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SUPPLEMENTARY MATERIALS AND METHODS 

Fabrication of polydimethyl siloxane (PDMS) stamps 

To prepare PDMS stamps, a SU-8 photoresist master mold was fabricated by using a conventional 
SU-8 photolithography approach. Briefly, SU-8 2100 (Kayaku Advanced Materials, Westborough, 
MA) was spin coated and pre-baked on a silicon wafer (University Wafers, Boston, MA) at a 100 
μm thickness. Next, the SU8 layer was exposed to UV at 250 mJ/cm2 power in the presence of a 
film photomask exhibiting the desired linear pattern shape (55 μm in width for opaque region and 
80 μm in width for transparent region). After developing and hard-baking, areas of linear SU8 
micropatterns (80 μm in width) were visible. To cast the PDMS stamps, Sylgard-184 base and 
curing agent (Dow-Corning, Midland, MI) were mixed at a 10:1 ratio (w/w) and poured onto the 
SU-8 master mold. After degassing for 30 minutes in a vacuum chamber, the PDMS-poured master 
mold was thermally cured at 75°C in an oven. The cured PDMS replicate was peeled off from the 
master mold and cut into the desired dimensions. The prepared PDMS stamps were cleaned and 
sealed by 3M Scotch tape to protect from dust and debris until further use. 

Fluorescent visualization of micropatterns 

For the visualization of fibronectin (FN) and bovine serum albumin (BSA) micropatterns, 0.05% 
(w/v) BSA solution containing Rhodamine-polyethylene glycol-thiol (PEG-SH, 0.1 mg/mL, 
Nanocs, New York, NY) was prepared in double deionized water (ddH2O) and used in the 
FN/BSA-micropatterning process described in the methods of the main manuscript. After the 
fibronectin/BSA-micropatterning, the well plate surface was blocked with a 0.3% BSA solution 
for 1 hour at room temperature (RT) and then incubated with an anti-human FN mouse IgG 
antibody (Thermo-Fisher, Waltham, MA) for 1 hour. Next, a secondary antibody (Alexa Fluor® 
488 donkey anti-mouse IgG, Thermo-Fisher) was applied for 1 hour at RT, followed by washing 
with Dulbecco’s phosphate buffered saline (DPBS). The resulting fluorescent signals on the 
micropatterns were visualized by an Olympus IX83 epi-fluorescent microscope using the Green 
Fluorescent Protein (GFP) and Red Fluorescent Protein (RPF) filters. After 2 days following 
induced pluripotent stem cell-derived atrial cardiomyocyte (iPSC-aCM) attachment onto FN 
micropatterns, the cells were rinsed with Cardiomyocyte Maintenance Media (CMM, Thermo-
Fisher), treated with Calcein AM (Thermo-Fisher, 2 µM) in CMM for 30 minutes at 37°C, rinsed 
again with CMM, and imaged via epifluorescence microscopy using the GFP filter. Next, primary 
adult atrial cardiac fibroblasts (ACFs) were dissociated from the flask as described in the methods 
of the main manuscript and stained with CellTracker™ (Thermo-Fisher) per the manufacturer’s 
protocol. The labeled ACFs were seeded onto the patterned iPSC-CMs and incubated for 1 day at 
37°C. Lastly, the fluorescently stained iPSC-CM and ACF patterns were visualized via 
epifluorescent microscopy using GFP and Cy5 filters. All the antibodies were diluted in a 0.3% 
BSA solution at 1:200 dilution. 

Small interfering RNA (siRNA) Knockdown of Cx40 and Ephrin1B in ACFs 

ACFs were treated with 10 pmol ON-TARGET plus siRNA against human GJA5 (Horizon 
Discovery, Cambridge, United Kingdom) or 10 pmol non-targeting siRNA control pool (Horizon 



Discovery) with lipofectamine RNAiMAX (Thermo-Fisher) per the manufacturer’s instructions. 
Briefly, the siRNA and the lipofectamine RNAiMAX were diluted separately in Opti-MEM media 
(Thermo-Fisher), combined at a 1:1 ratio, and incubated for 5 minutes at RT. The siRNA-lipid 
complex was then added to the cells in a dropwise manner and incubated for 48 hours followed by 
a medium change. The treated (GJA5 or non-targeting siRNA) ACFs were then allowed to recover 
for 1 day prior to seeding in patterned coculture (PC) with iPSC-aCMs. In separate experiments, 
ACF monocultures or 2-day old PCs were treated with 10 pmol ON-TARGET plus siRNA against 
human EFNB1 (Horizon Discovery) or 10 pmol non-targeting siRNA control pool (Horizon 
Discovery) with lipofectamine RNAiMAX (Thermo-Fisher) as described above. The treated 
(EFNB1 or non-targeting siRNA) ACFs were then allowed to recover for 1 day prior to seeding in 
PC with iPSC-aCMs. Knockdown of each gene was assessed in parallel ACF monocultures via 
gene expression analysis at 7 days post-transfection. 

Immunofluorescent Staining of Micropatterned iPSC-aCMs 

For the immunofluorescent staining of the sarcomere structure (α-actinin and cardiac troponin T: 
cTnT), micropatterned iPSC-aCMs were fixed with 4% paraformaldehyde (PFA, Millipore Sigma, 
Burlington, MA) for 25 minutes at RT. Then, the fixed cultures were permeabilized and blocked 
with blocking buffer containing 5% donkey serum and 0.3% Triton X-100 (Tx-100) for 1 hour at 
RT. Primary antibodies for cTnT (rabbit-IgG, Abcam, Waltham, MA, RRID:AB_956386) and α-
actinin (mouse-IgG, Abcam, RRID:AB_307264) were diluted in dilution buffer A (0.1% BSA and 
0.3% Tx-100) and incubated overnight at 4°C. In certain cases, fibroblast visualization was 
facilitated by staining them with an antibody against human collagen 1a1 (sheep-IgG, R&D 
Systems, RRID:AB_10891543). Next, the cultures were washed with DPBS and treated with 
secondary antibodies (Alexa Fluor® 568 donkey anti-rabbit IgG and Alexa Fluor® 647 donkey 
anti-mouse IgG, Thermo-Fisher) in dilution buffer A for 1 hour at RT. Next, 2.7 μM of 4′,6-
diamidino-2-phenylindole (DAPI, Thermo-Fisher) was added to the cultures for 15 minutes at RT 
to stain the nuclei. Finally, the cultures were washed with DPBS three times and analyzed via laser 
scanning confocal microscopy at 63x magnification (LSM 710, Zeiss, Pleasanton, CA). 

The immunofluorescent staining of Cx40, Cx43, and α-actinin was carried out using the 
aforementioned staining protocol but with some modifications. Specifically, after PFA fixation, 
the cultures were permeabilized with 0.1% Tx-100 solution for 10 minutes at RT and then rinsed 
with DPBS three times. Next, 5% donkey serum was added to the cultures for 1 hour at RT 
followed by treatment with primary antibodies against Cx43 (rabbit-IgG, Cell Signaling 
Technology, Danvers, MA, RRID:AB_2294590) or Cx40 (rabbit-IgG, Thermo-Fisher, 
RRID:AB_2533263) with the addition of the abovementioned α-actinin antibody diluted in a 
dilution buffer B (0.3% BSA). After the antibody incubation at 4°C overnight, the cultures were 
rinsed with DPBS three times followed by incubation with secondary antibodies (same antibody 
pairs as with sarcomere staining) in dilution buffer B for 1 hour at RT. Finally, after DAPI staining 
and rinsing with DPBS, the immunostained cultures were visually analyzed via laser scanning 
confocal microscopy at 63x magnification. All the solutions for fixation, permeabilization, and 
antibody dilution were prepared in DPBS. 

