Downloaded via PEKING UNIV on October 31, 2018 at 07:45:41 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

& Cite This: ACS Nano 2017, 11, 12789-12795

www.acsnano.org

Direct Measurement of Single-Molecule
Adenosine Triphosphatase Hydrolysis

Dynamics

Jie Li,"* Gen He,"* Ueno Hiroshi,® Wenzhe Liu,'T' Hiroyuki Noji,§ Chuanmin Cli,*’T

and Xuefeng Guo* |l

"Key Laboratory of Radiopharmaceuticals, Ministry of Education, College of Chemistry, Beijing Normal University, Beijing 100875, P.

R. China

iBeijing National Laboratory for Molecular Sciences, State Key Laboratory for Structural Chemistry of Unstable and Stable Species,
College of Chemistry and Molecular Engineering, Peking University, Beijing 100871, P. R. China

SDepartment of Applied Chemistry, School of Engineering, The University of Tokyo, Tokyo 113-8654, Japan

”Department of Materials Science and Engineering, College of Engineering, Peking University, Beijing 100871, P. R. China

© Supporting Information

ABSTRACT: F,-ATPase (F,) is a bidirectional molecular motor that
hydrolyzes nearly all ATPs to fuel the cellular processes. Optical observation
of labeled F, rotation against the @,f; hexamer ring revealed the sequential
mechanical rotation steps corresponding to ATP binding/ADP release and
ATP hydrolysis/Pi release. These substeps originate from the F, rotation but
with heavy load on the y shaft due to fluorescent labeling and the
photophysical limitation of an optical microscope, which hampers better
understanding of the intrinsic kinetic behavior of ATP hydrolysis. In this work,
we present a method capable of electrically monitoring ATP hydrolysis of a
single label-free F, in real time by using a high-gain silicon nanowire-based
field-effect transistor circuit. We reproducibly observe the regular current
signal fluctuations with two distinct levels, which are induced by the binding
dwell and the catalytic dwell, respectively, in both concentration- and

temperature-dependent experiments. In comparison with labeled F,, the hydrolysis rate of nonlabeled F; used in this
study is 1 order of magnitude faster (1.69 X 10° M~ s™" at 20 °C), and the differences between two sequential catalytic
rates are clearer, demonstrating the ability of nanowire nanocircuits to directly probe the intrinsic dynamic processes of the
biological activities with single-molecule/single-event sensitivity. This approach is complementary to traditional optical
methods, offering endless opportunities to unravel molecular mechanisms of a variety of dynamic biosystems under

realistic physiological conditions.
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s the key subcomplex of FjF,-ATPase, F,-ATPase
A(a3ﬂ3}/, F,), whose structure directly correlates to its

enzymatic function, behaves as the rotary molecular
motor." In the whole function of FoF;-ATPase, F, is mainly
responsible for ATP synthesis/hydrolysis. ATP hydrolysis can
drive the y shaft to periodically rotate against the surrounding
a;3f3; hexamer, where the @ and f subunits are arranged in an
alternating pattern. This pattern forms a hexamer ring as the
motor’s stator, and the central shaft of y acts as the rotor. The y
rotation leads to either ATP hydrolysis or ATP synthesis,
depending on its rotation direction relative to the a;3; hexamer
ring.” The crystallographic structural analysis demonstrated that
F, has three active catalytic sites located in three f subunits.
This has been first proved by direct observation that the F,
rotor, which has a 2.9 ym long microfilament immobilized on ¥,
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pauses at each 120° under an optical microscope.” Tracking F,
rotations as a function of time by using single-molecule FRET
or attaching a nanoscale sphere to the y rotor with high
temporal and angular resolution revealed more details about
the F, hydrolysis reaction scheme.*™® They found that the 120°
step can be divided into 80° and 40° substeps at a certain
temperature and ATP concentration,’ mainly triggered by ATP
binding/ADP release and ATP hydrolysis/Pi release, respec-
tively. To dissect a single complete F, power stroke, another
study by using a 200 nm golden nanorod labeled on y as a
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signal probe with § us time resolution'® indicated that the
accelerations and decelerations occurred during the rotation
power stroke of y, showing the low enzymatic efficiency of
direct conversion of ATP chemical energy to mechanical work.
In brief, ATP hydrolysis includes four elementary reaction
steps: ATP binding, ADP release, ATP hydrolysis, and Pi
release.

