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Supplementary Figure 1 | Flow cytometry gating strategy. a, Example gating strategy for 
magnetic-sorted CD14+ monocytes from human peripheral blood, acquired on Bio-Rad ZE5 Cell 
Analyzer. b, Example gating strategy for circulating cells isolated from the Multi-organ tissue chips, 
acquired on Agilent NovoCyte Quanteon. 

 

 

  



 

Supplementary Figure 2 | IPA and GSEA of electromechanically matured cardiac tissues. a, 
RNA sequencing heatmap of control heart tissues versus electromechanically matured tissues. b, 
Volcano plot of control versus matured cardiac tissue gene expression. c, Top Analysis Ready 
Molecules as determined by IPA Analysis. d-e, Gene Set Enrichment of Hallmark Pathways (d) and 
WikiPathways (e) for matured versus control heart tissues.  
  



 

Supplementary Figure 3 | Cardiac Gene Set Enrichment for Gene Ontology Biological 
Processes in matured human cardiac tissues. Gene Set Enrichment Plots of the enriched Gene 
Ontology Biological Processes for matured versus control heart tissues. 
  



 

Supplementary Figure 4 | Cardiac pathway enrichment and drug responses within matured 
human cardiac tissues. a-b, Gene Ontology of Biological Processes (a) and Cellular components 
(b) for electromechanically matured versus control heart tissues, using RNA sequencing analysis 
between control heart tissues versus electromechanically matured tissues. c, Mature tissues were 
further validated by measuring dose-dependent responses (n=3-6, shown as mean with 95% 
confidence interval) to calcium signaling drugs, using calcium channel blockers. 
  



 
Supplementary Figure 5 | Proteomic analysis maintains biological fidelity of tissues when 
cultured in Multi-organ tissue chip. a, Comparison of shared highly expressed proteins (present 
within all engineered organs within each experimental group) using Gene Ontology (GO) analysis 
identifies shared gene pathways that are highly expressed amongst all the different engineered 
organs when cultured in each linked tissue chip configuration.  

 

 

 

  



 

Supplementary Figure 6 | Schematic details models developed for simulation of studies 
without an endothelial barrier, endothelial barrier details, and mass balance for drugs over 
time. a, Detailed schematic of the endothelial barrier. b-c, Volume (b) and mass (c) conservation 
for doxorubicin from the reservoir over time. d, Bottom layer of the tissue chambers of liver, heart, 
and skin. e, Bottom layer of the bone tissue chamber. f, Five discretization test case model for 
doxorubicin.  
  



 

Supplementary Figure 7 | FITC-dextran (3 kDa) diffusion and binding to the tissue chip. a, 
Absorption (n=3 biological replicates). b, Diffusion through transwell (n=3 biological replicates). c, 
Schematic of the experimental design to evaluate FITC-Dextran diffusion in the chip over time. d-h, 
Experimental results of FITC-Dextran diffusion in the tissue chip for the reservoir (d), chamber 1 (e), 
chamber 2 (f), chamber 3 (g), and chamber 4 (h) over time (n=4 biological replicates). Data are 
mean ± SD. 
  



 

Supplementary Figure 8 | Doxorubicin metabolism within the engineered liver tissue. a, 
Schematic of the experimental design. b-c, Doxorubicin (b) and doxorubicinol (c) levels in the liver 
tissue chamber and in the reservoir measured over time, as measured by UPLC-MSMS. Data are 
mean ± SD (n=3 biological replicates). 
  



 

Supplementary Figure 9 | Experimental data and PK model of doxorubicin treatment in the 
Mixed tissue chip. a-b, Doxorubicin (a) and doxorubicinol (b) levels, measured over time by UPLC-
MSMS within all tissue chambers and in the reservoir (red bar), compared with prediction of the 
computational PK model (blue line). Data are mean ± SD.  



 

 

Supplementary Figure 10 | In vitro biomarkers of doxorubicin cardiotoxicity in multi-tissue 
chips. a, Schematic detailing workflow characterizing miRNA expression between 4-tissue Multi-
organ and Mixed tissue chips after doxorubicin treatment. b-c, Gene set enrichment analysis 
(GSEA) of miRNAs from four tissue Multi-organ (b) and Mixed (c) tissue chips after doxorubicin 
treatment as benchmarked against clinically identified biomarkers of doxorubicin toxicity in a 
pediatric study (Oatmen et al., 2018). d-e, Gene set enrichment analysis (GSEA) of miRNAs from 
four tissue Multi-organ (d) and Mixed (e) tissue chips after doxorubicin treatment as benchmarked 
against clinically identified biomarkers of doxorubicin toxicity in an adult study (Yadi et al., 2020). 
(*Consistent with clinical finding; Color codes – Blue (Negative Fold-Change), Red (Positive Fold-
Change))  