For fluorescent staining of mitochondria and cell membrane, MitoView™ Green (Biotium, 
Fremont, CA) (76) and Wheat Gum Agglutinin (Alexa Fluor® 568-labeled WGA , Biotium) (77) 



were employed, respectively. To prepare working solutions, MitoView was diluted in DPBS to a 
concentration of 5 μg/mL and WGA was diluted in 1x Hanks' Balanced Salt Solution (HBSS, 
Thermo-Fisher) to a concentration of 100 nM. Prior to staining, iPSC-aCM/ACF micropatterns 
were fixed with PFA according to the abovementioned protocol. Then, MitoView was added to 
the plate and incubated for 30 minutes at RT. Next, the plate was sequentially rinsed 2X with 
DPBS and then HBSS. WGA was then applied to the cultures and allowed to react for 1 hour at 
RT. After WGA incubation, the plate was sequentially rinsed with HBSS and DPBS. Finally, for 
the analysis of co-localization of mitochondria and the cardiac sarcomeres, immunofluorescent 
staining of α-actinin was further performed on the MitoView/WGA-labeled iPSC-aCMs using the 
abovementioned sarcomere staining protocol. The resulting labeled cells were visualized on a laser 
scanning confocal microscope with GFP, RFP and Cy5 channels. All the primary and secondary 
antibodies were diluted at 1:200 ratio except the Cx43 antibody, which was diluted at 1:100 ratio. 

Directionality Analysis for Micropatterned iPSC-CMs 

At day 7 of culture post-replating, phase contrast images of PC of iPSC-aCMs and ACFs or random 
iPSC-aCM monocultures (RM) were captured as TIFF image files at 10x magnification. At day 
25 of culture post-replating, cultures of RM, PC with mitomycin-C-treated ACFs, and PC with 
non-treated ACFs were stained with cTnT and fluorescent images were captured at 20x 
magnification. Separate PC cultures were fixed at days 2, 9, 15, and 21 post-replating, stained for 
cTnT, and fluorescently imaged at 20x magnification. The directionality and orientation of iPSC-
CMs and cardiac fibroblasts in the image files were analyzed by FIJI software using the 
Directionality analysis function with the Local Gradient Orientation option. The orientation angle 
range for the histogram was set from 0° to 180°. The acquired orientation data was plotted onto a 
histogram using Prism (GraphPad, San Diego, CA) and the directionality data was depicted as a 
bar graph. Three different images were taken and analyzed for each condition and the resulting 
data was averaged for the plotted data. 

Image Analysis 

From the acquired fluorescent confocal microscopic images of iPSC-aCMs, the structural 
maturation indicators for cardiomyocytes, including cell aspect ratio, sarcomere length, and nuclei 
shape, were analyzed with Zeiss’s Zen Blue Software and NIH ImageJ software. For the cell aspect 
ratio analysis, two different channels including WGA and α-actinin were utilized for analysis. As 
WGA stained all cell boundaries, including ACFs, only α-actinin-expressing cells were selected 
for aspect ratio analysis for the iPSC-aCMs. On the defined iPSC-aCM regions, the vertical and 
horizontal lengths of the cell were measured in the Zen Blue software. Six cells were analyzed for 
each image, and three images were analyzed per condition. As a result, 18 data points were 
collected from each condition and were plotted. To measure the sarcomere length, α-actinin stained 
images were loaded into the Zen Blue software. Then, on 13 sarcomere regions per image, lines 
perpendicular to the direction of sarcomeres (α-actinin signal) were drawn. By using the profile 
function, the fluorescent intensity profiles of each pixel’s locations on the line were measured. The 
data set was transferred to Origin 8.0 and analyzed with the peak finding function. From this 
analysis, peak-to-peak length was assessed. The analysis was repeated for four individual images 
per condition. The acquired 52 data points per condition were plotted using GraphPad Prism. 
Nuclei shape analysis was carried out using NIH ImageJ. For coculture images, only cells 



expressing α-actinin were assessed. After threshold adjustment on the NIH ImageJ software, all 
nuclei located in α-actinin-expressing regions were selected via the multiple regions of interest 
(ROI) selection tool and then analyzed. The data collection was repeated with four different images 
per condition and the collected data was plotted in GraphPad Prism. 

Calcium Transient Analysis of iPSC-aCMs 

At day 18 of culture post-replating, calcium transient analysis using Fluo-4/AM (Invitrogen, 
Waltham, MA) was performed (78). The Fluo-4/AM stock solution (50 μg/mL) was prepared in 
dimethyl sulfoxide (DMSO) containing 2.5% (w/v) Pluronic® F127 (Millipore Sigma, Burlington, 
MA). Then, the Fluo-4/AM working solution was prepared in Tyrode’s solution at 5 μM. Next, 
culture medium was removed from the cell culture wells and the wells were washed with 1 mL of 
Tyrode’s solution. After removal of Tyrode’s solution, the prepared 1 mL Fluo-4/AM working 
solution was added to wells and incubated at 37°C for 20 minutes. Then, the dye solution was 
removed, and 1 mL of Tyrode’s solution was added to the cells again. The well plate was incubated 
at 37°C again for 15 minutes. The wells were then washed with 1 mL Tyrode’s solution. Finally, 
the prepared plate was brought to the cell culture incubator (37°C and ~5% CO2) installed on a 
confocal fluorescent microscope (Olympus FV3000). By using the GFP filter and a 60x objective 
lens, the changes in fluorescent signal in iPSC-aCMs were monitored and recorded at 202 frames 
per second (fps) as time-series TIFF images for 10 seconds. The acquired image sequence was 
analyzed by a custom calcium transient profiling MATLAB code (included in the Appendix here). 
This MATLAB code provides important calcium transient (CaT) analysis parameters including 
CaT amplitude (amplitude=peak signal F/baseline signal F0), contraction rise time to 10% peak 
and 90% peak, relaxation decay time to 10% peak and 90% peak, and decaying tau constant. The 
first four CaT peaks from four different cells were analyzed (n=16) for each condition.  

Contraction Movement Analysis of iPSC-aCMs 

For the quantitative analysis of the contraction profiles of iPSC-aCMs, the beating motion of iPSC-
aCMs was digitally documented as sequential TIFF image series (at 2048 x 2048 pixels of image 
resolution) using an Olympus IX83 microscope at 10 fps for 10 seconds under 20x magnification 
with phase contrast mode at day 14 after replating. The vectorial information of contraction 
movement of iPSC-aCMs in the acquired image sequences was digitally analyzed and extracted 
via a published MATLAB code: Motion-GUI (20,54). In the MATLAB code operations, the 
experimental parameter settings were as follows: i) speed/velocity mode analysis, ii) 10 fps, iii) 32 
pixels as macroblock size, iv) 8 pixels as maximum detectable movement, v) 0.5 as moving 
threshold, and vi) 1.3 of minimum brightness. By setting 32 pixels as a macroblock size, the 
original images were converted into 64 × 64 segments and then analyzed. The acquired time-series 
vector field information in 64 × 64 segments was visualized as a vector field map. The averaged 
vector information in 64 × 64 macroblocks were transferred to Microsoft Excel to transform the 
field data indicating spatial vector information at each coordinate of the TIFF series image into a 
single column data. Finally, the zero values were removed from the prepared column data for 
further statistical analysis in GraphPad Prism. 