Although the mechanical rotation and ATP hydrolysis
mechanisms of F, have been well studied and some kinetic
parameters have been detected in a variety of conditions, most
of these results came from F, containing tens or hundreds of
times larger labels on the y shaft in order to overcome the
photophysical limitation of an optical microscope.””>”!'~"3
The larger label probe amplifies the optical signal as well as the
viscous friction, which hampers the full-speed rotation of y. In
particular, the non-uniform viscous effects under different
conditions would vary the temperature and concentration
dependence of the F, rotary conformation changes, as
demonstrated by the fact that previous works with different
labels®>'*'*~'” have shown obvious hydrolysis rate or rotation
rate discrepancies of F|. To solve this challenge, here we
present an approach that is able to realize label-free, real-time
electrical monitoring of ATP hydrolysis by using a high-gain
silicon nanowire (SINW)-based field-effect transistor (FET)
circuit (Figure la,b) with high signal-to-noise ratio and time
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Figure 1. Device structure and electrical characterization of a single
F,-modified SiNW FET biosensor. (a) Schematic representation of
a single F-modified SiNW FET nanocircuit. (b) AFM image
showing the success of immobilizing a single F, on the silicon
nanowire surface. (c) Real-time current recordings of F, hydrolysis
(10 °C, 1 pM ATP). The right panel is the corresponding
histogram of current values, showing a bimodal current
distribution. The source—drain voltage (Vp,) is 0.1 V, and the
gate voltage (V) is 0.1 V.

resolution. Particularly relevant to our design are the studies of
Lieber, Collins, and their co-workers which demonstrated
highly sensitive biodetection by using 1D SiNW or carbon
nanotube-based FETs.'*">* When F, hydrolyzes ATP on the
surface of the nanowire, the conformational changes of
negative-charged F, act as a variable local gate, synchronously
electrostatically gating the carrier density inside the nanowire
and periodically generating current oscillation signals.””** We
have investigated both ATP concentration and temperature
dependences of the hydrolysis behaviors of F;-ATPase (a(Hisg
at N-terminal/C193S),5(His;, at N-terminal);y(S108C/

1211C) from thermophilic bacillus PS3*°). On the basis of
electrical measurements, we found that the F, hydrolysis rate
versus ATP concentration curve is in accordance with the
Michaelis—Menten equation with the highest hydrolysis rate of
1.69 X 10° M™' s7" at 20 °C, much higher than labeled F,
reported before."”

RESULTS AND DISCUSSION

Details of the SiNW synthesis, device fabrication, and
modification method can be found in the Supporting
Information. By using our previous work of the singgle protein
detection method for single F,-ATPase modification, © the bare
devices were immersed in a 10-mM tris-buffer solution (10 mM
tris-HCl, 27.6 mM NaCl, 0.54 mM KCl, pH = 8.0, Sigma-
Aldrich) with 2 mM MgCl, and tested to stabilize the current
for at least S min as control experiments. After stabilization, we
anchored only one F; on the sensitive surface of SiNWs by
dropping a diluted F; solution (100 nM) on Ni-NTA-
functionalized SINW FETs and monitoring the current. The
negative-charged F in the tris-buffer solution (pH = 8) caused
a current stepwise increase when F, individually complexed
with the Ni-NTA probe on the nanowire surface (Figure S5).
To avoid multiple F, adsorption on the surface, washing the
devices immediately after the first current increase step
appeared was necessary. The F -immobilized devices showed
a higher steady conductance in a pure buffer solution.
Interestingly, the addition of ATP into the solution (10 °C, 1
UM ATP) induced the real-time current fluctuation between
two distinct levels (Figure 1c). The gradual increase of the
current oscillation frequency indicated the slow starting process
of F, hydrolysis (also see Figure 2c). To fully reveal the
dynamics of F; hydrolysis, ATP concentration-/temperature-
dependent experiments have been systematically carried out,
which will be described in detail in the following section. To
further confirm the success of attaching a single F, on the
surface of a SINW, we measured the surface morphology of the
device by atomic force microscopy (AFM, Dimension Icon,
Bruker) after electrical measurement. As shown in Figure 1b,
only a single F; (~12.1 nm including a ~2.0 nm linkage)”" was
detected on the surface of the SINW (~64.3 nm) that nicely
spanned source and drain electrodes.