 

Supplementary Figure 11 | In vitro biomarkers of doxorubicin cardiomyopathy in isolated 
tissue chips. a, Schematic detailing workflow characterizing miRNA expression between 1-tissue 
Multi-organ and Mixed tissue chips after doxorubicin treatment. b-c, Gene set enrichment analysis 
(GSEA) of miRNAs from isolated tissue Multi-organ (b) and Mixed (c) chips after doxorubicin 
treatment as benchmarked against clinically identified biomarkers of doxorubicin toxicity in a 
pediatric study (Oatmen et al., 2018). d-e, Gene set enrichment analysis (GSEA) of miRNAs from 
isolated 1-tissue Multi-organ (d) and Mixed (e) tissue chips after doxorubicin treatment as 
benchmarked against clinically identified biomarkers of doxorubicin toxicity in an adult study (Yadi 
et al., 2020). (*Consistent with clinical finding; Color codes – Blue (Negative Fold-Change), Red 
(Positive Fold-Change)) 
  



 

Supplementary Figure 12 | In vitro biomarkers of doxorubicin cardiomyopathy in perfusate 
of multi-tissue chips. a, Schematic detailing workflow characterizing miRNA expression between 
perfusate sampled from the recirculating media of the 4-Tissue Multi-organ and Mixed tissue chips 
after doxorubicin treatment. b-c, Gene set enrichment analysis (GSEA) of miRNAs from perfusate 
of the 4-Tissue Multi-organ (b) and 4-Tissue Mixed (c) tissue chips after doxorubicin treatment as 
benchmarked against clinically identified biomarkers of doxorubicin toxicity in a pediatric study 

(Oatmen et al., 2018). (*Consistent with clinical finding; Color codes – Blue (Negative Fold-Change), 
Red (Positive Fold-Change)) 
 

  



 

Supplementary Table 1 | Tissue specifications. Extracellular matrix (ECM), cell types and 
numbers, dimensions, and volume for each tissue. hiPSC, human induced pluripotent stem cell; 
NHDF, normal human dermal fibroblasts; MSC, mesenchymal stem cell; HUVEC, human umbilical 
endothelial cell.  
 

 

  



 

Supplementary Table 2 | Media compositions for each tissue type. Each tissue compartment 
contained 1.5 mL of media (liver, heart, bone, or skin) and the vascular compartment contained 12 
mL of endothelial media. 
 

 

  



Modeling parameters 
Parameter Value Reference 

Vmax 350 pmol (mg.min)-1 (Kassner et al., 2008) 
Km 170 µM (Kassner et al., 2008) 
fu 1 (Sakolish et al., 2020) 
LogP 1.27 (Wishart et al., 2008) 
SL,el 43.5 L h-1 (Gustafson et al., 2002) 
Qcl 0.5×10-10 m3 s-1 Calibrated 
D1 2.12×10-10 m2 s-1 (Biondi et al., 2013) 
D2 1.58×10-11 m2 s-1 (Qian et al., 2003) 

 
 
Supplementary Table 3 | Modeling parameters. Vmax, maximum reaction rate; Km, Michaelis 
constant; Fu, unbound fraction of the drug LogP, lipophilicity; SL,el, compound elimination rate; Qcl, 
clearance flow rate; D1, diffusivity of the drug in the compartments containing media;  D2, diffusivity 
of the drug in the solid compartments. 
 
  



Extended Data Fig. 9A 
Variable Meaning 

S Skin 
ST Skin tank 
B Bone 
BT Bone tank 
H Heart 
HT Heart tank 
L Liver 
LT Liver tank 
Qf Flow rate 
LIFC Liver inlet fluidic channel 
LFC Liver fluidic channel 
HIFC Heart inlet fluidic channel 
HFC Heart fluidic channel 
BIFC Bone inlet fluidic channel 
BFC Bone fluidic channel 
SIFC Skin inlet fluidic channel 
SFC Skin fluidic channel 
SOFC Skin outlet fluidic channel 
SMM Endothelial membrane below the skin tank 
BMM Endothelial membrane below the bone tank 
HMM Endothelial membrane below the heart tank 
LMM Endothelial membrane below the liver tank 

