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(57) ABSTRACT

A nanopore measurement circuit includes a first analog
memory configured to store a first electrical value corre-
sponding to a first measurement sample of a nanopore and
a second analog memory configured to store a second
electrical value corresponding to a second measurement
sample of the nanopore. The nanopore measurement circuit
also includes a measurement circuitry configured to provide
an output indicating a difference between the first electrical
value of the first analog memory and the second electrical
value of the second analog memory.
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DIFFERENTIAL OUTPUT OF ANALOG
MEMORIES STORING NANOPORE
MEASUREMENT SAMPLES

CROSS REFERENCE TO OTHER
APPLICATIONS

[0001] This application is a continuation of co-pending
U.S. patent application Ser. No. 14/864,395 entitled DIF-
FERENTIAL OUTPUT OF ANALOG MEMORIES STOR-
ING NANOPORE MEASUREMENT SAMPLES filed Sep.
24, 2015 which is incorporated herein by reference for all
purposes.

BACKGROUND OF THE INVENTION

[0002] Advances in micro-miniaturization within the
semiconductor industry in recent years have enabled bio-
technologists to begin packing traditionally bulky sensing
tools into smaller and smaller form factors, onto so-called
biochips. Often the amount of data that can be exported out
of the biochip is constrained due to limitations in commu-
nication bandwidth. As more and more information is gen-
erated by the biochip, it would be desirable to reduce the
amount of data needed to be exported out of the biochip.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] Various embodiments of the invention are dis-
closed in the following detailed description and the accom-
panying drawings.

[0004] FIG. 1 illustrates an embodiment of a cell 100 in a
nanopore-based sequencing chip.

[0005] FIG. 2 illustrates an embodiment of a cell 200
performing nucleotide sequencing with the Nano-SBS tech-
nique.

[0006] FIG. 3 illustrates an embodiment of a cell about to
perform nucleotide sequencing with pre-loaded tags.
[0007] FIG. 4 illustrates an embodiment of a process 400
for nucleic acid sequencing with pre-loaded tags.

[0008] FIG. 5Aillustrates an embodiment of a small signal
circuit model during faradaic conduction.

[0009] FIG. 5B illustrates the different states of the
PNTMC with faradaic conduction.

[0010] FIG. 6 illustrates an embodiment of a cell in a
nanopore-based sequencing chip configured for non-fara-
daic and capacitively coupled measurements.

[0011] FIG. 7 illustrates an embodiment of a small signal
circuit model for non-faradaic conduction.

[0012] FIG. 8A and FIG. 8B illustrate an embodiment of
the capacitive response of the double layer.

[0013] FIGS. 9A and 9B illustrate the nanopore current
with non-faradaic AC modulation.

[0014] FIG. 10 illustrates that the peak positive current at
steady state varies as a function of duty cycle and applied
voltage.

[0015] FIG. 11 illustrates an embodiment of a simulation
model that was matched to the data of FIG. 10.

[0016] FIGS. 12A and 12B illustrate the simulation result
when the applied signal has a 50% duty cycle.

[0017] FIG. 13 A illustrates the measurement current when
the applied signal has a 25% duty cycle.

[0018] FIG. 13B illustrates the simulated current when the
applied signal has a 25% duty cycle.

Jan. 24, 2019

[0019] FIG. 14A illustrates the voltage applied to the
nanopore versus time when the applied signal has a 50%
duty cycle.

[0020] FIG. 14B illustrates the voltage applied to the
nanopore versus time when the applied signal has a 25%
duty cycle.

[0021] FIG. 15 illustrates an embodiment of a process for

identifying a molecule.

[0022] FIG. 16 illustrates an embodiment of a circuitry
1600 in a cell of a nanopore-based sequencing chip.
[0023] FIG. 17 illustrates an embodiment of a circuitry
1700 in a cell of a nanopore-based sequencing chip, wherein
the voltage applied across the nanopore can be configured to
vary over a time period during which the nanopore is in a
particular detectable state.

[0024] FIGS. 18A and 18B illustrate additional embodi-
ments of a circuitry (1800 and 1801) in a cell of a nanopore-
based sequencing chip, wherein the voltage applied across
the nanopore can be configured to vary over a time period
during which the nanopore is in a particular detectable state.
[0025] FIG. 19 illustrates an embodiment of a process
1900 for analyzing a molecule inside a nanopore, wherein
the nanopore is inserted in a membrane.

[0026] FIG. 20 illustrates an embodiment of a plot of the
voltage applied across the nanopore versus time when
process 1900 is performed and repeated three times.
[0027] FIG. 21 illustrates an embodiment of the plots of
the voltage applied across the nanopore versus time when
the nanopore is in different states.

[0028] FIG. 22 is a circuit diagram illustrating an embodi-
ment of a circuity of a cell of a nanopore-based sequencing
chip, wherein the sequencing chip includes an analog
memory for storing measurement values.

[0029] FIG. 23 is a flowchart illustrating an embodiment
of a process for measuring a nanopore.

[0030] FIG. 24 is a diagram illustrating a graph of circuit
measurements when an AC voltage source is utilized as a
reference voltage of a counter electrode of a nanopore.
[0031] FIG. 25 is a block diagram illustrating an embodi-
ment of a system for detecting a state of a nanopore and
adaptively processing nanopore state data to optimize data to
be outputted.

[0032] FIG. 26 is a flowchart illustrating an embodiment
of a process for reporting nanopore state data.

[0033] FIG. 27 is a diagram illustrating an example of
periodic electrical measurement samples received during a
cycle of a reference AC voltage source signal.

[0034] FIG. 28 is a flowchart illustrating an embodiment
of a process for adaptively analyzing data to be outputted.
[0035] FIG. 29 is a flowchart illustrating an embodiment
of a process for determining a compression technique.
[0036] FIG. 30 is a flowchart illustrating an embodiment
of a process for modifying/filtering data to be outputted.
[0037] FIG. 31 is a flowchart illustrating an embodiment
of a process for handling a threaded nanopore multi-state
detection.

DETAILED DESCRIPTION

[0038] The invention can be implemented in numerous
ways, including as a process; an apparatus; a system; a
composition of matter; a computer program product embod-
ied on a computer readable storage medium; and/or a
processor, such as a processor configured to execute instruc-
tions stored on and/or provided by a memory coupled to the
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processor. In this specification, these implementations, or
any other form that the invention may take, may be referred
to as techniques. In general, the order of the steps of
disclosed processes may be altered within the scope of the
invention. Unless stated otherwise, a component such as a
processor or a memory described as being configured to
perform a task may be implemented as a general component
that is temporarily configured to perform the task at a given
time or a specific component that is manufactured to per-
form the task. As used herein, the term ‘processor’ refers to
one or more devices, circuits, and/or processing cores con-
figured to process data, such as computer program instruc-
tions.

[0039] A detailed description of one or more embodiments
of'the invention is provided below along with accompanying
figures that illustrate the principles of the invention. The
invention is described in connection with such embodi-
ments, but the invention is not limited to any embodiment.
The scope of the invention is limited only by the claims and
the invention encompasses numerous alternatives, modifi-
cations and equivalents. Numerous specific details are set
forth in the following description in order to provide a
thorough understanding of the invention. These details are
provided for the purpose of example and the invention may
be practiced according to the claims without some or all of
these specific details. For the purpose of clarity, technical
material that is known in the technical fields related to the
invention has not been described in detail so that the
invention is not unnecessarily obscured.

[0040] Nanopore membrane devices having pore sizes on
the order of one nanometer in internal diameter have shown
promise in rapid nucleotide sequencing. When a voltage
potential is applied across a nanopore immersed in a con-
ducting fluid, a small ion current attributed to the conduction
of ions across the nanopore can be observed. The size of the
current is sensitive to the pore size.

[0041] A nanopore-based sequencing chip may be used for
DNA sequencing. A nanopore-based sequencing chip incor-
porates a large number of sensor cells configured as an array.
For example, an array of one million cells may include 1000
rows by 1000 columns of cells.

[0042] FIG. 1 illustrates an embodiment of a cell 100 in a
nanopore-based sequencing chip. A membrane 102 is
formed over the surface of the cell. In some embodiments,
membrane 102 is a lipid bilayer. The bulk electrolyte 114
containing soluble protein nanopore transmembrane
molecular complexes (PNTMC) and the analyte of interest
is placed directly onto the surface of the cell. A single
PNTMC 104 is inserted into membrane 102 by electropo-
ration. The individual membranes in the array are neither
chemically nor electrically connected to each other. Thus,
each cell in the array is an independent sequencing machine,
producing data unique to the single polymer molecule
associated with the PNTMC. PNTMC 104 operates on the
analytes and modulates the ionic current through the other-
wise impermeable bilayer.

[0043] With continued reference to FIG. 1, analog mea-
surement circuitry 112 is connected to a metal electrode 110
covered by a thin film of electrolyte 108. The thin film of
electrolyte 108 is isolated from the bulk electrolyte 114 by
the ion-impermeable membrane 102. PNTMC 104 crosses
membrane 102 and provides the only path for ionic current
to flow from the bulk liquid to working electrode 110. The
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cell also includes a counter electrode (CE) 116, which is an
electrochemical potential sensor.

[0044] In some embodiments, a nanopore array enables
parallel sequencing using the single molecule nanopore-
based sequencing by synthesis (Nano-SBS) technique. FIG.
2 illustrates an embodiment of a cell 200 performing nucleo-
tide sequencing with the Nano-SBS technique. In the Nano-
SBS technique, a template 202 to be sequenced and a primer
are introduced to cell 200. To this template-primer complex,
four differently tagged nucleotides 208 are added to the bulk
aqueous phase. As the correctly tagged nucleotide is com-
plexed with the polymerase 204, the tail of the tag is
positioned in the barrel of nanopore 206. The tag held in the
barrel of nanopore 206 generates a unique ionic blockade
signal 210, thereby electronically identifying the added base
due to the tags® distinct chemical structures.

[0045] FIG. 3 illustrates an embodiment of a cell about to
perform nucleotide sequencing with pre-loaded tags. A
nanopore 301 is formed in a membrane 302. An enzyme 303
(e.g., a polymerase, such as a DNA polymerase) is associ-
ated with the nanopore. In some cases, polymerase 303 is
covalently attached to nanopore 301. Polymerase 303 is
associated with a nucleic acid molecule 304 to be sequenced.
In some embodiments, the nucleic acid molecule 304 is
circular. In some cases, nucleic acid molecule 304 is linear.
In some embodiments, a nucleic acid primer 305 is hybrid-
ized to a portion of nucleic acid molecule 304. Polymerase
303 catalyzes the incorporation of nucleotides 306 onto
primer 305 using single stranded nucleic acid molecule 304
as a template. Nucleotides 306 comprise tag species (“tags™)
307.

[0046] FIG. 4 illustrates an embodiment of a process 400
for nucleic acid sequencing with pre-loaded tags. Stage A
illustrates the components as described in FIG. 3. Stage C
shows the tag loaded into the nanopore. A “loaded” tag may
be one that is positioned in and/or remains in or near the
nanopore for an appreciable amount of time, e.g., 0.1
millisecond (ms) to 10000 ms. In some cases, a tag that is
pre-loaded is loaded in the nanopore prior to being released
from the nucleotide. In some instances, a tag is pre-loaded
if the probability of the tag passing through (and/or being
detected by) the nanopore after being released upon a
nucleotide incorporation event is suitably high, e.g., 90% to
99%.

[0047] At stage A, a tagged nucleotide (one of four dif-
ferent types: A, T, G, or C) is not associated with the
polymerase. At stage B, a tagged nucleotide is associated
with the polymerase. At stage C, the polymerase is docked
to the nanopore. The tag is pulled into the nanopore during
docking by an electrical force, such as a force generated in
the presence of an electric field generated by a voltage
applied across the membrane and/or the nanopore.

[0048] Some of the associated tagged nucleotides are not
base paired with the nucleic acid molecule. These non-
paired nucleotides typically are rejected by the polymerase
within a time scale that is shorter than the time scale for
which correctly paired nucleotides remain associated with
the polymerase. Since the non-paired nucleotides are only
transiently associated with the polymerase, process 400 as
shown in FIG. 4 typically does not proceed beyond stage D.
For example, a non-paired nucleotide is rejected by the
polymerase at stage B or shortly after the process enters
stage C.
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[0049] Before the polymerase is docked to the nanopore,
the conductance of the nanopore is ~300 pico Siemens (300
pS). At stage C, the conductance of the nanopore is about 60
pS, 80 pS, 100 pS, or 120 pS corresponding to one of the
four types of tagged nucleotides. The polymerase undergoes
an isomerization and a transphosphorylation reaction to
incorporate the nucleotide into the growing nucleic acid
molecule and release the tag molecule. In particular, as the
tag is held in the nanopore, a unique conductance signal
(e.g., see signal 210 in FIG. 2) is generated due to the tag’s
distinct chemical structures, thereby identifying the added
base electronically. Repeating the cycle (i.e., stage A through
E or stage A through F) allows for the sequencing of the
nucleic acid molecule. At stage D, the released tag passes
through the nanopore.

[0050] In some cases, tagged nucleotides that are not
incorporated into the growing nucleic acid molecule will
also pass through the nanopore, as seen in stage F of FIG. 4.
The unincorporated nucleotide can be detected by the nano-
pore in some instances, but the method provides a means for
distinguishing between an incorporated nucleotide and an
unincorporated nucleotide based at least in part on the time
for which the nucleotide is detected in the nanopore. Tags
bound to unincorporated nucleotides pass through the nano-
pore quickly and are detected for a short period of time (e.g.,
less than 10 ms), while tags bound to incorporated nucleo-
tides are loaded into the nanopore and detected for a long
period of time (e.g., at least 10 ms).

[0051] Two types of ionic flow can be driven through the
PNTMC—{aradaic conduction and non-faradaic conduc-
tion. In faradaic conduction, a chemical reaction occurs at
the surface of the metal electrode. The faradaic current is the
current generated by the reduction or oxidation of some
chemical substances at an electrode. In non-faradaic con-
duction, no chemical reaction happens at the surface of the
metal. The changing potential on the double layer capaci-
tance between the metal electrode and the thin film of
electrolyte drives the ion flow.

