Challenges of Down-Sizing the Low Noise Patch Clamp

It has now been a quarter of a century since the patch clamp technique was introduced by Neher and Sakmann.  Soon after the technique’s introduction it was discovered that the application of suction to the interior of a clean heat-polished pipette pressed gently against the membrane of certain cells caused the formation of a membrane-glass seal with resistances measurable in gigohms.  The so called ‘gigaseal’ resulted in a large reduction in background noise and sparked a dramatic period of methodological investigation.  In a short period of time the patch clamp technique revolutionized membrane electrophysiology. 

Recently there has been considerable interest in the use of planar electrodes and in harnessing the promise of nano-technology to further enhance the patch clamp technique (Figure 1).  To date, however, most emphasis has been placed on planar arrays of isolated wells (up to several hundred in number) intended primarily for use in whole cell voltage clamping.  The basic idea is that each “well” terminates in a small opening (less than 1 to several microns in diameter)  The upper compartment contains cells that are caused to align with and seal to the small holes; the lower compartment achieves electrical and physical isolation of each well so that multiple measurements can be conducted simultaneously. The objective has been to greatly increase the through-put of measurements and to significantly automate the technique. 

My interest in this talk is exploring the use of planar electrodes and nano-technology to improve the resolution of the single channel patch clamp.  This basically means reducing background noise. 

However, before discussing what may be possible with new techniques, I want to present a rather exhaustive examination of all noise sources that are normally present with traditional (pipette-based) techniques

Amplifier Noise:

The lowest noise patch clamp amplifiers presently make use capacitive feedback and achieve impressive noise levels.  One such amplifier that I am particularly familiar with has a input referred current noise power spectral density (PSD), Shs2, that is well described by:  

(1)
Shs2 ( 2x10-32/f + 1.9x10-32 + 3.5x10-35f + 1.3x10-38f2   amp2/Hz

Where f is the frequency in Hz.

The white noise term arises primarily from the shot noise of the gate leakage current, ig, of the input JFET (PSD = 2qig).  It is equivalent to the thermal current noise of an 850 G( resistor.  The f noise term arises from lossy dielectrics associated with the input; these include capacitors, packaging, the input connector and the JFET itself (PSD = 4kTDCd2(f).  The f2 noise term arises primarily from the white noise component of the input voltage noise of the JFET in series with the capacitance that is associated with the input.  This capacitance is dominated by the input capacitance of the FET itself, but also includes contributions from the feedback and compensation capacitors, the input connector, strays, etc. (PSD = 4(2en2C2f2, where en2 = 4kT(/gm).  

This power spectral density corresponds to an open circuit input referred rms current noise, ihs, taking into account the transfer function of an 8 pole Bessel filter which determines the bandwidth B that is well approximated by:

(2)
ihs = (2x10-32B + 2.3x10-35B2 +8.6x10-39B3)1/2   amps rms 

where B is the bandwidth in Hz.   It is important to note that white noise in equation (1) produces rms noise that rises with increasing bandwidth as B1/2.  “f noise” in equation (1) produces noise that rises linearly with increasing bandwidth, while “f2 noise” in equation (1) produces noise that rises as B3/2.

Equation (2) predicts noise of 7 fA rms at a bandwidth of 1 kHz, 42 fA rms at a 5 kHz bandwidth and 105 fA rms at a 10 kHz bandwidth.  At a bandwidth of 100 kHz (which is somewhat more than the amplifier possesses as normally configured) the rms noise would be about 3 pA.  

Seal Noise:  Although the precise physical nature of the so-called “gigaseal” is not completely understood, its importance to high resolution patch clamping in undeniable.  The seal resistance is in parallel with the membrane patch and therefore produces noise and potentially large offsets when voltages are applied to the pipette.  The minimum noise of the seal in simply described by the real part of the seal admittance, i.e., its expected thermal current noise.  This produces a power spectral density given by:

(3)


 4kT/Rsh   amp2/Hz

where Rsh is the DC seal resistance.  Rms noise in a bandwidth B that is approximately:

(4)


(4kTB/Rsh)1/2   amps rms

Seal resistances typically vary from a few gigohms to several hundred gigohms, and seal resistances as high a 4-5 T( have been reported.  Figure 3 shows the “best-case” rms noise with seal resistances, Rsh,  ranging from 1 G( to 1 T( plotted as a function of bandwidth.  For a 1 G( seal, the thermal current noise of the seal exceeds the total noise of all other sources of noise until the bandwidth reaches more than 30 kHz; for a 10 G( seal, the seal noise exceeds the other noise sources of the patch clamp until bandwidths of nearly 10 kHz.

