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SUMMARY: 
We exposed a microphysiological system (MPS) with intestine and liver organoids to acetaminophen (APAP). This article describes the methods for organoid production and APAP pharmacokinetic and toxicological property assessments in the MPS. It also describes the tissue functionality analyses necessary to validate the results.

ABSTRACT: 
The recently introduced microphysiological systems (MPS) cultivating human organoids are expected to perform better than animals in the preclinical tests phase of drug developing process because they are genetically human and recapitulate the interplay among tissues. In this study, the human intestinal barrier (emulated by a co-culture of Caco-2 and HT-29 cells) and the liver equivalent (emulated by spheroids made of differentiated HepaRG cells and human hepatic stellate cells) were integrated into a two-organ chip (2-OC) microfluidic device to assess some acetaminophen (APAP) pharmacokinetic (PK) and toxicological properties. The MPS had three assemblies: Intestine only 2-OC, Liver only 2-OC, and Intestine/Liver 2-OC with the same media perfusing both organoids. For PK assessments, we dosed the APAP in the media at preset timepoints after administering it either over the intestinal barrier (emulating the oral route) or in the media (emulating the intravenous route), at 12 µM and 2 µM respectively. The media samples were analyzed by reversed-phase high-pressure liquid chromatography (HPLC). Organoids were analyzed for gene expression, for TEER values, for protein expression and activity, and then collected, fixed, and submitted to a set of morphological evaluations. The MTT technique performed well in assessing the organoid viability, but the high content analyses (HCA) were able to detect very early toxic events in response to APAP treatment. We verified that the media flow does not significantly affect the APAP absorption whereas it significantly improves the liver equivalent functionality. The APAP human intestinal absorption and hepatic metabolism could be emulated in the MPS. The association between MPS data and in silico modeling has great potential to improve the predictability of the in vitro methods and provide better accuracy than animal models in pharmacokinetic and toxicological studies.

INTRODUCTION:
Due to genomic and proteomic differences, animal models have limited predictive value for several human outcomes. Moreover, they are time-consuming, expensive and ethically questionable1. MPS is a relatively new technology that aims at improving the predictive power and reduce the costs and time spent with pre-clinical tests. They are microfluidic devices cultivating organoids (artificial mimetics functional units of organs) under media flow that promotes interorganoid communication. Organoids made of human cells increase translational relevance2–4. MPS is expected to perform better than the animal tests because they are genetically human and recapitulate the interplay among tissues. When fully functional, the MPS will provide more meaningful results, at higher speed and lower costs and risks4. Many groups are developing MPS for several purposes, especially disease models to tests drug’s efficacy. 

Exposure level is one of the most critical parameters for evaluating drug efficacy and toxicity5–12. MPS allows organoid integration that emulates systemic exposure and is expected to perform better than the traditional 2D human tissue culture. This technology can significantly improve the prediction of compound intestinal absorption and liver metabolism4.

An MPS integrating human equivalent model of the intestine and the liver is a good starting point, considering the central role of these two organs in drug bioavailability and systemic exposure13–15. APAP is an attractive drug for studying an MPS without a kidney equivalent because its metabolization is done mainly by the liver16,17. 

The 2-OC is a two-chamber microfluidic device suitable for the culture of two different human equivalent tissues/organoids interconnected by microchannels16. In order to emulate an in vitro human oral/intravenous administration of a drug and assess the effects of the cross-talk between the intestine and liver equivalents on APAP pharmacokinetics, besides the organoids functionality and viability, three different MPS assemblies were performed: (1) an “Intestine 2-OC MPS” comprised of an intestine equivalent based in a culture insert containing a Caco-2 + HT-29 cells coculture, integrated into the 2-OC device; (2) a “Liver 2-OC MPS” comprised of liver spheroids with HepaRG + HHSteC (Human Hepatic Stellate Cells) integrated in the 2-OC device; and (3) an “Intestine/Liver 2-OC MPS” comprised of the intestine equivalent in one device compartment communicating with the liver equivalent in the other by flow of the microfluidic channels.

All assays were performed under static (no flow) and dynamic (with flow) conditions due to the impact of the mechanical stimuli (compression, stretching, and shear) on the cell viability and functionalities18–20. The present article describes the protocol for APAP oral/intravenous administration emulation and the respective absorption/metabolism and toxicological analyses in the 2-OC MPS containing human intestine and liver equivalent models. 

PROTOCOL: 

1. Production of tissue equivalents for cultivation in the 2-OC

1.1. Small intestine barrier equivalent production 

1.1.1. Maintain Caco-2 and HT-29 cells using the intestine equivalent medium: DMEM supplemented with 10% FBS, 1% penicillin and streptomycin, and 1% non-essential amino acids, which is named as “DMEM S” in this manuscript.
 
1.1.2. Remove the medium, wash twice with 1x DPBS and add 8 mL of 0.25% Trypsin/EDTA to dissociate Caco-2 cells grown in cell culture flasks (175 cm2). Incubate for 5 min at 37 °C and stop the reaction by adding at least the double volume of trypsin inhibitor. Perform the same procedure for HT-29 cells, adjusting the reagent volumes since a smaller quantity of these cells is needed and they are maintained in smaller flasks (75 cm2). 

1.1.3. Centrifuge at 250 x g for 5 min, remove the supernatant from both tubes, and resuspend the cell pellets in 10 mL of DMEM S. Count cells, assuring a cell viability higher than 80%. Aseptically integrate cell culture inserts in a 24-well plate previously filled with 400 µL of DMEM S per well in the basolateral side (which represents the human bloodstream).

1.1.4. Co-cultivate Caco-2 and HT-29 cells at a ratio of 9:121. Use 2.25 x 105 Caco-2 and 2.5 x 104 HT-29 cells to each intestine equivalent in a final volume of 200 µL of DMEM S. Adjust cell numbers and volume according to the desired number of organoids. Mix carefully. 

1.1.5. [bookmark: _Hlk48419623]Pipette 200 µL of cell solution into each insert’s apical side (which represents the human intestinal lumen side), seeding 250,000 cells per insert. Co-cultivate the cells in the inserts for three weeks22. Change the medium at least three times a week, aspirating it from both the apical and basolateral sides with a sterile Pasteur pipette, taking care not to damage the intact cell barrier.

NOTE: Proceed with the aspiration on the apical side, so as not to touch the cell barrier (aspirate by supporting the Pasteur pipette on the plastic rim of the cell insert).

1.1.6. [bookmark: _Hlk48415914][bookmark: _Hlk48420611] Check the tight monolayer formation by measuring the TEER (transepithelial electrical resistance) every three days using a voltmeter23, according to the manufacturer's instructions. 

1.1.6.1. Perform a blank, measuring the resistance across a cell culture insert without cells, but with the same cell medium and at the same cell plate. 

1.1.6.2. Calculate tissue resistance by subtracting the blank resistance from the tissue-equivalent resistance, and multiply by the effective surface area of the filter membrane (0.6 cm2). A good intestine barrier resistance is in a range of 150 to 400 Ω∙cm2.