[0052] Ionic flow by faradaic conduction has a number of
drawbacks. The operational lifespan of an electrode is
limited because the metal in the electrode is consumed and
depleted as the ionic current flows through the PNTMC, as
will be described in greater detail below.

[0053] FIG. 5Aillustrates an embodiment of a small signal
circuit model during faradaic conduction. The PNTMC and
WE are represented as simple resistors in the small signal
circuit model. FIG. 5B illustrates the different states of the
PNTMC with faradaic conduction. The ionic current flow,
i(t), has five states: the highest current state with an open
nanopore channel (not shown) and four lower current states
corresponding to each of four different types of nucleotides
bound to the active site of the PNTMC. Positive current flow
i(t) describes electrons entering the V-, node and leaving
the V- node. Anions (e.g., C17) leave the CE, flow through
the bulk electrolyte, cross the lipid bilayer via the PNTMC,
and continue through the thin film of electrolyte and com-
bine with the metal of the WE.

[0054] For example, for an electrode with silver metal
(Ag), the chemical reaction is:

AL o1y *CU (ugueons) = AEC L onaytelectron gy, 1
Equation 1

analog circuit)

[0055] As shown in Equation 1 above, an atom of metallic
silver is converted to an insoluble salt, silver-chloride
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(AgCl), for each chloride anion (CI7) that passes through the
PNTMC. In some cases, the silver is depleted within min-
utes of operation.

[0056] To avoid depletion of the metal electrode, the
direction of the ionic current flow may be reversed by
applying a negative voltage for a similar duration, causing
the silver-chloride (AgCl) to be converted back to silver
metal. However, recharging or refreshing in this manner
causes the silver to be re-deposited as hair-like features on
the surface of the metal electrode, which may impact overall
performance, especially in chips with smaller cell geometry
and thus smaller electrodes.

[0057] Another way is to delay the depletion of the metal
electrode by applying a voltage to draw the polymerase to
the nanopore and pull the tag through or to the proximity of
the nanopore for detection, and then turn off the voltage for
aperiod of time, which will cause the tag to be released from
the nanopore. Since there is no current while the voltage is
turned off, fewer silver atoms are converted and the lifespan
of the metal electrode is prolonged. However, the detection
time is reduced accordingly.

[0058] In addition to depletion of the metal electrode,
faradaic conduction also causes an imbalance in the con-
centration of the bulk electrolyte within the cells over time.
For example, there is a net gain of KCI molecules at one
electrode but a net loss of KC1 molecules at the opposite
electrode. This salt concentration buildup at one electrode
and salt depletion on the opposite electrode creates unde-
sirable osmotic pressure within the cell.

[0059] An alternative type of ionic flow through the
PNTMC is via non-faradaic conduction. In non-faradaic
conduction, no chemical reaction (reduction or oxidation of
chemical substances) occurs at the surface of the metal. The
changing potential across the double layer capacitance
between the metal electrode and the thin film of electrolyte
drives the ion flow.

[0060] For non-faradaic conduction, the metal electrode
may be made of metals that are resistant to corrosion and
oxidation. For example, noble metals such as platinum or
gold oxidize with difficulty, and even when they do oxidize,
the process is easily reversible. When small potentials (e.g.,
less than +/-1 V relative to V ;) are applied to platinum/
gold in an electrolyte, aside from an initial capacitive
transient, no ionic current flows. This allows the measure-
ment of electron tunneling from the metal into redox (re-
duction-oxidation) active species mixed into the electrolyte.
Without redox active species (such as Ferricyanide or Fer-
rocyanide) in the electrolyte, no steady state ionic (or
electron or hole) current flows across the metal-liquid inter-
face. Despite the lack of chemical (i.e., bonding) interaction
between the platinum/gold and the electrolyte, there is
transient physical displacement of ions in the electrolyte
from the growth and shrinkage of the ion depletion region at
the metal-liquid interface, in response to the applied poten-
tial. This ion depletion region is referred to as a “double
layer” in electrochemistry parlance. Using an electrical
engineering model, a parallel plate capacitor forms where
the metal is one plate, the depletion region is the dielectric,
and the diffuse distribution of ions in the liquid is the other
plate.

[0061] FIG. 6 illustrates an embodiment of a cell in a
nanopore-based sequencing chip configured for non-fara-
daic and capacitively coupled measurements. A lipid bilayer
602 is formed over the surface of the cell. The electrolyte
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containing soluble protein nanopore transmembrane
molecular complexes (PNTMC) and analyte of interest 614
is placed directly onto the surface of the cell. A single
PNTMC 604 is inserted into lipid bilayer 602 by electropo-
ration. The individual lipid bilayers in the array are not
connected to each other either chemically or electrically.
Thus, each cell in the array is an independent sequencing
machine producing data unique to the single polymer mol-
ecule associated with the PNTMC. The cell includes an
analog measurement circuit 612 for making non-faradaic
and capacitively coupled measurements. The measurements
are converted to digital information and transmitted out of
the cell. In some embodiments, the transmission data rate is
on the order of gigabits per second. In some embodiments,
a field programmable gate array (FPGA) or an application-
specific integrated circuit (ASIC) receives the transmitted
data, processes the data, and forwards the data to a computer.
[0062] With continued reference to FIG. 6, analog mea-
surement circuitry 612 is connected to a metal electrode 610
covered by a thin film of electrolyte 608. The thin film of
electrolyte 608 is isolated from the bulk electrolyte 614 by
the ion-impermeable lipid bilayer 602. PNTMC 604 crosses
lipid bilayer 602 and provides the only path for ionic flow
from the bulk liquid to metal electrode 610. Metal electrode
610 is also referred to as the working electrode (WE). For
non-faradaic conduction, metal electrode 610 may be made
of metals that are resistant to corrosion and oxidation, e.g.,
platinum, gold, and graphite. Metal electrode 610 may be a
spongy electrode, as will be described in greater detail
below. The cell also includes a counter/reference electrode
(CE/RE) 616, which is an electrochemical potential sensor.
[0063] FIG. 7 illustrates an embodiment of a small signal
circuit model for non-faradaic conduction. The PNTMC is
represented as a simple resistor 702 in the small signal
circuit model. The double layer capacitance is represented as
a capacitor 704 in the small signal circuit model. In some
embodiments, V, in FIG. 7 is set to be an incremental
voltage from ground, e.g., 500 mV, while V, is set to be V,
plus an applied signal, e.g., an applied AC signal from 10 Hz
to 1 kHz.

[0064] In some embodiments, the applied signal is an AC
signal. At one polarity, the applied AC signal draws the
polymerase to the nanopore and draws the tag through or to
the proximity of the nanopore for detection. When the
polarity of the applied AC signal is reversed, the tag is
released from the nanopore, and the electrode is recharged/
refreshed such that no electrochemical changes are made to
the metal electrodes. As the AC signal repeatedly changes
polarity, a portion of a tag associated with a tagged nucleo-
tide is directed into a nanopore and directed out of the
nanopore for a plurality of times. This repetitive loading and
expulsion of a single tag allows the tag to be read multiple
times. Multiple reads may enable correction for errors, such
as errors associated with tags threading into and/or out of a
nanopore.

[0065] In some embodiments, the frequency of the AC
signal is chosen at least in part based on the time period
during which a tagged nucleotide is associated with a
polymerase. The frequency of the AC signal should allow a
tagged nucleotide associated with the polymerase to be
drawn and loaded into the nanopore for a sufficient length of
time at least once such that the tag can be detected; other-
wise, some of the tags that are associated with the poly-
merase cannot be detected by the system. In other words, the

Jan. 24, 2019

sampling should be at a rate faster than the rate at which the
sequence of events is occurring, such that no events are
missed.

[0066] With continued reference to FIG. 6, before the lipid
bilayer 602 has been formed, the bulk electrolyte 614 is in
direct contact with the working electrode 610, thus creating
a short circuit between the electrolyte and the working
electrode. FIG. 8A and FIG. 8B illustrate an embodiment of
the capacitive response of the double layer. The figures
illustrate the properties of the double layer with a short
circuit between the electrolyte and the working electrode. In
this example, the electrolyte contains 0.5 M Potassium
Acetate and 10 mM KCI. The counter electrode 616 includes
AgCl. The working electrode 610 is a platinum electrode
with electroplated platinum. Water viscosity prevents the
easy flow of ions in response to the applied field; this is
manifested as a series resistance in the double layer capaci-
tive response. This resistance limits the peak current as
shown in FIG. 8A. The series nature of the RC electro-
chemical connection can be seen in the decay of the
response, which is characterized by the RC time constant. In
FIG. 8B, the current is shown to fall to exp (-25)=13.8 pA,
below the detection limit of the system. This demonstrates a
lack of both shunt resistance (from an electrical point of
view) and faradaic current (from an electrochemical point of
view).

[0067] The working electrode 610 is configured to maxi-
mize its surface area for a given volume. As the surface area
increases, the capacitance of the double layer increases, and
a greater amount of ions can be displaced with the same
applied potential before the capacitor becomes charged.
Referring to FIG. 7, the impedance of Cp,p0 1aye=1/
(#*2*pi*f*C), where f=frequency and C=Cp,, 7. rayer BY
making f, C, or both f and C larger, the capacitor’s imped-
ance becomes very small relative to Rz, and the current
to be measured becomes larger. As the impedance of the
small signal model is dominated by R zx 74,0, the measured
current can better differentiate the five states: the highest
current state with an open nanopore channel and four lower
current states corresponding to each of four different types
of nucleotides bound into the active site of the PNTMC.

[0068] For example, the surface areca of the working
electrode may be increased by making the electrode
“spongy.” In some embodiments, the capacitance of the
double layer to the bulk liquid can be enhanced by electro-
plating platinum metal onto a 5 micron diameter smooth
platinum electrode in the presence of a detergent. The
detergent creates nanoscale interstitial spaces in the plati-
num metal, making it “spongy.” The platinum sponge soaks
up electrolyte and creates a large effective surface area (e.g.,
33 pF per square micron of electrode top-down area).
Maximizing the double layer surface area creates a “DC
block™ capacitor, whereby the voltage on the double layer
reaches steady state and barely changes during operation.
The series PNTMC resistance (R0 in FIG. 7) and the
double layer capacitance (Cp,,pz0 14ye- 10 FIG. 7) form a low
frequency zero, which acts as a high pass filter. In one
example, R prmc~10 gigaohm, Cp,,, e 1.4y6,~800 pE, result-
ing in a time constant of ~10 gigaohm*~800 pF=~8 second.
Chopping the measurement at 100 Hz then rejects DC drift
and attenuates low frequency information content in the
measured tags by a factor of 1000.

[0069] Without any tags present, the PNTMC behaves
similar to an alpha hemolysin protein nanopore. The
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hemolysin nanopore has a rectifying characteristic which
changes its bias depending on the duty cycle of the square
wave drive. Unlike the faradaic conduction case, the abso-
Iute voltage applied to the electrode is not the same as the
voltage applied to the nanopore: the voltage on the double
layer biases the potential applied to the nanopore, and this
bias changes with the duty cycle.

[0070] FIGS. 9A and 9B illustrate the nanopore current
with non-faradaic AC modulation. In this example, the
applied signal is a 200 mV peak to peak square wave with
a 50% duty cycle at 5 Hz. The electrolyte contains 0.5 M
Potassium Acetate and 10 mM KCI. The counter electrode
616 includes AgCl. The working electrode 610 is a platinum
electrode with electroplated platinum.

[0071] FIG. 9A shows the startup transient when 200 mV
with positive polarity is applied to the nanopore, indicating
that the open-channel current with 200 mV directly applied
is approximately 70 pA. FIG. 9A shows that the steady state
is reached after ~20 seconds. In FIG. 9B, the decay rate of
the voltage on the double layer capacitor can be observed.
The decay rate is determined by the size of the double layer
capacitance and the nanopore load resistance.

[0072] FIG. 10 illustrates that the peak positive current at
steady state varies as a function of duty cycle and applied
voltage. Plot 1010 shows the steady state peak current in
amperes (A) plotted against different duty cycles when the
applied voltage is a 200 mV peak to peak square wave. Plot
1020 shows the steady state peak current (in A) plotted
against different duty cycles when the applied voltage is a
100 mV peak to peak square wave. In this example, the
electrolyte contains 0.5 M Potassium Acetate and 10 mM
KCIl. The counter electrode 616 includes AgCl. The working
electrode 610 is a platinum electrode with electroplated
platinum. Since the hemolysin nanopore has a rectifying
characteristic (or is non-ohmic), a larger magnitude negative
polarity voltage is required to pass the same magnitude of
current than when a positive polarity voltage is applied. The
peak positive current drops as the duty cycle is increased.
The lower the duty cycle, the higher the positive voltage
applied to the nanopore through the double layer capaci-
tance.

[0073] FIG. 11 illustrates an embodiment of a simulation
model that was matched to the data of FIG. 10. The
simulation is constructed to estimate the actual voltage on
the nanopore, which is not the same as the voltage applied
to the working electrode because of the double layer capaci-
tor connected in series with the nanopore. This voltage
cannot be directly measured in the non-faradaic cases. The
non-linearity in potassium acetate was assumed to be
directly proportional to the 1 M potassium chloride non-
linearity. FIGS. 12A and 12B illustrate the simulation result
when the applied signal has a 50% duty cycle. In FIG. 12B,
the slope of the decay is steeper for the positive current than
the negative current because of the rectifying characteristics
of the hemolysin nanopore, which is modeled with the
polynomial equations B1 and B2 in FIG. 11.

