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(57) ABSTRACT

Electrochemical sensing of biomolecules eliminates the need
for bulky optical instruments required 1n traditional fluores-
cence-based sensing assays. Integration of the sensor inter-
face electrodes and active electrochemical detection circuitry
on CMOS substrates miniaturizes the sensing platiorm,
enhancing portability for point-of-care applications, while
cnabling high-throughput, highly-parallel analysis. One
embodiment includes a four-by-four active sensor array for
multiplexed electrochemical biomolecular detection 1n a
standard 0.25-um CMOS process. Integrated potentiostats,
including control amplifiers and dual-slope ADCs, stimulate
the electrochemical cell and detect the current flowing
through on-chip gold electrodes at each sensor site resulting
from biomolecular reactions occurring on the chip surface.
Post-processing techniques for fabricating biologically-com-
patible surface-electrode arrays in CMOS that can withstand
operation 1n harsh electrochemical environments are
described. Demonstrations showing example operation of the
acttve CMOS array for biomolecular detection include cyclic
voltammetry of a reversible redox species, DNA probe den-
sity characterization, and quantitative and specific DNA
hybridization detection 1n real time.
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ACTIVE CMOS SENSOR ARRAY FOR
ELECTROCHEMICAL BIOMOLECULAR
DETECTION

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a Continuation of International
Patent Application Serial No. PCT/US2008/087°773, filed on
Dec. 18, 2008, which claims prionty to U.S. Provisional
Patent Application Ser. No. 61/016,336, filed on Dec. 21,
2007. The entireties of the disclosures of the foregoing appli-
cations are explicitly incorporated by reference herein.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0002] This mnvention was made with government support
under Grant R33HG003089 awarded by the National Human
Genome Research Institute of the National Institutes of
Health and the Focus Center Research Program under the
Center for Circuit and System Solutions of the Semiconduc-
tor Research Corporation. The government has certain rights
in the mvention.

BACKGROUND

[0003] Quantitative and specific detection of biomolecules
such as DNA and proteins have a wide variety of applications,
for example, 1n biomedical diagnostics and environmental
monitoring. DNA sensing has broad application, for example,
in genotyping, gene-expression studies, mutation detection,
pharmacogenomics, forensics, and related fields 1 which
genetic contents provide nsight mto biological function or
identity. Multiplexed DNA analysis can be performed 1n a
laboratory environment using a “microarray’’, a passive sub-
strate (such as a glass slide) on which thousands of single-
stranded DNA (ssDNA) “probe” molecules arranged 1n a
regular pattern bind to (or “hybridize” with) fluorophore-
labeled “target” molecules 1in an analyte solution. Probes can
be synthesized externally and then immobilized on the
microarray through mechanical contact spotting or non-con-
tact ink-jet printing, or can be constructed 1n situ using pho-
tolithographic techniques and solid-phase chemical synthe-
s1s. Hybridization occurs, for example, when the probe and
target sequences are complementary to one another. Microar-
ray scanners, employing laser sources that excite the fluoro-
phores and photomultiplier tubes or CCD cameras that detect
the emitted light, can measure surface-bound target densities
down to 10° cm™=. Relative expression levels of bound targets
at different array sites can then be quantified from the result-
ing 1mage. However, fluorescent techniques typically require
labeled targets and bulky instrumentation, making them 1ll-
suited for point-of-care applications.

[0004] Electrochemical sensing approaches to DNA detec-
tion rely on detecting changes occurring with hybridization at
the interface between a metal “working” electrode (“WE”),
functionalized with probe molecules, and a conductive target
analyte solution. One example feedback circuit known as a
“potentiostat” can be used to apply a desired potential across
the WE 1nterface and measure the resulting current. If the
target molecules are conjugated, for example, with “redox™
labels (e.g., chemical species which gain electrons (undergo
reduction) or lose electrons (undergo oxidation) due to an
applied potential), probe-target binding can be detected, for
example, by measuring changes 1n the direct (Faradaic) cur-
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rent tlowing across the interface. Alternatively, label-free
sensing can be performed, for example, by measuring
changes 1n displacement (non-Faradaic) current at the inter-
face that occur due to surface-charge fluctuations.

[0005] Microarray applications based on electrochemical
sensing often require parallel detection of hundreds to thou-
sands of sensing sites. This requires active multiplexing that
can be achieved through integration of the WEs onto an active
complementary metal-oxide-semiconductor (“CMOS™) sub-
strate containing the sensor electronics.

[0006] FIGS. 24a-c depict several sensor chip architec-
tures. FIG. 24a depicts a sensor chip interfaced with one
off-chip working electrode. FIG. 245 depicts an array of
on-chip sensing elements connected individually to off-chip
working electrodes. FIG. 24¢ depicts the integration of arrays
of sensing elements with on-chip working electrodes, where
all electrochemical reactions are carried out on the sensor
chip surface.

[0007] A need exists for a technique which supports gen-
eralized potentiostat functionality and real-time monitoring
of hybridization with the ability to directly measure surface
target coverages.

SUMMARY

[0008] Devices and techmiques for electrochemical biomo-
lecular detection using an active CMOS sensor array are
described.

[0009] The present subject matter includes devices and
techniques for quantitative, real-time detection of DNA
hybridization using active CMOS-integrated electrochemical
microarrays. In some embodiments, the disclosed subject
matter includes an array of generalized high-performance
teedback control devices. The array can include one or more
working electrodes, local controllers, signal converters,
counter electrodes, and control amplifiers. The array can also
include one or more reference electrodes, be controlled by a
global controller and further connected to a clock generator
and a digital counter.

[0010] Techniques for forming an array ol generalized
high-performance feedback control devices are also pre-
sented. In some embodiments, a technique includes integrat-
ing one or more working electrodes, local controllers, signal
converters, counter electrodes, and control amplifiers. The
formed arrays can be cleaned and packaged with protective
packaging.

[0011] Techniques for operating an array ol generalized
high-performance {feedback control devices are also
described. An electrochemical measurement technique, for
example a cyclic voltammetry technique, can be employed,
and can include stimulating an electrochemical cell formed
from a substance occurring on the surface of the array, and
measuring the reactions, or stimulating and measuring elec-
trochemical reactions of a biological substance on the surface
of the array. The array can be implemented 1n a CMOS pro-
Cess.