NOTE: After 21 days the cells must be fully differentiated and the intestinal barrier formed, so the intestine equivalents are ready to be integrated into MPS. 

1.2. Liver equivalents production

1.2.1. Maintain HepaRG cells using the liver equivalent medium, which is William’s Medium E supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 units/mL penicillin, 100 µg/mL streptomycin, 5 µg/mL human insulin and 5 x 10-5 M hydrocortisone, and is named “Williams E S” in this manuscript. Renew HepaRG media every 2-3 days and maintain cell culture for two weeks to initiate the differentiation in hepatocytes and cholangiocytes.

1.2.2. After the first two weeks, add 2% DMSO to HepaRG’s medium for an additional two weeks to complete the cell differentiation24,25. Grow HHSTeC in Stellate Cell Media (SteC CM), using poly-L-lysine-coated cell culture flasks, changing media every two or three days.

1.2.3. Remove the medium, wash twice with 1x DPBS and add 8 mL of 0.05% Trypsin/EDTA, to dissociate HepaRG cells grown in cell culture flasks (175 cm2). Incubate for 5 to 10 min at 37 °C and stop the reaction by adding at least double the volume of trypsin inhibitor. Perform the same for HHSTeC, adapting the reagent volume since a smaller quantity of these cells are needed and they can be maintained in smaller flasks (75 cm2).

1.2.4. Centrifuge both at 250 x g for 5 min, remove the supernatant and resuspend the cell pellets in Williams E S medium. Count cells, assuring a cell viability higher than 80%. 

1.2.5. Generate the liver spheroids combining HepaRG and HHSTeC cells at a ratio of 24:1, respectively, in Williams E S medium16. Add 4.8 x 104 differentiated HepaRG and 0.2 x 104 HHSTeC to compose each liver spheroid of 50,000 cells, in a volume of 80 µL. Adjust cell numbers and volume according to the desired number of spheroids. Mix carefully.

1.2.6. Using a multichannel pipette, dispense 80 µL of the combined cell pool in each well of 384 spheroid microplates, which has round well-bottom geometry. 

NOTE: After four days, spheroids of about 300 µm are formed.

1.2.7. Using wide-bore tips, transfer the liver spheroids to ultra-low-attachment 6 well plates, which allows the required “one-by-one” counting.

2.  Integration of intestine and liver equivalents in a 2-OC MPS 

2.1. Intestine 2-OC MPS assembly for absorption assay

2.1.1. Pipette 500 µL of DMEM S into the larger compartment of 2-OC and 300 µL in the smaller one. Aspirate the basolateral and apical media of each intestinal barrier equivalent in the 24 well plates. Using sterile forceps, integrate one insert per 2-OC circuit, specifically into the larger compartment. Apply 200 µL of the intestine medium at the apical side.

NOTE: Avoid the formation of bubbles when integrating the organoids into the MPS.

2.1.2. Connect the MPS to the control unit, which must be connected to a pressurized air supply. Set the parameters: a pressure of, approximately, ±300 bar and a pumping frequency of 0.3 Hz. Start the flow 24 h before the test substance administration. The next day, perform the APAP treatment.

2.2. Liver 2-OC MPS assembly for metabolism assay

2.2.1. Pipette 650 µL of Williams E S into the large compartment and 350 µL into the smaller compartment, which will receive the spheroids. In the ultra-low-attachment 6 well plates, count the spheroids using wide-bore tips. Each liver equivalent is composed of twenty spheroids26. Integrate twenty liver equivalents per circuit, using wide-bore tips, which permits the transfer of organoids only, into the smaller compartment of a 2-OC.

2.2.2. Connect the MPS to the control unit, which must be connected to a pressurized air supply. Set the parameters: a pressure of, approximately, ±300 bar and a pumping frequency of 0.3 Hz. Start the flow 24 h before the test substance administration. The next day, perform the APAP treatment. 

2.3. Intestine/Liver 2-OC MPS assembly for absorption and metabolism assay

2.3.1. Combine the two media (intestine and liver) in a 1:4 proportion, which means 200 µL of DMEM S in the intestine apical side and 800 µL of Williams E S in the basolateral side. Integrate intestine and liver equivalents, simultaneously, in the 2-OC.

2.3.2. Connect the MPS to the control unit, which must be connected to a pressurized air supply. Set the parameters: a pressure of, approximately, ±300 bar and a pumping frequency of 0.3 Hz. Start the flow 24 h before the test substance administration. The next day, perform the APAP treatment. 

NOTE: For all experiments, perform each time point in triplicate, which means three separated 2-OC circuits (i.e., 1 and ½ 2-OC devices). The total volume of each 2-OC circuits is 1 mL.

3. Acetaminophen (APAP) preparation

3.1. Prepare the APAP stock solution, dissolving APAP in absolute ethanol. On the day of the experiment, dilute APAP in the respective medium (APAP solution), to a concentration of 12 µM for “oral administration” and 2 µM for “intravenous administration”. 

3.2. Ensure that the final concentration of ethanol in the vehicle control and treatment solution is 0.5% for both administrations. For the positive control (100 mM APAP), the ethanol concentration is 2%. 

4. Test substance administration and media sampling

4.1. APAP “oral” administration and media sampling
 
4.1.1. Aspirate the basolateral and apical media of each intestinal barrier equivalent in the 2-OC. Pipette 500 µL of the appropriate culture medium into the large compartment at the organoid basolateral side and 300 µL into the small compartment.

4.1.2. Check for bubbles and proceed with the intestinal barrier equivalent treatment with the test substance in the apical side, emulating oral administration. Emulate APAP “oral” administration by adding 200 µL of a 12 µM APAP solution on the apical side of intestinal culture inserts, which represents the intestinal “lumen side” (Figure 1B). Connect the MPS to the control unit. 

4.1.3. Collect the total volume from apical and from basolateral sides at the following time points: 0 h, 5 min, 15 min, 30 min, 1 h, 3 h, 6 h, 12 h, and 24 h15,27. Perform all experiments in triplicate, at static and dynamic conditions, and collect each sample, of each triplicate, in a separate microtube. Analyze the samples using HPLC/UV. 

NOTE: Separate apical and basolateral samples.

4.2. APAP “intravenous” administration and media sampling

4.2.1. Emulate the “intravenous” route by administering 2 µM APAP solution directly into the liver compartment. Aspirate all 2-OC medium content. Pipette 650 µL of Williams E S containing the test substance into the large compartment and 350 µL of the same media into the smaller compartment which contains the 20 spheroids. Collect all volumes at the following time points: 0 h, 30 min, 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h27,28. 

4.2.2. Perform all experiments in triplicate, at static and dynamic conditions. Collect each sample, of each triplicate, in a separate microtube. Analyze the samples using HPLC/UV. 