[0074] FIG. 13 A illustrates the measurement current when
the applied signal has a 25% duty cycle. FIG. 13B illustrates
the simulated current when the applied signal has a 25%
duty cycle. These figures illustrate that with a lower duty
cycle of 25%, the magnitude of the positive current (43 pA)
through the nanopore is much larger than the magnitude of
the negative current (-13 pA) through the nanopore. In order
to achieve no shunt resistance (no faradaic current) at steady
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state, the sum of the positive and negative charge through the
double layer over one period of oscillation should be zero.
As 1=dQ/dt, where i=current and Q=charge, in a graph of
current versus time, charge is the area under the curve. For
example, if the area under the curve of the current versus
time plot of positive polarity (area 1302 of FIG. 13B) is
roughly the same as the area under the curve of the current
versus time plot of negative polarity (area 1304 of FIG.
13B), then the sum of the positive and negative charge
through the double layer over one period of oscillation is
close to zero.

[0075] FIG. 14A illustrates the voltage applied to the
nanopore versus time when the applied signal has a 50%
duty cycle. FIG. 14B illustrates the voltage applied to the
nanopore versus time when the applied signal has a 25%
duty cycle. With a lower duty cycle in FIG. 14B, the voltage
applied to the nanopore is higher, which draws the poly-
merase and the tag towards the nanopore with greater
efficacy. With a longer duty cycle in FIG. 14A, more time is
spent in reading and detecting the tag while a nucleotide
specific tail is in place.

[0076] FIG. 15 illustrates an embodiment of a process for
identifying a molecule. At 1502, a molecule is drawn to a
nanopore by applying a first voltage signal to a pair of
electrodes (e.g., the working electrode and the counter/
reference electrode) during a first period, wherein the first
voltage signal causes a first ionic current through the nano-
pore that is indicative of a property of a portion of the
molecule (e.g., a tagged nucleotide) proximate to the nano-
pore. For example, the four types of tagged nucleotides have
different properties and when a particular type of tagged
nucleotide is drawn into the nanopore, an ionic current
indicative of the property flows through the nanopore.

[0077] At 1504, the molecule is released from the nano-
pore by applying a second voltage signal to the pair of
electrodes during a second period, wherein the second
voltage signal causes a second ionic current through the
nanopore.

[0078] At 1506, the first period and the second period are
determined based at least in part on a net ionic current
through the nanopore comprising the first ionic current and
the second ionic current. For example, the first period and
the second period can be determined such that the net ionic
current is reduced. In some embodiments, the net ionic
current is reduced by setting the second voltage signal to off.
When the second voltage signal is turned off, the second
ionic current becomes zero and the depletion of the metal
electrode is delayed as explained above. In some embodi-
ments, the net ionic current is reduced by setting the second
voltage signal to a signal with a polarity opposite from the
first voltage signal. For example, alternating between the
first voltage signal and the second voltage signal makes an
AC signal. The second ionic current offsets the first ionic
current, thus reducing the net ionic current through the
nanopore. As shown in FIG. 10, the current varies as a
function of duty cycle and applied voltage. Therefore, the
duty cycle (i.e., the first period and the second period) can
be adjusted such that the area under the curve of the first
ionic current is substantially the same as the area under the
curve of the second ionic current such that the sum of the
positive and negative charge through the double layer over
one period of oscillation (i.e., the first period and the second
period) is close to zero.
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[0079] FIG. 16 illustrates an embodiment of a circuitry
1600 in a cell of a nanopore-based sequencing chip. As
mentioned above, when the tag is held in nanopore 1602, a
unique conductance signal (e.g., see signal 210 in FIG. 2) is
generated due to the tag’s distinct chemical structures,
thereby identifying the added base electronically. The cir-
cuitry in FIG. 16 maintains a constant voltage across nano-
pore 1602 when the current flow is measured. In particular,
the circuitry includes an operational amplifier 1604 and a
pass device 1606 that maintain a constant voltage equal to
V ,orV, across nanopore 1602. The current flowing through
nanopore 1602 is integrated at a capacitor n,,, 1608 and
measured by an Analog-to-Digital (ADC) converter 1610.

[0080] However, circuitry 1600 has a number of draw-
backs. One of the drawbacks is that circuitry 1600 only
measures unidirectional current flow. Another drawback is
that operational amplifier 1604 in circuitry 1600 may intro-
duce a number of performance issues. For example, the
offset voltage and the temperature drift of operational ampli-
fier 1604 may cause the actual voltage applied across
nanopore 1602 to vary across different cells. The actual
voltage applied across nanopore 1602 may drift by tens of
millivolts above or below the desired value, thereby causing
significant measurement inaccuracies. In addition, the
operational amplifier noise may cause additional detection
errors. Another drawback is that the portions of the circuitry
for maintaining a constant voltage across the nanopore while
current flow measurements are made are area-intensive. For
example, operational amplifier 1604 occupies significantly
more space in a cell than other components. As the nano-
pore-based sequencing chip is scaled to include more and
more cells, the area occupied by the operational amplifiers
may increase to an unattainable size. Unfortunatly, shrinking
the operational amplifier’s size in a nanopore-based
sequencing chip with a large-sized array may raise other
performance issues. For example, it may exacerbate the
offset and noise problems in the cells even further.

[0081] FIG. 17 illustrates an embodiment of a circuitry
1700 in a cell of a nanopore-based sequencing chip, wherein
the voltage applied across the nanopore can be configured to
vary over a time period during which the nanopore is in a
particular detectable state. One of the possible states of the
nanopore is an open-channel state when a tag-attached
polyphosphate is absent from the barrel of the nanopore.
Another four possible states of the nanopore correspond to
the states when the four different types of tag-attached
polyphosphate nucleotides (A, T, G, or C) are held in the
barrel of the nanopore. Yet another possible state of the
nanopore is when the membrane is ruptured. FIGS. 18A and
18B illustrate additional embodiments of a circuitry (1800
and 1801) in a cell of a nanopore-based sequencing chip,
wherein the voltage applied across the nanopore can be
configured to vary over a time period during which the
nanopore is in a particular detectable state. In the above
circuits, the operational amplifier is no longer required.

[0082] FIG. 17 shows a nanopore 1702 that is inserted into
a membrane 1712, and nanopore 1702 and membrane 1712
are situated between a cell working electrode 1714 and a
counter electrode 1716, such that a voltage is applied across
nanopore 1702. In some embodiments, pass device 1706 that
maintain a constant voltage equal to V, or V, across nano-
pore 1702. The current flowing through nanopore 1702 is
integrated at a capacitor n_,, 1708 and measured by an
Analog-to-Digital (ADC) converter 1710. Nanopore 1702 is
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also in contact with a bulk liquid/electrolyte 1718. Note that
nanopore 1702 and membrane 1712 are drawn upside down
as compared to the nanopore and membrane in FIG. 1.
Hereinafter, a cell is meant to include at least a membrane,
a nanopore, a working cell electrode, and the associated
circuitry. In some embodiments, the counter electrode is
shared between a plurality of cells, and is therefore also
referred to as a common electrode. The common electrode
can be configured to apply a common potential to the bulk
liquid in contact with the nanopores in the measurements
cells. The common potential and the common electrode are
common to all of the measurement cells. There is a working
cell electrode within each measurement cell; in contrast to
the common electrode, working cell electrode 1714 is con-
figurable to apply a distinct potential that is independent
from the working cell electrodes in other measurement cells.

[0083] In FIGS. 18A and 18B, instead of showing a
nanopore inserted in a membrane and the liquid surrounding
the nanopore, an electrical model 1802 representing the
electrical properties of the nanopore and the membrane.
Electrical model 1802 includes a capacitor 1806 that models
a capacitance associated with the membrane (C membrane)
and a resistor 1804 that models a resistance associated with
the nanopore in different states (e.g., the open-channel state
or the states corresponding to having different types of
tags/molecules inside the nanopore). The capacitance asso-
ciated with the working electrode may be referred to as a
double layer capacitance (C ). Note in FIGS. 18A and 18B
that the respective circuitry may not require an extra capaci-
tor (e.g., n.,, 1608 in FIG. 16) that is fabricated on-chip,
thereby facilitating the reduction in size of the nanopore-
based sequencing chip.

[0084] FIG. 19 illustrates an embodiment of a process
1900 for analyzing a molecule inside a nanopore, wherein
the nanopore is inserted in a membrane. Process 1900 may
be performed using the circuitries shown in FIG. 17, 18A, or
18B. FIG. 20 illustrates an embodiment of a plot of the
voltage applied across the nanopore versus time when
process 1900 is performed and repeated three times. As will
be described in greater detail below, the voltage applied
across the nanopore is not held constant. In contrast, the
voltage applied across the nanopore changes over time. The
rate of the voltage decay (i.e., the steepness of the slope of
the applied voltage across the nanopore versus time plot)
depends on the cell resistance (e.g., the resistance of resistor
1804 in FIG. 18A). More particularly, as the resistance
associated with the nanopore in different states (e.g., the
open-channel state, the states corresponding to having dif-
ferent types of tags/molecules inside the nanopore, and the
state when the membrane is ruptured) is different due to the
molecules’/tags’ distinct chemical structures, different cor-
responding rates of voltage decay may be observed and thus
may be used to identify the different states of the nanopore.

[0085] With reference to FIG. 19 and FIG. 18A, at 1902 of
process 1900, a voltage is applied across the nanopore by
coupling the nanopore to a voltage source. For example, as
shown in FIG. 18A, a voltage V ,,,, 1810 is applied to the cell
working electrode when a switch S1 1808 is closed. As
shown in FIG. 20, the initial voltage applied across the
nanopore is V.=V, .., where V., is the voltage of the
bulk liquid in contact with the nanopore. As the voltage
source is connected to the working electrode, the capacitor
associated with the membrane is charged and energy is
stored in an electric field across the membrane.
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[0086] At 1904 of process 1900, the capacitor associated
with the membrane (capacitor 1806) is discharged by decou-
pling the nanopore and the membrane from the voltage
source, and the energy stored in the electric field across the
membrane is thereby dissipated. For example, as shown in
FIG. 18A, the voltage source is disconnected when switch
S1 1808 is opened. After switch S1 1808 is opened, the
voltage across the nanopore begins to decay exponentially,
as shown in FIG. 20. The exponential decay has an RC time
constant tT=RC, where R is the resistance associated with the
nanopore (resistor 1804) and C is the capacitance associated
with the membrane (capacitor 1806) in parallel with R.
[0087] At 1906 of process 1900, a rate of the decay of the
voltage applied across the nanopore is determined. The rate
of the voltage decay is the steepness of the slope of the
applied voltage across the nanopore versus time curve, as
shown in FIG. 20. The rate of the voltage decay may be
determined in different ways.

[0088] Insomeembodiments, the rate of the voltage decay
is determined by measuring a voltage decay that occurs
during a fixed time interval. For example, the voltage
applied at the working electrode is first measured by ADC
1812 at time t, and then the voltage is again measured by
ADC 1812 at time t2. The voltage difference AV, .., is
greater when the slope of the voltage across the nanopore
versus time curve is steeper, and the voltage difference
AV, 1ieq 18 smaller when the slope of the voltage curve is
less steep. Thus, AV, .., may be used as a metric for
determining the rate of the decay of the voltage applied
across the nanopore. In some embodiments, to increase the
accuracy of the measurement of the rate of voltage decay, the
voltage may be measured additional times at fixed intervals.
For example, the voltage may be measured at t;, t,, and so
on, and the multiple measurements of AV, during the
multiple time intervals may be jointly used as a metric for
determining the rate of the decay of the voltage applied
across the nanopore. In some embodiments, to increase the
accuracy of the measurement of the rate of voltage decay,
correlated double sampling (CDS) may be used.

[0089] Insomeembodiments, the rate of the voltage decay
is determined by measuring a time duration that is required
for a selected amount of voltage decay. In some embodi-
ments, the time required for the voltage to drop from a fixed
voltage V, to a second fixed voltage V, may be measured.
The time required is less when the slope of the voltage curve
is steeper, and the time required is greater when the slope of
the voltage curve is less steep. Thus, the measured time
required may be used as a metric for determining the rate of
the decay of the voltage applied across the nanopore.
[0090] At 1908 of process 1900, a state of the nanopore is
determined based on the determined rate of voltage decay.
One of the possible states of the nanopore is an open-channel
state during which a tag-attached polyphosphate is absent
from the barrel of the nanopore. Other possible states of the
nanopore correspond to the states when different types of
molecules are held in the barrel of the nanopore. For
example, another four possible states of the nanopore cor-
respond to the states when the four different types of
tag-attached polyphosphate nucleotides (A, T, G, or C) are
held in the barrel of the nanopore. Yet another possible state
of the nanopore is when the membrane is ruptured. The state
of the nanopore can be determined based on the determined
rate of voltage decay, because the rate of the voltage decay
depends on the cell resistance, i.e., the resistance of resistor
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1804 in FIG. 18A. More particularly, as the resistances
associated with the nanopore in different states are different
due to the molecules/tags’ distinct chemical structures, dif-
ferent corresponding rates of voltage decay may be observed
and thus may be used to identify the different states of the
nanopore.

[0091] FIG. 21 illustrates an embodiment of the plots of
the voltage applied across the nanopore versus time when
the nanopore is in different states. Curve 2102 shows the rate
of voltage decay during an open-channel state. In some
embodiments, the resistance associated with the nanopore in
an open-channel state is in the range of 100 Mohm to 20
Gohm. Curves 2104, 2106, 2108, and 2110 show the dif-
ferent rates of voltage decay corresponding to the four
capture states when the four different types of tag-attached
polyphosphate nucleotides (A, T, G, or C) are held in the
barrel of the nanopore. In some embodiments, the resistance
associated with the nanopore in a capture state is within the
range of 200 Mohm to 40 Gohm. Note that the slope of each
of the plots is distinguishable from each other.