Holder Noise:  The pipette holder adds noise by two basic mechanisms.  One of these simply the addition of capacitance in association with the input.  This noise is perfectly correlated with the f2 term in equation 1 and therefore simply adds to the coefficient.  The other mechanism is the dielectric noise associated with the holder’s capacitance.  Polycarbonate holders can add 15-25 fA rms of dielectric noise noise in a 5 kHz bandwidth, increasing overall noise of the headstage with holder attached to 47-53 fA rms in this bandwidth. 

Pipette Noise:  The pipette adds noise to patch clamp measurements by several different mechanisms.  These are illustrated in Figure 3.  In addition to the noise sources illustrated in this figure it should be obvious that the pipette adds capacitance to the amplifier input. This adds noise in conjunction with the FET input voltage noise that is perfectly correlated with noise from other capacitance associated with the input.  Thus, like the capacitance of the holder, it simply adds to the coefficient of f2 in equation (1).  The total additional capacitance added by the pipette can range from as little as a tenth of a pF or so to several pF.

The other pipette noise sources illustrated schematically in Figure 3 are briefly:

1. Thin film noise

2. Distributed RC noise

3. Dielectric noise

4. Re-Cp noise  

Thin film noise will not be discussed because it has been known for years that it can be essentially completely eliminated by coating the pipette with a suitable elastomer such as Sylgard 184.

I will move rather quickly through the other noise sources since I (with Dr. Jim Rae) have published extensive theoretical and experimental discussions of these noise sources and how to minimize them.

Distributed RC noise is the name I have used to describe the current noise that results from the distributed resistance of the solution filling the pipette in series with the distributed capacitance of the immersed portion of the pipette wall.  This noise has a power spectral density that rises a f2 over the frequency range of interest for patch clamping.  With heavy elastomer coating of thick walled pipettes and immersion depths of 200-500 (m, distributed RC noise can be held to only about 10-15 fA rms in a 5 kHz bandwidth.  On the other hand, with a thin elastomer coating and thin walled glass and an immersion depth of 2 mm or more, distributed RC noise can easily exceed 100 fA rms in this same bandwidth. 

Dielectric noise arises from lossy capacitances, such as the capacitance of the wall of the immersed portion of the pipette.  The amount of dielectric noise depends on the dissipation factor of glass used to make pipettes, the thickness of the glass wall, the type and thickness of the elastomer coating and the depth of immersion.  Dielectric noise has a PSD that rises linearly with increasing frequency and contributes rms noise that increases linearly with increasing bandwidth. 

The expression of dielectric noise PSD for a single dielectric has already been presented.  When two or more dielectrics with different dissipation factors, D, are in series more complicated expressions are required, which I have published previously.  Our results concerning dielectric noise can be summarized as follows: heavily Sylgard coated quartz pipettes produce the lowest dielectric noise possible given that an elastomer coating is required anyway to eliminate ‘thin film noise’ and reduce distributed RC noise.    Theoretical predictions and actual measurements indicate that for a 2 mm depth of immersion dielectric noise falls in the range of 25-35 fA rms in a 5 kHz bandwidth for such pipettes, and can be reduced to 15 fA rms or less with very shallow depths of immersion.  Pipettes fabricated with other glasses produce several times as much dielectric noise, particularly when glass is thin walled and the elastomer coating is thin.

Re-Cp noise is the name I have used to describe noise arising from the thermal voltage noise of total resistance of the pipette, Re, in series with the capacitance of the small membrane patch, Cp.  Obviously this noise depends on the pipette resistance and on the patch capacitance, and these two parameters at least partially depend on one another.  Re-Cp noise has a PSD that rises as f2 over the frequency range that is important to patch clamping.

