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METHODS/RESULTS

Repeat dose systemic toxicity (RDST) studies are essential component of the safety 
assessment package for drugs and chemicals. these studies provide information on the 
adverse effects that occur on prolonged and repeated daily dosing of the test agent.  
Important information such as target organ toxicity, the dose response curve for each 
endpoint of toxicity, metabolite toxicity, delayed toxicity and cumulative toxicity. The no 
observed adverse effect level (NOAEL) and the no observed effect level (NOEL) are 
determined in these studies and are key to developing a quantitative risk assessment 
(QRA) for pharmaceuticals, industrial chemicals, and cosmetics. Currently RDST studies 
are performed in animals as there are no alternative methods available. In order to use in 
vitro methods to obtain the critical data obtained from animals studies it will be necessary to 
develop integrated human organ systems. These systems should include a fluidics system 
that mimics blood flow in the human body. In addition, the model should be compatible with 
pharmacokinetic models which in theory should lend themselves to a scaling factor that 
would enable a better extrapolation from the in vitro data to in vivo effects. In the present 
study, a cell culture plate fitted with a unique fluidics system has been designed, developed, 
and validated to meet these requirements. The plate offers individual chambers that can be 
arranged in nearly any order. A simple two compartment model consisting of a human 3D 
lung tissue (Epithelix) and human liver cells (HepG2) was used in this study to evaluate the 
movement of Nicotine applied to the apical side of the lung tissue. This included absorption 
into the lung tissue movement into a basolateral chamber, uptake into the simulated blood 
system and delivery to the liver.   

There has been a rapid growth in new in vitro methods designed to replace many types of 
animal safety tests. Currently, there is a need for an in vitro integrated organ system 
coupled with an integrated “blood flow” that can examine systemic toxicity in humans. A well 
characterized system should allow for the development of pharmacokinetic models that 
predict drug or chemical movement in vitro. The aim of this study was to investigate the 
kinetics of Nicotine in a two organ system as a case study of simulating inhalation exposure 
in vitro and to develop a pharmacokinetic model. A dynamic multi-organ plate (DMOP) 
comprised of a simple, two organ compartment system containing human lung tissue 
(MucilAir™) in one chamber and human hepatocytes (HepG2) in the other. The chambers 
were linked by a fluidics/dialysis network. The dialysis membrane allows for exchange of 
test article and metabolites while maintaining optimized media conditions. A kinetic model 
was developed to describe the disposition of Nicotine after a single dose (1000 µM) was 
applied to the apical side of the MucilAir™ lung. The model included diffusion apical-
basolateral, movement from basolateral lung-liver, perfusion of fluid through the dialysis 
tubing, and Nicotine in the perfusate. Nicotine in the basolateral chamber diffused into the 
fluidics system via dialysis and was carried to the delivery well. A static sample from the 
basolateral and delivery chambers was collected every hour for 6 hrs. Perfusate from the 
fluidics system was collected at integrated one hour time intervals for 6 hr at a flow rate of 1 
µL/min. Nicotine was first detected in the basolateral chamber at 1 hr and reached a 
maximum concentration (3-4 µg/mL) by 5 hr. Nicotine was first detected in the delivery 
chamber at approximately 3 hr and increased linearly up to 0.3 µg/mL. Nicotine in the run 
through perfusate was also detected at 3 hr. The current model simulated the observed 
concentration-time profiles of Nicotine in the DMOP system. Simulation results indicated 
that the test compound was successfully delivered from the exposure site to the target 
tissue through dialysis suggesting the applicability of the DMOP for simulating systemic 
effects of a compound after inhalation exposure with further optimization of flow patterns in 
the plate. 
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Preparation of Plates
Initially, standard 6-well plates were used and the fluidic system installed manually.  The fluidic system 
consisted of microdialysis loop probes manufactured by Bioanalytical Systems Inc. (BASi)(Lafayette, 
IN). The loop probes (3 cm) and their tubing were 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.
Cell Culture
Lung Compartment
Lung absorption was simulated by using MucilAir™ human airway tissue cultured under standard 
conditions on trans-well inserts (Snapwells, Corning®) in 6-well plates. The cells were cultured in 
according to the manufacturers guidelines. A diagrammatic representation of this model is shown in 
Figure 1..  
Delivery Compartment (simulated liver)
The liver compartment was simulated with the human hepatoma cell line HepG2.  Cells were cultured 
in MEM containing 10% FBS. The cells were added to the 6-well plate in culture media at a density of 
500,000 cells/well and incubated at 37 degrees C, 5% CO2 for 48 hr prior to beginning the 
experiments.
Single Bolus Dose Experiment
A diagrammatic view of the plate design is shown in Figure 2. A single 100 µL aliquot of culture 
medium containing 1000 µM (16 µg) Nicotine was added to the apical side of the lung chamber. The 
perfusion pump was started at a constant flow rate of 1 µL/min. The perfusion solution was phosphate 
buffered saline, pH 7.0. Fluidics tubing connected the basolateral portion of the lung chamber with the 
chamber containing HepG2 cells.  Perfusate and media samples from each compartment were 
collected every hour. A control plate with no cells was also included to determine the effect of cells on 
Nicotine movement from the apical to basolateral chamber, from the basolateral chamber into the 
perfusate, and from the perfusate into the delivery well (liver well).  
Analytical Procedures 
A LC-MS/MS method was developed by verifying suitable transition ions for Nicotine, and  by infusion 
of compounds into the mass spectrometer and manually optimizing cone voltage and collision energy. 
Nicotine standard curve and QC samples were prepared in PBS and compared to standard curves 
and QC samples in media with and without serum.