[0012] Thepresently disclosed subject matter also provides
devices for electrochemical sensing of biomolecules, includ-
ing an integrated circuit. The devices can include one or more
working electrodes on the integrated circuit, the one or more
working electrodes configured to recerve one or more biomo-
lecular probes, a desired potential maintained through one or
more reference electrodes, the one or more working elec-
trodes configured to form a portion of one or more corre-
sponding potentiostats, and a digitizing circuit on the inte-
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grated circuit configured to measure a signal 1indicative of a
biomolecule sensing operation 1n real time. In some embodi-
ments, the itegrated circuit can include a complementary
metal-oxide-semiconductor (CMOS) chip having a top metal
layer operably connected to one or more vias for routing
clectrical signals. In some embodiments, the chip can be
tabricated 1n a 2.5-V, 5-metal, 0.25-um CMOS process. The
one or more working electrodes can include square, gold
clectrodes. The one or more working electrodes can be
adhered to the top metal layer with an adhesion layer. The
adhesion layer can include titanium. The digitizing circuit can
include a dual-slope analog-to-digital converter circuit. The
one or more working electrodes can be 1n contact with an
clectrolyte solution, and the electrolyte solution can 1nclude
one or more target molecules.

[0013] Other embodiments can include techniques for elec-
trochemical sensing of biomolecules including providing one
or more working electrodes on an integrated circuit, a desired
potential maintained through one or more reference elec-
trodes, the one or more working electrodes configured to bind
one or more biomolecular probes, the one or more working
clectrodes configured to form a portion of one or more cor-
responding potentiostats, and providing a digitizing circuit on
the integrated circuit configured to recerve a signal resulting,
from an electrochemical measurement operation to measure
one or more aspects of a biomolecular reaction 1n real time.
The techniques can further include binding one or more bio-
molecular probes at the one or more working electrodes. The
clectrochemical measurement operation can include cyclic
voltammetry, linear-sweep voltammetry, square-wave volta-
mmetry, ac voltammetry, ac impedance, or electrochemical
impedance spectroscopy techniques. The techniques can fur-
ther include analyzing the biomolecular reaction to quantify
surface target coverages. The biomolecular reaction can be
indicative of quantitative and specific detection of biomol-
ecules. The biomolecular reaction can be indicative of DNA
sensing.

[0014] Further embodiments include techniques for manu-
facturing a CMOS-based array for electrochemically measur-
ing a biomolecular reaction. The techniques can include
defining one or more openings 1n a passivation layer of a
CMOS chip to expose a top metal layer, depositing an adhe-
s1on layer at one of the openings, the adhesion layer in elec-
trical communication with the top metal layer, depositing a
metal layer on the adhesion layer to form a working electrode
at least one of the openings, the working electrode 1n electri-
cal communication with the adhesion layer, the working elec-
trode configured to bind one or more biomolecular probes, the
working electrode configured to form a portion of a poten-
tiostat, and electrically connecting an on-chip digitizing cir-
cuit to the working electrode, the digitizing circuit configured
to measure an electrical signal resulting from the biomolecu-
lar reaction. Delfining the one or more opemings can 1nclude
using a wet etch process to selectively remove the top metal
layer. The deposition of the adhesion layer can include an
clectron-beam deposition procedure. The techniques can fur-
ther include encapsulating bond wires in a chemically resis-
tant epoxy to shield the wires from exposure to an electrolyte.
A layer of polydimethylsiloxane can be included between the
chip and a top plate, the polydimethylsiloxane layer prevent-
ing leakage of the electrolyte. Further techniques can include
forming a reservoir above the chip to hold the electrolyte.

[0015] Some embodiments include techniques for electro-
chemical sensing of biomolecules including means for bind-
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ing one or more biomolecular probes at one or more working
clectrodes of an integrated circuit, the integrated circuit
including one or more working electrodes, a desired potential
maintained through one or more reference electrodes, and a
digitizing circuit on the integrated circuit configured to mea-
sure a signal indicative of a biomolecule sensing operation 1n
real time, the one or more working electrodes configured to
form a portion of one or more corresponding potentiostats,
and means for performing an electrochemical measurement
operation to measure one or more aspects of a biomolecular
reaction 1n real time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 shows a potentiostat according to one
embodiment of the disclosed subject matter.

[0017] FIG. 2 shows a potentiostat according to one
embodiment of the disclosed subject matter.

[0018] FIG. 3 depicts an 1llustration 1n accordance with an
exemplary embodiment of the disclosed subject matter.
[0019] FIG. 4 depicts an architecture of the CMOS sensor
array according to an exemplary embodiment of the disclosed
subject matter.

[0020] FIG. 5 depicts a die photograph according to the
embodiment of FIG. 4.

[0021] FIG. 6 depicts a circuit model according to another

embodiment of the disclosed subject matter.
[0022] FIG. 7adepicts the architecture of a dual-slope ADC

according to an exemplary embodiment of the disclosed sub-
ject matter.

[0023] FIG. 7b depicts input and output voltage signals
according to an exemplary embodiment of the disclosed sub-
ject matter.

[0024] FIG. 8a depicts a cross section of CMOS die belore
post-processing according to an exemplary embodiment of
the disclosed subject matter.

[0025] FIG. 85 depicts aresult of awet etch process accord-
ing to an exemplary embodiment of the disclosed subject
matter.

[0026] FIG. 8¢ depicts an electrode according to an exem-
plary embodiment of the disclosed subject matter.

[0027] FIG. 9 depicts an output noise spectrum according
to an exemplary embodiment of the disclosed subject matter.
[0028] FIGS. 10a and 105 depict test results for an ADC
according to an exemplary embodiment of the disclosed sub-
ject matter.

[0029] FIGS. 11a and 115 depict measured cell currents
from an electrochemical redox reaction according to some
embodiments of the disclosed subject matter.

[0030] FIG. 12 depicts measured results according to an
exemplary embodiment of the disclosed subject matter.
[0031] FIG. 13 depicts results according to another
embodiment of the disclosed subject matter.