5. Instrumentation and chromatographic conditions

5.1. HPLC analysis

5.1.1.  Set all relevant parameters for the HPLC analysis according to Table 1.

5.1.2. Filter the mobile phase through a 0.45 µm membrane filter under vacuum. Filter the samples through a 0.22 µm pore size PVDF syringe filter (diameter 13 mm) and store them in a vial. Start the measurement.

5.2. Stock solutions, calibration standards, and quality control (QC) samples

5.2.1. Prepare 10 mM of APAP stock solutions in ammonium acetate buffer (100 mM, pH 6.8) and further dilute with DMEM S and Williams E S cell culture media diluted with ammonium acetate buffer (1:1, v/v) to achieve the working solutions ranging from 0.25 to 100.00 µM.

5.2.2. Include a set of calibration samples in triplicate as well as quality control samples at four levels in triplicate. Prepare these standards by serial dilution.

5.2.3. Create calibration curves of APAP peak areas versus APAP nominal standard concentrations. Determine the linear regression fit for each calibration curve. Evaluate the goodness-of-fit of various calibration models by visual inspection, correlation coefficient, intra- and inter-run accuracy and precision values.

5.2.4. Inject blank samples of DMEM S and Williams E S media diluted in ammonium acetate buffer (1:1, v/v) in sextuplicate. Prepare triplicates of quality control samples in DMEM S and Williams E S media diluted with ammonium acetate buffer (1:1, v/v) for the APAP concentrations of 0.50 (LOQ), 4.50, 45.00 and 90.00 µM.

5.2.5. Ensure that the quality control samples are prepared from a new stock solution, different from that used to generate a standard curve. Use quality control samples to investigate intra- and inter-run variations.

5.3. Validation procedures

5.3.1. Perform the bioanalytical method validation following the previously reported procedures29,30. Carry out the chromatographic runs on five or six separate occasions, considering Williams E S and DMEM S cell culture media, respectively.

5.3.2. Ensure that calibration points ranging from 0.25 to 100.00 µM of APAP, in DMEM S or Williams E S cell culture media diluted in ammonium acetate buffer (1:1, v/v), are plotted based on the peak-areas of APAP (axis y) against the respective nominal concentrations (axis x). Compare the slopes of these standard calibration curves with slopes of calibration curve prepared in ammonium acetate buffer. Make sure that all calibration curves have a correlation value of at least 0.998.

5.3.3. Determine the precision and accuracy (intra and inter-run) for the analyte in the surrogate matrix using replicates at four different levels LLOQ, low, middle, and high-quality control on five or six different days. Perform intra-run precision and accuracy measurements on the same day in DMEM S or Williams E S cell culture media diluted in ammonium acetate buffer (1:1, v/v) containing 0.50, 4.50, 45.00 and 90.00 µM APAP concentrations (n= 3).

5.3.4. Evaluate each set of quality control samples containing the APAP concentrations from recently obtained calibration curves. Test the selectivity of the assays by the degree of separation of the compound of interest and possible other chromatographic peaks caused by interfering components.

5.4. Lower limit of quantification (LLOQ) and limit of detection (LOD)

5.4.1. Determine the lower limit of quantification (LLOQ) based on the standard deviation of the response and the slope approach. Calculate using the formula 10α/S, where α is the standard deviation of y-intercept and S is the slope of straight line obtained by plotting calibration curves29,30. Estimate the limit of detection (LOD) taking into consideration 3.3 times the standard deviation of the blank, divided by the slope of the calibration curve29,30.

6. Tissue equivalents viability/functionality

6.1. MTT 

6.1.1. Perform an MTT assay to assess organoid viability in all time points of the MPS assay. As the negative control, use cell media plus vehicle. As the positive control, treat the organoids with 100 mM APAP and 1% NaOH diluted in cell medium. 

6.1.2. Transfer the 20 spheroids of each replicate for individual wells in a 96 well plate, and the cell culture inserts, containing the intestine equivalents, to 24 well cell plates, placing one intestine equivalent per well. Wash the tissue equivalents three times with 1x DPBS. 

6.1.3. Add 300 µL of a 1 mg/mL MTT solution, diluted in the respective cell medium, per well. Incubate the plates for 3 h at standard cell culture conditions. 

6.1.4. Remove the MTT solution from each well carefully by pipetting. Extract MTT formazan from the intestine and liver equivalents using 200 µL of isopropanol per well overnight at 4 °C. 

NOTE: Seal the lid to prevent evaporation.

6.1.5. Transfer 200 µL of each supernatant to the respective pre-identified well in a 96 well micro test plate. Use isopropanol as the blank.

6.1.6. Read the formazan absorbance in a plate reader at 570 nm. Calculate the relative ability of the cells to reduce MTT (%) using the average optical density of each time point, compared to the negative control, considered as 100% cell viability.

6.2. Cytochemistry/Histology

6.2.1. Fix the intestine and liver equivalents, for 25 min at room temperature, using 4% (w/v) paraformaldehyde in 0.1 M phosphate-saline buffer, pH 7.4. Wash the organoids 5 times in PBS buffer for 10 minutes each time. Stain the intestinal and the liver equivalents with tetramethylrhodamine isothiocyanate-phalloidin or Alexa Fluor 647 phalloidin, 1:50 in PBS31.

6.2.2. Transfer them to OCT freezing medium for a few minutes to acclimate at RT before transferring them to liquid nitrogen until the complete freezing. Perform liver spheroids cryosections about 10-12 µm thick, using a cryostat.

6.2.3. Mount the tissues sections in mounting medium with DAPI. Examine them by confocal fluorescence microscopy.

6.2.4. Freeze the organoids after fixation to perform hematoxylin & eosin staining according to the established protocols. Mount the slides with mounting medium after slicing the tissue as described above and take histological images using an optical microscope.

6.3. High content analysis

6.3.1. Mitochondrial and nuclear staining of the cells

6.3.1.1. Reconstitute the lyophilized powder in DMSO to make a 1 mM mitochondrial staining stock solution (e.g., MitoTracker Deep Red FM). Store aliquoted stock solution at -20 °C protected from light. Dilute the 1 mM mitochondrial staining stock solution to the final concentration (200 nM) in prewarmed (37 °C) tissue culture medium without serum. 

6.3.1.2. Remove the cell culture media. Add the mitochondrial staining solution to completely cover the sample and incubate cells for 15-45 min at 37 °C in a humidified atmosphere with 5% CO2. 

6.3.1.3. Carefully remove the mitochondrial staining working solution and replace it with 2-4% paraformaldehyde fixative in PBS for 15 minutes at room temperature. 

6.3.1.4. Rinse the fixed cells gently with PBS for 5 minutes. Repeat the washing process twice.

6.3.1.5. Prepare a 10 mg/mL (16.23 M) nucleic acid staining stock solution by dissolving 100 mg of Hoechst 33342 dye in 10 mL of ultrapure water. 

NOTE: The stock solution should be aliquoted and stored protected from light at -20 °C. 
 