[0092] At 1910 of process 1900, it is determined whether
process 1900 is repeated. For example, the process may be
repeated a plurality of times to detect each state of the
nanopore. If the process is not repeated, then process 1900
terminates; otherwise, the process restarts at 1902 again. At
1902, a voltage is reasserted across the nanopore by con-
necting to the voltage source. For example, as shown in FI1G.
18A, a voltage V,,,, 1810 is applied across the nanopore
when switch S1 1808 is closed. As shown in FIG. 20, the
applied voltage 2002 jumps back up to the level of V.. As
process 1900 is repeated a plurality of times, a saw-tooth
like voltage waveform is applied across the nanopore over
time. FIG. 20 also illustrates an extrapolation curve 2004
showing the RC voltage decay over time had the voltage
V... 1810 not been reasserted.

[0093] As shown above, configuring the voltage applied
across the nanopore to vary over a time period during which
the nanopore is in a particular detectable state has many
advantages. One of the advantages is that the elimination of
the operational amplifier, the pass device, and the capacitor
(e.g., n.,, 1608 in FIG. 16) that are otherwise fabricated
on-chip in the cell circuitry significantly reduces the foot-
print of a single cell in the nanopore-based sequencing chip,
thereby facilitating the scaling of the nanopore-based
sequencing chip to include more and more cells (e.g., having
millions of cells in a nanopore-based sequencing chip). The
capacitance in parallel with the nanopore includes two
portions: the capacitance associated with the membrane and
the capacitance associated with the integrated chip (IC). Due
to the thin nature of the membrane, the capacitance associ-
ated with the membrane alone can suffice to create the
required RC time constant without the need for additional
on-chip capacitance, thereby allowing significant reduction
in cell size and chip size.

[0094] Another advantage is that the circuitry of a cell
does not suffer from offset inaccuracies because V. is
applied directly to the working electrode without any inter-
vening circuitry. Another advantage is that since no switches
are being opened or closed during the measurement inter-
vals, the amount of charge injection is minimized.

[0095] Furthermore, the technique described above oper-
ates equally well using positive voltages or negative volt-
ages. Bidirectional measurements have been shown to be
helpful in characterizing a molecular complex. In addition,
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bidirectional measurements are required when the type of
ionic flow that is driven through the nanopore is via non-
faradaic conduction. Two types of ionic flow can be driven
through the nanopore—{faradaic conduction and non-fara-
daic conduction. In faradaic conduction, a chemical reaction
occurs at the surface of the metal electrode. The faradaic
current is the current generated by the reduction or oxidation
of some chemical substances at an electrode. The advantage
of non-faradaic conduction is that no chemical reaction
happens at the surface of the metal electrode.

[0096] FIG. 22 is a circuit diagram illustrating an embodi-
ment of a circuitry of a cell of a nanopore-based sequencing
chip, wherein the sequencing chip includes an analog
memory for storing measurement values.

[0097] In one approach, a nanopore measurement of an
analog circuit value (e.g., voltage, current, resistance,
charge, capacitance, time, etc.) may be captured at regular
intervals and converted to a digital representation for pro-
cessing. Often two measurement values are subtracted from
each other in order to determine whether a notable event has
been detected for the nanopore. In large highly parallel
systems with one million cells, outputting values to be
subtracted digitally using a processor can be time-consum-
ing and bandwidth limited. In some embodiments, rather
than outputting every circuit measurement in a digital form
to be stored and digitally processed, at least two measure-
ments are captured for different measurement samples at
different times using analog components and subtracted to
only digitally output the difference value between the two
measurements rather than digitally outputting the absolute
values of both of the two measurements. For example, two
circuit measurements are stored by two separate capacitors
by charging/discharging the capacitors to levels that corre-
spond to the measurements that are subtracted from each
other by an analog-to-digital (i.e., ADC) converter to output
a digital difference value. In some cases, not only will
outputting the difference rather than the absolute values save
communication, storage, and digital processing resources,
the analog storage and differential measurement of the ADC
may be generally less susceptible to injected noise (e.g.,
from the substrate).

[0098] The magnitude of the difference may be utilized to
identify events of interest. For example, in the event the
difference value is greater than a threshold, the magnitude of
the difference value is utilized to identify that a nanopore has
been threaded (e.g., open nanopore channel to a tag threaded
nanopore) and in the event the difference value is less than
the threshold, it is identified that the state of the nanopore
remains unchanged (e.g., difference and associated values
may be discarded if state difference has not been detected).
In some embodiments, the difference value may indicate a
change in value resulting from an open nanopore channel on
the positive phase of an AC stimulus voltage source to
remaining an open nanopore channel on the negative phase
of the AC stimulus voltage source. In some embodiments,
the difference value may indicate a change in value resulting
from an open nanopore channel on the negative phase of an
AC stimulus voltage source to a tag threaded nanopore on
the positive phase of the AC stimulus voltage source.
[0099] Circuit 2200 includes an electrical model 2202
representing the electrical properties of the nanopore and the
membrane and capacitor 2214 representing the electrical
properties of the working electrode. Electrical model 2202
includes capacitor 2206 that models a capacitance associated
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with the lipid bilayer (C,,,,,.,) and resistor 2204 that models
a resistance associated with the nanopore in different states
(e.g., the open-channel state or the states corresponding to
different types of tags/molecules threaded inside the nano-
pore). Capacitor 2214 that models a capacitance associated
with the working electrode. The capacitance associated with
the working electrode is also referred to as a double layer
capacitance (C ;).

[0100] The rate of the voltage decay (e.g., the steepness of
the slope of the applied voltage across the nanopore versus
time) across 2202 depends on the resistance of the nanopore
(e, R, 2204). As the resistances associated with the
nanopore in different states (e.g., the open-channel state, the
states corresponding to having different types of tags/mol-
ecules inside the nanopore, and the state when the membrane
is ruptured) are different due to the molecules’/tags’ distinct
chemical structures, different corresponding rates of voltage
decay may be observed and thus may be used to identify the
different states of the nanopore.

[0101] Capacitor 2208 and capacitor 2210 each allows the
voltage across model capacitors 2206 and 2214 to be effec-
tively captured and stored (e.g., each of capacitor 2208 and
capacitor 2210 effectively “integrates” the current flowing
through the nanopore) for samples measured at different
points in time, in effect creating an analog memory. For
example, one voltage sample measurement for one sample
measurement is stored in capacitor 2208 and a subsequent
sample measurement is stored in capacitor 2210. These
stored values may be read out and subtracted to output a
difference value rather than (or in addition to) absolute
values of both capacitor 2208 and capacitor 2210. Capacitor
2208 and capacitor 2210 may store consecutive sample
values or non-consecutive sample values.

[0102] A network of switches is utilized to control the
preparation, capture, and storage of measurement samples at
one or more analog memory capacitors. Switch 2224 may be
utilized to connect and disconnect the nanopore and the
electrodes from measurement circuitry. For example, switch
2224 is closed after a bilayer is formed and switch 2224
remains open when there is no bilayer (e.g., due to very low
impedance when no bilayer is present). When initializing
capacitor 2208 to capture a sample measurement, capacitor
2208 is initially precharged. Switch 2216, switch 2218, and
switch 2224 are closed while switch 2220 and switch 2222
are open. At this point, capacitor 2208 is charged to the
voltage level of voltage source 2212. Then to start the
capture, switch 2216 is opened and the charge stored in
capacitor 2208 is dissipated by effective model resistor
2204. The rate of voltage decay depends on the value of
resistor 2204 (e.g., resistance of nanopore corresponding to
the type of tag/molecule inside the nanopore) and the decay
may be stopped for capture by also opening switch 2218. At
this point, the stored voltage/charge of capacitor 2208 is
only subject to minimal decay (e.g., subject to minor charge
leakage which may be quantified and/or compensated) and
this voltage/charge is effectively stored for later use while
another measurement sample is determined and stored in
capacitor 2210 using switches 2220 and 2222 while switches
2216 and 2218 remain open. In some embodiments, the
measurements stored in capacitor 2208 and capacitor 2210
are consecutive measurement samples. For example, storage
of charge/voltage corresponding to the state of the nanopore
is toggled between capacitor 2208 and capacitor 2210 for
each subsequent sample measurement. In some embodi-
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ments, the measurements stored in capacitor 2208 and
capacitor 2210 are not consecutive measurement samples.
For example, once a measurement is stored in one analog
storage capacitor, the subsequent measurement samples are
stored and replaced in the other analog storage capacitor
until a difference between the charges/voltages stored in the
capacitors is greater than a difference threshold value.
[0103] The voltage stored in capacitor 2208 may be read
out using output circuitry by closing switch 2232 to allow
transistor 2228 to output the voltage. The voltage stored in
capacitor 2210 may be read out by closing switch 2230 to
allow transistor 2226 to output the voltage. The outputted
voltage values may be provided to comparison circuitry
(e.g., a comparator, an analog-to-digital converter, etc.) that
subtracts the outputted voltages. In some embodiments, only
the difference value is outputted rather than the absolute/
actual output voltage values corresponding to the two dif-
ferent measurement samples. In some embodiments, the
difference value and the absolute/actual output voltage val-
ues corresponding to the two different measurement samples
are outputted. In some embodiments, in the event the
difference value is less than a threshold, the difference value
is discarded and not outputted.

[0104] Circuit 2200 may only show a portion of a circuit
of one cell of a plurality of cells of a biochip. In some
embodiments, the cells of the biochip are organized in a grid
of rows and columns (e.g., each column of cells may output
a plurality of column values) and each row of cells is read
out substantially simultaneously. The outputs shown in
circuit 2200 may represent only two column outputs of a
plurality of column values of a row of cells of the biochip
being readout. Although the example shown in FIG. 22
shows a circuit designed to store only two voltage values of
a nanopore, in other embodiments, the example of FIG. 22
may be extended to allow a circuit to store any number of
voltage values of the nanopore by utilizing additional
capacitors, switches and output circuitry. The switches
shown in FIG. 22 may be any type of switch. Transistor 2226
and 2228 are merely examples and any other type of output
circuitry may be utilized to read out electrical values of
capacitor 2208 and/or 2210.

[0105] In the example shown, voltage source 2240 is an
AC voltage source. For example the counter electrode is
immersed in the electrolyte above the bilayer and an AC
non-Faradaic mode is utilized to modulate a square wave
voltage source as V;,, 2240. The square wave voltage source
may cause the potential of its counter electrode to be at a
higher level as compared to the other electrode during the
positive phase of the square wave (i.e., dark period of the AC
voltage source signal cycle) and at a lower level compared
to the other electrode at the negative phase of the square
wave (i.e., bright period of the AC voltage source signal
cycle). Given this potential difference, capacitor 2208 may
be charged during the dark period and discharged during the
bright period. Generally during the bright period, the mol-
ecule/tag is attracted to be threaded into the nanopore while
during the dark period, the molecule/tag is generally
repelled away from the nanopore (e.g., causing the nanopore
to be in an open-channel state during the dark period). Thus
in some embodiments, tag detection is only performed
during the bright period when a tag is attracted to the
nanopore.

[0106] By determining the voltage difference between two
different measurement samples, the transition between dark
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periods and bright periods may be identified (e.g., identify
when the difference is greater than a threshold value).
Additionally it may take a variable amount of time during
the bright period for a tag to be threaded in the nanopore.
During the waiting period, while waiting for the nanopore to
be threaded, obtained voltage samples may remain relatively
constant, representing the open-channel state of the nano-
pore, and may not be of interest until the nanopore is
threaded. By determining a difference between voltage
sample measurements and detecting when the difference is
within a certain threshold range, nanopore threading may be
detected and the magnitude of the difference may indicate
the type of molecule/thread of the threading. By utilizing
analog memory to determine the difference, processing and
storage efficiencies may be gained. In some cases, the
threading during the bright period may take place quickly
and an open-channel nanopore state may not be detected/
sampled during a bright period before detecting the threaded
state because the threaded state is achieved prior to the first
sampling/measurement of the nanopore during the bight
period. In order to detect this quick threading, a difference
between a voltage measurement of an open-channel state
during a dark period stored in one analog storage capacitor
and a voltage measurement of the threaded nanopore state
during a subsequent bright period stored in another analog
storage capacitor is utilized (e.g., difference is within a
specific range) to detect the threaded state and the magnitude
of the difference may indicate the type of molecule/thread of
the threading.

[0107] In an alternative embodiment, Faradaic mode is
utilized with a DC voltage source instead of the AC voltage
source.

[0108] FIG. 23 is a flowchart illustrating an embodiment
of'a process for measuring a nanopore. The process of FIG.
23 may be implemented on circuit 2200 of FIG. 22.
Although the example of FIG. 23 is described using the
circuit of FIG. 22, in various embodiments, circuits other
than the circuit of FIG. 22 may implement the process of
FIG. 23.

[0109] As the resistance associated with the nanopore
varies according to its different states (e.g., the open-channel
state, the states corresponding to having different types of
tags/molecules inside the nanopore, the state when the
membrane is ruptured, etc.) due to the different molecules/
tags inside the nanopore, different corresponding rates of
voltage decay may be observed across the nanopore and
utilized to identify the different states of the nanopore.

[0110] At 2302, a nanopore measurement circuit is pre-
pared for a measurement sample to be stored in a first analog
storage. For example, circuit 2200 of FIG. 22 is configured
to store a nanopore voltage measurement in analog memory
capacitor 2208. In some embodiments, preparing the nano-
pore measurement circuit includes configuring one or more
switches to charge (or discharge) the first analog storage
capacitor. For example, switch 2216 is closed (e.g., switch
2220 is left open to not affect capacitor 2210) to charge (or
discharge) capacitor 2208 to V,,,. In some embodiments,
voltage is applied across the nanopore by coupling the
nanopore to a voltage source. For example, a voltage V,,,
2212 is applied to the nanopore by closing switch 2218 as
well (e.g., while switch 2216 is also closed) to charge the
effective capacitance of model capacitors 2214 and 2206. As
the voltage source is connected to the working electrode, the
capacitor associated with the membrane is charged and
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energy is stored in an electric field across the membrane.
This initial voltage applied across the nanopore may be
Vre=Viiguias Where V.., 1s the voltage of the bulk liquid in
contact with the nanopore, where V., may be an AC
voltage (e.g., square wave voltage source centered around
V,..)- In some embodiments, there exists a switch that
connects the nanopore to the nanopore measurement circuit
and this switch remains closed in 2302. For example, switch
2224 remains closed after a bilayer is formed and switch
2224 remains open when there is no bilayer (e.g., due to very
low impedance when no bilayer is present).