In so far as the pipette resistance, Re, is inversely proportional to the tip diameter (which is quite reasonable for pipettes with the same basic geometry, e.g., same cone angle near the tip), it is valuable to note that Re-Cp noise will vary as the tip diameter raised to the 3/2 power.  Thus a pipette with a tip diameter of 0.25 (m (Re ( 20 M(, Cp ( 2 fF) will produce only 6 fA rms noise in a bandwidth of 10 kHz, while a tip diameter of 2 (m (Re ( 2.5 M(, Cp ( 130 fF) will produce about 130-140 fA rms noise in this same bandwidth.    Unfavorable situations can create even more noise. 

Clearly, the best strategy for reducing Re-Cp noise is to use small tipped electrodes that will minimize Cp.

Summary of Noise Sources:    

Total rms current noise, iT, can be expressed as:

(9)        iT = (ihs2 + ih2 + id2 + idRC2 + iep2 + ish2)1/2     amps rms

where:
ihs is the noise of the “headstage” amplifier including any correlated noise arising from en and the capacitance of the pipette and its holder.


ih is the noise of the holder (other than arising from en and the holder capacitance)


id is dielectric noise of the pipette and its holder


idRC is distributed RC noise


iep is Re-Cp noise of the pipette


ish is the noise of the seal

Since these noise sources are uncorrelated they add together rms.  Total noise assuming a 200 G( seal and near best case (but reasonable) values of dielectric, distributed RC and Re-Cp noise, is about 13 fA rms in a bandwidth of 1 kHz, 60 fA rms in a 5 kHz bandwidth, 140 fA rms in a 10 kHz bandwidth and 3.8 pA rms in a bandwidth of 100 kHz.  This is illustrated in Figure 4.  Higher resistance seals will primarily influence relatively low frequency noise, while – as already seen – lower resistance seals can add noise up to much higher frequencies.

Planar Electrodes:  For nearly a decade a few laboratories have sought to replace traditional patch pipettes with planar electrodes into which micrometer or sub-micrometer holes (followed by conical or pyramidal wells) are made in a suitable thin insulating partition.  Most of this work has focused on producing arrays of patch clamp wells and has emphasized whole-cell voltage clamping.  Here, my emphasis is not on whole-cell measurements, but rather on single channel experiments where low noise is vital to the amount of information made available by an experiment.  The basic idea of the planar electrode as conceived for low noise single channel recording is shown in Figure 5.  In this case the planar electrode offers a variety of advantages over traditional glass pipettes.  These include:

1. Greatly reduced electrode capacitance is possible. This offers improvements in dielectric and distributed RC noise.  In fact the capacitance of an electrode such as shown in Figure 5 is expected to be as little as roughly 20 fF.  To achieve such low capacitance it is vital that solution on the chip side of the patch be restricted to the tiny well formed on this side of the chip (see Figure 5).

2. The extremely low capacitance of the electrode strongly suggests incorporating a very low capacitance input FET (in fact, the entire input amplifier) on the chip in very close proximity to the well. Other capacitances involved in the pre-amplifier should also be drastically reduced.  

3. The access resistance to the patch can be greatly reduced.  This will particularly reduce distributed RC noise and Re-Cp noise. 

However, there are many problems or challenges to achieving the promise that planar electrodes offer.  These include:

1. Fabrication of suitable wells into the electrode “chips” is difficult. 

2. Achieving high resistance seals remains a critical problem.

3. A significant challenge at this time is the incorporation of the input amplifier into the planar electrode chip.  Input FETs should have very low input capacitance. There are two obvious candidates.  These are: 1) nano-MOSFETs (channel length << 1 (m) and 2) tiny JFETs with short channels and a tetrode arrangement.

4. Additional significant challenges lie in the creation of an integrated circuit input amplifier (headstage).  

5. Since DC potentials must be measured and controlled, a reversible (probably Ag-AgCl) electrode must be included in the well and attach directly to the FET input gate.

These and other challenges remain daunting but are both interesting and do not seem infeasible.  The important point that I want to make here is that the rewards of successfully overcoming such challenges can be very large.

I want to finish this talk by exploring the possibilities for noise reduction in single channel measurements that planar electrodes may offer. 