6.3.1.6. Prepare a 0.2-2.0 µg/mL nucleic acid staining working solution in PBS and incubate the fixated cells with nucleic acid staining working solution for 10 minutes at room temperature. 

6.3.1.7. Remove the nucleic acid staining working solution and rinse the cells gently with PBS for 5 minutes three times. Cells should be kept in PBS at 4 °C, protected from light.

6.3.2. Mitochondrial and nuclear staining analysis 

6.3.2.1. Analyze cells using a fluorescence microscope with filter sets appropriate for the nucleic acid stain (λEx/ λEm: 361/497 nm) and the mitochondrial stain (λEx/ λEm: 644/665 nm). Find cells by nucleic acid positive staining and quantify cell number. Quantify mitochondrial stain fluorescence intensity in mitochondria.

6.4.  Morphometric measurements (spheroids calculations) in ImageJ

6.4.1. Export High Content Analysis (HCA) images as *.flex files from the Columbus software. Import .flex files as a grayscale in ImageJ using Bio-Formats plugin32: File > Import > Bio-Formats.

6.4.2. In the Import Options window, select Hyperstack viewing and enable Split channels under Split into separate windows. This option will allow the access of all files in a particular channel (e.g., DAPI, mitotracker, etc.). Do not select Use virtual stack under Memory management. 

NOTE: It is preferable to use DAPI channel as “dust” in images as culture medium is reduced in UV wavelength (e.g., 405 nm).

6.4.3. Adjust pixel size (Analyze > Set Scale) if it was not loaded according to embedded values in the .flex file. Apply a Gaussian Blur filter to remove the excess of noise and avoid irregularities in shape contour. Process > Filters > Gaussian Blur. A high value of Sigma (radius) between 2.0 and 3.0 is ideal for most cases. If the stack has several images, apply to all of them (select Yes in Process Stack window).

6.4.4. Generate a binary image to separate background and organoids (objects) using a threshold. Click Image > Adjust > Threshold. Use the red mask to adjust the values according to the intensity of the image, to fit the organoid shape, keeping the morphology intact. Disable Dark background if the image has a white background. Click Apply.

6.4.5. In the Convert Stack to Binary window, choose the Threshold method. Usually, Default or Triangle are preferred in this kind of image processing. Keep the Background as Dark. Select Calculate threshold for each image if there are several images in the stack. 

6.4.6. Select Process > Binary > Fill holes. Optionally, remove holes from the background. In Process > Binary > Options, select Black background and execute Fill Holes again. Disable Black background option before proceeding to the next step.

6.4.7. Separate objects. For organoids, the watershed method is a good choice. Click Process > Binary > Watershed. Execute the shape analysis.

6.4.7.1. Select Analyze > Set Measurements. Several options are available (details in https://imagej.nih.gov/ij/docs/guide/146-30.html). For organoids, select Area, Mean gray value, Min & max gray value and Shape descriptors. Optionally, select Display label to identify objects in the image and Scientific notation. Click OK.

6.4.7.2. Select Analysis > Analyze Particles. Choose the Size and Circularity limits. Keep 0-infinity and 0.00-1.00, respectively to measure all objects in the image. In Show, choose Outlines so the objects will be identified. Enable Display results to output results; Exclude on edges to exclude objects touching borders; Include holes so eventual interior holes in the objects are considered as part of the main shape.

6.4.8. Repeat Shape Analysis for every image stack and the results will be appended in a single table. Export results table in File > Save As… as Comma Separated Values (.csv) file. 

6.5. Real-Time PCR

6.5.1. Extract RNA from tissue equivalents using a monophasic solution of phenol and guanidine isothiocyanate, following manufacturer’s instructions. 

6.5.2. Perform the cDNA synthesis by reverse transcription of 1 – 2 µg of total RNA.

6.5.3. Amplify all targets using gene-specific primers (Table 5) to perform real time quantitative PCR. Each qRT-PCR contains 30 ng of reverse-transcribed RNA and 100 nM of each primer.

6.5.4. Follow PCR conditions: 50 °C for 3 minutes (1 cycle); 95 °C for 5 minutes (1 cycle); 95 °C for 30 seconds, 59 °C for 45 seconds and 72 °C for 45 seconds (35 - 40 cycles). 

6.6.  CYP assay 

6.6.1.  Follow section 2.2 for liver 2-OC assembly. The experimental groups are No-cell control, APAP 2 µM treatments for 12 h, 24 h, and vehicle control. Follow sections 3.3 and 4.2 for APAP 2 µM preparation and treatment.

NOTE: To ensure that all the samples will be ready at the same time for CYP assay, start the 12 h treatment 12 hours after starting the 24 h treatment. Treat the no-cell control of CYP activity with 0.5% ethanol solution, as well as the vehicle control.

6.6.2. Thaw 3 mM luminogenic substrate stock solution at room temperature and make a 1:1000 dilution in William’s E S. Protect from light.

6.6.3. Collect spheroids and transfer each experimental group to a well of a 96-well plate. Remove the medium, wash twice with 100 µL of 1x DPBS and add 80 µL of 3 µM substrate solution per well. Keep the no-cell control in William’s E S medium. Save a well without spheroids or substrate solution for a background control. Incubate for 30-60 min at 37 °C with 5% CO2, protected from light. 

6.6.4. Equilibrate lyophilized Luciferin Detection Reagent (LDR) using the Reconstitution Buffer with esterase. Mix by swirling or inverting. Store the appropriated volume at room temperature until the next step.

NOTE: Reconstituted LDR can be stored at room temperature for 24 hours or at 4 °C for 1 week without loss of activity. For long-term storage, store at –20 °C. 

6.6.5. Transfer 25 µL of intact spheroids’ supernatant in three different wells of a white opaque 96-well microplate, after incubation. Add 25 µL of LDR per well and homogenize. 

6.6.6. Incubate the white plate at room temperature for 20 minutes. Read the luminescence on a luminometer. Do not use a fluorometer.

6.6.7. Calculate net signals by subtracting background luminescence values (no-cell control) from the test compound-treated and untreated (vehicle control) values. Calculate percent change of CYP3A4 activity by dividing the net treated values by the net untreated values and multiplying by 100.

6.7.  Western blotting

6.7.1. Transfer the liver spheroids to an identified 1.5 mL microtube. Remove the medium and wash twice with 100 µL of 1x DPBS. 

6.7.2. Lysate the liver spheroids in 100 µL of cell lysis RIPA buffer at 4 °C for 20 min. Centrifuge for 15 min, 4 °C, and 11000 rpm. Transfer the supernatant to another identified 1.5 mL microtube. 

6.7.3. Quantify the amount of protein obtained through the Bradford method. Load between 10 and 50 µg of protein from the quantified cell lysate per well of a gradient polyacrylamide gel 3-15% and perform an SDS-PAGE. 

6.7.4. Transfer the loaded protein from the gel to a 0.22 µm PVDF membrane through the semi-dry system equipment. Use a transference solution of 50 mM Tris-HCl and 192 mM glycine. Set equipment parameters according to the number of gels to be transferred (1 to 2 at a time).