Extended Data Fig. 9B 
Variable Meaning 

J Flux between two different compartments or tissue 
V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
LTT Top layer of the liver tank 
LMT Middle layer of the liver tank 
LBT Bottom layer of the liver tank 
LTM Top layer of the endothelial barrier below the liver tank 
LMM Middle layer of the endothelial barrier below the liver tank 
LBM Bottom layer of the endothelial barrier below the liver tank 
LFC Liver fluidic channel 
LIFC Liver inlet fluidic channel 
TB20 Section 20 of the tubing lumen 
L Liver tissue 
Qf Flow rate 
JLMT-LTT Flux between the middle and the top layers of the liver tank 
JLBT-LMT Flux between the bottom and the middle layers of the liver tank 

JLTM-LBT Flux between the top layer of the endothelial barrier below the liver tank and the bottom 
layer of the liver tank 

JLBT-L Flux between the bottom layer of the liver tank and the liver tissue 
JLMM-LTM Flux between the middle and the top layers of the endothelial barrier below the liver tank 

JLBM-LMM Flux between the bottom and the middle layers of the endothelial barrier below the liver 
tank 

JLFC-LBM Flux between the liver fluidic channel and the bottom layer of the endothelial barrier below 
the liver tank 



VLTT Volume of the top layer of the liver tank 
CLTT Concentration of the top layer of the liver tank 
VLMT Volume of the middle layer of the liver tank 
CLMT Concentration in the middle layer of the liver tank 
VLBT Volume of the bottom layer of the liver tank 
CLBT Concentration in bottom layer of the liver tank 
VL Volume of liver tissue 
CL Concentration in the liver tissue 
VLTM Volume of the top layer of the endothelial barrier below the liver tank 
CLTM Concentration in the top layer of the endothelial barrier below the liver tank 
VLMM Volume of middle layer of the endothelial barrier below the liver tank 
CLMM Concentration in the middle layer of the endothelial barrier below the liver tank 
VLBM Volume of bottom layer of the endothelial barrier below the liver tank 
CLBM Concentration in the bottom layer of the endothelial barrier below the liver tank 
VLFC Volume of the liver fluidic channel 
CLFC Concentration in the liver fluidic channel 
VLIFC Volume of the liver inlet fluidic channel 
CLIFC Concentration in the liver inlet fluidic channel 
CTB20 Concentration in section 20 of the tubing lumen 

Extended Data Fig. 9C 
Variable Meaning 

J Flux between two different compartments or tissue 
V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
HTT Top layer of the heart tank 
HMT Middle layer of the heart tank 
HBT Bottom layer of the heart tank 
HTM Top layer of the endothelial barrier below the heart tank 
HMM Middle layer of the endothelial barrier below the heart tank 
HBM Bottom layer of the endothelial barrier below the heart tank 
HFC Heart fluidic channel 
HIFC Heart inlet fluidic channel 
LFC Liver fluidic channel 
H Heart tissue 
Qf Flow rate 
JHTT-PD Flux between the top layer of the heart tank and the PDMS pillars 
JHMT-HTT Flux between the middle and the top layers of the heart tank 
JHMT-PD Flux between the middle layer of the heart tank and the PDMS pillars 
JHBT-HMT Flux between the bottom and the middle layers of the heart tank 
JHMT-H Flux between the middle layer of the heart tank and the heart tissue 

JHTM-HBT Flux between the top layer of the endothelial barrier below the heart tank and the bottom 
layer of the heart tank 

JHMM-HTM Flux between the middle and the top layers of the endothelial barrier below the heart tank 
JHBM-HMM Flux between the bottom and the middle layers of the endothelial barrier below the hear tank 

JHFC-HBM Flux between the heart fluidic channel and the bottom layer of the endothelial barrier below 
the heart tank 

VHTT Volume of the top layer of the heart tank 
CHTT Concentration in the top layer of the heart tank 
VHMT Volume of the middle layer of the heart tank 
CHMT Concentration in the middle layer of the heart tank 
VHBT Volume of the bottom layer of the heart tank 
CHBT Concentration in the bottom layer of the heart tank 
VH Volume of the heart tissue 



CH Concentration in the heart tissue 
VHTM Volume of the top layer of the endothelial barrier below the heart tank 
CHTM Concentration in the top layer of the endothelial barrier below the heart tank 
VHMM Volume of the middle layer of the endothelial barrier below the heart tank 
CHMM Concentration in the middle layer of the endothelial barrier below the heart tank 
VHBM Volume of the bottom layer of the endothelial barrier below the heart tank 
CHBM Concentration in the bottom layer of the endothelial barrier below the heart tank 
VHFC Volume of the heart fluidic channel 
CHFC Concentration in the heart fluidic channel 
VHIFC Volume of the heart inlet fluidic channel 
CHIFC Concentration in the heart inlet fluidic channel 
CLFC Concentration in the liver fluidic channel 