Traction Force Microscopy (TFM) to Quantitate Contractile Forces of iPSC-aCMs 

For the quantitative analysis of the contraction force profiles of iPSC-aCMs, traction force 
microscopy (TFM) was executed using fluorescent bead (0.2 μm in diameter, red fluorescent, 
excitation/emission: 580 nm/ 605 nm)-embedded soft hydrogel-coated glass bottom 24 well plates 
exhibiting 25 kPa Young’s modulus (Easy CoatTM Plate, Matrigen, Irvine, CA) (28). To modify 
the hydrogel surface, 50 μg/mL of fibronectin solution (in 1x DPBS) was applied to the soft well 
plate a day prior to cell seeding and incubated at 4°C overnight. At day 18 of culture post-replating, 
PC containing iPSC-aCMs and ACFs and RM containing only iPSC-aCM were dissociated from 
the well plate using TrypLE Express (Thermo-Fisher) and Liberase (Millipore Sigma) as described 
in the methods of the main manuscript. The dissociated cells were seeded in CMM containing 1% 
penicillin/streptomycin (P/S) and 10% fetal bovine serum (FBS) and replated onto the fibronectin-
coated soft well plates at a density of 0.1 × 106 cells/mL. After 48 hours, the culture medium was 
replaced with CMM-TID/FA media (recipe described in the methods of the main manuscript) 
containing 2% FBS. For the remaining cultivation period, the media was changed to CMM-
TID/FA media without FBS every other day. The iPSC-aCMs started to beat on the hydrogel 
surfaces after ~7 days. The beating motions of iPSC-aCMs and the displacement motion of 
fluorescent beads in the hydrogel were monitored and recorded as time-series TIFF images (45 
frames per field of view) in the cell culture incubator (37°C and ~5% CO2) installed on a confocal 
fluorescent microscope using a 20x objective lens and RFP channel. The pixel size of acquired 
image was 0.313 μm/pixel and the frame rate was 7.95 fps. Based on these parameters, the acquired 
TIFF images were computationally analyzed by a published MATLAB code (28), which provides 
the cardiomyocytes’ traction force information by using the measured bead displacements and 
Young’s modulus of the cell-laden substrate (25 kPa).   

Analysis of Multi-nucleation Rate of iPSC-aCMs 

For quantitative analysis of multi-nucleation frequency in iPSC-aCMs, iPSC-aCMs were cultured 
in RM and PC culture formats for 21 days. The cells were fluorescently stained with DAPI (DAPI 
channel), Alexa Fluor® 488-labeled WGA (GFP channel) and anti-α-actinin antibody (Cy5 
channel) for the visualization of nuclei, cell boundary and sarcomere, respectively. Then, multiple 
regions of interests (318 x 318 µm2) per two wells (24 well plates) were randomly selected and Z-
stacks were imaged via confocal microscopy. The number of single-nucleated cells and multi-
nucleated cells were counted manually by two operators separately to verify the counts.  

Analysis of Changes in Tissue Thickness  

At day 21 of culture post-replating, RM and PC were fixed via 4% PFA and fluorescently stained 
with DAPI, Alexa Fluor® 488-labeled WGA, and anti-α-actinin antibody. Then, 10 series of z-
stack confocal images (from 6 to 29 slices per file, at 1 μm step size) of iPSC-aCMs in RM and 
PC were randomly selected and analyzed for their height profiles using the Z-axis profile algorithm 
in NIH ImageJ (79). In each Z-stack image, 3 channels (Cyan, Green and Far-red) were merged 
into a single channel to simplify the quantification processes. The Z-axis profiling algorithm of 
ImageJ quantifies the mean signal intensity per unit area of each slice by dividing integrated 
fluorescent signal density of each slice by its image size (318× 318 μm2). The data shows the 
distributions of mean fluorescent signal per slice along the Z-axis. By analyzing the signal 



distributions along the Z-axis, the tissue thickness information was determined. The acquired Z-
stack profiles from 10 images per condition were then averaged and plotted using GraphPad Prism. 

Automated Patch Clamp Recording 

Automated patch clamp recordings were performed to assess sodium and calcium currents using 
the Syncropatch i384 (Nanion Technologies, Germany) with single-hole, 384-well thin-glass 
recording chips. For both sodium and calcium currents, the internal solution contained 110 mM 
CsF, 10 mM CsCl, 10mM NaCl, 10 mM HEPES, 20 mM EGTA, and 4 mM ATP-Mg with the 
final pH adjusted to 7.2 with NaOH. Comparatively, the external solution contained 140 mM NaCl, 
4 mM KCl, 2 mM CaCl2, 1 mM MgCl2, 10 mM HEPES, and 5 mM glucose. Pulse generation and 
data collection were performed using the PatchController384 V.1.9.7 software (Nanion 
Technologies). Whole cell currents were recorded at RT, filtered at 3 kHz, and acquired at 10 kHz. 
Both access resistance and apparent membrane capacitance were estimated utilizing built-in 
protocols. Access resistance compensation was set to 80% while leak and capacitance artifacts 
were removed using the P/4 method. Peak whole-cell sodium currents were recorded during 500 
ms depolarizing pulses from -120 mV to 60 mV (holding potential -120 mV) with readings 
acquired stepwise every 10 mV switching every 7.5 seconds. This was followed by a 20 ms step 
to -20 mV and currents were assessed to determine voltage dependance of inactivation. Next, 
whole cell calcium currents were assessed from a holding potential of -120 mV. Sodium currents 
were first inactivated with a 2000 ms pulse to -80 mV followed by an 800 ms ramp pulse to -50 
mV prior to each test pulse. Calcium currents were then obtained with 500 ms pulses ranging from 
-80 mV to 50 mV in 10 mV steps, ramping every 10 sec.

Protein Isolation and Western Blotting (WB) 

Western blots were executed as previously described (54). Briefly, cells were disassociated and 
iPSC-aCMs were sorted with magnetic-activated cells sorting (MACS) as described in the methods 
of the main manuscript and then lysed with 250 µL of 1x RIPA buffer with protease and 
phosphatase inhibitors (G-Biosciences, St. Louis, MO). Each well was kept separate for protein 
isolation. Lysate concentrations were determined via the bicinchoninic acid assay (BCA) and were 
diluted with 4x Laemmli buffer (Bio-Rad, Hercules, CA) with 10% 2-mercaptoethanol (Millipore 
Sigma). Next, 25 µg of protein per sample was loaded into a 10% SDS-PAGE gel and size 
fractioned. The resolved gels were then transferred onto nitrocellulose membranes. The 
membranes were then blocked with 5% BSA in Tris-buffered saline with 0.1% Tween 20 detergent 
(TBST) for 1 hour at RT. To assess mitochondrial proteins, total OXPHOS human WB antibody 
cocktail (Abcam) was utilized by diluting it 1:1000 in TBST with 2.5% BSA and incubating at 
4°C overnight. The blots were then incubated with an anti-mouse HRP secondary antibody for 1 
hour and developed using the Pierce ECL Western Blotting Substrate (Thermo-Fisher) per the 
manufacture’s protocol. The blots were imaged on a C280 imaging system (Azure Biosystems, 
Dublin, CA). Protein was quantified based on intensity using ImageJ and normalized to the 
corresponding β-actin signal. 



Transmission Electron Microscopy (TEM) 

PC and RM cultures were washed with DPBS without calcium or magnesium followed by the 
addition of 2.5% glutaraldehyde in 0.1 M Sorensen's sodium phosphate buffer (SPB, pH 7.2), 
prewarmed to 37oC, and incubated for 1 hour at RT. After several washes with SPB, the fixed cells 
were scraped into a microcentrifuge tube containing SPB, followed by centrifugation at 2500×g 
for 10 minutes. The resulting pellet was then dislodged and allowed to further fix with 1% osmium 
tetroxide in SPB for 1 hour at RT. The fixative was then replaced with 1% glutaraldehyde and 4% 
paraformaldehyde solution in SPB. The fixed samples were washed with SPB multiple times and 
then dehydrated in ascending concentrations of ethanol leading to 100% absolute ethanol, followed 
by two changes in propylene oxide (PO) transition fluid. The dehydrated samples were infiltrated 
overnight in a 1:1 mixture of PO and LX-112 epoxy resin (Ladd Research Industries, Burlington, 
VT), and 3 hours in 100% LX-112 resin. Then the resin-treated specimens were placed in a 60°C 
oven to polymerize for 3 days. After the polymerization, semi-thin sections (0.5-1.0 µm) were cut 
and stained with 1% Toluidine blue-O to confirm the areas of interest via light microscopy (LM). 
Ultra-thin sections (70-80 nm) were then cut using a Leica Ultracut UCT ultramicrotome, collected 
onto 200-mesh copper grids, and contrasted with 6% uranyl acetate and Reynolds' lead citrate 
stains. Specimens were then examined by using a JEOL JEM-1400 Flash transmission electron 
microscope (JEOL USA Inc., Peabody, MA) at 80 kV operation voltage. Micrographs were 
acquired using an AMT Side-Mount Nano Sprint Model 1200S-B camera loaded with AMT 
Imaging software V.7.0.1. (AMT Imaging, Woburn, MA). 



