
Lung tissue viability was accessed by measuring LDH leakage. Limited toxicity was observed.

The lung chambers were isolated from one another and from the liver chamber. The only

connection between the three organs was the fluidics system. Uptake of TPM occurred via

passive diffusion across the semipermeable membrane portion of the simulated blood system in

the basolateral chamber of Lung-1. Delivery of TPM to the liver occurred via diffusion out of the

simulated blood system. Finally, TPM was delivered to Lung-2 on the basolateral side.

The development of new technologies that mimic human

organ structure and circulation is important for evaluating the

effects of drugs and chemicals on systemic toxicity without

the use of animals. With the advent of new tissue models for

skin, lung, liver, and heart, the opportunity to link these

systems together has never been better. Although several

groups are developing sophisticated and complex micro-

models that combine bioengineering with functional anatomy

of an organ, they are less likely to provide a realistic means

of linking drug or chemical biological effects with actual

human pharmacokinetics and pharmacodynamics. One

reason for this is the miniature scale, which creates new

challenges with regard to assay sensitivity and the balance

between tissue mass and fluid volume.

This study aimed to evaluate a new larger-scale three-organ

dynamic multi-organ plate (Hu-DMOP™, Figure 1) with a fluid

system modeled after to the human vascular system. In this

model, the fluidics system uses a dialysis membrane that is

present only in the organ compartment. Wells and tissues

are linked by non-permeable tubing. This design keeps each

organ isolated from the other organ wells. The only

exchange between wells is the movement of small molecules

across the dialysis membrane. Perfusion fluid is circulated

through the fluidic system using a micro syringe pump,

thereby maintaining a diffusion gradient until steady-state

kinetics are achieved. The administration of a drug or

chemical can be followed as it moves from the site of

exposure. By collecting medium directly from each organ

compartment, the total analyte concentration can be

determined. In this way it is possible to calculate a mass

balance to know where all of the test material has gone.
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Preparation of Plates. Hµ-DMOP custom designed plates (Figure 1)

were used and equipped with a simulated blood system. The simulated

vascular system consisted of tubing connected to a semipermeable

membrane. The section of semipermeable membrane was 3 cm in

length. The tubing was custom fit into the plate, such that only the

dialysis membrane was in contact with each organ compartment. A

perfusion rate of 1 µl/min was used in each experiment.

Cigarette Total Particulate Matter (TPM). TPM was prepared as

described [1] to a final concentration 24 mg/mL in 100% DMSO.

Cell Culture

Lung Compartments. The Lung-1 and Lung-2 compartments were

MucilAir™ tissue (Epithelix). Tissues were cultured under standard

conditions on transwell inserts. Tight junctions were assessed by

transepithelial electrical resistance (TEER). MucilAir™ tissues were

placed into the Hµ-DMOP plates (Figure 1) and connected to the liver

compartment via simulated blood system (Figure 2).

Liver Compartment. The liver compartment was simulated with

Transporter Certified™ human primary hepatocytes in sandwich culture.

The cells were added to the Hµ-DMOP cup in culture media at a density

of 500,000 cells/well and incubated at 37oC, 5% CO2 for 48 hr prior to

beginning the experiments.

Lung-1 dosing. A single 20 µL aliquot of culture medium containing

TPM (165 µg/ml = 3.3 µg total mass) was added to the apical side of

Lung-1. The perfusion pump (simulated blood) was started at a

constant flow rate of 1 µL/min. The perfusion solution was PBS, pH 7.4.

Fluidics tubing connected the basolateral portion of the Lung-1 chamber

with the liver chamber. Perfusate and media samples from each

compartment were collected every hour.

Analytical Procedures. Nicotine was measured by LC-MS/MS A

nicotine standard curve and QC samples were prepared in PBS and

compared to standard curves and QC samples in media with and

without serum.

ACKNOWLEDGEMENTS

Keap1

METHODS

FIGURE 2 

Complete Hu-DMOP Plate Design Showing

Six and Three Organs

FIGURE 1

RESULTS

TPM kinetics (as determined by nicotine) were measured from the basolateral compartment of the

Lung-1, the media from liver, and the basolateral compartment of Lung-2 at the times indicated.

Values represent the mean +SEM of three experiments. The delay in nicotine appearance in liver

was most likely due to tissue distribution and metabolism in Lung-1 and in liver.

A simple three-compartment organ model was tested by adding TPM (165

µg/ml in 20 µL = 3.3 µg total mass) to the apical side of the Lung-1 chamber.

Absorption and distribution of TPM was determined by tracking nicotine

throughout the system. Each simulated-organ compartment was isolated from

the other compartments. Movement of TPM between organ chambers

occurred solely via movement across the semipermeable membrane of the

simulated blood system.