6.7.5. Block nonspecific interactions on PVDF membrane with a 3-5% skim milk solution in TBS-T buffer: Tris-Buffered Saline (50 mM Tris pH 7.6, 150 mM sodium chloride) supplemented with 0.1% of Tween 20. Keep the membrane under gently constant shaking for 1 hour at room temperature. 

6.7.6. Wash with TBS-T under gently constant shaking for 3-5 min at room temperature. Repeat this washing step twice.

6.7.7. Dilute albumin and vinculin primary antibodies to 1:1000 and 1:2000 respectively on TBS-T. Incubate the membrane with primary antibodies overnight at 4 °C, under gently constant shaking.

NOTE: Always follow the manufacturer’s instructions to dilute antibodies. 

6.7.8. Remove the primary antibody and wash membrane 3 times (step 6.7.6). Dilute ECL anti-mouse IgG secondary antibody to 1:5000 on TBS-T. Incubate the membrane with a secondary antibody under gently constant shaking for 2 hours at room temperature.

6.7.9. Remove the secondary antibody and wash the membrane (step 6.7.6). Perform protein detection using ECL Western Blotting Substrate. Expose the autoradiographic films for 30 s to 30 min. Perform the immunoblotting detection in triplicate.

REPRESENTATIVE RESULTS:
To perform the PK APAP tests in the 2-OC MPS, the first step is to manufacture the human intestine and liver equivalents (organoids). They are integrated into the 2-OC microfluidic device (Figure 1A) 24 h before starting of the PK APAP assay. The next day, the medium is changed, and the model is exposed to APAP. Figure 1 illustrates the intestine and liver equivalents placed inside the 2-OC device (Figure 1B) and the APAP PK experiment timecourse (Figure 1C). We performed a MTT assay, TEER measurements, HCA, real-time PCR, western blotting, histology, and confocal fluorescence microscopy in 2D culture and 3D organoids to check the tissue’s viability and detect possible APAP toxic effects. In the confocal fluorescence microscopy images, the intestine equivalent samples stained with DAPI and Phalloidin (for nuclei and actin respectively) were presented as a contiguous barrier for the non-treated (Figure 2A) and the 12 µM APAP treated samples (Figure 2B). As seen in Figure 2C, the MTT assay showed relative cell viability levels above 70%, indicating the absence of relevant cytotoxic effects in response to APAP exposure at 12 µM concentration33–37. The positive control (100 mM) induced significant cell death (survival below 5%). The Caco-2/HT-29 viability and proper differentiation as well as the intestine equivalent barrier integrity were verified by TEER evolution during the differentiation period (Figure 2D). APAP did not cause any alteration in the TEER values as shown in Figure 2E. The expression of the active sodium-coupled glucose transporters SLC5A1, multidrug resistance transporter MDR1 and sodium-potassium ATPase were analyzed, to verify the APAP treatment impact over cell barriers formation and basal functionality. As demonstrated in Figure 2F–H, both non-treated and APAP treated intestine equivalents have shown similar expression of SLC5A1 and NaKATPase. The oral administration of 12 µM APAP induced marked an increase in the MDR1 mRNA levels in intestines equivalents after 24 h (Figure 2H). We also performed HCA of cell phenotypic changes by a fluorophore dye mixture for nuclei and mitochondrial mass content. Positive controls were 100 mM APAP and 1% NaOH. Additionally, we analyzed whether 12 µM APAP could induce cytotoxicity to the 2D Caco-2/HT-29 co-culture. The intestinal cells images acquired with fluorescence microscopy shown in Figure 2I corroborates the MTT data, which have demonstrated that 12 µM APAP did not cause significant cytotoxicity in the Caco-2/HT-29 intestinal equivalents.

The assessment of hepatic spheroids basal viability and the cytotoxicity in response to 2 µM APAP were done by MTT assay and morphological analyses by confocal fluorescence microscopy, H&E histology, and HCA assays. As shown in the Figure 3A, according to the MTT assay data, the 2 µM APAP treatment did not induce relevant cytotoxicity in the Liver 2-OC assembly under both static and dynamic conditions. The cell viability decreased but remained over 80% for both 12 h and 24 h time-points33–37. The positive control treatments (100 mM APAP and 1% NaOH) induced significant tissue damages (viability below 10%). Microscopic confocal images indicate the absence of a necrotic center in the liver spheroids in both basal or APAP treatment conditions, and no evidence of significant death rates (Figure 3B-C). However, when we analyzed multiple cellular phenotypic changes following the vehicle or 2 µM APAP administration in the 2D HepaRG/HHSteC coculture through HCA assay, using 100 mM APAP (C+) as a positive control, contradictorily to the results of the MTT assay, the hepatic cells demonstrated early cytotoxic responses to 2 µM APAP treatment (Figure 3D). After 24 h, there was a decrease in the number of cells, in the nuclear area and an increase in mitochondrial mass. Additionally, a fluorophore dye cocktail containing Hoechst 33342 and MitoTracker Deep Red was used to stain the 3D hepatic spheroids (Figure 3J). Fiji software was used to evaluate 3D spherical architecture homogeneity among several spheroids (Figure 3E–I). The graphic shown in Figure 3E shows the similarity among liver spheroids total area. The aspect ratio (Figure 3F) around 1 means an absence of bias during the confection process of the spheroids. The evaluation also indicated that the majority of the spheroids were roughly rounded (Figure 3G). The evaluation of the morphology perimeter and cell distribution was done by circularity (Figure 3I) and by solidity calculation (Figure 3H), respectively. We concluded that the methodology to confectioning the liver spheroids had generated organoids with a smooth perimeter, compatible with spherical growth, no biases, or necrosis during the process.

As demonstrated in Figure 4A-B, the liver spheroids showed a relative basal high level of albumin and GST mRNA expression respectively, indicating proper basal functionality. Nevertheless, the 2 µM APAP treatment for 24 h induced a decrease in the albumin and the GST mRNA expression levels, suggesting impairment of liver spheroids functionally at 24 h time point of APAP treatment. 

The detection of the CYP3A4 and UGT1A1 mRNA expression levels demonstrates the liver equivalents metabolic capacity. The CYP3A4 mRNA basal level (Figure 4C) was consistent with previous reports6. The APAP treatment induced a trend for a decrease in both CYP3A4 mRNA and UGT1A1 expression in response to APAP treatment (Figure 4C-D) once again corroborating the hypothesis of impairment of liver spheroids functionally at 24 h time point of APAP treatment. 

