung cell shear stress, and 
the shear stress was 8 dyne/cm2 [42]. The culture solution 
velocity was fixed at 80 μl/ml to maintain 8 dyne/cm2 shear 
stress in the lung epithelial cell monolayer. The microchan-
nel of the designed chip experiencing shear stress induced 
by cell culture medium on the cells was calculated using the 
following equation  [43].

where μ denotes the viscosity of the media, Q denotes the 
media flow rate, w denotes the width, and h denotes the 
height of the microfluidic channel.

5.3  Microfluidic Cell Culture Maintenance

Human small airway epithelial cells and human pulmonary 
alveolar type-I and type-II cells were purchased from Lonza 
and ScienCell, respectively, and then revived by following 
the company’s protocol. T-25 flask (Corning) at a concen-
tration of 2 μg/cm3 was coated with Poly-L lysine (Sigma-
Aldrich) and incubated at 37 °C overnight. The flask was 
washed mildly before adding a cell culture medium com-
prising an alveolar epithelial cell medium (AEpiCM, Cat. 

� = 6�Q∕(wh2)

#3201), MEM, epithelial growth supplement (5 ml), 10% 
FBS, a 1% penicillin streptomycin solution, and 5% carbon 
dioxide at 37 °C. Before seeding, chip bottom glasses were 
sterilized for 1 h in UV and coated overnight with 10 μg of 
a 0.01% ECM collagen solution type-I (Sigma Cat # C3867) 
suspended in DPBS before seeding the cells. Upon reaching 
a < 90% confluence at passage 2, human pulmonary alveolar 
type-I and type-II cells and small airway epithelial cells at 
a density of 2.27 ×  105 were seeded onto the chip with a 
TEER electrode. Cells were seeded on ECM-coated chips 
for 4 h, and the culture medium was circulated at a flow rate 
of 120 μl/min using a peristaltic pump. Moreover, TEER 
sensors and microscopes were placed for real-time monitor-
ing of cell state. After 12 h, the flow rate of the cell culture 
medium was set at 60 μl/min; after 48 h, fresh media was 
supplied to the media reservoir. The chip was later intro-
duced to three different concentrations of particulate matter 
to access the toxicity in human lung distal airways model.

5.4  Membrane Barrier Integrity Determination

The lung epithelial cell tight junctions were confirmed by 
the resistance value measured by the TEER sensor. Lung 
epithelial cells were stained for immunofluorescence analy-
sis by staining for the tight junction epithelial cell marker 
occludin conjugated with Alexa Fluor 594 (Sigma (OC-
3F10). For staining, the cells were PBS-washed 5 times, 4% 
paraformaldehyde helped to fix the cells 15 min, permeated 
with 0.2% Triton X-100 (Sigma) for 20 min, blocked with 
5% BSA suspended in PBS at room temperature for 60 min, 
and incubated with occludin-conjugated Alexa Fluor 594 
(1:200) for 4 h. After incubating, the samples were observed 
under a fluorescent microscope [8].

5.5  Fluorescent Microscopy of Mucociliary 
Clearance

For immunocytochemical analysis, lung epithelial mucus-
secreting goblet and ciliated cells were stained. The lung 
epithelial cell chip was washed using PBS, and fixation was 
done with 4% paraformaldehyde and then for more 15 min 
washed with PBST three times. The cells on the chips were 
permeabilized in the presence of 0.1% triton 100-X by incu-
bating for 20 min at room temperature and blocked with 
1%BSA for half an hour at room temperature proceeded by 
attaching monoclonal antibody 1:1000 MUC5AC (45M1), 
(1:500) anti-β tubulin IV (ab11315) Abcam antibodies, goat 
anti-mouse (H + L), 488 green (A28175), and goat anti-
rabbit 555 (H + L) red (A-21428), secondary Alexa Flours 
correspondingly, and images were taken for proper mor-
phological analysis, under a fluorescent microscope (Zeiss 
Germany).
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5.6  ROS Measurement/DCFDA Analysis