[0111] At 2304, a next captured circuit measurement
sample is captured in the first analog storage. For example,
the first analog storage capacitor is further charged or
discharged to capture the next measurement sample of the
nanopore. For example, the nanopore is decoupled from a
voltage source and the energy stored in the first analog
storage capacitor is discharged by the resistance of the
nanopore during a bright period of an AC voltage reference
of a counter electrode. In another example, the nanopore is
decoupled from a voltage source and the energy stored in the
first analog storage capacitor is charged by the resistance of
the nanopore during a dark period of the AC voltage
reference of the counter electrode. The rate of decay or
charge of the voltage of the nanopore is associated with the
resistance and/or current of the nanopore that is indicative of
the state of the molecule/tag that may be inserted in or
removed from the nanopore. The resulting charge/energy/
voltage of the first analog storage capacitor after a set period
of time may identify this state of the nanopore given the
known rate of decay/charge associated with each state. The
energy/charge/voltage stored in the first analog storage
capacitor may serve as the proxy for a measurement of the
resistance and/or current of the nanopore. In some embodi-
ments, switch 2216 of FIG. 22 is opened to decouple power
source 2212 from capacitor 2208 and the resistance of the
nanopore affects the rate of discharging or charging (e.g.,
due to the phase of the AC voltage reference) of capacitor
2208.

[0112] At 2306, the captured measurement of 2304 is
stored in the first analog storage capacitor. For example, by
allowing the first analog storage capacitor to be dissipated
for a set amount of the time, a larger nanopore resistance will
dissipate a larger amount of energy/charge/voltage as com-
pared to a smaller resistance in the same amount of time. In
another example, the first analog storage capacitor is
charged during the lower voltage phases of the AC voltage
reference beyond the initial charge in 2302 at a rate based on
the resistance of the nanopore. The energy/charge/voltage
stored in the first analog storage capacitor may serve as the
proxy for a measurement of the resistance/current of the
nanopore to identify the state of the nanopore. In some
embodiments, in order to preserve and stop the measurement
and store the measurement, a switch is opened at a set time.
For example, switch 2218 is opened to decouple the nano-
pore from capacitor 2208 to store the measurement sample
in the first analog storage capacitor.

[0113] At 2308, a difference value of the difference of the
stored measurements is outputted, if applicable. For
example, in addition to the measurement voltage stored in
the first storage capacitor, a previously stored measurement
voltage stored in a second analog storage capacitor (e.g.,
stored in 2316) is provided to be subtracted. In the event this
is the first execution instance of step 2308, step 2308 may be
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not performed because a measurement has not been stored in
the second analog storage capacitor. In some embodiments,
providing the difference value includes closing one or more
switches to provide measurements of analog storages storing
measurement samples to be subtracted. For example, switch
2230 and/or switch 2232 is closed to provide the voltages of
capacitor 2208 and/or capacitor 2210 of FIG. 22. In some
embodiments, the cells of the biochip are organized in a grid
of rows and columns (e.g., each column of cells may output
a plurality of column values) and each row of cells is read
out substantially simultaneously. The outputs may represent
only a portion of a plurality of column values of a row of
cells of the biochip being readout. In some embodiments, the
stored measurement(s) are compensated for leakage of the
analog storage capacitor storing the charge/energy/voltage
of the measurement. For example, charge of the analog
storage capacitor may naturally dissipate at a low rate due to
a limitation of the capacitor size and this leakage is corrected
by determining the leakage rate of the capacitor and adding
to the voltage output of the capacitor a compensation value
that corresponds to the amount of likely leakage based on the
determined leakage rate and an amount of time the mea-
surement has been stored by the capacitor. In some embodi-
ments, after the stored measurement(s) have been provided,
output switch(es) are opened. For example, switches 2230
and 2232 are opened.

[0114] In some embodiments, the provided measurements
of the analog storage capacitors are utilized to determine a
difference between the measurements. For example, the
voltage output of the first analog storage capacitor is sub-
tracted from the voltage output of the second analog storage
capacitor. In some embodiments, the provided measurement
(s) from the analog storage capacitors are subtracted from
each other using one or more of the following: an analog-
to-digital converter, a comparator, and any other circuit
components. By determining the difference using the output
analog values instead of using a digital microprocessor to
subtract values that have been converted and stored digitally,
efficiency in digital memory storage and digital computation
resources may be gained. The difference may be utilized to
detect the timing and the degree of change in a status of a
nanopore. For example, while the nanopore is periodically
sampled, the transition between states of the nanopore may
be of importance. To detect these transitions between dif-
ferent states of the nanopore, a difference measurement that
is greater than a threshold value may indicate that a change
has occurred (e.g., nanopore transition from an open-chan-
nel to a state where a tag has been inserted in the nanopore)
and the difference value of the change may indicate the exact
new state of the nanopore given known difference values
expected for different nanopore state transition changes. In
some embodiments, the outputted difference value is out-
putted as a part of an output of a biochip. The outputted
difference may indicate no change (e.g., change below
threshold) in value between two measurements, a change in
nanopore state resulting from a switch from an open nano-
pore channel to a tag threaded nanopore, a change in phase
of an AC reference voltage, or a change in nanopore state
resulting from a switch from an open nanopore channel on
the negative phase of an AC reference voltage source to atag
threaded nanopore on the positive phase of the AC reference
voltage source.

[0115] Insome embodiments, in the event the difference is
below a threshold, the difference value is not outputted. For
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example, a biochip may be bandwidth limited on the amount
of data it is able to output and in order to conserve the
amount of data to be outputted from the biochip, an actual
difference value is not outputted if the difference value is
below a threshold because a change in state of a nanopore
has not been detected. In some embodiments, in the event
the difference is below a threshold, instead of outputting the
actual value of the difference, an indication that the differ-
ence value is below a threshold is provided (e.g., indication
that state of the nanopore has not changed during a bright
period). In some embodiments, in addition to outputting the
difference value, the values of the stored measurements of
the analog storage capacitors are outputted as well (e.g.,
digital values of the provided measurements of capacitor
2208 and capacitor 2210 that were utilized to determine the
difference value).

[0116] In some embodiments, in the event the difference
value is below a threshold, the process returns to 2302. For
example, rather than continuing the process of FIG. 23 to
toggle between storing the sample measurements in different
analog storage capacitors, the same analog storage capacitor
is utilized to store the next measurement sample. This may
reduce switching time between analog storage capacitors
and/or allow comparison between two non-consecutive
measurement samples if the other analog storage capacitor is
storing a previous measurement sample. Nonconsecutive
measurement sample comparisons may be allowable
because the measurement value remains relatively constant
between measurement samples if the state of the nanopore
remains constant and the phase of the AC reference voltage
source has not changed. In some embodiments, in the event
the difference value is below a threshold, the process only
returns to 2302 if a second analog storage capacitor is
storing a measurement value (e.g., stored in 2316) and a
change in phase of the AC reference voltage source has not
been detected in 2308.

[0117] At 2312, the nanopore measurement circuit is pre-
pared for a measurement sample to be stored in a second
analog storage. For example, circuit 2200 of FIG. 22 is
configured to store a nanopore voltage measurement in
analog memory capacitor 2210. In some embodiments,
preparing the nanopore measurement circuit includes con-
figuring one or more switches to charge (or discharge) the
second analog storage capacitor. For example, switch 2220
is closed (e.g., switch 2216 is left open to not affect capacitor
2208) to charge (or discharge) capacitor 2210 to V.. In
some embodiments, voltage is applied across the nanopore
by coupling the nanopore to a voltage source. For example,
a voltage V,,,, 2212 is applied to the nanopore by closing
switch 2222 as well (e.g., while switch 2220 is also closed)
to charge the effective capacitance of model capacitors 2214
and 2206. As the voltage source is connected to the working
electrode, the capacitor associated with the membrane is
charged and energy is stored in an electric field across the
membrane. This initial voltage applied across the nanopore
may be V,,.~Vy,..., where V., is the voltage of the bulk
liquid in contact with the nanopore, where V., may be an
AC voltage (e.g., square wave voltage source centered
around V). In some embodiments, there exists a switch
that connects the nanopore to the nanopore measurement
circuit and this switch remains closed in 2302. For example,
switch 2224 remains closed after a bilayer is formed and
switch 2224 remains open when there is no bilayer (e.g., due
to very low impedance when no bilayer is present).
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[0118] At 2314, a next circuit measurement sample is
captured in the second analog storage. For example, the
second analog storage capacitor is further charged or dis-
charged to capture the next measurement sample of the
nanopore. For example, the nanopore is decoupled from a
voltage source and the energy stored in the second analog
storage capacitor is discharged by the resistance of the
nanopore during a bright period of an AC voltage reference
of a counter electrode. In another example, the nanopore is
decoupled from a voltage source and the energy stored in the
second analog storage capacitor is charged by the resistance
of the nanopore during a dark period of the AC voltage
reference of the counter electrode. The rate of decay or
charge of the voltage of the nanopore is associated with the
resistance and/or current of the nanopore that is indicative of
the state of the molecule/tag that may be inserted in or
removed from the nanopore. The resulting charge/energy/
voltage of the second analog storage capacitor after a set
period of time may identify this state of the nanopore given
the known rate of decay/charge associated with each state.
The energy/charge/voltage stored in the second analog stor-
age capacitor may serve as the proxy for a measurement of
the resistance and/or current of the nanopore. In some
embodiments, switch 2220 of FIG. 22 is opened to decouple
power source 2212 from capacitor 2210 and the resistance of
the nanopore affects the rate of discharging or charging (e.g.,
due to the phase of the AC voltage reference) of capacitor
2208. In some embodiments, in order to capture the mea-
surement sample, a switch is opened at a set time. For
example, switch 2222 is opened to decouple the nanopore
from capacitor 2210. In some embodiments, the stored
voltage of the second analog storage capacitor is the voltage
difference across effective capacitors 2214 and 2206. In
various embodiments, the set amount of time when the
switch is opened to stop the dissipation of the second analog
storage capacitor in 2314 is the same as the set amount of
time when the switch is opened to stop the dissipation of the
first analog storage capacitor in 2306.

[0119] At 2316, the captured measurement of 2314 is
stored in the second analog storage capacitor. For example,
by allowing the second analog storage capacitor to be
dissipated for a set amount of the time, a larger nanopore
resistance will dissipate a smaller amount of energy/charge/
voltage as compared to a smaller resistance in the same
amount of time. In another example, the second analog
storage capacitor is charged during the lower voltage phases
of'the AC voltage reference beyond the initial charge in 2312
at a rate based on the resistance of the nanopore. The
energy/charge/voltage stored in the second analog storage
capacitor may serve as the proxy for a measurement of the
resistance/current of the nanopore to identify the state of the
nanopore. In some embodiments, in order to preserve and
stop the measurement and store the measurement, a switch
is opened at a set time. For example, switch 2222 is opened
to decouple the nanopore from capacitor 2210 to store the
measurement sample in the second analog storage capacitor.

[0120] At 2318, a difference value of the difference of the
stored measurements is outputted, if applicable. For
example, in addition to the measurement voltage stored in
the second storage capacitor, a previously stored measure-
ment voltage stored in the first analog storage capacitor (e.g.,
stored in 2306) are provided to be subtracted. In some
embodiments, providing the difference includes closing one
or more switches to provide measurements of analog stor-
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ages storing measurement samples to be subtracted. For
example, switch 2230 and/or switch 2232 is closed to
provide the voltages of capacitor 2208 and/or capacitor 2210
of FIG. 22. In some embodiments, the cells of the biochip
are organized in a grid of rows and columns (e.g., each
column of cells may output a plurality of column values) and
each row of cells is read out substantially simultaneously.
The outputs may represent only a portion of a plurality of
column values of a row of cells of the biochip being readout.
In some embodiments, the stored measurement(s) are com-
pensated for leakage of the analog storage capacitor storing
the charge/energy/voltage of the measurement. For example,
charge of the analog storage capacitor may naturally dissi-
pate at a low rate due to a limitation of the capacitor and this
leakage is corrected by determining the leakage rate of the
capacitor and adding to the voltage output of the capacitor
a compensation value that corresponds to the amount of
likely leakage based on the determined leakage rate and an
amount of time the measurement has been stored by the
capacitor. In some embodiments, after the stored measure-
ment(s) have been provided, output switch(es) are opened.
For example, switches 2230 and 2232 are opened.

[0121] In some embodiments, the provided measurements
of the analog storage capacitors are utilized to determine a
difference between the measurements. For example, the
voltage output of the second analog storage capacitor is
subtracted from the voltage output of the first analog storage
capacitor. In some embodiments, the provided measurement
(s) from the analog storage capacitors are subtracted from
each other using one or more of the following: an analog-
to-digital converter, a comparator, and any other circuit
components. By determining the difference using the output
analog values instead of using a digital microprocessor to
subtract values that have been converted and stored digitally,
efficiency in digital memory storage and digital computation
resources may be gained. The difference may be utilized to
detect the timing and the degree of change in a status of a
nanopore. For example, while the nanopore is periodically
sampled, the transition between states of the nanopore may
be of importance. To detect these transitions between dif-
ferent states of the nanopore, a difference measurement that
is greater than a threshold value may indicate that a change
has occurred (e.g., nanopore transition from an open-chan-
nel to a state where a tag has been inserted in the nanopore)
and the difference value of the change may indicate the exact
new state of the nanopore given known difference values
expected for different nanopore state transition changes. In
some embodiments, the outputted difference value is out-
putted as a part of an output of a biochip. The outputted
difference may indicate no change (e.g., change below
threshold) in value between two measurements, a change in
nanopore state resulting from a switch from an open nano-
pore channel to a tag threaded nanopore, a change in phase
of an AC reference voltage, or a change in nanopore state
resulting from a switch from an open nanopore channel on
the negative phase of an AC reference voltage source to a tag
threaded nanopore on the positive phase of the AC reference
voltage source.