Additionally, experiments of western blotting and in vitro enzymatic activity were performed in order to analyze the albumin protein expression, as well as, the CYP 3A4 activity in liver equivalents at basal and at APAP treatment conditions. We found that 2 µM APAP treatment performed at the Liver 2-OC MPS, induced a reduction in the liver equivalent total albumin expression at 12 h and 24 h time-points at both static (Figure 4E) and dynamic (Figure 4F) conditions. On the other hand, liver equivalents samples from dynamic conditions have shown a trend to show higher levels of protein expression of albumin when compared to the static conditions (Figure 4G). CYP 3A4 in vitro assay performed at liver equivalents from Liver 2-OC MPS shown that 2 µM APAP treatment for 12 h or 24 h was capable to induce a robust and significant impairment of CYP 3A4 activity at both static and dynamic conditions (Figure 4H-I). More interesting, the presence of media flow (dynamic) has induced a significant improvement of liver equivalents CYP 3A4 activity levels when compared to conditions in which the liver equivalents were kept in absence of circulating medium (static conditions) (Figure 4J).

To find the most sensitive analytical condition regarding HPLC analysis, several parameters were investigated including the composition of the mobile phase, the type, and concentration of additives. It was found that acetonitrile gave better chromatogram resolution and appropriate retention time than methanol. Fast and reproducible separation of APAP was obtained using a C18 reversed-phase column. The APAP retention time (Rt) value was 9.27 ± 0.19 minutes. Selectivity for APAP is indicated by the shape and symmetrical resolution of the peak, as well as by the lack of interfering peaks from the DMEM and Williams cell culture media. 

APAP standard concentrations in DMEM S and Williams E S cell culture media diluted with ammonium acetate buffer (1:1, v/v) ranging from 0.25 to 100.00 µM were used to build the calibration curves. The linearity of the method was determined at nine concentration levels. The data are shown in Table 2 and Table 3. The relationship between APAP concentration and the peak areas was described by the linear regression equations: y = 16106*x + 3579.8 (R2=1, in DMEM medium) and y = 16397*x + 2475.1 (R2=1, in Williams medium), in which “x” is APAP nominal concentration in µM and “y” is the chromatogram peak area of APAP in AU. At the upper limit of quantification (i.e., 100.00 µM), the percentage deviation and the inter-run variability values were less than 2.50%. The accuracy and the precision for nine concentration levels, excluding the 0.50 µM (LLOQ), were within an acceptable range with DEV and C.V. values less than 7.00% (Table 2 and Table 3). 

The analytical method inter- and intra-run accuracy and precision, at four tested concentrations, fell within the generally accepted criteria for bioanalytical assays. The reproducibility of the method was evaluated by analyzing replicates of APAP quality control samples of 0.50 (LLOQ), 4.50, 45.00 and 90.00 µM. The intra-run and inter-run average results are reported in Table 4. The accuracy and precision of the assay are demonstrated by DEV values ≤ 15.00% and by C.V. values ≤ 7.00%, respectively.	

LOD was determined as the sample whose signal-to-noise ratio (S/N) was just greater than 3 and corresponded to a 0.25 µM APAP. On the other hand, the LLOQ, estimated with 0.50 µM APAP samples, displayed S/N ratio equal to 10. Furthermore, we found accuracy values (DEV%) ranging within ≤ 19.00% of the nominal concentration values. The intra- and inter-run variabilities were demonstrated by C.V. ≤ 18.77%, as shown in Table 2, Table 3 and Table 4)29,30. 

The APAP PK analyses were performed in three different 2-OC MPS assemblies: 1) Intestine 2-OC, containing the intestine equivalent only; 2) Liver 2-OC, containing the liver spheroids only and 3) Intestine/Liver 2-OC with both intestinal barrier and liver spheroids.

For absorption studies, the oral route was mimicked by the administration of 12 µM APAP on the intestine equivalent apical side. APAP concentrations were measured by HPLC/UV, in the medium samples, collected from apical and basolateral intestinal equivalents sides, in both static and dynamic conditions. The APAP kinetics in the medium collected from the apical and basolateral sides demonstrated that the intestine model was able to absorb the APAP. There was a progressive APAP concentration decrease in the apical side (Figure 5A) concomitantly to APAP concentration increase at the intestinal basolateral side (Figure 5B). The maximum concentrations (Cmax) in the medium was around 2 µM for both static and dynamic conditions, after 12 h of the administration (Tmax). 

For metabolism studies, the intravenous administration was mimicked by the administration of 2 µM APAP in the medium of the liver compartment. The APAP concentration kinetics in the media under both static and dynamic conditions indicated that only at the dynamic conditions the decreases in the APAP concentration could be detected, reaching 0.87 µM APAP 12 h after 2 µM APAP administration (T1/2 = 12 h). The liver equivalents showed minimal metabolic efficiency under static conditions (Figure 5C). The APAP concentration reached 1.7 µM 12 h after APAP administration. The integrated, systemic like APAP absorption and metabolism evaluation was performed in the Intestine/Liver 2-OC model. The APAP was administered over the apical side of the intestine equivalent, emulating the oral route. Medium samples were collected from both Intestinal sides and also from the liver compartment. Figure 5D shows the progressive decay of the APAP concentration at the apical side in both static and dynamic conditions.

Figure 5E shows distinguishable absorption and metabolism phases. The flow also impacted in the intestinal absorption. The APAP Cmax in the medium changed from 2 µM on the “Intestine 2-OC” (Figure 5B) assembly to 1.7 µM for the dynamic “Intestine/Liver 2-OC” (Figure 5E). Figure 5F shows a direct comparison between the concentration–time profile of APAP in our dynamic “Intestine/Liver 2-OC” microphysiological system (red curve and y axis) and a representative profile obtained in humans after a single oral dose of 1000 mg (black curve and y axis).

FIGURE AND TABLE LEGENDS: 

[bookmark: _Hlk19725412]Figure 1. Schematic step compilation for PK studies in the 2-OC MPS. A) Schematic drawing of the 2-OC MPS, showing the intestinal and hepatic human tissue equivalents in bottom-up view. B) 2-OC MPS photograph with the intestinal and liver equivalents integrated into the device in bottom-up view, with representative optical microscopy images. C) Timeline of tissue equivalents preparation, APAP treatment, and culture medium collections phases for organoid manufacturing, and pharmacokinetic and toxicological assessments. This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

