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Table 1: Electrical characteristics of existing patch-clamp amplifiers 417 

Parameter 
Axopatch 200B or 

Axoclamp 900A(Molecular Devices) 

Weerakoon et al., 2010 
and Goldstein et al., 

2011 
PatchChip 

Noise floor for current 
measurements 
(voltage clamp) 

0.65 pA rms over 5 kHz 

(high gain) 

1.65 pA rms over 5 kHz 

(low gain) 

8 pA rms 
over 10 kHz 

1.1 pA rms 
over 5 kHz 

Noise floor for voltage 
measurements 
(current clamp) 

23 μV rms 
over 10 kHz 

150 μV rms 
over 5 kHz 

8.2 μV rms 
over 10 kHz 

Series resistance 
compensation 

0 – 100 MΩ 0 – 80 MΩ 0 – 32 MΩ 

Capacitance 
compensation 

0 – 10 pF 0 – 10 pF 0 – 10 pF 

 418 
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Figure 1: A simplified schematic of a traditional patch-clamp amplifier in voltage clamp mode.  A FET-input op-amp uses 420 
feedback to hold the pipette voltage VP at the user-specified potential 𝑉𝑐𝑙𝑎𝑚𝑝.  The whole-cell current 𝐼𝑐𝑒𝑙𝑙 passes through 421 
feedback resistor 𝑅𝐹𝑛 selected by switch 𝑆1.  The resulting output voltage is linearly proportional to the measured current.  422 
Several different feedback resistors are needed to accurately measure different current ranges from picoamps to 423 
nanoamps.  These resistors must be in the high MΩ and GΩ range, making them relatively large and impractical to 424 
integrate on a chip. 425 
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Figure 2: A. Simplified schematic of the voltage clamp circuitry in PatchChip.  On-chip diodes are used in place of large-428 
valued feedback resistors.  Diodes have an exponential relationship between voltage and current, as well as a sensitivity 429 
to temperature.  Depending on the direction of Icell either D1 or D2 will conduct; and the output voltage will be a logarithmic 430 
function of the measured current.  An on-chip temperature sensor can be used to factor out temperature dependencies.  431 
B. Detailed schematic of voltage clamp circuit showing transistors M1-M6 that implement the diode-like feedback 432 
elements. 433 
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Figure 3: PatchChip design and benchtop characteristics A. Microphotograph of the PatchChip.  Each silicon chip 435 
measures 4.7 mm × 3.0 mm and contains more than 20,000 transistors, resistors, and capacitors. B. Circuit board 436 
containing the PatchChip (in black plastic leaded chip carrier (PLCC) package labeled “Intan”) and supporting 437 
components.  The aluminum enclosure (measuring 8.5 cm × 5.7 cm × 2.9 cm) shields the sensitive electronics from 438 
interference.  This circuit board contains the functionality of the head stage as well as the rack-mounted amplifier and 439 
analog-to-digital converter in traditional patch-clamp amplifier systems.  All current and voltage measurements are 440 
digitized on this circuit board and passed to a USB interface board over digital serial cables. C. Measured voltage noise 441 
floor of PatchChip in current clamp (injected I = 0) mode.  Noise over the 10 kHz bandwidth was 8.2 μV rms. D. Measured 442 
current noise floor of PatchChip in voltage clamp mode measuring 100 pA current.  Noise over the 5 kHz bandwidth was 443 
1.1 pA rms. 444 
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Figure 4:  Temperature-dependent and time-dependent voltage clamp measurements. A 1 GΩ resistor was voltage 446 
clamped at 100 mV, producing a set current of 100 pA (dashed) A. Correction of temperature-dependent voltage clamp 447 
measurements. The uncorrected current measurements (square) vary predictably with temperature.  A second-order 448 
polynomial (solid) is used to correct the measurements based on the reading from the on-chip temperature sensor.  The 449 
corrected measurements (circle) lie within +/-3% of the true current over a temperature change of 21°C.  B.  Time drift of 450 