[0122] Insome embodiments, in the event the difference is
below a threshold, the difference value is not outputted. For
example, a biochip may be bandwidth limited on the amount
of data it is able to output and in order to conserve the
amount of data to be outputted from the biochip, an actual
difference value is not outputted if the difference value is
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below a threshold because a change in state of a nanopore
has not been detected. In some embodiments, in the event
the difference is below a threshold, instead of outputting the
actual value of the difference, an indication that the differ-
ence value is below a threshold is provided (e.g., indication
that state of the nanopore has not changed during a bright
period). In some embodiments, in addition to outputting the
difference value, the values of the stored measurements of
the analog storage capacitors are outputted as well (e.g.,
digital values of the provided measurements of capacitor
2208 and capacitor 2210 that were utilized to determine the
difference value).

[0123] In some embodiments, in the event the difference
value is below a threshold in 2318, the process returns to
2312. For example, rather than continuing the process of
FIG. 23 to toggle between storing the sample measurements
in different analog storage capacitors, the same analog
storage capacitor is utilized to store the next measurement
sample. This may reduce switching time between analog
storage capacitors and/or allow comparison between two
non-consecutive measurement samples if the other analog
storage capacitor is storing a previous measurement sample.
Nonconsecutive measurement sample comparisons may be
allowable because the measurement value remains relatively
constant between measurement samples if the state of the
nanopore remains constant and the phase of the AC refer-
ence voltage source has not changed. In some embodiments,
in the event the difference value is below a threshold, the
process only returns to 2312 if a change in phase of the AC
reference voltage source has not been detected in 2318.

[0124] The process of FIG. 23 is repeated until a stopping
criteria is reached. For example, the process of FIG. 23 is
stopped after a predetermined amount of time and/or an
amount of measurement samples has been outputted. In
some embodiments, the process of FIG. 23 is stopped when
nanopore measurement is to be stopped. The steps of FIG.
23 may occur at a consistent periodic rate. For example, it
is desired to capture measurements of the nanopore at a
consistent periodic rate and the steps of FIG. 23 are set at a
rate to achieve the desired consistent sampling rate. For
example, the timing between step 2306 and/or step 2316 is
at a consistent time interval.

[0125] FIG. 24 is a diagram illustrating a graph of circuit
measurements when an AC voltage source is utilized as a
reference voltage of a counter electrode of a nanopore. For
example, a square AC voltage source is utilized as voltage
source 2240 of FIG. 22. The graphs of FIG. 24 show graphs
prior to introducing tags and consequently the graphs do not
show insertion of any tags in the nanopore. The nanopore is
effectively in a consistent open-channel state. Graph 2402
shows a graph of an AC voltage source. A square wave
voltage source with the labeled bright periods and dark
periods is shown. Only a portion of the signals have been
shown. Graph 2404 shows the corresponding voltage across
the nanopore. For example, the voltage across effective
capacitor 2206 and resistor 2204 of FIG. 22 is shown. The
“saw tooth” shape of the voltage results from the discharging
(during bright periods) and charging (during dark periods) of
the capacitance associated with the bilayer of the nanopore
for measurement samples during the bright and dark periods.
Each “saw tooth” corresponds to each measurement sample
that is taken. Graph 2406 shows the corresponding current
across the nanopore. For example, current across effective
resistor 2204 of FIG. 22 is graphed. Graph 2408 shows the
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corresponding voltage across an analog storage capacitor.
Each “saw tooth” corresponds to each sample measurement
that is taken. For example, during the bright period for each
measurement sample, the analog storage capacitor is pre-
charged to 0.90V and this voltage/charge is dissipated by the
resistance of the nanopore until the next pre-charge of the
capacitor for the next measurement sample. In this example,
during the dark period for each measurement sample, the
analog storage capacitor is first pre-charged/dissipated (re-
set) to 0.90V and this voltage/charge is increased at a rate
associated with the resistance of the nanopore until the next
pre-charge/reset of the capacitor for the next measurement
sample. Graph 2410 shows the corresponding voltage of the
pre-charge/dissipation signal.

[0126] FIG. 25 is a block diagram illustrating an embodi-
ment of a system for detecting a state of a nanopore and
adaptively processing nanopore state data to optimize data to
be outputted. As shown in FIG. 25, the components shown
in FIG. 25 are included in a biochip. The biochip may
include any number of components shown in FIG. 25. For
example, the biochip includes a plurality of nanopore cells,
measurement circuitry, and local event detectors connected
to adaptive analyzer 2512. The biochip may be a DNA
sequencing biochip. For example, data outputted from the
biochip from buffer 2514 may be further processed to detect
a sequence of nucleotides included in a DNA. Any of the
components shown in FIG. 25 may be implemented using
any number of one or more of the following: a circuit, a
circuit component, an electrical component, a circuit mod-
ule, a processor, a comparator, a computing module, a
memory, a storage, a microarray, and a biochip component.
[0127] In some embodiments, the system shown in FIG.
25 is utilized to reduce and manage data to be outputted from
a biochip of nanopore cells. For example, the amount of data
that can be outputted by a DNA sequencing biochip may be
limited by the maximum output data rate of the biochip.
With a large number of cells on the biochip, the amount of
data that can be potentially outputted by the biochip may
exceed the maximum output data rate of the biochip. In
some embodiments, the type and amount of data to be
outputted is managed in a dynamic manner that dynamically
reduces the amount of data to be outputted when required.
For example, given processing cost of compressing and
decompressing data, the information to be outputted may be
only compressed if needed because the amount of current
data to be outputted by the biochip exceeds a threshold. In
another example, when an event is detected on a cell of the
biochip, related information to be outputted may be dis-
carded and not outputted if the information can be outputted
later without loss of information. In another example, when
an event is detected on a cell of the biochip, related
information to be outputted may be discarded and not
outputted, even if the information cannot be outputted later
without loss of information.

[0128] Nanopore cell 2502 is connected to measurement
circuitry 2504. Nanopore cell 2502 may be nanopore cell
100 of FIG. 1, cell 200 of FIG. 2, and/or include any
nanopore described in the specification. In some embodi-
ments, nanopore cell 2502 may be electronically modeled as
1602 of FIG. 16, 1702 of FIG. 17, 1802 of FIGS. 18A and
18B and/or 2202 of FIG. 22.

[0129] Measurement circuitry 2504 detects electrical mea-
surements of nanopore cell 2502. The electrical measure-
ments may be utilized to detect the state of the nanopore of
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nanopore cell 2502. For example, a change in voltage
measured by measurement circuitry 2504 indicates whether
and which tag has been threaded in the nanopore. Examples
of measurement circuitry 2504 include 1600 of FIG. 16,
1700 of FIG. 17, 1800 of FIG. 18A, 1801 of FIG. 18B, or
2200 of FIG. 22.

[0130] Local event detector 2506 receives detected elec-
trical measurements from measurement circuitry 2504. In
some embodiments, local event detector 2506 detects
whether electrical measurements from measurement cir-
cuitry 2504 indicate a nanopore state change. For example,
electrical measurement values are utilized to determine the
type of tag inserted in a nanopore and only may be of
importance when a tag enters the nanopore. If it is known
that the state of the nanopore has not changed, the actual
measurement value may not be of importance.

[0131] In some embodiments, rather than outputting from
a biochip electrical measurement values for every periodic
electrical measurement sample, measurement values are
only outputted when required (e.g., when a state change of
the nanopore to a threaded state has been detected). In the
event it is detected that a state change is not indicted by a
particular measurement sample, an indication that the state
has not changed may be reported rather than reporting the
actual measurement sample value. In some embodiments, by
determining a difference in the electrical measurement val-
ues from a previous measurement sample (e.g., stored mea-
surement sample value corresponding to an open-channel
state of nanopore) to a new measurement sample, the
magnitude of the difference may indicate whether a state
change has occurred (e.g., difference is greater than thresh-
old, within a certain range, etc.) and which tag has been
inserted in the nanopore. In some embodiments, a baseline
expected electrical measurement of an open-channel nano-
pore is determined/known and utilized to compare with a
newly received electrical measurement sample to determine
whether the new electrical measurement sample indicates
that a tag has been inserted or removed from the nanopore.
[0132] In some embodiments, state memory 2508 stores
one or more previously received electrical measurement
samples from measurement circuitry 2504. For example, a
previously received electrical measurement sample value
retrieved from state memory 2508 is utilized by local event
detector 2506 in determining whether a newly received
electrical measurement sample value indicates a change in
state. In some embodiments, state memory 2508 stores one
or more reference measurement values corresponding to one
or more nanopore states (e.g., measurement values corre-
sponding to an open-channel state of a nanopore).

[0133] In some embodiments, state memory 2508 stores
an identifier of whether an insertion of a tag in a nanopore
has been reported by local event detector 2506 for a current
bright period of a reference AC voltage source signal period.
For example, once an electrical measurement sample value
corresponding to an insertion of a tag in a nanopore has been
detected and reported once for the same event during the
same bright period of a reference AC voltage source signal
cycle, subsequent electrical measurement samples obtained
while the tag is still inserted in the nanopore may not need
to be reported again because the state change has been
already reported along with the associated electrical mea-
surement value that indicates the type of tag inserted in the
nanopore. Thus, in the event the stored identifier indicates
that the tag inserted state has been already reported by local
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event detector 2506 for the current bright period of the
current reference AC voltage source signal cycle, a subse-
quently received electrical measurement value that also
corresponds to the same tag inserted state does not need to
be reported. This stored identifier may be reset for every new
cycle of the reference AC voltage source signal.

[0134] Adaptive analyzer 2512 receives data to be output-
ted (e.g., from a biochip for further processing/detection)
from local event detector 2506. In some embodiments,
adaptive analyzer 2512 receives data from a plurality of
local event detectors. For example, each local event detector
of each nanopore cell detects and reports a state change of
each respective nanopore cell and adaptive analyzer 2512
gathers the reported data from all local event detectors of a
biochip to analyze the data to be outputted in an attempt to
reduce the size of the data to be outputted, if needed. In some
embodiments, adaptive analyzer 2512 is periodically pro-
vided data as electrical measurements of nanopore cells are
obtained periodically.

[0135] For example, a bit vector indicating whether a state
change has been detected for each nanopore of the biochip
is generated for output (e.g., each bit of the vector corre-
sponds to a different nanopore cell and indicates whether a
tag has been inserted in the respective nanopore) for each
periodic measurement instance. Along with the bit vector,
for any nanopore that has been detected to have changed into
a tag inserted state, a corresponding electrical measurement
sample value (e.g., value corresponding to a certain type of
tag) is selected for output. Adaptive analyzer 2512 places
data to be outputted (e.g., from a biochip) in buffer 2514.
[0136] Buffer 2514 stores data to be outputted from the
biochip. Data may be continually outputted from the biochip
from buffer 2514 at a data output rate. However, the amount
of data generated to be outputted may vary over time (e.g.,
depending on when a tag is inserted in a nanopore) and may,
at times, exceed the data output rate. Buffer 2514 stores data
waiting to be outputted. Depending on the amount of data in
buffer 2514, adaptive analyzer 2512 adaptively attempts to
reduce the size of new data to be placed in buffer 2514 for
output. For example, if buffer 2514 is relatively empty,
adaptive analyzer 2512 does not compress data before
placing data in buffer 2514 to save computing resources
required to compress data whereas if buffer 2514 is at a
threshold fill level, adaptive analyzer 2512 compresses data
before placing data to be outputted in buffer 2514. In some
embodiments, buffer 2514 adaptively selects a compression
technique (e.g., compression algorithms) and/or compres-
sion setting (e.g., compression table symbols) based on
characteristics (e.g., entropy) of the data to be compressed.
[0137] In some embodiments, in the event adaptive ana-
lyzer 2512 is unable to reduce/compress (e.g., using lossless
compression) the data to a desired size, adaptive analyzer
2512 selectively modifies data to be outputted if no loss in
functionality/information will ultimately result. For
example, reporting of an insertion of a tag in a nanopore may
be delayed without negative consequences (e.g., tag is
inserted in nanopore for multiple measurement cycles) and
data reporting insertion of the tag and its associated mea-
surement data is dropped to allow it be reported for a next
electrical measurement sample cycle. This may be achieved
by resetting (by adaptive analyzer 2512) the indicator stored
in state memory 2508 that indicates whether a tag inserted
state measurement value has been reported for a current
bright period of a current reference AC voltage source signal
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cycle—allowing the next measurement sample value of the
nanopore to be reported during the same bright period
because a previous measurement sample value indicating the
tag inserted state was previously reported and dropped by
adaptive analyzer 2512. In some embodiments, adaptive
analyzer 2512 drops a portion of data to be reported (e.g.,
randomly selected portion, using lossy compression, etc.) in
order to meet a desired size/bandwidth of data to be out-
putted.

[0138] In an alternative embodiment, one or more com-
ponents shown in FIG. 25 may be included in one or more
other chips that is separate from the biochip. For example,
the biochip includes nanopore cell 2502 and a separate
companion chip in communication with the biochip includes
one or more of the other components shown in FIG. 25.
[0139] FIG. 26 is a flowchart illustrating an embodiment
of a process for reporting nanopore state data. The process
of FIG. 26 may be implemented on local event detector 2506
of FIG. 25. For example, the process of FIG. 26 is imple-
mented on each of a plurality of local event detectors of
nanopore cells of a biochip.

[0140] At 2602, electrical measurement sample data of a
nanopore is received. For example, a voltage measurement
value corresponding to a resistance of the nanopore is
received. In some embodiments, the electrical measurement
sample data includes an electrical measurement sample
value (e.g., numerical value) received from measurement
circuitry 2504 of FIG. 25. The received electrical measure-
ment data may correspond to one measurement sample of
periodic measurement samples received. In some embodi-
ments, the electrical measurement sample data is a value of
an amount of charge/voltage stored in an analog storage
capacitor (e.g., analog storage capacitor of FIG. 22). In some
embodiments, the electrical measurement sample data is a
difference value provided in 2308 or 2318 of FIG. 23.
Examples of the electrical measurement sample include one
or more of the following: a voltage value, a current value, a
resistance value, an amount of charge value, a capacitance
value or a time value.