[bookmark: _Hlk48416268]Figure 2. Viability and toxicological assessment of the intestine equivalents. A) Representative confocal fluorescence microscopy images of non-treated Caco-2/HT-29 cells stained with cell nuclei and actin filaments fluorescent dye (DAPI and Phalloidin respectively); 63x Magnification, zoom 2.6. B) Representative confocal fluorescence microscopy images of Caco-2/HT-29 cells treated with 12 µM APAP for 24 h, stained with nuclei and actin filaments fluorescent dye (DAPI and Phalloidin respectively); 63x Magnification, zoom 2.6. C) Intestine equivalents viability evaluation by MTT assay in both static and dynamic conditions. The values represented by the bars in the graph are percent calculated relative to vehicle control (time-point named as 0)*P<0.05 0 vs treatment. D) TEER evolution during the 21 days of differentiation. *P<0.05 day 1 vs other days. E) TEER values after APAP administration into the Intestine 2-OC MPS under dynamic conditions. Gene expression in intestines equivalents. Absorption potential of the intestine barrier and possible effects of 12 µM APAP for 24 h under dynamic condition was verified by SLC5A1 (F), Na-K-ATPase (G) and MDR1 (H) expression. Values represent the mean ± SEM of three independent experiments. The result is expressed as a ratio to housekeeping GAPDH. *P<0.05 vehicle vs APAP. I) Operetta image-based HCA performed by the Columbus® 2.4.0. software. Representative images of 2D intestine co-culture in different time points after 12 µM APAP treatment. Negative controls were medium (0 h) or vehicle (0.5% ethanol). Positive controls shown here is the 100 mM APAP. This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Figure 3. Viability and toxicological assessment of the liver equivalents. A) Liver equivalents viability evaluation by MTT assay in both static and dynamic conditions. The values represented by the bars in the graph are percent calculated relative to vehicle control (time-point named as 0) *P<0.05 0 vs treatment. B) Representatives confocal images captured from the vehicle and 2 µM APAP 24 h treated liver spheroids from an inner section. C) Representatives H&E (hematoxylin and eosin staining) images captured from the vehicle and 2 µM APAP 24 h treated liver spheroids from an inner section. Scale bar = 50 µm. D) Representative images of 2D liver co-culture in different time points after 2 µM APAP treatment. Samples treated with vehicle and with 2 µM APAP were considered in these analyses. The fluorophore dye mixture includes Hoechst for nuclear staining and Mitotracker Deep Red for mitochondria mass staining. Negative controls were medium (0 h) or vehicle (0.5% ethanol). Positive controls were 100 mM APAP. Measurements of whole spheroids images captured were performed using Fiji software. E) Frequency distributions of the area F) aspect ratio, G) roundness, H) solidity, I) circularity. N = 85. *p < 0,05. J) Representative images of 3D liver spheroids acquired by the Operetta using the LWD 10x objective. This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

[bookmark: _Hlk19091313]Figure 4. Liver viability/functionality and possible effects of 2 µM APAP under static and dynamic conditions over it were verified by gene and protein expression and by enzymatic activity. A) albumin gene expression. B) GSTA2 gene expression. Liver capability to perform phase I and phase II metabolism and possible effects of 2 µM APAP for 24 h under dynamic condition over it were verified by gene expression of CYP3A4 (C) and by UGT1A1 (D) respectively. E) Total albumin protein expression under static condition. F) Total albumin protein expression under dynamic conditions. condition. G) Comparative graph illustrating the difference in total albumin expression in liver equivalents cultivated and treated under static or dynamic conditions. H) CYP 3A4 in vitro enzymatic activity under static conditions. I) CYP 3A4 in vitro enzymatic activity under dynamic conditions. J) Comparative graph illustrating the difference in CYP 3A4 activity in liver equivalents cultivated and treated under static or dynamic conditions. Values represent the mean ± SEM of three independent experiments. The data of gene expression is expressed as a ratio to housekeeping GAPDH. The data of protein expression is expressed as a ratio to vinculin protein. *P<0.05 vehicle vs APAP treatment. This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Figure 5. Analyzes of APAP pharmacokinetics in 2-OC MPS. APAP absorption profile after 12 µM APAP administration at the apical side of the Intestine 2-OC MPS preparation. The intestinal barrier was made of a coculture of Caco-2/HT-29 cell lines (A) Static and dynamic APAP concentrations in the medium from the apical side (representing the human intestinal lumen side). (B) Static and dynamic APAP concentrations in the medium from the basolateral side (representing the human intestinal bloodstream side). *P<0.05 static vs dynamic conditions. C) APAP metabolism profile in the Liver 2-OC MPS by HepaRG/HHSTeC liver spheroids. Comparison of static and dynamic conditions after a 2 µM APAP administration into the medium. *P<0.05 0h vs 6 h, 12 h, and 24 h APAP treatment. APAP absorption and metabolism profile after 12 µM administration on the intestinal barrier apical side of the Intestine/Liver 2-OC MPS preparation. This emulates the oral route. The intestinal barrier was made of Caco-2/HT-29 cell lines and the liver equivalent made of spheroids of HepaRG/HHSTeC cell lines. (D) Intestinal/Liver 2-OC APAP concentrations in the apical side of the intestinal barrier under static and dynamic conditions. (E) Intestinal/Liver 2-OC APAP concentrations in the medium under static and dynamic conditions. *P<0.05 static vs dynamic conditions. (F) Comparison between the concentration–time profile of APAP in our microphysiological system (red curve and y axis) and a representative profile obtained in humans after a single oral dose of 1000 mg (black curve and y axis). Data was extracted from plots using WebPlotDigitizer 4.2 (https://automeris.io/WebPlotDigitizer). This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Table 1. Conditions and parameters to be used for HPLC-UV analyses of APAP in culture medium matrices.

[bookmark: _Hlk19091112]Table 2. Inter-run variation – accuracy, precision, and linearity of standard curve samples prepared in a mixture of DMEM medium with 0.10 M ammonium acetate buffer (1:1, v/v) from six separate assays.a
aA linear curve was fitted to the data for a response (APAP) versus theoretical concentration as described in Experimental. The calculated concentration was derived from reading the response for each standard sample against the calibration curve. Each entry (assay 1-6) corresponds to the average value of triplicate analysis.
b SD= Standard deviation. c C.V. (coefficient of variation. precision). 
d Accuracy (DEV %) = the deviation of the calculated concentration from the nominal value.
This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Table 3. Inter-run variation – accuracy, precision, and linearity of standard curve samples prepared in a mixture of Williams medium with 0.10 M ammonium acetate buffer (1:1, v/v) from six separate assays.a
aA linear curve was fitted to the data for a response (APAP) versus theoretical concentration as described in Experimental. The calculated concentration was derived from reading the response for each standard sample against a calibration curve. Each entry (assay 1-5) corresponds to the average value of triplicate analysis.b SD= Standard deviation c C.V. (coefficient of variation. precision). d Accuracy (DEV %) = the deviation of the calculated concentration from the nominal value. This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Table 4. Intra- and inter-run precision and accuracy for APAP in quality control samples.a
aThe data are shown as averages. SD (standard deviation). C.V. (coefficient of variation. precision) and accuracy (percent deviation. DEV%). This figure has been modified from Marin et al. Acetaminophen absorption and metabolism in an intestine/liver microphysiological system. Chem Biol Interact. 299, 59-76 (2019).