[0032] FIGS. 144 and 145 depict results according to fur-
ther embodiments of the disclosed subject matter.

[0033] FIG. 15 depicts results according to an exemplary
embodiment of the disclosed subject matter.

[0034] FIG. 16 depicts components according to an exem-
plary embodiment of the disclosed subject matter.

[0035] FIG. 17 depicts output according to an exemplary
embodiment of the disclosed subject matter.

[0036] FIG. 18 depicts results according to an exemplary
embodiment of the disclosed subject matter.

[0037] FIG. 19 depicts results according to another
embodiment of the disclosed subject matter.
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[0038] FIG. 20 depicts results according to yet another
embodiment of the disclosed subject matter.

[0039] FIG. 21 depicts a procedure according to an exem-
plary embodiment of the disclosed subject matter.

[0040] FIG. 22 depicts results according to an exemplary
embodiment of the disclosed subject matter.

[0041] FIG. 23 depicts results according to another
embodiment of the disclosed subject matter.

[0042] FIG. 24 depicts various CMOS sensor implementa-
tions.

DETAILED DESCRIPTION
[0043] Active CMOS electrochemical sensor arrays for

biomolecular detection can eliminate the need for the bulky
and expensive optical equipment used 1n fluorescence-based
microarrays. Such a reduction 1n size and complexity paves
the way for the use of electrochemical microarrays in point-
of-care applications. In some example embodiments, the
design of a four-by-four array implemented 1n a standard
0.25-um CMOS process augmented by post-processing to
fabricate integrated electrochemically-compatible and bio-
logically-compatible electrodes 1s employed. Integrated
potentiostat electronics and ADCs stimulate and measure
clectrochemical reactions occurring at the chip surface.
Results from demonstrations of cyclic voltammetry measure-
ments of redox species, characterization of DNA probe cov-
erages, and quantitative and specific detection of DNA probe-

target hybridization illustrate some  bio-diagnostic
capabilities of the chip.
[0044] In one embodiment, a potentiostat 1s, for example, a

teedback control device used to apply a desired potential to an
clectrochemical cell and simultaneously measure the move-
ment of charge through the cell that accompanies electro-
chemical reactions occurring at an electrode-electrolyte inter-
face. One example potentiostat 200 used mm a typical
clectrochemical setup, shown conceptually in FIG. 1,
includes three electrodes immersed 1n an electrolyte: a WE
202 at which the reaction of interest occurs and to which
biomolecular probes can be attached, a “reference” electrode
(RE) 204 to hold the electrolyte at a known potential, and a

“counter” electrode (CE) 206. The voltage V between WE
202 and CE 206 1s adjusted to establish a desired cell input
voltage V. between the WE 202 and RE 204. Direct current
(I) can flow through the external circuit as measured by the
ammeter (A) 210 as soluble redox species 1n the electrolyte,
for example, donate electrons to the WE 202 and accept
clectrons from the CE 206 (through a “Faradaic” process).
Conversely, a charging (displacement) current can flow as
ions segregate to the WE 202 and CE 206 to form space-
charge regions (through a “non-Faradaic” process). The high-
impedance voltmeter 208 attached to the RE 204 ensures that
very low current flows through this interface, helping to main-
tain 1t at equilibrium.

[0045] The exemplary potentiostat circuitry in FIG. 1 can
be implemented 1n one embodiment using standard electronic
components as shown in FI1G. 2. The control amplifier imple-
mented as an operational amplifier (op amp) or operational
transconductance amplifier (OTA) 250 on the right estab-
lishes the control loop while the integrator 252 on the left
converts the current flowing through the WE 2354 to a voltage
tor digitization and readout. The high input impedance of the
control amplifier 250 ensures that a very small current flows
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through the RE 258. This circuit can be implemented 1n a
CMOS process and forms the basis of the exemplary inte-
grated sensor array 260.

[0046] Diilerent sensing modalities are determined by the
nature of the mput voltage applied to the potentiostat.
Examples include linear-sweep voltammetry, cyclic voltam-
metry, square-wave voltammetry, anodic stripping voltam-
metry, chronoamperometry, chronocoulometry, and electro-
chemical impedance spectroscopy. In some embodiments,
cyclic voltammetry (CV), a low-speed, large-signal tech-
nique, 1s used to detect redox species, determine surface DNA
probe concentration, and measure DNA probe-target hybrid-
1ization 1s used. In CV, V_ . (e.g., expressed relative to a stan-
dard RE potential. denoted here as V) 1s set to the nitial
voltage V., ramped up to the vertex potential V, at the scan
rate v, and then ramped down at the same rate until the final
voltage V -(usually equal to V,) 1s reached, as shown in F1G. 3
(measurement of an electrochemical cell containing a redox
species 1n solution using CV), while the current tlowing
through the WE 1, 1s measured simultaneously. When
detecting redox species present in solution, 1, as a function
of time would appear as shown 1n the figure. In some embodi-
ments, 1, 1s viewed as a function ot V_ so that the potentials
at which reduction or oxidation occur (indicated by the for-
ward and reverse current peaks, respectively) can be easily
discerned. These potentials, as well as the value of1,,,,. at each
peak, indicate the degree of reversibility of the electrochemai-
cal reaction as well as the amount of chemical product gen-
erated or reactant consumed.

[0047] Inother embodiments, “electrochemical impedance
spectroscopy” (EIS) or single frequency “ac impedance” 1s
used, 1n which the impedance of the electrode-electrolyte
interface 1s determined by applying a small ac voltage signal
to the cell and measuring the displacement current produced
as shown 1n FIG. 15. If a range of input frequencies 1s used, a
Nyquist plot of the impedance can be made. Fitting this data
to a circuit model of the mterface (as shown 1n the figure)
provides information about the “double-layer” capacitance
C , 1n this region. This capacitance 1s known to change as a

N B

function of surface charge at the WE.