Fig. S1. 
Co-culture of iPSC-aCMs with primary adult atrial cardiac fibroblasts (ACFs) or primary 
adult ventricular cardiac fibroblasts (VCFs). (A) Sarcomere visualization via immunostaining 
for α-actinin and cardiac troponin T (cTnT). Coculture with ACFs or VCFs showed improved 



sarcomere organization in iPSC-aCMs over iPSC-aCM monocultures. (B) RT-qPCR analysis 
comparing iPSC-aCM monocultures and iPSC-aCM/ACF and iPSC-aCM/VCF co-cultures 
indicating that SCN5A and KCNJ3 were significantly increased in iPSC-aCM/ACF co-cultures 
compared to iPSC-aCM monocultures (n = 8 replicates). RM = randomly distributed iPSC-aCM 
monocultures; RC = randomly distributed co-cultures of iPSC-aCMs and ACFs or VCFs. (C) 
iPSC-aCM circularity was significantly decreased in both coculture conditions compared to iPSC-
aCM monocultures (n = 30 cells for iPSC-aCM/ACF and iPSC-aCM/VCF cocultures and 26 cells 
for iPSC-aCM monocultures). A.U. = arbitrary units; D1 = donor 1 of corresponding cell type; D2 
= donor 2 of corresponding cell type. (D) While the iPSC-aCM sarcomere length was significantly 
increased in both coculture conditions compared to iPSC-aCM monocultures, a significant 
increase was also observed in the iPSC-aCM/ACF cocultures compared to the iPSC-aCM/VCF 
cocultures (n = 7 cells for iPSC-aCM/ACF and iPSC-aCM/VCF cocultures donor 1, 9 cells for 
iPSC-aCM/VCF cocultures donor 2, and 8 cells for iPSC-aCM monocultures). (E) 
Immunostaining of COL1A1 and vimentin (VIM) was performed to determine fibroblast 
population purity across two donors each of ACFs and VCFs. (F) Growth rate over 48 hours was 
determined for two donors each of ACFs and VCFs with ACFs showing a faster growth rate than 
VCFs. (G) All fibroblast populations were found to express the cardiac fibroblast marker, DDR2, 
as extracted from RNA-sequencing data (n=2 replicates for each donor and fibroblast type). CPM 
= counts per million. (H) Principal component analysis (PCA) of RNA-sequencing data from the 
two technical replicates for each of the two donors of ACFs and two donors of ACFs. (I) Volcano 
plot showing the distribution of differentially expressed genes in VCF versus ACF (data averaged 
for 2 donors of each fibroblast type). (J) Heatmap of genes of interest. While connexin 43 (Cx43) 
and connexin 45 (Cx45) were expressed similarly in the two fibroblast types, connexin 40 (Cx40) 
was upregulated in ACFs compared to VCFs. Likewise, genes related to the ephrin receptor 
signaling pathway were upregulated in ACFs compared to VCFs. *P < 0.05, **P < 0.01, ***P < 
0.001, ****P < 0.0001. 



Fig. S2. 
Validation of covalent coating and micropatterning of (3-Aminopropyl)triethoxysilane 
(APTES) on tissue culture polystyrene (TCPS). (A) As shown in Figure 1 of the main 
manuscript, we treated TCPS with O2 plasma to activate it with hydroxyl groups, coated with 
APTES to introduce amine groups on the TCPS, placed a polydimethyl siloxane (PDMS) mask on 
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it, exposed to O2 plasma to ablate APTES from unprotected regions to expose bare TCPS, flowed 
in rhodamine (red)-labeled bovine serum albumin (rhodamine-BSA) with the PDMS mask on to 
coat the bare TCPS regions with BSA, and then removed the PDMS mask to expose the alternating 
patterns of APTES-coated and BSA-coated TCPS. To demonstrate the alternating pattern, we 
subsequently treated for 30 minutes the APTES/rhodamine-BSA patterns generated as described 
above with AF488 (green)-Streptavidin (SA), diluted at 20 µg/mL in 1x DPBS containing 0.1% 
Tween20 and 0.3% BSA (followed by washing in 1X DPBS); the AF488-SA adsorbed non-
specifically to the patterned APTES regions but not to the rhodamine-labeled BSA regions as 
shown schematically in (i) of panel A (BSA is depicted by the cloud symbol while AF488-SA is 
depicted by the Pacman symbol; green for immobilization to the surface) and fluorescent image in 
(i) of panel B. In a second instance, we repeated the steps of the first instance above except that
we first treated the APTES/rhodamine-BSA patterns with unlabeled BSA and then incubated with
AF488-SA, which did not absorb to any parts of the surface as shown schematically in (ii) of panel
A and fluorescent image in (ii) of panel B since the BSA (labeled and unlabeled) was coated
everywhere. The only color seen in (ii) of panel B is that of the rhodamine-BSA patterns. In a third
instance, we first incubated the APTES-coated surface with free biotin (20 mM) for 1 hour at RT
and washed with water prior to placing the PDMS mask on it and executing the steps in the second
instance above. The AF488-SA did not absorb much to any parts of the surface as shown
schematically in (iii) of panel A and fluorescent image in (iii) of panel B since free biotin cannot
strongly bind BSA nor TCPS and since the BSA (labeled and unlabeled) was coated everywhere.
We saw some minor green signal in (iii) of panel B suggesting that some free biotin may not be
fully washed out but otherwise, majority of the color seen in (iii) of panel B is that of the
rhodamine-BSA patterns. In a fourth instance, we first incubated the APTES-coated surface with
sulfo-N-Hydroxysuccinimide ester (NHS)-acetate (SNA, 20 mM) for 1 hour at RT and washed
with water prior to placing the PDMS mask on it and executing the steps in the second instance
above. The SNA binds to the APTES via amine groups. The AF488-SA did not absorb much to
any parts of the surface as shown schematically in (iv) of panel A and fluorescent image in (iv) of
panel B since the BSA (labeled and unlabeled) was coated everywhere and AF488-SA does not
bind to the acetate groups of SNA. In a final and fifth instance, we first incubated the APTES-
coated surface with sulfo-NHS-biotin (SNB, 20 mM) for 1 hour at RT and washed with water prior
to placing the PDMS mask on it and executing the steps in the second instance above. The SNB
binds to the APTES via amine groups. The AF-488-SA adsorbed strongly to the biotin-modified
APTES patterns (even with some BSA blocking) but not to the rhodamine-BSA regions as shown
schematically in (v) of panel A and fluorescent image in (v) of panel B. This AF-488-SA staining
pattern in (v) was even stronger than that of (i) in panel B since some AF-488-SA binding was
inhibited by the 0.3% BSA present in the incubation solution. Since TCPS does not contain amine
groups and the source of the amine groups is APTES alone, we conclude from results above that
APTES was successfully patterned onto the surface and provided the amine groups necessary for
fibronectin conjugation.



Fig. S3. 
iPSC-aCM alignment. (A) Low magnification (6.5 mm x 6.5 mm) phase contrast images of 
random iPSC-aCM monocultures (RM) and patterned co-culture (PC) of iPSC-aCMs and primary 
adult atrial cardiac fibroblasts (ACFs) to visualize improved alignment in PC. (B) Phase contract 
images of RM and PC from another iPSC-aCM donor. (C) Histogram (left) of orientation angles 
of cells in RM and PC. PC showed nearly perfect alignment (right) as compared to RM based on 



mean directionality (n = 3 images per platform). A.U. = arbitrary units. (D) PC fluorescent images 
over 21 days in culture. The iPSC-aCMs are stained for cardiac troponin T (cTnT) and α-actinin, 
while the ACFs are stained for collagen 1a1 (Col1a1). (E) Mean directionality in PC is maintained 
at similar levels over time while the dispersion angle increases after day 2 and remains similar 
afterwards for the 21 days in culture (n = 3 images per timepoint). **P < 0.01. 