voltage clamp measurements. Over a period of 120 minutes, the measured current deviates by less than ±3% (circle) 451 
from the set current (dashed). 452 
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Figure 5: In-vitro PatchChip performance A. PatchChip (inside aluminum box with blue interface cables) with glass pipette 466 
electrode connected.  The blue cables convey power and digital data between the PatchChip circuitry and a host 467 
computer.  The dish contains cultured HEK293FT cells.  The PatchChip module is attached to a three-axis micropositioner 468 
that allows the electrode tip to precisely contact a cell. B. HEK293FT voltage clamp experiments using the PatchChip.  469 
Ionic currents in whole-cell mode (top) in response to different command voltages (bottom).  Current levels and time 470 
constants are consistent with typical HEK293FT cell characteristics. C. Microscope view showing the tip of glass pipette 471 
contacting a cultured neuron.  The pipette was connected to the PatchChip, and voltage clamp and current clamp 472 
experiments were performed on the cell. Scale bar: 10 μm D. Current clamp experiment using the PatchChip.  Action 473 
potentials are evoked when the injected current exceeds 75 pA. E. In vitro current clamp recordings from cultured neurons 474 
using the PatchChip.  A clamping current of -30 pA is being injected into the cell.  Spontaneous action potentials firing at a 475 
physiological rate are visible in the measured voltage waveform. F. Voltage clamp experiment using the PatchChip.  The 476 
cell is being held near its resting potential of -70 mV.  Miniature post-synaptic currents (mPSCs) in the picoamp range 477 
from spontaneous activity are visible (*).  G. Crossover distortion in the voltage-clamp circuit when measured current 478 
switches direction.  Passive membrane characteristics of a neuron were measured by using sodium channel blockers and 479 
stepping the control voltage from -70 mV to -40 mV. Arrow indicates a “kink” artifact lasting approximately 1.4 ms that 480 
occurs due to crossover distortion. The ideal passive response of a cell to this voltage step is a first-order exponential 481 
(dashed). 482 
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Figure 6: In-vivo PatchChip performance A. The PatchChip (inside aluminum box with blue power/data cables) connected 485 
to the “autopatcher”, an automated in-vivo patch-clamping robot. B. Pipette electrode resistance measured by the 486 
PatchChip during a 100-second in  vivo “autopatcher” experiment in which a seal of >3 GΩ was achieved using an 487 
automated robotic system incorporating the PatchChip.  Successful membrane break-in to achieve whole cell 488 
configurations occurred at t = 97 seconds.  Current traces recorded in voltage clamp in response to +5 mV, 10 Hz square 489 
wave pulses (Vholding = -72 mV) show RC transients typical of a whole-cell patch-clamped cell (inset) C. In vivo neuron 490 
current clamp measurements taken with the PatchChip and autopatcher system from the neuron shown in B.  Action 491 
potentials were visible when the injected current exceeded 100 pA. 492 
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Table 1: Electrical characteristics of existing patch-clamp amplifiers 

Parameter 
Axopatch 200B or 

Axoclamp 900A(Molecular Devices) 

Weerakoon et al., 2010 

and Goldstein et al., 

2011 

PatchChip 

Noise floor for current 

measurements 

(voltage clamp) 

0.65 pA rms over 5 kHz 

(high gain) 

1.65 pA rms over 5 kHz 

(low gain) 

8 pA rms 

over 10 kHz 

1.1 pA rms 

over 5 kHz 

Noise floor for voltage 

measurements 

(current clamp) 

23 μV rms 

over 10 kHz 

150 μV rms 

over 5 kHz 

8.2 μV rms 

over 10 kHz 

Series resistance 

compensation 
0 – 100 MΩ 0 – 80 MΩ 0 – 32 MΩ 

Capacitance 

compensation 
0 – 10 pF 0 – 10 pF 0 – 10 pF 
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