TPM Induced Changes in the Expression of Key Stress Genes

HµDMOP US Patent 

US9,631,167,B2

The results of this study confirm that the incorporation of a semipermeable

membrane into a meso scale multiorgan plate format provides a

mechanism that allows inter-tissue communication while maintaining the

culture conditions required for each tissue or cell type.

The kinetics of cigarette TPM could be followed after a single dose by

monitoring nicotine.

By monitoring the total amount of nicotine in each compartment as well as

in the perfusate, a full kinetic picture was possible.

Delivery of TPM to the liver compartment was via the release of TPM

through the dialysis membrane. Thus, TPM was picked up in the

basolateral chamber of the lung model and delivered to the liver chamber.

In addition to monitoring test material kinetics this multiple organ model

also allows for monitoring of changes in gene expression and cytotoxicity.

As more compartments are connected, the system should be capable of

handling up to six different organ model.

This work was supported in part by British American Tobacco.

FIGURE 4 Effects of TPM on Lung Tissue Viability 

Gene Function Known Effects of 
Cigarette Smoke 

IGF-  Transmembrane receptor –insulin regulation Reduces circulating levels 

G6PD Normal functioning of red blood cells (RBCs) Upregulated and Induces RBC 

hemolysis 

GPX2 Nrf controlled antioxidant gene in lung Upregulated  

AKRB10 Reduces harmful lipid aldehydes Upregulated 

NQO1 Nrf controlled antioxidant gene, reduces harmful 

quinones to hydroquinones  

Upregulated 

CYP1A2 Metabolizing enzyme responsive to aromatic 

hydrocarbons 

Upregulated 

TALDO1 Links pentose phosphate pathway to glycolysis Upregulated 

HMOX1 Catalyzes first step I Heme catabolism Upregulated 

 

TABLE 1

Diagrammatic representation of the full six organ plate layout

(upper left) and three organ plate layout used for this study

(upper right and lower).
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Diagrammatic Representation of a Three Chamber Plate 

System with Fluidics

FIGURE 3

FIGURE 5

Several stress response genes were monitored in both Lung-1, Liver, and Lung-

2. These included insulin like growth factor beta (IGF- ), glucose-6-phosphate

dehydrogenase (G6PD), glutathione peroxidase 2 (GPX2), aldoketo reductase-

B10 (AKRB10), NAD(P)H Quinone Oxidoreductase (NQO1), Cytochrome P450

1A2 (CYP1A2), transaldolase-1 (TALDO1), and heme oxygenase-1 (HMOX1).

TPM exposure caused an induction of stress genes associated with glutathione

metabolism (GPX2), and genes controlled by Nrf2 activation (AKRB10 and

HMOX1). These changes were observed in all three organ compartments. There

was also an increase in CY1A2 in Lung-1. GPX2 was induced in Lung-1 with

some induction (approx. 2-fold) seen in Lung-2. AKRB10 was significantly

induced in Lung-1 (9-fold), Liver (6-fold), and Lung-2 (12-fold). The gene

changes observed are consistent with those reported in cigarette smokers

(TABLE 1). Values represent the mean + SEM of 3 experiments.
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There is growing interest in the use of organ-on-a-chip technology for pre-clinical toxicity testing. In this pilot

study, the local and systemic effects of cigarette total particulate matter (TPM) was measured in human lung

and liver tissues. A three-organ dynamic multi-organ plate (Hu-DMOP™) was constructed in triplicate, in the

following format: lung tissue (MucilAir™, lung-1), sandwich cultured human hepatocytes (SCHH) and a

second lung tissue (lung-2). Communication between compartments was via a ‘simulated blood flow system’
consisting of a one-way fluidics/dialysis network, which allows for exchange of test article and metabolites.

TPM (165 µg/ml in 0.02 mL) or vehicle control was applied apically to lung-1 for 24 h. Movement of TPM was

assessed by tracking nicotine using LC/MS/MS. Lactate acid dehydrogenase (LDH) release was used to

monitor tissue health. TPM mediated changes in the expression of key genes (IGFβP2, G6PD, GPX2,

AKRB10, NQO1, CYP1A2, TALDO1 and HMOX1) was determined by qRT-PCR at 24 h. Nicotine was first

detected in lung-1 basolateral space at 1 h and reached a nadir (10 ng/mL) by 3 h. Nicotine in liver and lung-

2 (4 ng/mL) was first detected 6 h post TPM exposure. Cell viability remained high with LDH release below

10%. TPM exposure increased G6PD 4-fold and GPX2 3-fold in lung-1. These genes were only about 2-fold

in lung-2 but AKRB10 was induced 12-fold. In liver, AKRB10 was increased 6-fold and NQO1 8-fold. These

data demonstrate organ-organ interactions on compound effects. In conclusion, this study has demonstrated

that the Hu-DMOPTM can be used to measure the localized and systemic responses of a tobacco product in

vitro.