As described above, control experiments by using both the
bare device and the F;-modified one but in the absence of ATP
(Figure 2ab) demonstrated that the current oscillation
happened only with ATP stimulation (Figure 2c). Frequency
domain measurements have been used to study the dynamics of
the biomolecule-nanowire FET hybrid system.”” The power
spectra of real-time I(t) signals in Figure 2d,e (without ATP-
induced biomolecule—nanowire dynamic interactions) shown a
pure 1/f shape. In contrast, the frequency domain spectrum of
ATP-present Fi-immobilized device (Figure 2f) showed a
Lorentzian peak superimposed on its 1/f shape, indicating a
different interaction process. This clearly demonstrated that the
ATP-initiated F, hydrolysis rotation induced the bistable
current signal oscillation.

Figure 3 elaborates all the current versus time data of F,
hydrolysis under different ATP concentrations (Figure 3a,e)
and temperatures (Figure 3fj) with the base current subtracted
to show the pure current oscillation caused by F, catalytic
hydrolysis. Insets in each left panel are the enlarged view (0.5 s)
to display more details of the current signals. Consistently, all
the behaviors of F; hydrolysis under different conditions
showed the two-level current distribution. As a symmetric
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Figure 2. Frequency spectral comparison of control experiments. (a) Real-time monitoring and corresponding current histogram of a bare
device under an ATP solution (10 °C, 1 uM ATP). (b) Real-time monitoring and corresponding current histogram of a single F;-modified
device under a buffer solution. (c) Real-time monitoring and corresponding current histogram of a F;-modified device in the presence of ATP
(10 °C, 1 pM ATP). (d—f) Corresponding frequency spectra (y-axis unit is V>/Hz). V, = 0.1 V, Vg = 0.1 V.
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Figure 3. Concentration- and temperature-dependent experiments of F, hydrolysis. (a—e) AI(t) signals of a single F;-modified SINW FET
nanocircuit with different ATP concentrations: (a) 1 gM, (b) 10 uM, (c) 100 uM, (d) 1 mM, (e) 10 mM) at fixed 10 °C and their
corresponding current histograms. Insets in AI(t) curves show the 0.5 s enlarged view. Insets in the histograms amplify the details of the
current distributions. (f—j) AIp(t) signals of a single F;-modified SiNW FET nanocircuit under different temperatures: (f) 10 °C, (g) 15 °C,
(h) 20 °C, (i) 25 °C, (j) 37 °C with constant 1 uM ATP and their corresponding current histograms. Insets in AI,(t) curves show the 0.5 s
enlarged view. Insets in the histograms amplify the details of the current distributions. V, = 0.1 V, V; = 0.1 V.

hexamer ring is formed by a;f; the three heterogeneous MgAMP-PNP), fip (liganded with Mg-ADP), and g (empty),
catalytic sites of F;, commonly designated as firp (liganded with exist in the interface of @ and f subunits. frp and fpp are in
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Figure 4. Statistical analysis of F, hydrolysis. (a) 0.5 s enlarged view of AI},(t) signals (black) and QUB fitting (red) from Figure 3a. Insets
show f different conformations corresponding to high and low conductive states, respectively. (b) Side view of the device structure, showing
how F, modulates the property of SiNWs. (c,d) The distribution of the dwell times for high (c) and low (d) current states. (e,f) ATP
concentration (e) and temperature (f) dependence of the F; hydrolysis rate (blue) and pure catalytic rate (red).

closed conformations, whereas f is in an open conformation.”®
In our case, F; specifically chelated with Ni-NTA on the
nanowire surface by His-tags on three f units. So the negative
charge-dominated projecting terminals were closest to the
surface of SINWs within the Debye length (~4 nm) (10 mM
tris-buffer). It is known that the f subunit lever domain is
positioned to push against the y-foot and y-coiled-coil as it
opens and closes, respectively.'” The y shaft rotation forces the
B subunit conformation to swing back and forth between open
and closed states during the ATP hydrolysis process (Figure
la).” The distance change between the charged N-terminals
(possibly in combination with the remote C-terminals) and the
nanowire surface equals to a variational molecular gate to the
nanocircuit surface capacitance. According to the principle of
the p-type silicon nanowire platform, the action of § subunits
away from the surface of SiNWs leads to a decrease of the
negative gate voltage,” thus decreasing the hole carrier density
inside conductive SINWs (Figure 4a, bottom inset). Therefore,
the high current state corresponds to the F; binding dwell (f
close to SiNWs), while the low current state is the F; catalytic
dwell (f far from SiNWs). The relative 8 conformations and
corresponding current states were schematic in Figure 4a,b. We
tested more than 53 devices, and 32 of them showed the
observed bistable current oscillation, proving the reproduci-
bility.