With a monolithic IC pre-amplifier on the planar electrode chip, there is no holder so there is no holder noise.

Dielectric Noise of the planar electrode can be estimated by assuming D = 0.0001 and Cd = 20 fF.  This predicts less than 2 fA rms of dielectric noise associated with the planar electrode at a bandwidth of 5 kHz.  Of course total dielectric noise will also depend on the electronics and thus will be higher.

Distributed RC Noise would be reduced to very low levels with the planar electrode arrangement.  Rms noise should be about 4-5 fA rms in a 10 kHz bandwidth (cone angle = 45-90o, tip opening = 0.25 (m diameter). 

Re-Cp Noise will also be significantly reduced primarily due to the decreased value of Re.  For a cone angle of the planar electrode well of 45-90o, Re-Cp noise should range from as little as 2-3 fA rms in a 10 kHz bandwidth for a 0.25 (m opening to about 16-20 fA rms for a 1 (m opening diameter

Of course Seal Noise is unlikely to be improved by the planar electrode relative to traditional patch pipettes. 

These advantages of the planar electrode over a traditional patch pipette will be present regardless of what electronics are used.  However, simply using existing electronics such as the headstage amplifier that I described at the beginning of this talk would offer very little advantage in terms of noise over present-day best-case results with pipettes.

To reduce noise further requires that new low-noise “headstage” electronics with much lower capacitance (better matched to the low capacitance of the planar electrode) be developed.  For best results these must be integrated into the planar electrode chip. Thus I will only consider what may be possible with a monolithic integrated pre-amplifier on the chip in very close proximity to the well of the planar electrode.

It is important to consider the type of FET to be used for the input.  Let's begin by considering MOSFETs.   Sub-micron channel length MOSFETs seem like a natural choice because they can have extremely small input capacitance while maintaining relatively high transconductance, gm.  Nano-MOSFETs with channel lengths on the order of 100 nm or less (perhaps as low as 15-20 nm) have extremely high gm/Cin ratios of (1012.  This indicates that for Cin ( 10 fF, gm (which determines thermal input voltage noise) can be roughly 10 mS; this could mean an equivalent input voltage noise of 1.3 nV/Hz1/2 beyond the 1/f range.  However, in MOSFETs as channel length decreases below about a micron, it has often been reported that thermal noise exceeds long-channel predictions, indicating white (thermal) input voltage noise might better be approximated by 2-3 nV/Hz1/2.   Probably more importantly, MOSFETs are notorious for 1/f voltage noise.  The best values I have seen for nanoMOSFETs is about 400-500 nV/Hz1/2 at 1 Hz for a 150 nm channel length MOSFET.  1/f noise amplitudes are process dependent and there is hope that they will decrease in the future.  Finally, gate leakage current can also be a problem, particularly as the gate oxide layer thickness decreases.  Nevertheless, it is reasonable to expect that gate leakage current of (0.1 pA for a device of the type required here.

The implications of 1/f noise will now be considered.  1/f voltage noise PSD can be described by A12/f (V2/Hz) where A12 is the voltage noise variance at 1 Hz.  Because of this the current noise PSD arising from 1/f noise in series with the TOTAL capacitance (CT) associated with the input is 4(2A12CT2f  and this yields an rms noise in a bandwidth B (8 pole Bessel filter) of   (4(2A12CT2B2)1/2.  The consequences of 1/f noise for an ideal planar electrode with nano-MOSFET input is illustrated in Figure 6.  To produce this figure I have assumed what I believe to be a perhaps overly optimistic value of CT (TOTAL capacitance associated with the input) of only 60 fF, of which 5-10 fF is made up of Cin of the FET.  It has been assumed that the white (thermal) noise component of en is 5 nV/Hz1/2. (although noise is only somwhat – about 20% -- higher if en = 10 nV/Hz1/2)   Dielectric noise, distributed RC noise and Re-Cp noise have all been considered to be more or less best-case for the planar electrode; an extremely good seal of 500 G( is also assumed.  Values of A1 (1/f noise at 1 Hz) of 1 – 30 (V/Hz1/2 are considered.  For A1 ( 1 (V/Hz1/2, 1/f noise has essentially no effect on the very impressive overall noise of 25 fA rms, 140 fA rms and 2.8 pA rms at bandwidths of 10, 100 and 1000 kHz respectively.  These noise values are about 5.6x (10 kHz), 27x (100 kHz) and 43x (1 MHz – but note that bandwidths this high are hard to presently achieve) better than best-case results already described for traditional pipette-based patch clamping.  With A1 = 3.0 (V/Hz1/2, the overall results are only very slightly worse.  However, for A1 = 10 (V/Hz1/2, overall noise is dominated by current noise resulting from the 1/f component of en at frequencies between about 10 kHz and 1 MHz.  Nevertheless noise improvements remain impressive. For A1 = 30 (V/Hz1/2, the current noise arising from 1/f voltage noise at the input in series with CT is the dominant noise source at all bandwidths above about 1 kHz.  Thus surprisingly large amounts of 1/f input-referred voltage noise can be tolerated in this situation.  Nevertheless, it is not a foregone conclusion that acceptable 1/f noise will be easy to achieve while maintaining other required characteristics of a nanoMOSFET.  Before moving on, it is worth noting that substantial improvements are possible even with total input associated capacitances (CT) significantly greater than 60 fF.