[0141] At 2604, it is determined whether the received
electrical measurement data corresponds to a change in state
of the nanopore (e.g., change in state to a threaded state, a
change from a previously detected state, etc.). For example,
the received electrical measurement sample data is analyzed
to determine whether the received electrical measurement
data corresponds to a change in state of the nanopore. In
some embodiments, determining whether the received elec-
trical measurement data corresponds to the change in nano-
pore state includes comparing the received electrical mea-
surement data to a previously received electrical
measurement data. For example, a difference between a
previously received electrical measurement value and an
electrical measurement value received in 2604 is calculated
and utilized to determine whether the difference value
indicates a nanopore state change (e.g., difference is within
a predefined range, greater than a minimum threshold (e.g.,
not due to minor variation/noise), less than a maximum
threshold (e.g., not due to change between bright period and
dark period), etc.). In some embodiments, the received
electrical measurement data is the difference between a
previous electrical measurement data sample and a subse-
quently captured electrical measurement data sample. In
some embodiments, determining whether the received elec-
trical measurement data corresponds to the change in nano-
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pore state includes comparing the received electrical mea-
surement data to a reference electrical measurement data.
For example, a reference electrical measurement data (e.g.,
predefined or a previously received measurement data
sample) that corresponds to an open-channel nanopore state
is compared with the received electrical measurement data
to determine whether the electrical measurement data cor-
responds to a change in nanopore state to a tag threaded
state.

[0142] In some embodiments, determining whether the
received electrical measurement data corresponds to the
change in nanopore state includes determining whether the
received electrical measurement data corresponds to a
threaded state. For example, the threaded state during a
bright period of a reference AC voltage source signal cycle
is of interest and is desired to be detected to sequence a
DNA. In some embodiments, only a nanopore state change
during a bright period of a reference AC voltage source
signal cycle is configured to be detected. For example,
during a dark period, a state change identifier and/or an
electrical measurement sample value is not outputted by a
local event detector. In some embodiments, in the event the
received electrical measurement data corresponds to a dark
period of the current cycle of the reference AC voltage
source signal, nanopore state change detection is not per-
formed. For example, during the dark period it is automati-
cally determined that a nanopore state change has not been
detected.

[0143] In some embodiments, determining whether the
received electrical measurement data corresponds to a
change in state of the nanopore includes determining
whether the new nanopore state has been maintained. For
example, once a tag is inserted in the nanopore during a
bright period of an AC voltage source signal cycle, the tag
is expected to stay inside the nanopore until the dark period
of'the AC voltage source signal cycle under certain sampling
conditions (e.g., when the electrical modulation of bright/
dark AC voltage source signal is fast compared to the speed
of the biological event). In this example, in the event the
state of the nanopore changes from an open-channel state to
a threaded state then back to the open-channel state during
a single bright period prior to the end of the bright period,
a statistically not representative event has likely occurred
(e.g., detection of the threaded state may be due to signal
noise or a tag was not properly threaded). Thus when a
change in nanopore state from a threaded state to an open-
channel state is detected prior to the end of the current bright
period, the threaded state change may or may not be reported
based on the sampling condition. For example, the earlier
detected nanopore state change to the threaded state for the
current bright period may be dropped/prevented from being
further processed and/or outputted from the biochip under
certain sampling conditions.

[0144] If at 2604 it is determined that the received elec-
trical measurement data does not correspond to a change in
nanopore state, the process proceeds to 2608. If at 2604 it is
determined that the received electrical measurement data
corresponds to a change in nanopore state, at 2606, it is
determined whether an electrical measurement sample value
of the received electrical measurement sample data that
corresponds to a detected threaded state of the nanopore has
been previously reported for a current bright period of a
current AC voltage source signal cycle. For example, the
electrical measurement sample value that corresponds to the
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same threaded state is to be only reported once rather than
every time a measurement sample of the tag threaded
nanopore is obtained to avoid duplicate information from
being reported (e.g., measurement value is to be reported
only once per single tag threaded event). In some embodi-
ments, the stored report status identifier (e.g., stored in state
memory 2508 of FIG. 25) tracks whether an electrical
measurement value that corresponds to a threaded state has
been already reported (e.g., reported to adaptive analyzer
2512) for a current bright period of a current cycle of a
reference AC voltage source signal of a nanopore cell. In
some embodiments, at 2608, the stored report status iden-
tifier is obtained to determine whether the report status
identifier indicates that an electrical measurement sample
value that corresponds to a detected threaded state of the
nanopore has been already reported. If the report status
identifier indicates that a previous electrical measurement
sample value has been already reported, a subsequent elec-
trical measurement sample value corresponding to the same
threaded nanopore state may not need to be reported. This
stored report status identifier may be reset for every new
cycle of the reference AC voltage source signal. In some
embodiments, the stored report status identifier is reset to
allow a second reporting of an electrical measurement value
for the same threaded nanopore state in the event a previous
reported electrical measurement value was discarded from
being outputted to delay reporting the electrical measure-
ment value of the threaded nanopore state.

[0145] At 2608, an indication of whether the received
electrical measurement data corresponds to a change in state
of the nanopore is reported. For example, for the received
measurement sample data, a binary bit that indicates
whether the received measurement data indicates a threaded
nanopore state during a bright period of a cycle of a
reference AC voltage source signal is reported (e.g., pro-
vided to adaptive analyzer 2512). In this example, a value of
“1” is reported if the received electrical measurement data
corresponds to a nanopore threaded state and a value of “0”
is reported otherwise. In some embodiments, no data is
reported if the received electrical measurement data does not
correspond to a change in nanopore state. In some embodi-
ments, no data is reported during a dark period of a cycle of
a reference AC voltage source signal. In some embodiments,
the indication indicates whether the received electrical mea-
surement data corresponds to a change in state from a
threaded state to an open-channel state. In some embodi-
ments, the recipient of the indication combines together each
binary bit indication from each nanopore cell of a biochip to
generate a bit array (e.g., bitmap, bitset, bit string, bit vector,
etc.) representation of the nanopore states of the cells. In
some embodiments, the indication indicates whether a
received electrical measurement sample value will be
reported (e.g., indication corresponds to determination of
2606). For example, a received electrical measurement
sample value is only reported when it is detected that the
received electrical measurement sample value indicates a
threaded nanopore state during a bright period and a previ-
ous measurement value for this threaded nanopore state has
not been already reported (e.g., as indicated by the stored
report status indicator).

[0146] Ifat2606 it is determined that a previous electrical
measurement sample value has been previously reported, at
2610, the electrical measurement sample value of the
received electrical measurement data is not reported (e.g.,



US 2019/0025238 Al

not provided to adaptive analyzer 2512). If at 2606 it is
determined that a previous electrical measurement sample
value has not been previously reported, at 2612, the elec-
trical measurement sample value of the received electrical
measurement is reported (e.g., provided to adaptive analyzer
2512).

[0147] The process of FIG. 26 is repeated for each
received measurement sample. In some embodiments, the
process of FIG. 26 is only performed while a bilayer and a
nanopore are present in a cell of the biochip.

[0148] FIG. 27 is a diagram illustrating an example of
periodic electrical measurement samples received during a
cycle of a reference AC voltage source signal. Graph 2700
shows a graphical representation of a square wave AC
voltage source signal 2702 (e.g., signal of voltage source
2240 of FIG. 22). The shown cycle of signal 2702 includes
bright period 2704 (e.g., when polarity encourages a tag to
be threaded in a nanopore) and dark period 2706 (e.g., when
polarity encourages a tag to exit the nanopore). Electrical
measurement samples 2711-2722 each correspond to an
electrical measurement sample that is sequentially received
as each electrical measurement sample is detected at a
periodic interval (e.g., received in 2602). In some embodi-
ments, the electrical measurement samples correspond to
nanopore measurement voltage output of 1600 of FIG. 16,
1700 of FIG. 17, 1800 of FIG. 18A, 1801 of FIG. 18B, or
2200 of FIG. 22.

[0149] Measurement samples 2711-2713 correspond to an
open-channel nanopore state. When a tag becomes threaded
in the nanopore, the measurement value changes and is
shown as an elevated voltage in measurement samples
2714-2716. The detection of measurement samples 2714-
2716 as the threaded state of the nanopore may be of interest
when attempting to detect the type of tag threaded in the
nanopore. Because the measurement sample values while
the tag is threaded are similar (e.g., values of measurement
samples 2714-2716 are similar), only reporting of one of
these values may be necessary to detect the type of the tag.
For example, if the value of measurement sample 2714 is
reported, values of samples 2715 and 2716 do not need to be
reported. However, if measurement sample 2714 is deter-
mined to be not outputted to reduce the amount of data to be
outputted at a particular point in time, the values of samples
2715 or 2716 may be reported later without loss in the ability
to detect the tag threaded state and the type of tag threaded
in the nanopore during the current bright period. Because a
tag is repelled from the nanopore during the dark period
(e.g., while samples 2717-2722 are measured), measurement
samples of the dark period are often not of interest and may
not need to be reported.

[0150] In the example shown, traditionally by reporting
every raw electrical measurement sample value (e.g., 8-bit
value representing measurement value reported for each
sample), a large amount of output data bandwidth (e.g., 50
GB/s) would be required for a biochip (example output
2730). However, the amount of data to be outputted may be
drastically reduced by only reporting the electrical measure-
ment value when meaningful and necessary. Rather than
reporting the raw electrical measurement sample value for
each sample, a binary indication is provided for each mea-
surement sample (example output 2732). The binary indi-
cation indicates whether the measurement sample corre-
sponds to a nanopore state change (e.g., indicates whether
open-channel state or threaded state during a bright period).
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During the dark period, the binary indication may not need
to be provided. In addition to example output 2732, when
necessary, the actual measurement sample value is reported
(example output 2734). For example, the first time the
nanopore state change to a threaded state is detected, the
corresponding measurement sample value is reported to
allow identification of the tag that corresponds to the mea-
surement sample value. As compared to the traditional raw
reporting (example output 2730), the reporting of binary
indications (example output 2732) and selective measure-
ment value reporting (example output 2734) significantly
reduces the output data bandwidth requirement (e.g., reduc-
tion from 50 GB/s to 7.3 GB/s (i.e., combination of 3.1
GB/s+4.2 GB/s)).

[0151] FIG. 28 is a flowchart illustrating an embodiment
of a process for adaptively analyzing data to be outputted.
The process of FIG. 28 may be implemented on adaptive
analyzer 2512 of FIG. 25. In some embodiments, the process
of FIG. 28 is repeated for each set of data received to be
outputted.

[0152] At 2802, data to be outputted is received. The
received data may include data indicating whether a nano-
pore state changed is received for each nanopore cell of a
group of nanopore cells. For example, there exists a plurality
of nanopore cells on a biochip and for each nanopore cell
and for each instance when electrical measurement samples
of'the nanopore cells are taken, a one bit identifier indicating
the nanopore state of the nanopore cell is received. In some
embodiments, rather than utilizing the one bit identifier, a
multiple bit identifier indicating the nanopore state of the
nanopore cell is received. In some embodiments, at a
periodic interval, electrical measurement samples of all
nanopores are all obtained together as a group and the
plurality of one bit identifiers corresponding to each group
of electrical measurements are concatenated together to
form a bit array (e.g., bitmap, bitset, bit string, bit vector,
etc.) indicating the states of the nanopore cells. Each ele-
ment position of the bit array may correspond to the same
nanopore cell for each subsequent bitmap that is generated
for the corresponding subsequent sets of measurement
samples. In some embodiments, the received data includes
the data reported at 2608 and/or 2612 of FIG. 26. For
example, data reported using the process of FIG. 26 is
provided by local event detector 2506 of FIG. 25 for each
nanopore cell of a biochip.

[0153] In some embodiments, the received data includes
an electrical measurement sample value corresponding to a
detected change in the state of a nanopore. For example, in
the event a threaded state has been detected for a nanopore
and its corresponding electrical measurement value has not
been already reported (e.g., as indicated by a state report
indicator stored in state memory 2508 of FIG. 25), the
received data includes the corresponding electrical measure-
ment sample value that can be utilized to determine the type
of tag inserted in the nanopore. In some embodiments, the
one bit identifier corresponding to a nanopore indicates
whether a corresponding electrical measurement sample
value of the nanopore will be included in the received data.
In some embodiments, the received data includes the mea-
surement sample value reported in 2612 of FIG. 26.
[0154] At 2804, it is determined whether the size of the
received data should be reduced. For example, the output
data rate of a biochip is limited and it is determined whether
the amount of additional data to be outputted by the biochip
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should be reduced because a data budget has been exceeded.
One example of reducing the size of the received data
includes compressing the data. However, by not compress-
ing the data when not needed, the amount of computing
resources required to compress and decompress data may be
saved. In some embodiments, determining whether the size
of'the received data should be reduced includes determining
the amount of data remaining in a buffer to be outputted. For
example, buffer 2514 of FIG. 25 stores data awaiting to be
outputted by a biochip and as output bandwidth is available,
data from the buffer is outputted from the biochip and
removed from the buffer. In some embodiments, determin-
ing whether the size of the received data should be reduced
includes determining whether the amount of data remaining
in the output buffer has reached a threshold level/amount. In
the event the threshold level has been reached, it is deter-
mined that the size of the received data to be outputted
should be reduced and otherwise it is determined that the
size of the received data does not need to be reduced. In
some embodiments, determining whether the size of the
received data should be reduced includes determining
whether adding the received data to the output buffer would
result in increasing the amount of data in the buffer beyond
a threshold level/amount. In some embodiments, determin-
ing whether the size of the received data should be reduced
includes determining whether the size of the received data is
beyond a threshold and in the event the size is beyond the
threshold, the received data is to be reduced. In some
embodiments, determining whether the size of the received
data should be reduced includes determining whether the
received data should be compressed.