[0048] In some embodiments, an active CMOS sensor
array 1s employed for DNA sensing. One embodiment of an
architecture of the active CMOS sensor array 1s shown 1n FIG.
4 and the accompanying die photograph 1s shown 1n FIG. 5.
The chip can be fabricated 1n any conventional process,
including but not limited to a 2.5-V, 5-metal, 0.25-um CMOS
process, measuring 5 mm-by-3 mm. Alternatively, a bipolar,
BiCMOS, or SOI process can be used. Each array site 402
includes a square Au WE 404 and a dual-slope ADC 406 with
digital control circuitry to digitize the current flowing through
the electrode. The WEs in the top row have a side length of
100 um with subsequent rows having lengths of 90, 80, and 70
um. Such a variation permits demonstration of the effect of
clectrode area on the cell current for different redox and
biomolecular reactions. It should be noted that any appropri-
ate row lengths can be used, including equal row lengths.
Each row of four WEs shares a 15-um-by-2500-um CE 408

driven by a control amplifier 410.

[0049] One embodiment includes the small-signal circuit
model of the electrode-electrolyte interfaces in an electro-
chemical cell 600, shown 1in FIG. 6. In this example, resistors
R ,,and R _, represent the solution resistance between the WE

Ay

602 and RE 604, and CE 606 and RE 604, respectively. Based
on impedance measurements ol the electrochemical cell
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using a commercial potentiostat (e.g., a CHI 700C-series,
available from CH Instruments, Austin, Tex.,) with a 125-um-

diameter Au WE (e.g., available from ESA Biosciences,
Chelmstord, Mass., USA), platinum-wire (Pt-wire) CE (e.g.,
available from Sigma-Aldrich, St. Louis, Mo., USA), and a
standard silver/silver-chloride/3-M sodium-chloride (Ag/
AgCl/3-M NaCl) RE (e.g., available from Bioanalytical Sys-
tems. West Lafayette, IN, USA), R, ranges from approxi-
mately 273562 in 1-M potassium phosphate buifer (PPB, pH
7.4)to 10k€2 1n 10-mM PPB. Capacitors Cy;, and C . model
the mtertacial “double-layer” capacitance at the WE and CE,
respectively. The measured value of C,;.. 1s on the order ot 1

to 100 uF cm™2, depending on the electrolyte composition and
modification of the WE surface. Resistors R, and R ., model

ctl ct2
the charge-transier resistance at each surface, with the former
having a typical measured value between 100 k€2 and 1 ME2.
The use of a three-electrode potentiostat configuration makes
the measurement of the WE interface independent of the RE
and CE impedances. However, knowledge of the R _,, R_,
and C . values 1s used to test amplifier stability when design-

ing the active sensor array.

[0050] The potentiostat circuits can provide good noise
performance and stability across a wide range of operating
conditions. The control amplifier (410 of FIG. 4) can be
implemented with a two-stage, single-ended-output op amp
having a dc gain of 87 dB. In one embodiment, when CV 1s
carried out using low-Ifrequency nput signals, the amplifier
can include input CMOS devices having a width and length of
4 min and 1 um, respectively, to reduce the effect of flicker
(1/1) noise on the output. In addition, these large input-stage
transistors can improve matching.

[0051] Based on electrochemical measurements of redox
species and DNA probe-target hybridization implementa-
tions using a commercial potentiostat and a 125-um-diameter
WE, 1t 1s determined that the integrated ADCs of the current
embodiment can digitize currents in the 100-pA to 250-nA
range that flow bidirectionally through the WE. In addition,
since the maximum effective frequency of the mput voltage
stimulus used 1n the implementation 1s about 100 Hz, ADC
operation at sampling rates up to 10 kHz can be suilicient to
accurately reconstruct the cell current. In one embodiment, an
example dual-slope ADC architecture, shown in FIG. 7a, can
be used for this purpose because 1ts dynamic range and sam-
pling frequency can be adjusted. The ADC 700 includes of an
integrating amplifier 702 with a fixed on-chip 3-pF linear
capacitor 704, and track-and-latch comparator 706. NMOS
switches are accompanied by “dummy” transistors to absorb
injected charge during switching and digital counter with
control logic. FIG. 7b shows the control signals, clocks, and
integrator and comparator outputs for a typical ADC conver-
sion cycle. Atter the integrator 1s reset during t, _, current I,
1s integrated onto capacitor C, for a fixed time interval t,.
During this period, the comparator clock ¢ ., which operates
at a higher rate than the ADC sampling frequency 1, 1s gated
in order to reduce the effect of switching interference on the
integrator output. After t,, ¢, 1s enabled and the integrator
output voltage V., .1s measured by the comparator during the
periodt, Based onthe comparatoroutputV __, ., the capacitor
1s discharged using the appropriate constant current source
lq orl, . (for example, implemented using a PMOS and
NMOS current mirror, respectively, biased with off-chip
resistors) until V, . crosses the comparator threshold (set to
analog ground voltage V__, ;). signaling the end of the time
period t,. A counter, operated on ¢ ., digitizes the time inter-
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vals and sets the nominal ADC resolution. The value of 1,
can then be calculated from (t,/t, /1, » Auto-zeroing, in which
the mtegrator offset 1s sampled prior to digitizing the cell
current, can be performed by setting the ¢ __ signal appropri-
ately. This procedure implements oifset correction in addition
to mitigating the effect of 1/ noise on the output.

[0052] The integrator op amp 708 can have the same or
similar architecture as the control amplifier, with similar
input transistor sizes to reduce 1/ noise. To maintain closed-
loop stability, op amp 708 1s compensated with a 25-pF metal-
insulator-metal (MIM) capacitor C_ 1n series with a 150-£2
polysilicon resistor R . between the first and second stages. In
some embodiments, based on computational analyses of the
clectrochemical interface circuit model, 1n which the compo-
nent values are varied around their measured values, a mini-
mum phase margin of 45° 1s obtained. This technique also
takes 1nto account component process, voltage, and tempera-
ture (PVT) variation as well as the effect of the input imped-
ances ol other WEs and ADCs 1n the array during parallel
operation. In addition, extensive computational transient
analyses are carried out to ensure stability when large-signal

iputs are applied to the electrochemical cell, as required 1n
CV.