As shown in Figure 3, the high current state occupies the vast
majority of the F, hydrolysis time except the oversaturated 10
mM concentration of ATP, consistent with previous consensus
that the ATP-binding waitinsg dwell or inactive state dominates
the catalysis process of F;."> As the hydrolysis process is very
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similar to the case of FRET, we used a QUB software, which is
widely used to analyze single-molecule fluorescent signals, to
extract the dwell time of different current states (Figure 4a, red
line).” Figure 4c,d corresponds to the dwell-time distributions
of the high and low current states (10 °C, 1 uM ATP),
respectively. Clearly, the average dwell time of the high state is
much longer as ATP-binding waiting dwell dominates the F,
hydrolysis process.'> The distribution of the high state exhibits
a single exponential behavior with an average dwell-time (7,) of
~237.44 ms, while the low current state exhibits a biexponential
behavior, implying a consecutive two-step reaction. By
assuming the consecutive reaction with two time constants,
we fitted the dwell-time distribution of the low state with an
equation: Al X exp(—t/7;) — A2 X exp(—t/7,). This fitting
leads to the two time constants of 7, = ~5.99 ms and 7, =
~2.71 ms, both of which are much faster than that of the high
current process. As reported by the optical observation, the F,
catalytic process included two main sequential actions: ATP
hydrolysis and Pi release.” Correspondingly, the biexponential
behaviors of the current pulse should be ascribed to these two
motions, respectively: ATP hydrolysis is relativelzr slower and Pi
release is faster according to previous reports.”

To further explore the ATP concentration dependence of F;
hydrolysis, we have analyzed the series of ATP concentrations
at 10 °C. As shown in Figure 3a—e from superlow 1 uM to
oversaturated 10 mM ATP, all the current signals exhibited
reproducible bistable oscillation characteristics. On the basis of
all the dwell times extracted from high and low current states of
each concentration, the distribution characteristics of high and
low states (Figure S6) were consistent with the case of 1 yM
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ATP in Figure 4c,d. The average apparent hydrolysis rate,
defined as k, = 1/(7y + 7, + 7,), increased rapidly with
increasing ATP concentrations, from ~4.06 shat 1 uM to
~69.74 s~ at 10 mM. Note that the F, catalytic rate, defined as
k.= 1/(z; + 7,), should exclude the ATP-binding waiting dwell
time of 7,. The highest k, reached ~283.29 s™" at 100 uM. We
summarized the kinetic parameters in Table S1 and plotted
these two rates as a function of ATP concentration in Figure 4e.
It is reasonable to conclude that the increase of ATP
concentrations decreases the rate-dominating waiting dwell
time and thus increases the apparent hydrolysis rate ky.
Although the catalytic reaction of F, is almost independent of
ATP concentration, the oversaturated ATP concentration may
disturb the programmed rotation and disorder the catalytic rate
k, from the optimum concentration.”’ This can explain the
different concentration-dependent behaviors of k;, and k, shown
in Figure 4e. It is worthwhile to mention that the average
apparent hydrolysis rate fits the Michaelis—Menten equation (V
= Vol ATP]/(K,, + [ATP])) under 1 mM ATP, where V,,,, is
the maximum rate and K, is the ATP concentration at which
the reaction rate is half of V... The corresponding V., and K,
values of F, hydrolysis achieved at 10 °C are ~32.66 s™* and
~11.36 uM, respectively. Importantly, these values are much
faster than previous works,>>** thus proving that the label-free
F, possesses the higher catalytic activity. In addition, the
occupancy of catalytic dwell also increased from ~5.3% at 1 uM
to ~58.8% at 10 mM with increasing the ATP concentration,
apparently due to the decrease of the ATP-binding waiting
dwell time.