Extended Data Fig. 9D 
Variable Meaning 

J Flux between two different compartments or tissue 
V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
B Bone tissue 
BTT Top layer of the bone tank 
BMT Middle layer of the bone tank 
BBT Bottom layer of the bone tank 
BTM Top layer of the endothelial barrier below the bone tank 
BMM Middle layer of the endothelial barrier below the bone tank 
BBM Bottom layer of the endothelial barrier below the bone tank 
BFC Bone fluidic channel 
BIFC Bone inlet fluidic channel 
HFC Heart fluidic channel 
Qf Flow rate 
JBMT-BTT Flux between the middle and the top layers of the bone tank 
JBBT-BMT Flux between the bottom and the middle layers of the bone tank 
JBBT-B Flux between the bottom layer of the bone tank and the bone tissue 
JBTM-B Flux between the top layer of the endothelial barrier below the bone tank and the bone tissue 
JBMM-BTM Flux between the middle and the top layers of the endothelial barrier below the bone tank 

JBBM-BMM Flux between the bottom and the middle layers of the endothelial barrier below the bone 
tank 

JBFC-BBM Flux between the bone fluidic channel and the bottom layer of the endothelial barrier below 
the bone tank 

VBTT Volume of the top layer of the bone tank 
C BTT Concentration in the top layer of the bone tank 
VBMT Volume of the middle layer of the bone tank 
CBMT Concentration in the middle layer of the bone tank 
VBBT Volume of the bottom layer of the bone tank 
CBBT Concentration in the bottom layer of the bone tank 
VB Volume of the bone tissue 
CB Concentration in the bone tissue 
VBTM Volume of the top layer of the endothelial barrier below the bone tank 
CBTM Concentration in the top layer of the endothelial barrier below the bone tank 
VBMM Volume of middle layer of the endothelial barrier below the bone tank 
CBMM Concentration in the middle layer of the endothelial barrier below the bone tank 
VBBM Volume of bottom layer of the endothelial barrier below the bone tank 
CBBM Concentration in the bottom layer of the endothelial barrier below the bone tank 
VBFC Volume of the bone fluidic channel 
CBFC Concentration in the bone fluidic channel 



VBIFC Volume of the bone inlet fluidic channel 
CBIFC Concentration in the bone inlet fluidic channel 
CHFC Concentration in heart fluidic channel 

Extended Data Fig. 9E 
Variable Meaning 

J Flux between two different compartments or tissue 
V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
S Skin tissue 
STT Top layer of the skin tank 
SMT Middle layer of the skin tank 
SBT Bottom layer of the skin tank 
STM Top layer of the endothelial barrier below the skin tank 
SMM Middle layer of the endothelial barrier below the skin tank 
SBM Bottom layer of the endothelial barrier below the skin tank 
SOFC Skin outlet fluidic channel 
SFC Skin fluidic channel 
SIFC Skin inlet fluidic channel 
BFC Bone fluidic channel 
Qf Flow rate 
JSTT-S Flux between the top layer of the skin tank and the skin tissue 
JSMT-STT Flux between the middle and the top layers of the skin tank 
JSBT-SMT Flux between the bottom and the middle layers of the skin tank 

JSTM-SBT Flux between the top layer of the endothelial barrier below the skin tank and the bottom 
layer of the skin tank 

JSMM-STM Flux between the middle and the top layers of the endothelial barrier below the skin tank 
JSBM-SMM Flux between the bottom and the middle layers of the endothelial barrier below the skin tank 

JSFC-SBM Flux between the skin fluidic channel and the bottom layer of the endothelial barrier below 
the skin tank 

VSTT Volume of the top layer of the skin tank 
CSTT Concentration in the top layer of the skin tank 
VSMT Volume of the middle layer of the skin tank 
CSMT Concentration in the middle layer of the skin tank 
VSBT Volume of the bottom layer of the skin tank 
CSBT Concentration in the bottom layer of the skin tank 
VS Volume of the skin tissue 
CS Concentration in the skin tissue 
VSTM Volume of the top layer of the endothelial barrier below the skin tank 
CSTM Concentration in the top layer of the endothelial barrier below the skin tank 
VSMM Volume of middle layer of the endothelial barrier below the skin tank 
CSMM Concentration in the middle layer of the endothelial barrier below the skin tank 
VSBM Volume of bottom layer of the endothelial barrier below the skin tank 
CSBM Concentration in the bottom layer of the endothelial barrier below the skin tank 
VSOFC Volume of the skin outlet fluidic channel 
CSOFC Concentration in the skin outlet fluidic channel 
VSFC Volume of the skin fluidic channel 
CSFC Concentration in the skin fluidic channel 
VSIFC Volume of the skin inlet fluidic channel 
CSIFC Concentration in the skin inlet fluidic channel 
CBFC Concentration in the bone fluidic channel 