[0053] In some embodiments, the total bias current
required by the itegrator op amp 708 can be, for example, 4
mA. With this bias, a temperature increase of 3.5° C. 1s
observed when the chip 1s performing electrochemical mea-
surements with all ADCs running simultaneously. No delete-
rious etlects occur during biomolecular detection experi-
ments due to this temperature increase.

[0054] The track-and-latch comparator following the inte-
grator can make correct decisions with a clock frequency up
to, for example, at least 50 MHz. Transistors M, and M,
separate the cross-coupled switching transistors at the output
from the drains of input transistors M, and M, to reduce
kickback interference. In one embodiment, the latter transis-
tors have a width and length o1 200 um and 1 um, respectively,
to reduce offset due to mismatch.

[0055] Integrated transconductance amplifiers can be
included to test the operation of the ADCs. Each amplifier
contains an op amp driving the gate of a large NMOS or
PMOS transistor (depending on the desired current direction)
with 1ts inverting input connected to an off-chip 10-ME2 resis-
tor that 1s connected to either the supply voltage or ground.
The feedback loop ensures that the applied voltage at the
non-inverting input 1s established across the resistor. Currents

up to 150 nA can then he forced into the ADC using full-rail
input voltages.

[0056] Insome embodiments, post-processing of the fabri-
cated chip can be performed to create an array of electrodes
on the surface of the chip. In one embodiment, the electrodes
can be formed using Au, but other suitable, conducting mate-
rials can be used, including platinum, indium-tin-oxide,
highly doped silicon, conducting carbon paste and conduct-
ing polymers, silver, silicon dioxide, graphite, etc. Au can be
relatively electrochemically mactive in the presence of strong,
clectrolytes and 1s easily modified by self-assembly of well-
ordered monolayers of thiol, sulfide, or disulfide compounds

through Au-sulfur bonding. As a result, thiolated ssDNA
probes can be strongly bound to Au surfaces.

[0057] FIGS. 8a-c¢ demonstrate CMOS post-processing

procedures applicable to some embodiments for fabricating a
surface electrode array. FIG. 8a shows a cross section of a
CMOS die betore post-processing showing the top two alu-




US 2010/0300899 Al

minum (Al) metal layers at one electrode site. FIG. 85 shows
the result of a wet etch process to remove the top Al metal
layer. F1G. 8¢ shows the final electrode resulting from Ti—Au
thin-1ilm deposition.

[0058] In some embodiments, CMOS technologies use
stacked metal layers connected vertically by tungsten (W)
“vias” to route electrical signals and form transistor intercon-
nects and can be passivated with S10, and S1,N,, at the chip
surface. In some embodiments, at the time of layout, openings
in the chip passivation layers are defined at the desired elec-
trode sites above the top-metal aluminum layer 1n a manner
similar to that for making bond pads or probe pads, as shown
in FI1G. 8a. In some embodiments the openings can be square
openings while 1n alternative embodiments, other shaped
openings can be used as appropriate, such as circular, rectan-
gular, hexagonal, etc. Any suitable technique can be used for
forming the openings, such as inductively-coupled plasma
(ICP) etching. Al 1s an electrochemically active metal that
can, 1n some 1nstances, become corroded and 1n some appli-
cations can be replaced as necessary. In some embodiments,
after chip fabrication, the WEs are post-processed by first
selectively removing the exposed Al metal at the electrode
sites using, for example, a wet-etch process as displayed 1n
FIG. 8b. One example of such a process 1s a phosphoric-acid
wet etch technique. Other suitable techmques for removing,
the Al metal include sodium hydroxide wet etching or ICP
etching. This 1s followed by the electron-beam deposition of
20 nm of an adhesion layer, for example, Ti. Any adhesion
layer at any appropriate thickness can be added, including Cr.
In some embodiments, one or more additional layers can be
added on top of the adhesion layer, such as an Au layer as
already described. In one example embodiment, a 300-nm
layer of Au 1s added, followed by a lift-oif process to form the
final electrodes 1n FIG. 8c. It should be noted that any appro-
priate material and thickness of the material can be used to
form the electrodes, such as 200 nm of Au. These electrodes
can connect directly to the tungsten (W) vias of the CMOS
back end. The foregoing techniques of electrode fabrication
require fewer lithographic steps than the construction of a
“stepped” electrode structure and do not require the 1mple-
mentation of a full CMOS back-end process. Such a proce-
dure results 1 lower fabrication costs and complexity
because it 1s more easily implemented 1n existing CMOS
technologies. In some embodiments, the CEs are fabricated in
a similar way as the WEs.

[0059] In one example embodiment, the post-processed
chipcanbesetina272-pin, 27 mm-by-27 mm, ball-grid array
(BGA) package with the die surface exposed. The metal bond
wires connecting the input-output (I/0) pads along the chip
perimeter can be shielded from electrolyte exposure through
encapsulation 1n a heat-cured, chemical resistant epoxy such
as Hysol FP4450HF and FP4451TD (available from Henkel,
Dusseldort, Germany) or EPO-TEK GE116 and GE120
(available from Epoxy Technology, Billerica, Mass., USA).
The packaged chip can be fastened 1n a surface-mounted
printed-circuit board (PCB) socket with a top-plate. A 1-mm
thick polydimethylsiloxane (PDMS) sheet, having a square
opening 1n the center to expose the chip surface, can be
introduced between the chip and top-plate to prevent electro-
lyte leakage onto the PCB. A 10-mL glass reservoir, attached
to the top-plate using epoxy, can hold the liquid analyte in
contact with the chip surface. An external Ag/AgCl-3-M
NaCl reference electrode can be held 1n the reservoir with a
Tetlon cap.
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[0060] Electrical characterization of the active CMOS sen-
sor array, along with results from electrochemical demonstra-
tions mmvolving redox species and DNA detection are illus-
trated 1n an example embodiment.

[0061] FIG. 9 shows the output noise spectrum of the con-
trol amplifier of some embodiments over a bandwidth from
10 Hz to 21 kHz when the device 1s operated 1n a unity-gain
configuration. The corner frequency 1s located around 10
kHz. The measured output noise voltage 1s 21.2 uV __ _ over

FRLY

the 10-Hz to 21-kHz band when the effect of 60-Hz line
interfering tones and other interfering tones are neglected.