FIGURE 2. 

Diagrammatic Representation of a Two 
Chamber Plate System with Fluidics

A simple two-compartment organ model was tested in this study by adding a
single bolus concentration (1000 µM, 16 µg/0.1 mL) of Nicotine to the apical side
of the MucilAir™ model lung chamber, then periodically measuring Nicotine
concentrations in the lung chamber, liver (HepG2) and perfusate. The lung and
liver compartments were isolated from one another. Movement of Nicotine
between organ chambers was solely by the fluidics system.

Nicotine (1000 µM; 16 µg/0.1 mL) was added to the apical side of the MucilAir™ lung model in a
volume of 100 µL. Samples were collected from the basolateral chamber every hour and the amount of
Nicotine was determined by LC/MS/MS. Nicotine rapidly diffused through the lung tissue. Nicotine
concentration increased in the basolateral chamber in a time-dependent manner reaching a maximum
at 6 hr. Nicotine in this chamber moved by passive diffusion into the fluidics tubing and was carried to
the deliver chamber.

Time-Dependent  Movement of Nicotine From The Apical Lung 
Chamber to The Basolateral Lung Chamber 

FIGURE 3 

The lung chamber was isolated from the simulated- liver (delivery) well. The only connection between the
two organs was the fluidics system. Uptake of Nicotine occurred via passive diffusion across the dialysis
membrane in the lung basolateral chamber. Delivery into the liver chamber was achieved by passive
diffusion out of the fluidics system. In the delivery well, the increase and detection of Nicotine was similar
with or without cells present. Diffusion from the fluidics tubing was dependent on the dialysis membrane,
cellular uptake, concentration in the basolateral lung chamber, and concentration in the delivery chamber.

Time-Dependent Increase in Nicotine Concentration in the Simulated
Liver Chamber

FIGURE 5
Time-Dependent Increase in Nicotine Concentration in the Simulated
Blood Chamber

Nicotine concentration in the fluidics system (perfusate) continued to increase for up to 6 hr in the absence
of cells (green and purple symbols). In the presence of cells, (blue and red symbols), Nicotine
concentrations in the perfusate reached a maximum by 6 hr. The plateau in the increase in Nicotine
concentration was most likely due to cellular uptake and protein binding as well as metabolism.
Concentrations at each time point were determined from perfusate samples collected over the sample
interval.

• We have described the kinetics of nicotine in the two-tissue culture 
plate after a single bolus-dose administration to the apical 
compartment of the in vitro lung model

• The most influential parameters for nicotine kinetics in this lung-
liver plate are the perfusion flow rate through dialysis tubing and 
the distance between the tubing and the cells in each tissue 
chamber 

• Further optimization of these two parameters to achieve the 
realistic time frame of lung to liver delivery of a test compound will 
increase the utility of this two-tissue culture plate for inhalation 
exposure and subsequent systemic delivery to the liver in humans 

• The current model can be further refined with the additional data 
on the time course of both nicotine and its metabolites in each 
chamber and in the perfusate

• Our experimental results showed that tissues linked by a fluidics 
system with microdialysis provides a mechanism that allows 
inter-tissue delivery of a test compound and its metabolites while 
still maintaining the unique culture conditions required for each 
tissue or cell type in the connected culture.  

• The two-tissue plate can be expanded to include additional 
organs in order to reproduce a more realistic in vivo exposure 
scenario to address systemic toxicity in vitro.

The modeling was partly performed at the Hamner Institutes and is being continued at  
ScitoVation, LLC, both supported by the Long-Range Research Initiative of the 
American Chemistry Council (ACC-LRI). 

CONCLUSIONS

Comparing Simulations with Experimental Data after a Single Dose 
Nicotine (1000 µM at the apical side) in the Lung Chamber

Without cells With cells
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Development of Kinetic Model
The model structure (Figure-2) describes the disposition of Nicotine in the DMOP. Apical-
basolateral diffusion, movement from basolateral lung-liver chamber, perfusion of fluid through the 
dialysis tubing, and movement from liver chamber to the perfusate, are included. The model 
parameter values were estimated to match the time course of Nicotine observed in basolateral
lung, media in the liver chamber, and perfusate after a single dose of 1000 µM Nicotine at the 
apical side of the lung chamber. All the simulations were run using acslX (version 3.0.1.6).  
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