Temperature is another important factor affecting the activity
of F, hydrolysis. We have measured another 4 different
temperatures (15 °C, 20, 25, and 37 °C) under a fixed 1 uM
ATP concentration. Figure 3f—j shows the current oscillation
characteristics, again with two distinct levels. Similarly, Figure
S7 shows the lifetime distributions of their high and low states
by extracting the dwell times of each state. The kinetic
parameters of the temperature dependence are summarized in
Table S2, by which we plotted the curves of the apparent
hydrolysis rate k, and the F; catalytic rate k, as a function of
temperature as shown in Figure 4f. Both k; and k, reached the
highest rate at 20 °C. This is consistent with the activity
characteristic of F, according to a well-described model F; from
thermopbhilic bacillus that has two optimum temperatures at 20
and 75 °C."* As reported before,”” because the temperature-
sensitive reaction (most probably ADP release step) affects the
rate of overall reaction in the F, rotation hydrolysis, the rate
changed more irregularly at relative high temperatures. The
catalytic rate k, (blue in Figure 4f) exhibits a similar variation
tendency with temperature since the continuum of the F,;
catalytic hydrolysis path obeys an exact reaction sequence as
shown in Scheme 1. The unreleased ADP or Pi occupies the
catalytic site and inhibits next ATP binding, resulting in
hydrolysis disorder or even stop (inactive). On the basis of

Table S2, we conclude both the binding dwell and catalytic
dwell occupancies are not simply linear with temperature in this
temperature range. The highest catalytic rate obtained here is
~168.92 57" at 20 °C and 1 uM ATP concentration with a very
low rotary occupancy (7.6%), demonstrating that F; has a faster
hydrolysis rate with a shorter waiting dwell time or inactive
stage (7,) since the nonhydrolysis or random inactive stage (7,)
is the rate-dominating step.

In fact, the irregular changes of the rotary rate may result
from the stochastic variation of the F, catalysis activity. The
non-uniformity of the current pulse frequency randomly
happened not only on the initiation stage (Figure 2c) but
also existed in the whole hydrolysis process, even under a
constant temperature and ATP concentration. Figure Sa shows
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Figure S. Non-uniform hydrolysis processes of F; hydrolysis. (a) A
set of current oscillation signals of F, hydrolysis. Inset panels are a
1 s enlarged view of slow oscillation signals (blue) and fast
oscillation signals (pink). Bottom color bar corresponds to the slow
(blue section) and fast (pink section) hydrolysis regions (10 °C,
100 uM ATP). (b) Hydrolysis events versus time curve. Left inset is
the first 10 s enlarged view. Right inset shows the representative
three-level current signal fluctuation possibly due to the attachment
of two F; proteins (10 °C, 1 uyM ATP). V, = 0.1V, V; = 0.1 V.

the real-time variation of the current pulses in a longtime scale.
The fast and slow hydrolysis stages are randomly alternated
(marked with blue and pink ribbons in Figure Sa, respectively).
To clearly show the variation of the hydrolysis rate, we
extracted out the pulse signals to plot a hydrolysis events versus
time curve in Figure Sb. This phenomenon has been frequently
seen in the time courses of F, rotation in previous works.” The
hydrolysis events remain unchanged for a relative long time
frequently, representing the inactivation of F, hydrolysis,"* due
to many reasons such as Mg-ADP inhibition or Pi rebinding.**
Note that in single-molecule experiments, the time-average
value is equivalent to the ensemble average in ensemble
experiments, where the differences from individual behaviors
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are overlapped among many molecules. In the current case of
single-molecule electrical detection, we are able to probe the
subtle details of the hydrolysis events of a single F, with high
time resolution. The hydrolysis rate versus time curve displays
the non-uniformity of the catalytic rate or rotation rate of the y
shaft. In addition, the time width of the current pulse varies in
the range from tens of microseconds to tens of milliseconds. To
clearly show the differences, the enlarged views with low and
high pulse frequencies are represented in Figure Sa, insets. The
understanding of intrinsic molecular mechanisms and the
discovery of new effects of F F -ATPase activities at the single-
molecule/single-event level by taking advantage of these huge
details deserve further research. It should be mentioned that we
sometimes observed the three-level current signal fluctuation in
real-time measurements (Figure Sb, right inset and Figure S8),
which probably results from the superimposed behavior of
additional F; that was attached on or close to the SINW surface.