Fig. S4. 
Effects of mitomycin C treatment of atrial fibroblasts on iPSC-aCM phenotype in patterned 
coculture (PC). (A) Staining of iPSC-aCMs in random monoculture (RM) and PC with either 
mitomycin C growth-arrested primary adult atrial cardiac fibroblasts (GA ACF) or non-growth-
arrested ACFs. Cells are stained for DAPI, cardiac troponin T (cTnT), and α-actinin. (B) 
Quantification of sarcomere length of cells in each condition (n = 4 cells per condition). (C) 
Quantification of cell directionality in each condition (n = 3 images per condition). *P < 0.05, 
**P < 0.01. A.U. = arbitrary units. 



Fig. S5. 
Three-dimensional reconstruction of patterned coculture (PC) of iPSC-aCMs and primary 
adult atrial cardiac fibroblasts (ACFs) and random iPSC-aCM monocultures (RM). (A) 
Three dimensional images of iPSC-aCMs stained for α-actinin, WGA, and DAPI showing that PC 
has an increased thickness (height) as compared to RM. Cross-sectional view is shown at the top 
and right of each wide field image. (B) Quantification of changes in distribution of tissue height 
comparing RM to PC. The graph shows the distribution of mean fluorescent signal intensity per 
unit area (μm2) along the Z-axis of the Z-stack images (n = 10 series of Z-stack images per 
condition; see supplemental methods for additional details on quantification). 



Fig. S6. 
Multinucleation in iPSC-aCMs in patterned co-culture (PC) of iPSC-aCMs and primary 
adult atrial cardiac fibroblasts (ACFs). The iPSC-aCMs were identified via DAPI and α-actinin 
while cell boundaries were visualized using WGA. Both iPSC-aCM donors (top panel: donor 1, 
bottom panel: donor 2) showed an increase in multinucleated cells in PC compared to RM (n >180 
cells per condition and per iPSC-aCM donor). Arrow indicates multinucleated cells. Scale bar size 
applies to all images (100 μm). ****P < 0.0001. 



Fig. S7. 
Connexin 40 (Cx40) localization at the interface between iPSC-aCMs and primary adult 
atrial cardiac fibroblasts (ACFs) in patterned co-culture (PC). The iPSC-aCMs (top panel: 
donor 1, bottom panel: donor 2) were identified via α-actinin staining (cyan) while the ACFs were 
identified via collagen 1a1 (green) staining. Cx40 staining (red) was carried out on the co-cultures 
and is present in both cell types. In the Cx40 images, the right panel shows magnified regions 
indicated by the dotted rectangles in the corresponding left images.  
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Fig. S8. 
Fibronectin patterns of different widths (55 µm and 85 µm) for iPSC-aCM alignment. (A) 
Low magnification view of random iPSC-aCM monocultures (RM) and patterned coculture (PC) 
of iPSC-aCMs and primary adult atrial cardiac fibroblasts (ACFs) immunostained with α-actinin 



and cardiac troponin T (cTnT) to visualize overall alignment. (B) Fluorescent images of iPSC-
aCM patterns on fibronectin lines of 55 µm and 85 µm widths at low magnification (upper panels) 
and high magnification (bottom panels). The iPSC-aCMs were immunostained with α-actinin and 
cTnT. Quantified (C) sarcomere length and (D) nuclei circularity were statistically similar in PC 
containing either 55 µm or 85 µm pattern widths (n = 22 cells). A.U. = arbitrary units. 



Fig. S9. 
Structural maturity of iPSC-aCMs (different donor than in main manuscript) in different 
culture platforms. (A) WGA membrane stain of random iPSC-aCM monoculture (RM) and 
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patterned co-culture (PC) of iPSC-aCMs and primary adult atrial cardiac fibroblasts (ACFs). Cell 
aspect ratio showed a significant increase in patterned iPSC-aCM monocultures (PM) and PC 
compared to RM and random iPSC-aCM/fibroblast co-cultures (RC). PC also showed a significant 
increase in cell aspect ratio as compared to PM and RC (n = 18 cells). A.U. = arbitrary units. (B) 
Cell nuclei staining with DAPI and α-actinin to identify iPSC-aCMs. Nuclei circularity showed a 
significant decrease in PC compared to RM, while the nuclei aspect ratio was significantly 
increased in PC compared to RM, indicating a more elongated phenotype (PC: n = 47 nuclei; RM: 
n = 75 nuclei). (C) RM, RC, PM, and PC immunostained for cardiac troponin T (cTnT) and α-
actinin showing an increase in sarcomere organization, specifically in PC. From these images, the 
sarcomere length was quantified, showing a significant increase in PM and PC compared to RM; 
however, the longest sarcomere length was in PC, which was significantly longer than the other 
three platforms (n = 52 sarcomeres). (D) Connexin 40 (Cx40) staining in RM and PC. Right images 
are magnified and rotated regions indicated by the dotted rectangles in the corresponding left 
images.  (E) Connexin 43 (Cx43) staining in RM and PC from two iPSC donors. Bottom images 
are magnified and rotated regions indicated by the dotted rectangles in the corresponding top 
images.  *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 



Fig. S10. 
Electrical and contraction force maturity of iPSC-aCMs (different donor than in main 
manuscript) in different culture platforms. (A) Action potential duration (APD90) quantification 
via optical voltage mapping (OVM) indicating a significant increase in patterned iPSC-aCM/ACF 
co-culture (PC) compared to random iPSC-aCM/ACF co-culture (RC), random iPSC-aCM 
monoculture (RM), and patterned iPSC-aCM monoculture (PM) (n=12 cells). (B) Cell treatment 
with a myosin II inhibitor blebbistatin (BLEB) at 10 µM for 1 hour in Tyrode’s solution (80) had 
no statistical effect on the OVM data, indicating that the OVM data is not confounded by artifacts 
of cell movement (n=18 cells for RM and 24 cells for PC). (C) Calcium imaging indicates an 
increase in CaT amplitude  and a decrease in decaying tau (n=16, 4 first beatings for 4 different 



cells per culture condition) for PC compared to RM. A.U. = arbitrary units. (D) Vector analysis 
results for iPSC-aCMs in RM. Left image depicts registered vector field map. Right histogram 
compares intensity distribution of contraction intensity between x- and y-axis components (inset 
box chart shows direct comparison of x- and y- components). (E) Vector analysis results for PC. 
Left image depicts registered vector field map. Right histogram compares intensity distribution of 
contraction intensity between x- and y-axis components (inset box chart shows direct comparison 
of x- and y- components). (F) Mean contractile force comparison for iPSC-aCMs previously 
cultured in RM or PC using traction force microscopy (TFM) analysis on fluorescent bead-
embedded 25 kPa hydrogel surfaces. Left panels show brightfield images and its overlay images 
with traction heat maps for iPSC-aCMs adhered to hydrogel surfaces and previously cultured in 
RM or PC. Right panel shows quantitative comparison of acquired mean contractile forces for 
iPSC-aCMs on hydrogel surfaces and previously cultured in RM or PC. *P < 0.05, ***P < 0.001, 
****P < 0.0001. 



