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The human induced pluripotent stem-cell (hiPSC) technol-
ogy was developed in 20071,2 and hiPSC-derived cardio-
myocytes (hiPSC-CMs) have since then been recognized as 
a promising model system for cardiac drug screening and 
disease modelling3,4. Ion channels represent highly attrac-
tive therapeutic targets in the cardiovascular system, ren-
dering electrophysiological studies of hiPSC-CMs important 
for their usage in drug discovery. However, such studies 
have traditionally been limited by the labor-intensive and 
low-throughput nature of patch-clamp electrophysiolo-
gy. Here we use the automated patch clamp (APC) system 
QPatch II for high-throughput recordings of voltage gated 
ion channels and paced action potentials in physiological 
solutions.  
 

APC measurements of hiPSC-CMs are inherently challenging 
due to cell quality (batch-batch variation, differentiation 
efficiency)5, cardiac maturity (presence of pacemaker cur-
rent If, and reduced hyperpolarizing current, IK1)6,7 and cell 
harvest (purity/quality of the single cell suspension). Improv-
ing on all three parameters we were able to record cardiac 
voltage-gated currents (INa, ICa, IKr, IK1) with up to 50% success 
rates and paced action potentials with up to 20% success 
rates. The increased throughput of action potential mea-
surements compared to manual patch clamp (10 cells per 
measurement plate) allowed us to measure dose-response 
effects of standard compounds such as nifedipine, E4031 
and Bay K8466. In contrast to other APC systems these mea-
surements were performed in physiological solutions with-
out the use of fluoride or other types of a seal-enhancer.

Introduction Perspectives

Experiment success rate and cell quality Action potential measurements

Methods

Basic evaluation of the performance of hiP-
SC-CMs on QPatch II in physiological solutions. 
We calculated the success rate as the percent-
age of sites, out of the full experiment plate 
(48 sites) that passed the following quality 
criteria:

Membrane resistance: Rmem > 200 MΩ

Cell capacitance: Cslow > 4 pF

These criteria yielded up to 50% success rates 
(Fig. 1A-B). The hiPSC-CMs that passed the 
quality criteria displayed a heterogeneous 
size distribution, as illustrated in the histo-
gram of Cslow values displayed in Figure 1C, 
ranging from 5 pF to 50 pF. The sealing in phys-
iological solutions was good with Rmem = 1.5 GΩ ± 
0.3 GΩ (avg ± sem).

Fig. 1: Performance of hiPSC-CMs in physiological solutions on 
QPatch II  A) Plate view displaying NaV currents in half a measure-
ment plate (24 experiment sites). Green and red are the experi-
ments that pass and fail the quality filter, respectively. B) Experi-
ment success rate in percentage of 48 experiment sites (Rmem > 200 
MΩ and Cslow > 4 pF). Data is avg ± sd of three measurement plates. 
C) Histograms of Cslow (left) and Rmem (right) values of the measured 
cell population (Ncells = 70) together with the avg ± sem values.

Fig. 6: Measurements of paced action potentials in hiPSC-CMs in physi-
ological solutions. A) The percentage of successful experiments display-
ing paced action potentials. Data is avg ± sd of 3 measurement plates. B) 
Paced action potentials from 10 individual hiPSC-CMs within a single mea-
surement plate (left) and an expanded action potential displaying the ex-
tracted parameters: Vt, Vp, Vh and APD90. C) Plot of extracted parameters, 
Vt (red), Vp (grey), Vh (blue) and APD90 (green) for 18 individual iPSC CMs 
with the avg ± sd (solid lines). 

Fig. 8: Measurements of APD90 concentration-response plots. A) Paced 
action potentials for saline controls (black traces) and in response to in-
creasing concentrations of Bay K8644 (top, traces in shades of red) and 
nifedipine (bottom, traces in shades of green). B) Plots of APD90 versus 
compound concentration with Boltzmann fits including EC50 or IC50 calcu-
lated values, recorded in a single cell. C) Concentration-response (aver-
age, normalized APD90) relationships with Boltzmann fits including EC50 
or IC50 calculated values. Data points are avg ± sem of Ncells.