[0062] Insome embodiments, characterization of the dual-
slope ADC at each sensor site 1s carried out using the on-chip
test circuits. To allow suilicient bandwidth for CV demon-
strations, the ADCs are operated atan f_ of 2.5 kHz with ¢ _,,
set to 3.5 MHz. Integration time t; 1s setto 23 us and discharge
time t, 1s allowed a maximum value of 315 us, providing a
nominal resolution of 10 bits. The remaiming time during each
conversion cycle 1s required to reset C.and select the appro-
priate relerence current source. The maximum I, before inte-
grator saturation using these settings 1s about 110 nA. Refer-
ence currents I . and I, . are set to 15 nA and 138 nA,
respectively. DNL and INL values for the ADCs can be —0.25
LSB and +0.38 LSB, respectively, with an LSB current of
approximately 240 pA.

[0063] Dynamic range (DR) of the ADC 1s verified using a

103-Hz sinusoidal iput current. FIGS. 10a-b6 demonstrate
measured results from example ac linearity testing of the
dual-slope ADC: (a) shows dynamic range and (b) shows
output spectrum with a full-scale mput at 103 Hz (resolution
bandwidth 1s 0.31 Hz). FIG. 10a displays the signal-to-noise
ratio (SNR) and signal-to-noise-and-distortion ratio (SNDR)
of the ADC as a function of input current level. The lower end
of the DR curve 1s fitted due to the iability to provide a
suificiently small ac voltage signal to the on-chip transcon-
ductance amplifiers for ADC testing. The DR 1s limited at the
high end by integrator saturation. A maximum effective reso-
lution (ENOB) of 9 bits 1s achieved and 1s limited by the
linearity of the test circuits. A DR of greater than 10 bits 1s
achieved from computational circuit analyses of the dual-
slope ADC alone. FIG. 105 shows the result of an 8192-point
fast Founier transform (FFT) of the measured ADC output
when a full-scale mput 1s applied. The strong second har-
monic 1s due to the single-ended architecture of the ADC.

[0064] The redox species potassium ferricyanide, K;[Fe
(CN),], 1s an exemplary compound used by electrochemists
to study interfacial properties due to its highly-reversible
behavior. At the appropriate potential, ferricyamide 1ons are
reduced to ferrocyanide ions in the reaction Fe(CN),” ™+
e—Fe(CN).*". In some embodiments, the use of the active
CMOS sensor array for electrochemical sensing, CV mea-
surements of 2-mM potassium ferricyanide in 1-M PPB (pH
7.4) are carried out. In these illustrations, the potential
between the WEs 1n the array and the RE 1s scanned from
+0.75 V to -0.5 V and back at various rates while the cell
current 1s observed at one WE. Prior to running the electro-
chemical experiments, organic contaminants on the chip sur-

face are removed by placing the packaged chip in an ultra-
violet (UV)/ozone cleaning device (e.g., the T10x10/0OES,
available from UVOCS, Montgomeryville, Pa., USA) for 5

min followed by thorough rinsing 1n deionized water (e.g.,
18.2 MEcm).

[0065] FIG.11ashows the cell current at one of the 100-um
WEs when an 1input scan rate of 72 mV/s used. A zero-phase,
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low-pass FIR filter 1s used to post-process the raw data 1n
MATLAB. The location of the forward (reduction) and
reverse (oxidation) current peaks at +0.22 V and +0.30 V,
respectively, match those obtained when the same experiment
1s run on a commercial potentiostat using a 125-um-diameter
Au WE. In addition, this 80-mV difference 1n peak potentials
1s relatively close to the theoretical value of 39 mV for a
tully-reversible, single-electron redox process 120. The mag-
nitude of the current falls after each peak due to mass-trans-
port limitations of the redox species to the WE surface.

[0066] In FIG. 115, v 1s 1ncreased from 24 mV/s to 480

mV/s and the peak reduction current 1s measured. It has been
shown that the peak current 1, at a planar electrode for a
reversible reaction under diffusive control exhibits the rela-
tionship 1, aAD,Y*C,*uv?. where A is the WE area, and D,
and C , are the diffusion coefficient and bulk concentration of
the oxidized species, respectively. Therefore, 1, (measured

from the charging current background) increases linearly
with v1’2, as is observed in FIG. 115.

[0067] The linear dependence of 1, on WE area 1s also
verified by running a CV scan at 290 mV/s and observing the
current tlowing through the 100-. 90-. and 80-um WEs. FIG.
12 shows the results from this measurement. Surface rough-
ness of the electron-beam-deposited Au layer causes the
actual electrode area to be larger than 1ts geometric (drawn)
area by a factor of about 1.5. This has been accounted for 1n
the results.

[0068] Inoneexample embodiment, to demonstrate the use
of the active CMOS array for biomolecular detection, the Au
WEs are functionalized with a monolayer of ssDNA probes.
CV measurements are then carried out 1n the presence of the
redox species hexaamineruthenium (I1II) chloride (RuHex™*)
to determine probe surface density. The redox-active counte-
rion RuHex>* associates with the surface-immobilized DNA,
causing the thermodynamics of the redox processes to be
altered as a result. It 1s known that as probe coverage
increases, the reduction potential for the reaction RuHex*+
e—Rulex** shifts toward more negative values due, in part,
to changes 1n local charge concentration, dielectric constant,
spatial distribution, and solvation. Once calibrated, these
measurements can be used to determine the probe surface
coverage.

[0069] In some embodiments, the chip 1s cleaned as
described previously and incubated for 30 min 1 a 1-M
MgCl, solution containing a known concentration of thi-
olated 20-mer DNA probe. Next, the chip 1s incubated 1n
1-mM mercaptopropanol (MCP) solution (e.g., available
from Aldrich, St. Louis, Mo., USA) for 90 min, forming a
self-assembled monolayer which helps to passivate partially
the WE surface and prevent nonspecific interactions between
the DNA and WE. CV ata scan rate o4 V/s 1s then carried out
in 7 mL of 10-mM Tris buffer (pH 7.4) with 1-uM RuHex"*.