Fig. S11. 
Metabolic maturity of iPSC-aCMs in different culture platforms (A) Western blot analysis for 
mitochondrial complexes in random iPSC-aCM monoculture (RM) and patterned coculture (PC) 
of iPSC-aCMs and primary adult atrial cardiac fibroblasts (n=3 replicates). Right panel depicts the 
quantitation of image on left. (B) Immunostaining for mitochondria via MitoView and sarcomeres
via α-actinin shows that while the mitochondria are randomly distributed in RM, they are linear 
and aligned with the sarcomeres in PC (different donor than in main manuscript). (C) Seahorse 



analysis measuring oxygen consumption rate (OCR) of RM and PC (different donor than in main 
manuscript). Based on this analysis, additional parameters could be calculated, which revealed a 
significant increase in spare respiratory capacity, max respiration, and basal respiration in PC 
compared to RM (PC: n = 5 wells; RM: n = 8 wells). *P < 0.05, ***P < 0.001, ****P < 0.0001.  



Fig. S12. 
Additional genes of interest from RNA sequencing analysis. (A) CDKN2A and CDKN2B 
expression comparison between random iPSC-aCM monoculture (RM) and patterned coculture 
(PC) of iPSC-aCMs and primary adult atrial cardiac fibroblasts (n = 3 sequencing replicates). (B) 
GDF15 expression comparing RM to PC (n = 3 sequencing replicates). (C) Comparison of gene 
expressions related to integrin/cytoskeleton proteins (ITGA5, ITGB1, LIMS1, FERMT2, TNL1, 
MYOM2, VCL, and FLNA) for RM and PC (n = 3). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 
0.0001. 



Fig S13. 
Knockdown of ephrin B1 expression in patterned co-culture (PC) of primary adult atrial 
fibroblasts (ACFs) and iPSC-aCMs. (A) Verification of ephrin B1 (EFNB1) knockdown via 
gene expression analysis in PC 8 days following transfection with siRNA targeting EFNB1 or non-
targeting siRNA control (n = 6). Expression in random iPSC-aCM monoculture (RM) is shown 
for comparison to the PC conditions. Knocking down EFNB1 (B) lowers the speed of iPSC-aCM 
contraction movement (n = 12) and (C) disrupted/disorganized sarcomeres in iPSC-aCMs as 
visualized via immunostaining of cardiac troponin T (cTnT) and α-actinin. Bottom images in panel 
(C) are zoomed-in images for the corresponding rectangles in the top images. KD = knockdown.



Fig. S14. 
Prototypical drug response of iPSC-aCMs (different donor than in main manuscript) in 
different culture platforms. (A) Isoproterenol (ISO) treated random iPSC-aCM monoculture 
(RM) and patterned coculture (PC) of iPSC-aCMs and primary adult atrial cardiac fibroblasts 
showed a statistically significant decrease in action potential duration (APD90) relative to vehicle 
(DMSO) treated control cultures; the relative decrease in APD90 was higher in PC compared to 
RM. (B) PC showed a significant decrease in APD90 when treated with verapamil (VER), while 
no difference was observed in RM. (C) Both RM and PC showed a significant increase in APD90 
in response to dofetilide (DOF). (D) Treatment with flecainide (FLEC) led to increases in APD90 
for both RM and PC. All panels: n = 9 cells. *P < 0.05, ***P < 0.001, ****P < 0.0001. 



Fig. S15. 
Mutant (E428K in SCN5A) iPSC-aCM maturation and drug response in patterned co-
culture (PC) of iPSC-aCMs and adult primary atrial cardiac fibroblasts. (A) Sarcomere 
visualization of mutant iPSC-aCMs cultured in random monoculture (RM) or PC. Cells are stained 
for DAPI, cardiac troponin T (cTnT), and α-actinin. (B) Quantification of sarcomere length of cells 
imaged in A. PC shows significantly longer sarcomeres than RM (n = 10 cells per condition). 
Action potential duration (APD90) measured by Optical Voltage Mapping of mutant iPSC-aCMs 
cultured in (C) RM or (D) PC and treated with varying concentrations of ranolazine. ****P < 
0.0001. 



Fig. S16. 
Validation of Magnetic activated cell sorting (MACS). After negative sorting for non-
cardiomyocytes, the separated cells were plated and immunostained for (A) Collagen 1a1, cardiac 
troponin T (cTnT), and DAPI to determine the percentage of fibroblasts and cardiomyocytes. (B) 
The flow through cell population was quantified to determine cardiomyocyte purity indicating 
improved enrichment of cardiomyocytes after MACS sorting.  



Movie S1. 
Calcium imaging of iPSC-aCMs in random monoculture (RM). 

Movie S2. 
Calcium imaging of iPSC-aCMs in patterned coculture (PC) with primary adult atrial cardiac 
fibroblasts. 

Movie S3. 
Beating iPSC-aCMs in RM. 

Movie S4. 
Beating iPSC-aCMs in PC. 

Movie S5. 
Beating iPSC-aCMs in RM with vector map. The red arrows indicate direction and magnitude of 
vector profile in the corresponding Macroblock segments. 

Movie S6. 
Beating iPSC-aCMs in PC with vector map. The red arrows indicate direction and magnitude of 
vector profile in the corresponding Macroblock segments.  

Movie S7. 
Beating iPSC-aCMs previously cultured in RM, dissociated, and subsequently cultured onto red 
fluorescent bead-containing hydrogels (25 kPa) for traction force microscopy (TFM) analysis. Left 
panel shows the merged videos from brightfield and red fluorescent protein (RFP) channel, and 
right panel shows the traction heat map video.  

Movie S8. 
Beating iPSC-aCMs previously cultured in PC, dissociated, and subsequently cultured onto red 
fluorescent bead-containing hydrogels (25 kPa) for TFM analysis. Left panel shows the merged 
videos from brightfield and RFP channel, and right panel shows the traction heat map video. 



MATLABTM Code for Calcium Transient Parameter Analysis 

clc;clear;close all; 

AcquisitionFrequency = 18;          %This can be changed, maybe UI 

addpath('/Users/EmaSpanghero/Documents/MATLAB/bfmatlab') 

disp('Please select the tiff file to analyze'); 
[FileName,PathName] = uigetfile('*.tif;*.tiff'); 

tiff_stack = bfopen(char(strcat(PathName,FileName))); 

fig1 = figure(1); 
J = imadjust(tiff_stack{1,1}{1,1}); 
NumberOfFrames = size(tiff_stack{1,1},1); 
imshow(J, 'InitialMagnification','fit') 

fig = drawfreehand(); 
mask = fig.createMask(); 
close(figure(1)) 

%% Extraction of intensity profile 

cropped=[]; 
for i = 1:NumberOfFrames 
    cropped(:,:,i) = double(tiff_stack{1,1}{i,1}).*mask; 
end 
cropped(cropped==0) = NaN; 

intensity = []; 
for i = 1:NumberOfFrames 
    intensity(i) = mean(cropped(:,:,i), 'all', 'omitnan'); 
end 
figure(1); 
movegui(figure(1),[0 250]) 
plot(intensity) 

%% Contraction isolation 

[contr_val,peak_maxes, location_maxes, location_bases, ... 



    offset] = contraction_calculator(intensity, NumberOfFrames); 

%% Last peak check 

%{ 
[~,~,~,pr_check] = findpeaks(contr_val(:,end)); 
[peak_check,loc_check] = 
findpeaks(contr_val(:,end),'MinPeakProminence',0.2*max(pr_check)); 

check = 0; 
if length(peak_check)>1 
    check = 1; 
    loc_check(end+1) = NumberOfFrames-location_bases(end)+offset; 
    answer = 'No'; 
    k = 2; 
    while strcmp(answer,'No')  
        contr_val(:,end) = 0; 
        start_beat = location_bases(end)-offset; 
        end_beat = start_beat+loc_check(k)-offset; 
        for i = 1:end_beat-start_beat 

           contr_val(i,end) = intensity(start_beat+i-1); 
        end 
        k=k+1; 
        figure(2) 
        movegui(figure(2),[800 250]) 
        plot(nonzeros(contr_val(:,end))) 
        answer = questdlg('Does the contraction profile look correct?','Last contraction',... 
        'Yes','No','Yes'); 
    end 
else 
        %do nothing 
end 
%} 
disp('Beat/s segmentation, done!'); 
fprintf("%i peak/s found at t =\n", length(location_maxes)); 
disp(location_maxes); 