CONCLUSION

In this study, we demonstrate a single-molecule electrical
detection approach that is able to realize label-free, real-time
electrical monitoring of the dynamic process of F; hydrolysis at
the single-molecule/single-event level, by using ultrasensitive
SiNW FET nanocircuits. We observed the reproducible large-
amplitude two-level current fluctuations, where the high current
state corresponds to the ATP binding dwell (the rate-
dominating step) and the low current state originates from
two catalytic dwell: ATP hydrolysis and Pi release. ATP
concentration-dependent experiments demonstrated a Michae-
lis—Menten model under 1 mM ATP for F, hydrolysis, while
temperature-dependent results revealed the intrinsic k, and k, at
20 °C, which is an order of magnitude larger than labeled F,.
These results distinguish this nanocircuit-based architecture as
an appropriate platform of single-molecule electrical bio-
detection with the advantages, such as label-free capability
and single-event sensitivity, providing endless opportunities to
probe molecular mechanisms of a variety of dynamic
biosystems under realistic physiological conditions, for example,
DNA mutation, protein folding, enzymatic activity, and DNA
protein interaction.

METHODS

Device Fabrication. Boron-doped p-type SiNWs were synthesized
at 465 °C for about 25 min, by using 2.5 sccm disilane (Matheson Gas
Products, 99.998% Purity) as the reactant source, 0.11 sccm diborane
(100 ppm, diluted in H,) and 7.5 sccm H, as the carrier gas, and 20
nm golden nanoparticles (Ted Pella) as catalysts. The SINW surfaces
were functionalized with N-APTMS (Sigma-Aldrich, 99%) in a
vacuum desiccator before transferred to a 1.5 cm X 1.6 cm silicon
substrate. After defining the electrode pattern with a standard UV
photolithographic process (UV Exposure machine, BG-401A, China
Electronics Technology Group Corporation), 8 nm Cr/80 nm Au
were deposited through thermal evaporation (ZHD-300, Beijing
Technol Science) to form metal electrodes. Then a 50 nm-thick SiO,
protective layer was deposited through electron beam thermal
evaporation (TEMD-600, Beijing Technol Science) in order to
passivate the contact interface. After lift-off with acetone, the amino-
functionalized SINW FET devices were obtained.

Surface Functionalization and Electrical Characterization.
The amino-functionalized SiNW FET devices obtained above
immediately reacted with p-phenylenediisothiocyanate (PDITC 1
mg/mL, Sigma-Aldrich, 99%), followed with S mM Na, Na-
bis(carboxymethyl)-L-lysine hydrate (AB-NTA, Sigma-Aldrich, 99%)
reaction and then NiCl, (5 mM, Sigma-Aldrich, 99.99%) complex-
ation. These sequential reactions provided Ni-NTA end groups for the

following F, attachment. Devices characterization was carried out
before and after functionalization by using an Agilent 4155C
semiconductor analyzer and a Karl Siiss (PMS) manual probe station.
Figure S3 demonstrated that the SINW transistors showed a typical p-
type behavior with good ohmic contacts. After the multiple
functionalization steps, the devices remained at their high sensitivity.

Single F, Decoration and Real-Time Electrical Measure-
ments. After device functionalization, we monitored the devices in the
buffer solution for several minutes to stabilize the current. Then a 5 L
diluted F, solution (100 nM) was dropped on the device. When the
first current step occurred, we immediately washed the devices with
excess tris-buffer (S mL for three times) to avoid excessive F; that was
possibly noncovalently adsorbed on the surface. This treatment
ensured the success of immobilizing only a single F, (yield ~60%, 32
out of 53).>' The single-molecule dynamics measurements in buffer
solutions at different temperatures and ATP concentrations were
performed with a ziControl program. The electrical currents through
selected electrode pairs were collected by using a transimpedance
current amplifier (HF2LI lock-in amplifier) at a sampling rate of 28.8
kSa/s by a NIDAQ card, realizing a microsecond time scale. The
transimpedance amplifier also set a DC voltage to the source—drain
electrodes with a bandwidth filter of 5 kHz (100 nA/V sensitivity).
The temperature was precisely controlled with a proportion-
integration-differentiation control system and a liquid N, cooling
system (resolution 0.001 °C; stability better than +0.1 °C) on the test
stage, which consists of a manual probe station and an INSTEC hot
and cold chuck (HCC214S, INSTEC).
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