The most obvious alternative to MOSFETs are JFETs.  In fact, to date all patch clamp amplifiers have used JFET inputs.  However, typical values of Cin are in the range of 3-10 pF.  Here a much smaller Cin is desired.  The best present day JFETs have gm/Cin ratios approaching 1010.  This is achieved with relatively short-channel tetrode devices. In the case of JFETs, I do not think that considering values of Cin less than about 50-60 fF is worthwhile – and improvements can be achieved with significantly higher Cin (up to, say, 0.5-1.0 pF).  Gate leakage current should be very small in such a JFET device.  1/f noise in JFETs is much less than in MOSFETs.  However, to the best of my knowledge, JFETs with Cin very much smaller than 1 pF have never been built (0.5 to 0.8 pF is about as low as it goes).  To achieve values of Cin considerably below 1 pF will likely require advanced lithography and innovative technology. 

To provide an idea of the type of performance that should be possible I have considered JFETs with values of Cin (Ciss) ranging from 60 fF to 1 pF.  It is assumed in all cases that gm/Cin = 1010 and that en is related to gm as already described (with ( = 0.8); a differential input stage is assumed.  It is further assumed that TOTAL capacitance (CT) associated with the input is always 2 x Cin.  For all hypothetical JFETs it is assumed that ig = 0.1 pA and in all cases more or less best-case parameters are assumed (e.g., dielectric noise is based on CT with D = 0.0001).  For all simulations a seal resistance of 200 G( is assumed. The results are compared to present day “best-case” noise (unrealistically extrapolated out to B = 1 MHz) in Figure 7.  FETs with Cin = 1 pF (CT = 2 pF), Cin = 0.5 pF (CT = 1 pF), Cin = 250 fF pF (CT = 500 fF), Cin = 125 fF (CT = 250 fF) and Cin = 60 fF (CT = 125 fF) are shown.

It can be seen that even for Cin = 1 pF there are impressive noise improvements.  Noise at a bandwidth of 10 kHz is about 3x smaller than present day best case and that this increases to about 6x and 7x for bandwidths of 100 kHz and 1 MHz.  For CT = 2 pF, the feedback capacitor (Cf) can be as much as (500 fF, which is very manageable.  For Cin = 60 fF, CT = 125 fF, noise has fallen to (26 fA rms, 190 fA rms and about 4.7 pA rms for bandwidths of 10kHz, 100 kHz and 1 MHz.  Improvements over present best-case noise with a pipette based patch clamp are >5x at a 10 kHz bandwidth, (20x at a 100 kHz bandwidth, and about 25x at a bandwidth of 1 MHz.  Of course with CT of only 125 fF, Cf would have to be limited to 10-20 fF and overall circuit design would become challenging.

In addition to the challenges of developing new FETs (or simply utilizing new technology), there will be many other challenges to overcome in the development of a system of the sort I have envisioned in this talk.  I do not wish to minimize these problems; instead I have tried to show the great promise that should make such efforts – and the uncertainties that accompany them – worthwhile.  The predictions that I have presented are generally “best-case” situations.  However, even if results were a factor of 2 worse than these predictions the results would be very impressive and would greatly enhance the power and resolution of the patch voltage clamp technique.