%% Photobleach correction 

photobl =questdlg('Do you need to apply photo bleach correction?','Photobleach correction 
toggle',... 
    'Yes','No ', 'Yes'); 
if photobl == char('Yes') 



    [CorrectedTrace] = photobleachcorrection(intensity, contr_val,... 
        NumberOfFrames); 

    figure() 
    plot(intensity) 
    hold on 
    plot(CorrectedTrace) 
    photobl = 1; 
    intensity = CorrectedTrace; 
end 
%% Contr_val recalculation if photobleach correction is activated 

if photobl == 1 
    [contr_val, peak_maxes, location_maxes, location_bases, ... 
    offset] = contraction_calculator(intensity, NumberOfFrames); 
end 
%{ 
for i = 1: size(contr_val,2) 
    figure() 
    plot(nonzeros(contr_val(:,i)))    
end 
%} 
%% Elimination of wrongly identified peaks 

elim = questdlg('Do you want to remove wrongly identified peaks from the analysis?','Peak 
elimination',... 
    'Yes','No','No'); 

switch elim 
    case 'Yes' 
    prompt = {'\bf \fontsize{12} Please enter the peak number (eg [1 2 3]):'}; 
    dlgtitle = 'Remove peaks'; 
    dims = [1 88]; 
    definput = {'','', '', '','','','',''}; 
    opts.Interpreter = 'tex'; 
    RC = []; 
    RC = inputdlg(prompt,dlgtitle,dims,definput, opts); 
    rem_peak = str2num(RC{1}); 

    if rem_peak ~= size(contr_val,2) 
        temp = [nonzeros(contr_val(:,rem_peak-1)); nonzeros(contr_val(:,rem_peak))]; 
        for j = 1:location_bases(rem_peak+1)-location_bases(rem_peak-1) 
            temp(j) = intensity(location_bases(rem_peak-1)-offset+j); 
        end 

        contr_temp = []; 



        if length(temp) > size(contr_val,1) 
            contr_temp = zeros(length(temp),size(contr_val,2)); 
            for i = 1:size(contr_val,2) 

if i == rem_peak-1 
contr_temp(:,i) = temp(:); 

else 
contr_temp(:,i) = [contr_val(:,i); ... 

zeros(length(temp)-size(contr_val,1),1)]; 
end 

            end 
            contr_val = []; 
            contr_val = contr_temp; 
        end 
        contr_val(:,rem_peak)=[]; 
        location_bases(rem_peak) = []; 
        location_maxes(rem_peak) = []; 
    else 
        temp = [nonzeros(contr_val(:,rem_peak-1)); nonzeros(contr_val(:,rem_peak))]; 
        for i = 1:size(contr_val,1) 
            contr_val(i,rem_peak-1) = temp(i); 
        end 
        contr_val(:,rem_peak) = []; 
        location_bases(rem_peak) = []; 
        location_maxes(rem_peak) = []; 
    end 

    disp('Peak elimination completed!'); 
end 

%% Contraction measurements 

close all 
time_stamps = []; 
time_values = []; 
magnitude = []; 
dim_interp = length(1:0.01:size(contr_val,1)); 
interpolation= zeros(dim_interp,size(contr_val,2)); 

for i = 1:size(contr_val,2) 

    curr_trace = nonzeros(contr_val(:,i)); 
    max_local = max(curr_trace); 

    points = 1:0.01:length(curr_trace); 



    new_fps = (length(points))/(length(curr_trace)/AcquisitionFrequency); %number of new 
frames / total rise time 
    curr_interp = interp1(1:length(curr_trace),curr_trace,points); 
    interpolation(:,i) = [curr_interp'; zeros(dim_interp-length(curr_interp),1)]; 

    figure(3) 
    %plot(1:length(curr_trace),curr_trace,'o',points,interpolation,':.') 
    plot(nonzeros(interpolation(:,i))) 
    limits = xlim; 
    limits(1) = -500; 
    xlim(limits) 

    %time_stamps = points x coordinate (time frame) 
    %time_values = points y coordinate (intensity value) 
    [time_stamps(:,i),~] = getpts(figure(3)); 
    time_stamps(:,i) = round(time_stamps(:,i)); 
    time_values(:,i) = interpolation(time_stamps(:,i),i); 

    magnitude(i) = max_local-time_values(1,i); 

    [C10, C50, C90, t_start] = findcontractionparams(nonzeros(interpolation(:,i)),... 
        max_local, magnitude(i)); 

    %Save params 
    c10(i) = C10-t_start; %number of frames 
    c50(i) = C50-t_start; 
    c90(i) = C90-t_start;  
end 

c10_time = c10/new_fps*1000; %milliseconds 
c50_time = c50/new_fps*1000; 
c90_time = c90/new_fps*1000; 

C10_avg = mean(c10_time); 
C50_avg = mean(c50_time); 
C90_avg = mean(c90_time); 

close(figure(3)) 
disp('Contraction parameters measurement, done!') 

%% Relaxation isolation and tau measurement 

relax_val = zeros(size(interpolation,1),size(interpolation,2)); 

for i = 1:size(interpolation,2) 



    [~,local_max] = max(interpolation(:,i)); %location where the max is in every contraction 
    for j = 1:time_stamps(2,i)-local_max 
        relax_val(j,i) = interpolation(local_max+j-1,i); 
    end 
end 

tau = []; 
a = []; 
b = []; 
c = []; 

for i = 1:size(relax_val,2) 

    temp = nonzeros(relax_val(:,i)); 
    frames = 1:length(temp); 
    [fitresult] = fit_tau(frames,temp); 

    tau = [tau; ((1/(-fitresult.b)).*(1/new_fps))*1000]; %ms 
    a = [a; fitresult.a]; 
    b = [b; fitresult.b]; 
    c = [c; fitresult.c]; 
end 

%Exclude negative tau values 
tau(tau<0) = NaN; 
tau_avg = mean(tau); 

disp('Tau measurement, done!'); 

%% Verify fitting 

%{ 
%Uncomment to plot the graphs 
for curve_n = 1:size(contr_val,2) 
    %curve_n = beat that you want to verify the fitting of 

    x = 1:nnz(interpolation(:,curve_n)); 
    [~,loc] = max(interpolation(:,curve_n)); 
    delta = length(interpolation(:,curve_n))-length(interpolation(loc:end,curve_n)); 
    y = a(curve_n)*exp(b(curve_n)*(x-delta))+c(curve_n); 
    figure() 
    plot(x,y, 'LineWidth', 1) 
    hold on 
    plot(x,nonzeros(interpolation(:,curve_n)), 'Linewidth', 1)    
    xlim([1 5000]) 
    ylim([min(interpolation(:,curve_n)-50) max(interpolation(:,curve_n))+50]) 



    saveas(figure(1),'fitting.png') 
end 

%} 

%% Baseline 

%Average between the starting points of all contractions 
beat_mean = mean(time_values,1); 
baseline = mean(beat_mean); 
baseline_old = mean(time_values(1,:)); 

disp('Baseline measurement, done!'); 

%% Relaxation measurements 

r10 = zeros(size(interpolation,2),1); 
r50 = zeros(size(interpolation,2),1); 
r90 = zeros(size(interpolation,2),1); 

for i = 1:size(interpolation,2) 

    maximum = relax_val(1,i); 
    minimum = time_values(2,i); 
    magnitude = maximum-minimum; 

    fall_data = nonzeros(relax_val(:,i)); 
    %points = 1:0.05:length(fall_data); 
    %new_fps = (length(points))/(length(fall_data)/AcquisitionFrequency); %number of new 
frames / total rise time 
    %interpolation = interp1(1:length(fall_data),fall_data,points); 
    %interpolation = interpolation'; 
    %plot(1:length(fall_data),fall_data,'o',points,interpolation,':.') 