Table 5. Real-time qPCR primers to evaluate gene transcription at mRNA level in the 2-OC cultures for intestine and liver tissues

DISCUSSION: 
The accurate and reliable assessment of the pharmacologic properties of investigative new drugs is critical for reducing the risk in the following development steps. The MPS is a relatively new technology, that aims at improving the predictive power and reducing the costs and time spent with preclinical tests. Our group is advancing in the assessment of pharmacokinetic and toxicological properties mostly needed for lead optimization. We worked with the 2-OC microfluidic device, which has two chambers, allowing the integration of two organoids. APAP was chosen because it has plenty of high-quality human data, is mostly metabolized by the liver, and also displays hepatotoxic properties. The study protocol aimed to emulate some steps of the human phase I clinical trial, where a drug is administered orally to volunteers, and periodic blood samples are drawn to assess the drugs’ concentration to know the pharmacokinetic properties and biochemical and clinical parameters are collected to assess the safety and tolerability. Therefore, when the MPS evolves enough to provide reliable predictions, it will significantly reduce the risk of failure in the phase I trial. By adding the disease models in the future, the same assumption possibly will apply to the phases II and III clinical trials. 

All studies were performed in three models: Intestine 2-OC (APAP oral administration), Liver 2-OC (Intravenous administration), and Intestine/Liver 2-OC (oral administration). The first model isolated the absorption, the second the metabolism, and the third integrated both. We first produced the organoids and incorporated into the microfluidic device, second administered the APAP and collected the media samples, and last performed a set of tests to assess the cell viability and functionality and the toxicological impact of APAP exposure. For the pharmacokinetic studies, we developed and validated a chromatographic method for APAP quantification in the medium. The validation complied with the Guideline on Bioanalytical Method Validation regarding specificity, linearity, the limit of quantification (LOQ), the limit of detection (LOD), matrix effect, precision, and accuracy, as outlined by FDA29,30. The specificity was established with blank, pooled, and individual biological samples from two different sources. The method performed acceptably during the analysis, and the data confirmed the ability of a simple isocratic mobile phase to separate and quantify APAP. 

The viability/functionally of the intestine and liver organoids was assessed by different techniques. For the intestine equivalent, the confocal fluorescence microscopy (Figure 2A-B), the MTT assay (Figure 2C), gene expression assessment (Figure 2D-F) or HCA experiment, did not detect any toxicity 24 h after APAP exposure. Likewise, MTT assay did not detect toxic insults induced by APAP in liver equivalents (Figure 3A). However, the HCA technique added the possibility of detection of very early toxic events (24 h after APAP exposure) for liver cells, by the observation of cell phenotypic changes, with some mechanistic clues (Figure 3D). On the other hand, the confocal fluorescence microscopy (Figure 3B) and histology (Figure 3C) were showed to be a useful complementary tool in the investigation of the viability status of the human tissue’s equivalents. For the liver cells, the simultaneous use of different techniques was very advantageous. The MTT assay, as mentioned before, was not able to detect the APAP cytotoxicity detected by the HCA 24 h after APAP exposure. The gene expression analyses assessed the functionality of the intestine (Figure 2D-F) and liver organoids (Figure 4A-D) at both basal and 24 h after APAP treatment. Under basal conditions, there were normal levels of intestinal and liver-specific markers, suggesting proper functionality. After 24 h of APAP exposure, there was a downregulation of albumin, GST mRNA levels, and a tendency to reduce the CYP3A4 gene expression in liver equivalent tissues, indicating APAP early cytotoxicity. Corroborating these findings, Western blotting experiments showed that the reduction in gene expression was also accompanied by a robust reduction in liver total albumin protein expression in response to APAP treatment (Figure 4E-F), confirming the toxic insults imposed on liver tissue by exposure to APAP. Accordingly, experiments of in vitro enzymatic activity showed a robust and progressive reduction in CYP 3A4 activity levels induced by APAP treatment, in liver equivalents (Figure 4H-I).

Morphometrical statistics of organoids were performed on Image J (Figure 3E-I). The area reveals how close the 2D size is to all organoids analyzed, which could be used as standardization in this protocol so that an unbiased result can be produced. The ‘shape descriptors’ reveal statistics corresponding precisely to the shape morphology. The Aspect Ratio is an index which uses the major and minor axis, so results around 1 indicate no bias (i.e., preferential growth) during organoid formation. Values of Roundness (4 ×[area]/ (π × [major axis]2)) are very sensitive to a preferential growth, which would be revealed as a major axis. Solidity ([area]/ ([convex area])) is essential in showing gross morphology as it is not affected by irregularities in borders since it uses convex area (=envelope). Distributions centered around 1.0 indicate putative spherical growth. Conversely, Circularity (4× π [area]/[perimeter]2) is very sensitive to a complex perimeter, so “cavities” or “pockets” would impact this index. Thus, circularity around 1 also corroborates putative spherical growth, compatible with proper organoid functionality.

The analytical results showed that the MPS could emulate the APAP absorption and metabolism properties, both isolated or integrated in a curve comparable to that produced in vivo (Figure 5F) without the excretion phase. The APAP absorption was similar after oral administration to both Intestine MPS or Intestine/Liver MPS models, under both static and dynamic conditions (Figure 5A-B, Figure 5D-E). In both, there was an APAP concentration decreases at apical side concomitantly to its increase at the basolateral side, with no significant difference for static and dynamic conditions. In contrast, the APAP hepatic metabolism differed under these conditions. The circulating media in MPS seemed to improve the organoid metabolic capability (Figure 5C and Figure 5E). There was a significant APAP decay underflow not seen without flow. Interestingly, in vitro, CYP3A4 activity experiments corroborate the hypothesis that the presence of flow in the system increases the functionality of human liver equivalents. As shown in the graph in Figure 4J, the activity of CYP 3A4 was significantly higher in liver equivalents maintained under flow at both basal and APAP treatment conditions. Likewise, the liver equivalents kept under flow (dynamic) showed a tendency to increase the protein expression of albumin when compared to those kept without flow (static) both at baseline or at APAP treated conditions (Figure 4G). 

When compared to the concentration-time profile after oral administration of APAP to humans, our microphysiological system shows much larger t1/2 (half-life time) (Figure 5F). This happens, as mentioned before, because while we have a two-organ system with intestine and liver equivalents that can absorb and metabolize the drug, there is no kidney equivalent to excrete APAP and its metabolites from the plasma compartment38. In addition to that, the microphysiological system shows smaller Cmax (peak plasma concentration) and larger tmax (time to reach Cmax) than what is typically observed for humans (Figure 5F). This is a consequence of the differences in the scale of the in vitro and in vivo experiments. Overall, there are three main differences between the concentration–time profile obtained using the microphysiological system and profiles obtained after oral administration of APAP to humans: larger t1/2, smaller Cmax and larger tmax (Figure 5F). While the larger t1/2 is due to the absence of a kidney equivalent to excrete APAP and its metabolites from the plasma equivalent, smaller Cmax and larger tmax are consequences of the small scale of the experiment when compared to the human body. The best scaling strategies for building and operating microphysiological systems are still an active area of research and it is unlikely that a single approach is optimal for all systems39. Additionally, mathematical modeling or machine learning can be used to apply corrections or learn the mapping from the micro scale to full scale in order to extrapolate in vitro data obtained with the microphysiological systems to the in vivo behavior observed in humans40.
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