Fig. 7: Measurements of APD90 single- 
concentration compound effects. Paced 
action potentials and plot of APD90 val-
ues before (control, black traces and data 
points) and after addition of: A) 0.3 µM 
Bay K8644 (red trace and data), B) 10 µM 
nifedipine (green trace and data) and C) 1 
µM E4031 (blue trace and data). 

Voltage-gated currents (INa, ICa, IKr, IK1)

Fig. 2: Measurements of INa in hiPSC-CMs in physiological solutions  A) 
Percentage of successful experiments with INa. Data is avg ± sd of three ex-
periment plates. B) Representative INa current trace in response to a volt-
age step protocol (see methods). C) INa current (I) vs. step voltage (V) plot. 

Table 1: hiPSC-CM assay and phenotype success rates. Assay success rates (Rmem > 200 MΩ and Cslow > 4 
pF) are listed for five different assays. Data are avg ± sd of Nplates. The phenotype rate was quantified 
as the percentage of successful experiments that passed the current/voltage filters listed on the right. 
Data are avg ± sd of Nplates.

For assay success rate and phenotype rate of the four voltage gated assays see Table 1. 
Representative INa current and current-voltage relationships are shown in Figure 2. Rep-
resentative ICa current and current-voltage relationship, which agreed with the CaV1.2 
ion channel, in physiological solutions before and after block by 10 µM nifedipine are 
shown in Figure 3. IKr tail currents were induced by increasing the extracellular K+ con-
centration from 4 mM to 75 mM, as previously shown8 and subsequently blocked by ad-
dition of 0.5 µM E4031 (see Fig. 4). We quantified IKr tail current-voltage relationship in 
75 mM K+ before and after block by 0.5 µM E4031 (see Fig. 4B + C). Using a similar strat-
egy, IK1 currents were evoked by increasing extracellular [K+] from 4 mM to 75 mM and 
subsequently blocked by addition of 1 mM BaCl2 (see Fig. 5). Subtraction of the Ba2+ in-
sensitive current, allowed us to plot the Ba2+ sensitive IK1 current (Fig. 5C). Finally, we plot 
the steady-state sensitive current density vs. voltage (Fig. 5D).

Fig. 3: Measurements of ICa in hiPSC-CMs in physiological solutions. A) The percentage of success-
ful experiments with ICa. B) Representative ICa current trace in response to a voltage step protocol 
(see methods), before (black) and after (red) the addition of 10 µM nifedipine. C) ICa current den-
sity as a function of voltage before (black) and after (red) the addition of 10 µM nifedipine. Data 
points are avg ± sem of Ncells = 28.

Fig. 4: Measurements of IKr in hiPSC-CMs in physiological solutions. A) The 
percentage of successful experiments with IKr, tail. Data is avg ± sd of 2 
measurement plates. B) Representative hERG tail current recorded at V = 
–70 mV following a voltage step protocol (see methods). The tail current 
was measured in 4 mM extracellular K+ (grey) and 75 mM extracellular K+ 
before (black) and after (red) addition of 0.5 µM E4031. C) IKr current den-
sity as a function of voltage in 4 mM extracellular K+ (grey) and 75 mM 
extracellular K+ before (black) and after (red) addition of 0.5 µM E4031. 
Data points are avg ± sem of NCells = 6.

Fig. 5: Measurements of IK1 in hiPSC-CMs in physiological solutions. A) The percentage of success-
ful experiments with IK1. Data is avg ± sd from 2 measurement plates. B) Representative IK current 
in response to a voltage step protocol (see methods). The current was measured in 4 mM extra-
cellular K+ (grey, left) and 75 mM extracellular K+ before (black) and after (red) addition of 1 mM 
BaCl2 (right). C) The Ba2+ sensitive IK1 current was calculated by subtracting the insensitive current 
(red trace in B) from the total IK current (black trace in B). D) The IK1 current-voltage relationship 
was plotted by extracting the steady state sensitive current density (shown in C) and plotting as a 
function of step voltage. Data points are avg ± sem of NCells = 5.