Extended Data Fig. 9F 
Variable Meaning 

J Flux between two different compartments or tissue 



V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
RES Reservoir 
i Section i of the tubing wall or lumen (i = 2 - 19) 
TB,1 Section 1 of the tubing wall 
TB,2 Section 2 of the tubing wall 
TB,i-1 Section i-1 of the tubing wall 
TB,i Section i of the tubing wall 
TB,i+1 Section i+1 of the tubing wall 
TB,19 Section 19 of the tubing wall 
TB,20 Section 20 of the tubing wall 
TL,1 Section 1 of the tubing lumen 
TL,2 Section 2 of the tubing lumen 
TL,i-1 Section i-1 of the tubing lumen 
TL,i Section i of the tubing lumen 
TL,i+1 Section i+1 of the tubing lumen 
TL,19 Section 19 of the tubing lumen 
TL,20 Section 20 of the tubing lumen 
SOFC Skin outlet fluidic channel 
Qf Flow rate 
JTL,1-TB,1 Flux between sections 1 of the tubing lumen and wall 
JTB,1-TB,2 Flux between sections 1 and 2 of the tubing wall 
JTL,1-TL,2 Flux between sections 1 and 2 of the tubing lumen 
JTB,i-1-TB,i Flux between sections i-1 and i of the tubing wall 
JTL,i-1-TL,i Flux between sections i-1 and i of the tubing lumen 
JTL,i-TB,i Flux between sections i of the tubing lumen and wall 
JTB,i-TB,i+1 Flux between sections i and i+1 of the tubing wall 
JTL,i-TL,i+1 Flux between sections i and i+1 of the tubing lumen 
JTB,19-TB,20 Flux between sections 19 and 20 of the tubing wall 
JTL,19-TL,20 Flux between sections 19 and 20 of the tubing lumen 
JTL,20-TB,20 Flux between sections 20 of the tubing lumen and wall 
CSOFC Concentration in the skin outlet fluidic channel 
VRES Volume in the reservoir 
CRES Concentration in the reservoir 
VTB,1 Volume in section 1 of the tubing wall 
CTB,1 Concentration in section 1 of the tubing wall 
VTL,1 Volume in section 1 of the tubing lumen 
CTL,1 Concentration in section 1 of the tubing lumen 
VTB,i Volume in section i of the tubing wall 
CTB,i Concentration in section i of the tubing wall 
VTL,i Volume in the section i of the tubing lumen 
CTL,i Concentration in section i of the tubing lumen 
VTB,20 Volume in the section 20 of the tubing wall 
CTB,20 Concentration in section 20 of the tubing wall 
VTL,20 Volume in the section 20 of the tubing lumen 
CTL,20 Concentration in section 20 of the tubing lumen 

Supplementary Fig. 6 
Variable Meaning 

J Flux between two different compartments or tissue 
V Volume of compartment or tissue 
C Concentration of a compound in a compartment or tissue 
BT Bottom layer of the tank 
MM Membrane below the tank 



 

Supplementary Table 4 | Terms used in the computational model and their meaning. 
 

 

 

  

FC Fluidic channel below the membrane 
B Bone tissue 
BMM Membrane below the bone tank 
BFC Bone fluidic channel 
Qf Flow rate 
JMM-BT Flux between the membrane below the tank and the bottom layer of the tank 
JFC-MM Flux between the fluidic channel below the membrane and the membrane bellow the tank 
JBMM-B Flux between the membrane below the bone tank 
JBFC-BMM Flux between the bone fluidic channel and the membrane below the bone tank 
VBT Volume of the bottom layer of the tank 
CBT Concentration in the bottom layer of the tank 
VMM Volume of the membrane below the tank 
CMM Concentration in the membrane below the tank 
VFC Volume of the fluidic channel below the membrane 
CFC Concentration in the fluidic channel below the membrane 
VB Volume of the bone tissue 
CB Concentration in bone tissue 
VBMM Volume of the membrane below the bone tank 
CBMM Concentration in membrane below the bone tank 
VBFC Volume of the bone fluidic channel 
CBFC Concentration in the bone fluidic channel 



Supplementary Video 1 | Assembly of the tissue chip.  
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