TALK ENDS HERE

Deleted portions:

to allow the resolution of small events and to increase the available bandwidth (i.e., the maximum bandwidth – and hence time resolution – that allows the signal to be reliably distinguished from noise).

We (and I mean Dr. Jim Rae and myself) have evidence that seal noise often does not exceed the predictions based on thermal current noise of the DC seal resistance at a bandwidth of 5 kHz.  However, it is frequently found even under seemingly identical circumstances in terms of electrode geometry, elastomer coating and seal resistance that the noise of a patch clamp measurement may vary by a considerable extent.  In these cases, it is always tempting to blame the seal. 

A small polycarbonate holder (capacitance ( 0.6 pF) is predicted to add about 15 fA rms noise in a 5 kHz bandwidth.  Larger (more traditional) polycarbonate holders (capacitance ( 1.5 pF) add slightly more than 25 fA rms of dielectric noise in this bandwidth.  This increases total noise with the holder attached in a well shielded patch clamp from about 42 fA rms in a 5 kHz bandwidth to about 47 fA rms for a small polycarbonate holder and to about 53 fA rms for a larger polycarbonate holder.  Experimental measurements basically confirm these predictions.

The power spectral density (PSD) of dielectric noise for a single dielectric, Sd2, is given by:

(5)

Sd2 = 4kTDCd(2(f)
     amp2/Hz

were k is Boltzman’s constant, T is absolute temperature, D is the dissipation factor of the capacitance Cd.  Note that D ranges from as little as 10-5-10-4 (e.g., for quartz) to more than 0.01 for different dielectrics.

The rms noise, id, in a bandwidth B is given by:

(6)

id = (1.3x4kTDCd(B2)1/2
     amps rms

where B is the bandwidth in Hz established by an 8 pole Bessel filter (accounting for the factor 1.3).  Thus dielectric noise has a PSD that rises linearly with increasing frequency and rms noise rises linearly with increasing bandwidth.

The PSD of Re-Cp noise, Sep2, is given by:

(7)

Sep2 =4(2ee2Cp2f2

amp2/Hz

where ee2 = 4kTRe is the thermal voltage noise PSD of the pipette resistance, Re.  The resulting rms noise, iep, over a bandwidth, B (established by an 8 pole Bessel filter), is therefore given by:

(8)

iep ( (2.7(2ee2Cp2B3)1/2

amps rms 

It is clear that in most situations the area of the patch (which, of course, is proportional to its capacitance) exceeds the area of the tip opening by a significant amount.  A reasonable estimate of patch area is 3-5x the area of the pipette tip opening.  Thus a pipette with a tip opening diameter of 0.25 (m would be expected to have a patch capacitance of roughly 2 fF, whereas a tip diameter of 2 (m is expected to produce a patch capacitance of roughly 120 fF or more.

Input-referred voltage noise, en, is related to gm by en2 = 4kT(/gm at frequencies beyond the 1/f range.

in which the top and bottom gate are not joined together (instead the top gate receives the signal and the bottom gate is used for biasing).

The low capacitance of the planar electrode further suggests that the input FETs should have very low input capacitance, Cin.

Many aspects of this problem have already been solved, but others remain.  The geometry of the “well” will be important to final results.

To keep overall capacitance extremely low suggests that if this amplifier uses capacitive feedback then the feedback capacitance must be kept quite small.  This would result in frequent ‘resets’ (restoring the voltage across the capacitor to (0 V before it reaches saturation levels).  Re-setting requires an additional low capacitance FET and must be accomplished very rapidly and without significant artifacts.

This is an order of magnitude better than best-case results for heavily eleastomer coated quartz pipettes.

which is more than an order of magnitude reduction compared to traditional patch clamp measurements.

Especially at low to moderate frequencies, a high resistance seal is absolutely essential to low-noise single channel recording.

.  A monolithic IC pre-amplifier (headstage) avoids capacitance associated with wire bonded leads, hybrid packaging, input connectors etc.
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