[0070] FIG. 13 shows the results from two different CV
demonstrations at one 90-um WE for DNA probe coverages
of 1x10'° cm™ and 4x10'* cm™>. These probe densities are
obtained by incubating the chip 1n different concentrations of
DNA probe solution and are verified using a set of calibration
measurements on a commercial potentiostat with 125-um-
diameter Au WE. The overall shape of the CV curves 1s
different than those obtamned in the foregoing section
because, in this case, RuHex’" is a surface-adsorbed species
which 1s not subject to mass-transport limitations.

[0071] The forward peaks occur at —277.2 mV and -294.8
mV for the lower and higher probe coverages, respectively.
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This indicates a shift of 17.6 mV toward more negative poten-
tials with the higher coverage, confirming previous observa-
tions. Parallel experiments on a commercial potentiostat
show similar peak potentials and a closely-matching shitt of
15.4 mV. In addition, the quantity of RuHex”* near the WE
increases with higher probe coverages, as 1s evident 1n the
observed peak-current increase for the 1x10™ cm™ curve.

[0072] In another example embodiment, quantitative, real-
time, electrochemical detection of DNA probe-target hybrid-
ization 1s carried out using the active CMOS sensor array.
Single-stranded DNA target molecules are each covalently
modified (conjugated) with one or more N-(2-ferrocene-
cthyl) maleimide redox labels [referred to simply as “fer-
rocene” (Fc¢)] that undergoes the reaction Fc—=Fc™+e over a
well-defined potential range. Fc redox labels are known to be
chemically stable and are electrochemically reversible. They
are one example alternative to the use of radioactive 1sotopes
for nucleic-acid sequencing and sensing. Fc redox labels have
been used to study the thermodynamics of DNA probe bind-
ing and to perform label-based detection of RNA hybridiza-
tion, among various other applications. When labeled targets
are introduced into an environment containing surface-bound
probes, the number of target molecules that hybridize can be
determined, in some instances, by an equilibrium that
depends on such factors as the relative probe and target con-
centrations, bufler ionic strength, and temperature. Upon
hybridization, the amount of bound target 1s measured from
the charge transierred due to the Fc reaction, with one elec-
tron contributed by surface-bound target on the WE. This
value can be determined, for example, from CV measure-
ments by integrating the area enclosed by the Fc redox current
alter subtraction of background charging contributions, and
then dividing the result (in Coulombs) by the magnitude of
the electronic charge (1.602176x10™"" C) and electrode area.
This technique differs from “intercalation”-based approaches
to DNA detection because the latter approach cannot provide
a measure of the absolute amount of probe-target hybridiza-
tion on the WE surface. In addition, alternative “sandwich”-
based assays cannot provide a quantitative measure of target
coverage 1n real time because the redox-active molecules are
added after hybridization has occurred.

[0073] In one embodiment, the sequences of the 3'-end
thiolated 20-mer DNA oligonucleotide probes (e.g., available
from MWG-Biotech, High Point, N.C., USA) used 1n the
CMOS biosensor array experiments are as follows: P1 5'-TTT
TAA ATT CTG CAA GTG ATI-3' (from Homo sapiens ret-
inoblastoma 1 mRNA) and P2 5'-TTT TTT TCC TTC CTT
TTT TTI-3"; where J represents a thiol group. The target

sequences (e.g., also available from MWG-Biotech) are as
follows: T1 5'-FcCAC TTG CAG AAT TTA AAA-3"and T2

S'FCAAA AAG GAA GGA AAA AAA-3'". Sequences P1 and
11, and P2 and T2, are pairwise complementary, respectively,
do not exhibit self-complementarity, and will not cross-hy-
bridize. These model sequences demonstrate the functional-
ity of the active CMOS biosensor array platform and allow
verification against results from oif-chip electrochemical
experiments using similar sequences.

[0074] FIG. 211llustrates one embodiment for the synthetic
protocol for preparation of the N-(2-ferrocene-ethyl) male-
imide redox label 2308 starting from ferrocene acetonitrile
2302. In practice, any well known procedure can be

employed. Chemicals used 1n this procedure are available
from, for example, Aldrich, St. Louis, Mo., USA. N-fer-

rocene ethylamine 2304 1s made by adding 100 mL dry ether
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to 0.68 g lithium aluminum hydride (L1AlH,, 18 mmol) with
argon protection, followed by mild stirring. The L1AIH,/ether
mixture 1s placed 1n an 1ce bath and 1 g (4.5 mmol) ferrocene
acetonitrile 2302 solid 1s added slowly. The ice bath 1s then
removed and the reaction 1s allowed to proceed for 2 h, after
which the reaction mixture 1s slowly quenched with concen-
trated NaOH while on ice. The pH of the final aqueous phase
1s measured to confirm basicity and thus the completion of
quenching. Next, MgSO,, 1s added slowly to the mixture to
remove water, and 1s subsequently removed by filtering. The
remaining mixture 1s loaded on a silica gel column, washed
with ether, followed by washing with ethyl acetate. The col-
umn 1s then eluted with the mixture ethyl acetate (75%)/
methanol (20%)/triethylamine (5%). The entire elute 1s col-
lected and concentrated under vacuum overnight to obtain
0.63 g dark-brown viscous liquid, with 60% yield.

[0075] N-ferrocene ethyl maleamic acid 2306 1s made by
dissolving 250 mg (1 mmol, MW=229) ferrocene ethylamine
2304 1n 1.5 mL 1ce-cold dry tetrahydrofuran and mixing with
150 mg (1.5 mmol) maleic anhydride, also dissolved 1n 1ce-

cold tetrahydrofuran. The mixture 1s allowed to react for 3 h
with stirring at 4° C., followed by solvent evaporation. The
crude reaction mixture 1s washed with ether twice, concen-
trated, and dried to obtain 280 mg of a yellow solid with 80%
yield and a melting point of 128-130° C.