    for j = 1:length(fall_data) 
        if r10(i) == 0 
            if fall_data(j) <= minimum+0.9*magnitude 

r10(i) = j; 
            end 
        end 
        if r50(i) == 0 
            if fall_data(j) <= minimum+0.5*magnitude 

r50(i) = j; 
            end 
        end 



        if r90(i) == 0 
            if fall_data(j) <= minimum+0.1*magnitude 

r90(i) = j; 
break 

            end 
        end 
    end 
    r10(i) = r10(i)-1; %number of frames 
    r50(i) = r50(i)-1; 
    r90(i) = r90(i)-1; 

end 
r10_time = r10/new_fps*1000; %milliseconds 
r50_time = r50/new_fps*1000; 
r90_time = r90/new_fps*1000; 

R10_avg = mean(r10_time); 
R50_avg = mean(r50_time); 
R90_avg = mean(r90_time); 

disp('Time to relaxation, done!'); 
%% Fmax/F0 
Fmax_F0 = []; 

for i = 1:size(contr_val,2) 
    Fmax_F0(i) = peak_maxes(i)/beat_mean(i); 
end 

disp('Fmax/F0, done!'); 

%% Save and export all data 

%SAVING OF PARAMETERS 
matrix = zeros(size(contr_val,2),9); 
Beats = []; 
for i = 1:size(contr_val,2) 
    a = num2str(i); 
    Beats = [Beats "Beat_"+a]; 
end 

matrix(:,1) = Fmax_F0; 
matrix(:,2) = time_values(1,:); 
matrix(:,3) = c10_time; 
matrix(:,4) = c50_time; 
matrix(:,5) = c90_time; 
matrix(:,6) = r10_time; 



matrix(:,7) = r50_time; 
matrix(:,8) = r90_time; 
matrix(:,9) = tau; 

matrix(end+1,:) = [mean(Fmax_F0) baseline C10_avg C50_avg C90_avg... 
    R10_avg R50_avg R90_avg tau_avg]; 
Beats = [Beats "Average"]; 

col_names = {'Fmax/F0','Baseline','10% contr [ms]','50% contr [ms]','90% contr [ms]',... 
    '10% relax [ms]','50% relax [ms]','90% relax [ms]','tau [ms]'}; 
matrix = array2table(matrix,'VariableNames',col_names,'RowNames',Beats); 

if mkdir('Ca_analysis') 

else 
    mkdir('Ca_analysis')   
end 

cd('Ca_analysis') 
dir_name = FileName(1:end-4); 

if mkdir(dir_name) 

else 
    mkdir(dir_name)   
end 

cd(dir_name) 
writetable(matrix, [dir_name,'_Ca_Analysis-2.csv'], 'WriteVariableNames',true,... 
    'WriteRowNames', true, 'WriteMode', 'overwrite') 
%SAVING OF THE PLOTS 
intensity_baseline = figure(); 
plot(intensity) 
saveas(intensity_baseline,[dir_name,'_plot.png']) 

fprintf('Analysis complete!') 
fprintf('All measurements are saved as %s_Ca_analysis.csv\n', dir_name); 
%} 

%% Functions 

function [contr_val, peak_maxes, location_maxes, location_bases, ... 
    offset] = contraction_calculator(intensity, NumberOfFrames) 

    dif_sig = movmean(diff(intensity),6); 



    [~,~,~,Prom] = findpeaks(dif_sig); 
    [~,location_bases] = findpeaks(dif_sig,'MinPeakProminence',0.5*max(Prom)); 

    [~,~,~,pr2] = findpeaks(intensity); 
    [peak_maxes,location_maxes] = findpeaks(intensity,'MinPeakProminence',0.5*max(pr2)); 

    if length(location_maxes) < length(location_bases) 
        loc_bases = []; 
        for i = 1:length(location_maxes) 
            temp = location_bases; 
            temp_sub = temp-location_maxes(i); 

            [~,idx] = min(abs(temp_sub)); 
            %[~,~,idx] = unique(round(abs(temp_sub-n)),'stable'); 
            loc_bases(i) = location_bases(idx);        
        end 
        location_bases = loc_bases; 
    end 

    if length(location_maxes)>1 

        offset = ceil(0.1*min(diff(location_maxes))); 
        dist = max(diff(location_maxes)); 
        dim = max(dist,NumberOfFrames-location_maxes(end)); 
        contr_val = zeros(dim,length(location_maxes)); 

        for j = 1:length(location_maxes)-1 
            if location_bases(j)-3*offset >= 1 

start_beat = location_bases(j)-3*offset; 
end_beat = location_bases(j+1) - offset; 
for i = 1:end_beat-start_beat 

contr_val(i,j) = intensity(start_beat+i-1); 
end 

            else 
start_beat = 1; 
end_beat = location_bases(j+1) - offset; 
for i = 1:end_beat 

contr_val(i,j) = intensity(start_beat+i-1); 
end 

            end 
        end 
        j = j+1; 
    else 
        j = 1; 
        dim = NumberOfFrames-location_maxes(j); 



        offset = ceil(0.1*(min(location_maxes(j),NumberOfFrames-location_maxes(j)))); 
        contr_val = zeros(dim,j); 
    end 

    start_beat = location_bases(j)-3*offset; 
    end_beat = NumberOfFrames; 
    for i = 1:end_beat-start_beat 
        contr_val(i,j) = intensity(start_beat+i-1); 
    end 

end 

function [Corrected_Trace] = photobleachcorrection(intensity_trace, contr_val,... 
    N_frames) 

    BaselineValues = []; 
    for K = 1:size(contr_val,2) 
        single_trace = nonzeros(contr_val(:,K)); 
        n = ceil(0.05*length(single_trace)); 
        peak = max(single_trace); 
        Baseline = mean(single_trace(end-n:end)); 
        Magn = peak - Baseline; 
        val95 = Baseline + (0.05 * Magn);  
        BaselineValuePts = (single_trace<val95); 
        BaselineVals = (single_trace .* BaselineValuePts)'; 
        BaselineValues = [BaselineValues BaselineVals]; 
    end 

    vs = BaselineValues>0; 
    y = 1:size(BaselineValues,2); 
    ycords = (vs.*y)'; 
    BaselineValues = BaselineValues'; 
    ys = BaselineValues(BaselineValues(:,1) > .0,:); 
    xs = ycords(BaselineValues(:,1) > .0,:); 

    t = 1:N_frames; 
    [pt,st,mut] = polyfit(xs,ys,2); 
    trend = polyval(pt,t,[],mut); 

    adj = intensity_trace - trend;   
    Corrected_Trace =  adj + (intensity_trace(1)-adj(1));  

end 

function [fitresult, gof,xData, yData] = fit_tau(x, half_v) 



[xData, yData] = prepareCurveData( x, half_v ); 

ft = fittype( 'exp2' ); 
opts = fitoptions( 'Method', 'NonlinearLeastSquares' ); 
opts.Display = 'Off'; 
opts.Lower = [-Inf -Inf -Inf 0]; 
opts.Upper = [Inf Inf Inf 0]; 

[fitresult, gof] = fit( xData, yData, ft, opts ); 

end 

function [C10, C50, C90, t_start] = findcontractionparams(interpolation, peak_int,... 
    magnitude) 
    C10 = 0; 
    C50 = 0; 
    C90 = 0; 
    t_start = 0; 

    for j = 1:length(interpolation) 
        if C10 == 0 
            if interpolation(j) >= peak_int-0.9*magnitude 

C10 = j; 
            end 
        elseif C10 ~= 0 && C50 == 0 
            if interpolation(j) >= peak_int-0.5*magnitude 

C50 = j; 
            end 
        elseif C10 ~= 0 && C50 ~= 0 && C90 == 0 
            if interpolation(j) >= peak_int-0.1*magnitude 

C90 = j; 
            end 
        end 
    end 
    for i = C10:-1:1 
        if interpolation(i) <= peak_int-0.95*magnitude 
            t_start = i; 
            break 
        end 
    end 
end 
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