Cell death and functional loss lead to the defense mecha-
nisms activation which discharge intracellular ROS and anti-
oxidant species, anti-inflammatory and pro-inflammatory 
biomolecules, stimulate genotoxicity [44–46]. ROS genera-
tion is responsible for mitochondrial damage and increasing 
the acidity of the cellular environment, leading to high rates 
of chronic inflammation. Moreover, continuous exposure to 
pollutants and xenobiotic in air are the main cause of numer-
ous respiratory illnesses, including asthma and COPD. For 
ROS analysis after PM10 exposure, the three different con-
centrations of PM were evaluated for four days long expo-
sure with the normal healthy controls’ chips. The cells on the 
chips were PBS-washed, and they were allowed to incubate 
incubator at 37 °C in 5%  CO2 with the dye (CM-H2DCFDA) 
50 μM (Sigma D6883) probed in PBS and incubated for 
30 min. After completing incubation, the cells of the chips 
were washed with PBS solution and again incubated for 
more 5 min with 90% dimethyl sulfoxide (DMSO) (Sigma 
D2438) in PBS. The cells’ containing chip was washed and 
visualized by a fluorescent microscope.

5.7  Cytokines Analysis and Oxidative Stress Under 
PM10 Exposure 

The real-time PM exposure model on a chip recapitulating 
an in vivo diseased condition was developed in this study, 
and complete cytokine signaling information was used for 
the characterization. As inflammation starts upon the airway 
cells, neutrophil uptake also increases; here, the cytokines 
produced (IL-6, IL-13, TNF-α, mucin, and reactive oxygen 
species) as incidence of asthma and allergic disease are pos-
sible mediators of the of asthma attack due to long-term 
PM exposure of the lung airways. Moreover, the release of 
IL-13 from inflamed cells of the distal airway provides data 
on the prevalence of COPD, TNF-α, oxidative stress, and 
ROS production, which result in cell death in airway cells. 
Mucus hypersecretion and metaplasia of mucin-producing 
cells in the human distal airways are termed pathological 
states which usually arise on the commencement of severe 
respiratory conditions, such conditions activated with  CD4+ 
Th2-type immune response in the human lung. This  CD4+ 
Th2-type immune response can be evaluated by IL-13 secre-
tion in the lung microenvironment, along with little secretion 
of Th1 cytokines for example IFNγ [47]. The cytokine envi-
ronment and physical foundations of the lungs determine 
and the fate of effector  CD4+ T cells, which is one of the 
very crucial factors in triggering local immune response. 
Parenchymal cells of the lungs are not considered as the 
part of immune system, but they also help to trigger a type 
of an immune response by secretion of certain biomolecules. 
Lung parenchymal cells secrete one of the key cytokine IL-6 

which is involved in various inflammatory pathways [48, 
49]. IL -6 is produced by lung epithelial cells, and relatively 
increased secretions of IL-6 have been detected in asthmatic 
patients [50]. Under the PM exposure responses, (TNF-
α) and IL-6 are secreted as the vital intermediaries of the 
inflammatory biomarkers of the lung airways, several human 
sample-based studies in vitro, and in vivo.

The present study selected biomarkers for asthma and 
COPD, i.e., TNF-α, interlukin-13, interlukin-6, and mucin. 
Cytokines were measured from all the control and experi-
mental media reservoirs after first 24 h of the experiment. 
Cytokine analysis measurement on the selected biomarkers, 
i.e., IL-13, IL-6 and TNF-α, was performed using enzyme-
linked immunosorbent assay (ELISA) kits by the standard 
protocol and instructions of the manufacturing company. 
MUCIN ELISA kit was also used for mucin analysis and 
was performed by the sandwich method [51].

5.8  Statistical Representation of Experimental Data

Data were presented as the mean ± standard error of the 
mean (SEM). Statistical analysis was performed on the 
experimental data by comparing controls with experimen-
tal data sets using Tukey’s multiple comparison tests and 
ANOVA with full-factorial analysis. Microsoft Excel was 
used for all the statistical analyses. The value p < 0.05 was 
showing significant (*), and the value p < 0.01 was showing 
highly significant (**). Experimental data were collected in 
triplicates.
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