[0155] If at 2804 it is determined that the received data is
to be reduced, at 2806, the received data is analyzed to
determine a compression technique for the received data.
For example, a compression technique is selected among a
plurality of techniques based on a profile and/or contents of
the received data. In some embodiments, the compression
technique is non-lossy. For example, at least a portion of the
received data is not required to be modified or lost when
compressing the received data. In some embodiments, step
2804 is not performed. For example, step 2806 is always
performed when the process of FIG. 28 is performed.

[0156] At 2808, it is determined whether a compressed
data size of the received data would exceed a data budget.
For example, a size of the received data that would result
after applying the selected compression technique is deter-
mined. Determining whether the data budget would be
exceeded may include determining whether adding com-
pressed received data to an output buffer would result in
increasing the amount of data in the buffer beyond a thresh-
old level/amount. For example, in the event adding the
compressed data would result in overfilling the buffer, it is
determined that the data budget would be exceeded. In some
embodiments, determining whether the data budget would
be exceeded includes determining whether the size of the
compressed received data is larger than a threshold. For
example, the size of the compressed received data is com-
pared to a maximum data size or amount of capacity
remaining in an output buffer.

[0157] Ifat 2808, itis determined that the compressed data
size would exceed the data budget, at 2810, the received data
is modified. In some embodiments, modifying the received
data includes filtering the received data. In some embodi-
ments, modifying the received data includes moditying
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contents of the compressed data to delay reporting of an
electrical measurement sample value corresponding to a
threaded state of a nanopore. For example, in the event an
electrical measurement sample value of a threaded nanopore
state is able to be reported for any of a plurality of electrical
measurement samples obtained during the threaded state of
a nanopore, an electrical measurement sample value of one
of the electrical measurement samples may be dropped and
not reported because an electrical measurement sample
value of a subsequent electrical measurement sample may be
reported instead. In some embodiments, modifying the
received data includes removing an electrical measurement
sample value from the received data and indicating a sub-
sequent electrical measurement sample value corresponding
to a threaded nanopore state should be reported for output.
For example, a status report identifier (e.g., status report
identifier stored in state memory 2508) that identifies
whether an electrical measurement sample value of a
threaded state of a nanopore has been already reported for a
current bright period of a current reference AC voltage
source signal cycle is reset to enable reporting of a subse-
quent measurement sample value indicating the threaded
state.

[0158] Insome embodiments, modifying the received data
includes selecting a lossy compression technique to be
utilized. For example, in the event the data budget has
been/will be exceeded yet a measurement sample value is
unable to be removed/delayed from being outputted, the
received data is to be compressed using a lossy compression
technique to further reduce its size. In some embodiments,
a portion of the received data is dropped (e.g., to introduce
random noise, to reduce data precision, etc.). For example,
in the event other modification technique(s) are unable to
reduce the data to not exceed the data budget, a random
portion of the received data is selected to be not outputted.
In some embodiments, the determination in 2808 is optional.
For example, step 2810 is always performed when the
process of FIG. 28 is performed.

[0159] At 2812, the received data, whether modified (e.g.,
at 2810) or not modified (e.g., determined to not exceed data
budget in 2808), is compressed. For example, the data is
compressed using the selected compression technique (e.g.,
non-lossy or lossy).

[0160] At 2814, the resulting received data, whether com-
pressed (e.g., at 2812) or not compressed (e.g., determined
not to be reduced in 2804), is placed in an output buffer to
be outputted. For example, data is inserted in buffer 2514 of
FIG. 25 for output from a biochip. In an alternative embodi-
ment, the resulting received data, whether uncompressed or
compressed, is outputted from a biochip without being
placed in an output buffer.

[0161] FIG. 29 is a flowchart illustrating an embodiment
of a process for determining a compression technique. The
process of FIG. 29 may be implemented on adaptive ana-
lyzer 2512 of FIG. 25. In some embodiments, the process of
FIG. 29 is included in 2806 of FIG. 28.

[0162] At 2902, entropy of a received data is determined.
For example, data received in 2802 of FIG. 28 is analyzed
to determine a best data compression technique among
eligible techniques for the received data. In some embodi-
ments, determining the entropy includes determining a
Shannon entropy of the received data to be compressed.
Determining the entropy may include determining the ran-
domness of the data included in the received data. The
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entropy may indicate the compressibility of the received
data and/or the type of compression technique best suited to
compress the received data (e.g., technique that will most
reduce the size of the data). The entropy may indicate the
expected compressibility of the received data using a loss-
less compression technique. In some embodiments, the
determining the entropy includes determining a statistical
measure of lengths of same consecutive binary values (e.g.,
average length of consecutive zeros) in the received data.
[0163] At2904, a compression technique is selected based
at least in part on the entropy. The best type of compression
technique to be utilized to compress the received data may
depend on a profile and/or content of the data. For example,
data with low entropy may be best compressed using a
run-length encoding compression technique while data with
high entropy may be best compressed using Lempel-Ziv-
based compression techniques (e.g., using symbol diction-
ary). In some embodiments, the compression technique is
selected among a plurality of possible compression tech-
niques to most minimize the size of the compressed data.
Examples of the compression technique may include any
compression algorithms or data encoding/coding tech-
niques.

[0164] At 2906, a parameter of the selected compression
technique is determined based on the received data, if
applicable. For example, the parameter of the compression
technique is determined based on the determined entropy
and/or contents of the received data. In some embodiments,
one or more symbols to be included in a compression
dictionary are selected based on analysis of content included
the received data.

[0165] At 2908, the selected compression technique and
its determined parameter (if applicable) are indicated. For
example, the selected compression technique is indicated for
use to compress the received data.

[0166] FIG. 30 is a flowchart illustrating an embodiment
of'a process for modifying/filtering data to be outputted. The
process of FIG. 30 may be implemented on adaptive ana-
lyzer 2512 of FIG. 25. In some embodiments, the process of
FIG. 30 is included in 2810 of FIG. 28. For example, the
process of FIG. 30 is executed to modity data to be outputted
to reduce its size in the event a data budget would be
exceeded.

[0167] At 3002, it is determined whether a received data
includes an electrical measurement sample value that cor-
responds to a threaded state of a nanopore.

[0168] If at 3002 it is determined that the received data
includes an electrical measurement sample value that cor-
responds to the threaded state of the nanopore, at 3004 it is
determined whether the electrical measurement sample
value corresponds to the last measurement sample of a
bright period of a reference AC voltage source signal cycle.
For example, it is determined whether reporting of a mea-
surement sample value is able to be delayed until a next
measurement sample of the nanopore because a threaded
state of the nanopore will be detected/measured again.
[0169] If at 3004 it is determined that the electrical mea-
surement sample value does not correspond to the last
measurement sample, at 3006, the received data is filtered/
modified to not report the electrical measurement sample
value. For example, an indicator (e.g., one bit indicator) of
the state of the nanopore included in the received data is
modified to not indicate a state change and/or a threaded
state, and/or the electrical measurement value is removed
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from the received data. In some embodiments, the modified
received data is the version of data to be outputted from a
biochip rather than outputting the original received data.
[0170] At 3008, a status report indicator (e.g., indicating
whether a measurement sample value of the threaded state
has been already reported for the current bright period of the
current AC voltage source cycle) is changed to indicate that
the measurement sample value has not been reported. This
may allow a next measurement sample of the nanopore to
trigger reporting of its electrical measurement value. In
some embodiments, a status report indicator stored in state
memory 2508 of FIG. 25 is modified.

[0171] If at 3002 it is determined that the received data
does not include an electrical measurement sample value
that corresponds to the threaded state of the nanopore or if
at 3004 it is determined that the electrical measurement
sample value does correspond to the last measurement
sample, at 3010, it is determined to not filter/modify the
received data. For example, at 2810 of FIG. 28, the received
data is not modified if it is unable to be modified to delay
reporting of an electrical measurement sample value corre-
sponding to a threaded nanopore state.

[0172] FIG. 31 is a flowchart illustrating an embodiment
of a process for handling a threaded nanopore multi-state
detection. The process of FIG. 31 may be implemented on
adaptive analyzer 2512 of FIG. 25. In some embodiments,
the process of FIG. 31 is performed after 2802 of FIG. 28.
For example, the received data is processed to determine
whether an earlier detected threaded state of a nanopore can
be statistically deemed not representative and not reported.
For example, under certain sampling conditions multiple
changes of a threaded state within one bright period can be
statistically deemed not representative. This may further
reduce the amount of data to be outputted by a biochip. For
example, rather than outputting data indicating a threaded
state and then later outputting data that indicates cancella-
tion of the threaded state detection, the nanopore state
changes back and forth are not reported.

[0173] At 3102 is it detected that a received data indicates
that a state of a nanopore has changed from a threaded state
to an open-channel state prior to an end of a bright period.
Once a tag is inserted in the nanopore during a bright period
of'the AC voltage cycle, the tag is expected to stay inside the
nanopore until the end of the bright period and the beginning
of the dark period of the AC voltage cycle under certain
sampling conditions (e.g., when the electrical modulation
bright/dark AC signal is fast compared to the speed of the
biological events). In the event the reported state of the
nanopore changes from open-channel to a threaded state and
then back to the open-channel state during a single bright
period prior to the end of the bright period of a cycle of an
AC voltage source signal for certain sampling conditions,
the earlier detected state change to the threaded state is
determined to be statistically insignificant (e.g., earlier
detection of the threaded state may be due to noise).
[0174] At 3104, an earlier received data that indicated the
threaded state of the nanopore is modified to no longer
indicate the threaded state. For example, an indication
included in the received data is modified and/or a corre-
sponding measurement value included in the earlier received
data is dropped/removed. This may reduce the amount of the
data to be outputted from the biochip. The earlier received
data may be in the process of being analyzed using the
process of FIG. 28, awaiting to be placed in an output buffer
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(e.g., awaiting end of bright period in the case of threaded
state detection error) or included in the output buffer (e.g.,
in buffer 2514 of FIG. 25).

[0175] At 3106, data indicating a nanopore state change
from the threaded state to the open-channel state is not
outputted, if applicable. For example, because the earlier
received data indicating the threaded state has been modified
to not report the threaded state, the data indicating the
change back to the open-channel state does not have to be
outputted. For example, a state change indicator reporting
the change from the threaded state to the open-channel state
is modified in the received data to indicate that a state
change has not been detected (e.g., indicate open-channel
state has been maintained).

[0176] Although the foregoing embodiments have been
described in some detail for purposes of clarity of under-
standing, the invention is not limited to the details provided.
There are many alternative ways of implementing the inven-
tion. The disclosed embodiments are illustrative and not
restrictive.

What is claimed is:

1. A nanopore measurement circuit, comprising:

a first analog memory configured to store a first electrical
value corresponding to a first measurement sample of a
nanopore;

a second analog memory configured to store a second
electrical value corresponding to a second measure-
ment sample of the nanopore; and

a measurement circuitry configured to provide an output
indicating a difference between the first electrical value
of the first analog memory and the second electrical
value of the second analog memory.

2. The circuit of claim 1, wherein the first electrical value

is a first voltage value and the second electrical value is a
second voltage value.

3. The circuit of claim 1, further comprising a switch
network of one or more switches that selectively connects at
least one of the first analog and the second analog memory.

4. The circuit of claim 1, further comprising a selective
output circuitry that selectively connects the first analog
memory and the second analog memory to the measurement
circuitry.

5. The circuit of claim 4, wherein the selective output
circuitry includes a switch that selectively connects the first
analog memory.

6. The circuit of claim 4, wherein the selective output
circuitry selectively outputs a voltage of the first analog
memory.

7. The circuit of claim 1, further comprising an analog-
to-digital converter electrically connected to the measure-
ment circuitry.

8. The circuit of claim 1, wherein the measurement
circuitry includes an analog-to-digital converter.

9. The circuit of claim 8, wherein the analog-to-digital
converter subtracts an electrical value of the second analog
memory from an electrical value of the first analog memory.

Jan. 24, 2019

10. The circuit of claim 1, wherein the measurement
circuitry includes a comparator.

11. The circuit of claim 1, wherein the measurement
circuitry outputs a first digital value of the difference
between the first analog memory and the second analog
memory, a second digital value of an absolute electrical
value of the first analog memory, and a third digital value of
an absolute electrical value of the second analog memory.

12. The circuit of claim 1, wherein the difference between
the first electrical value of the first analog memory and the
second electrical value indicates a change in polarity of an
alternating circuit voltage source.

13. The circuit of claim 1, wherein the first analog
memory includes a capacitor.

14. The circuit of claim 1, further comprising a nanopore
electrode.

15. The circuit of claim 14, further comprising a second
nanopore electrode connected to an alternating current volt-
age source.

16. The circuit of claim 1, wherein the second measure-
ment sample is a next consecutive after the first measure-
ment sample.

17. The circuit of claim 1, wherein the second measure-
ment sample is a not a next consecutive after the first
measurement sample.

18. The circuit of claim 1, further comprising a processing
component configured to receive the difference between the
first electrical value of the first analog memory and the
second electrical value.

19. A method, comprising:

storing in a first analog memory, a first electrical value
corresponding to a first measurement sample of a
nanopore;

storing in a second analog memory, a second electrical
value corresponding to a second measurement sample
of the nanopore; and

using a measurement circuitry to provide an output indi-
cating a difference between the first electrical value of
the first analog memory and the second electrical value
of the second analog memory.

20. A nanopore measurement circuit, comprising:

a first memory circuitry including a first capacitor and one
or more other analog electrical components and con-
figured to sample and store a first electrical value
corresponding to a first measurement sample of a
nanopore;

a second memory circuitry including a second capacitor
and one or more other analog electrical components
and configured to sample and store a second electrical
value corresponding to a second measurement sample
of the nanopore; and

a measurement circuitry configured to provide an output
indicating a difference between the first electrical value
of the first memory circuitry and the second electrical
value of the second memory circuitry.
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