For assay and action potential success rate see Ta-
ble 1. The assay yielded up to 10 cells with paced 
action potentials per measurement plate (Fig. 6). 
The threshold potential (Vt), peak potential (Vp), 
hyperpolarization potential (Vh) and action po-
tential duration at 90% (APD90) were quantified. 
The potentials were relatively reproducible be-
tween the cells, Vt = -48 mV ± 8 mV, Vp = 35 mV ± 
9 mV, Vh = -63 mV ± 6 mV, with relative standard 
deviation (RSD) between 10% - 26% (Fig. 7C). The 
APD90 was more variable with RSD of ~ 50%. 

The action potential duration at 90% (APD90) 
was quantified before and after addition of 0.3 
µM Bay K8644, 10 µM nifedipine or 1 µM E4031 
(Fig. 7A-C). Finally, with the achieved success rates 
it was possible to measure APD90 5-point concen-
tration-response plots for Bay K8644 and nifedip-
ine (Fig. 8).

In summary, it is possible to perform measurements of hiPSC-CMs 
on QPatch II in physiological solutions with voltage gated assays 
yielding up to 50% success rate, depending on the ion channel tar-
get. Within the hiPSC-CM population that passed quality criteria 
we recorded INa in ~ 90%, ICa in ~ 80%, IKr in ~ 60% and IK1 as well 
as paced action potentials in ~ 50% of the investigated cells. These 
measurements suggest a heterogeneous expression of cardiac ion 
channels, which in turn affects action potential measurements. As 
1) the hiPSC-CM quality and maturity increases and 2) cell suspen-
sion preparation is further optimized, we expect the success rate 
and throughput of these measurements to increase further. Eventu-
ally, we envision that APC can be used as a characterization tool to 
assist the continuous development of hiPSC-CMs as well as for car-
diac drug screening and disease modelling.
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• Cells were kindly provided by the laboratory of professor Niels Voigt, Göttingen (www.mo-
lecular-pharmacology.de). Cell culture and cell suspension preparation according to inter-
nal Sophion methods.

• Solutions: Intracellular solution (in mM): 5.374 CaCl2, 1.75 MgCl2, 31.25/10 KOH/EGTA, 10 
HEPES, 120 KCl, 4 Na2-ATP, pH = 7.2 with KOH, Osmolarity 285 – 296 mOsm with sucrose. 
Extracellular solution (in mM): 2 CaCl2, 1 MgCl2, 10 HEPES, 4 KCl, 145 NaCl, 10 Glucose, pH 
= 7.4 with KOH, Osmolarity 305 mOsm with sucrose. Extracellular solution with high K+ (in 
mM): 2 CaCl2, 1 MgCl2, 10 HEPES, 75 KCl, 75 NaCl, 10 Glucose, pH = 7.4 with KOH, Osmolari-
ty 305 mOsm with sucrose.

• Voltage step protocols:

• All analysis was performed with Sophion Analyzer

Fig. 9: Voltage step protocols for measurements of the following currents, from the left: INa, 
ICa, IKr, IK1.

Assay Assay success rate
[%] of 48  

measurement sites

Nplates Phenotype rate
[%] of successful  

experiments

Current/voltage filters

INa assay 40 ± 10 3 87 ± 8 |INav| > 200 pA

ICa assay 21 ± 8 3 80 ± 20 |ICav| > 100 pA

IKr assay 14 ± 1 2 62 ± 8 |IKr,tail| > 100 pA

IK1 assay 22 ± 1 2 58 ± 8 |IK1,-100mV| > 50 pA

Paced action  
potentials assay

19 ± 1 3 50 ± 10 Vp > 0 mV, RMP < -40 mV
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