[0076] The final product is formed by adding 250 mg (0.75
mmol) of N-ferrocene ethyl maleamic acid 2306 to a solution
of 2 mL acetic anhydride containing 15% sodium acetate. The
resulting mixture 1s heated to 70° C. for 3 h with stirring. H,O
and NaHCO, are added to the mixture to neutralize remaining
acetic acid. The reaction mixture 1s then extracted with 10 mL
cthyl acetate three times. The organic phases are collected and
dried over MgSQO,. Next, the solution 1s concentrated, applied
onto a silica gel column, and the product 1s eluted with ethyl
acetate (15%)/hexane (85%). The pure fractions are pooled
and the solvent evaporated off to give 63 mg yellow solids
with a melting point of 98-100° C.

[0077] Insomeembodiments, the DNA target labeling pro-
cedure 1s as follows. Target oligonucleotides, thiolated at the
5' end by the manufacturer, are first deprotected with dithio-
threitol (e.g., DTT, available from Aldrich, St. Louis, Mo.,
USA) to liberate the thiol group. They are then purified on a
s1ze-exclusion column (e.g., PD-10, available from Amer-
sham Biosciences, Piscataway, N.J., USA), and reacted with
Fc overmight 1n 150 mM potassium phosphate butler (e.g.,
PPB, pH 8.0, available from Fisher, Pittsburgh, Pa., USA) at
a nominal DNA concentration of 24 uM and a 50-fold excess
of Fc. The resulting ferrocene-modified targets are purified on
PD-10 and oligonucleotide purification cartridge (e.g., OPC,
available from Applied Biosystems, Foster City, Calif., USA)
prep columns, followed by reverse-phase HPLC purification
on, for example, a Beckman Coulter system (available from

Beckman Coulter, Fullerton, Calif., USA) including a Model
125 high-pressure gradient HPLC pump and a Model 168
multi-wavelength diode array detector and equipped with a
C-18 reverse-phase analytical column. A flow rate o1 0.5 mL
min~' and a linear gradient of 12%-100% methanol in a
solution containing 8.6 mM triethylammonium and 100 mM
hexafluoroisopropyl alcohol 1n water (pH 8.1) are used. The
desired product 1s collected and evaporated under vacuum
until dry. In some embodiments, the incorporation of redox-
labeled single nucleotides into DNA using standard poly-

merase chain reaction (PCR) techniques has been used, pro-
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viding capability for the labeling of target molecules in
complex DNA sample mixtures.

[0078] Detection of DNA probe-target hybridization with
the active CMOS sensor array 1s carried out by scanning from
zero to +0.35V and back at v of 60 V/s. Due to the relatively
high scan rate required, the sampling rate of the dual-slope
ADCs 1s increased to 10 kHz with ¢ _,, set to 3.5 MHz. The
fixed integration and maximum discharge times are 15 us and
63 us, respectively. At this setting, the typical measured

SNDR 15 43.7 dB ata currentalevel of 38 nA _ _(correspond-

ing to a level of —6 dBFS) and the maximum DNL and INL are
+0.22 LSB and +0.15 LSB, respectively.

[0079] Insomeembodiments, the chip surface1s cleaned as
described previously. Next, a layer of ssDNA probes at each
WE 1s constructed by incubating the surface of the chipin1 M
Mg(Cl, solution containing 500 nM probe for 30 min. This
provides a probe surface density of approximately 8x10"”
cm™~, determined from a set of calibration measurements
performed off chip. After probe immobilization, the chip 1s
incubated in a 1 mM MCP solution for 90 mM which forms a
self-assembled monolayer on the Au WEs. The CV demon-
strations are run in 7 mL of 1 M PPB (pH 7.4), for example,
made by combining appropriate amounts of K,HPO, and
KH,PO, 1n water.

[0080] FIG. 17 shows output from the ADC measured at
one of the 100 um WEs 1n the array, functionalized with probe
P1, approximately 50 min after 50 nM of target 11 1s intro-
duced to the device. The current peaks due to the Fc redox
reactions are evident above the charging current level, indi-
cating hybridization between P1 and T1. The forward and
reverse charging currents ditler slightly because of hysteresis.
Based on the average charging current, the WE interfacial
capacitance 1s measured to be approxima‘[ely 7 uF cm™2,
which 1s in the range for an MCP-modified Au electrode at the
exemphﬁed DNA coverage and builer ionic strength. The
charging current, before DNA target 1s added to the butler, 1s
shown along with the sensor response from hybridization, 50
min after target addition, at one 100 um WE.

[0081] It can be observed 1n FIG. 22 that the peak current
level (average of forward and reverse peaks after background
subtraction) rises linearly with increasing scan rate, in accor-
dance with theoretical principles for a surface redox species.
This 1llustration confirms that the signal current originates
from surface-hybridized targets and not diffusing species 1n
solution. The 1nset shows the resulting wavelform from mul-
tiple scans.

[0082] It can be observed 1n FIG. 23 that the average peak
current increases linearly as a function of electrode area, 1n
accordance with theoretical principles. The inset shows the
resulting waveform from each scan.

[0083] In embodiments where the 2.5 V supply limits the
potential range over which the on-chip control amplifiers
operate, the on-chip CEs can be bypassed and an external
discrete operational amplifier (e.g., AD8628, available from
Analog Devices, Norwood, Mass., USA), that can operate up
to 3 V can be used to drive the RE and an off-chip Pt-wire CE.
In other embodiments, the control amplifiers can be designed
using thick-gate- 0X1de transistors, which can be operated up
to 3.3 V 1n the present CMOS process.

[0084] The integrated platiorm enables real-time quantifi-
cation of surface-hybridized targets 1n a multiplexed fashion,
allowing large-scale optimization of parameters ail

ecting
hybridization 1n diagnostic assays including probe coverage,
target concentration, probe and target sequence, butler 1onic
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strength, and temperature. The relationship between the con-
centration of DNA target in solution and the magnitude of the
sensor output signal are described below.

FIG. 18 displays the results of a target concentration series 1n
which the hybridization extent x=S,/S , where S 1s the cov-
erage and S, 1s the total probe coverage (both hybridized and
non-hybridized) on the surface, 1s plotted as a function of the
solution target concentration. The dashed line shows the
Langmuir fit to this equilibrium 1sotherm which vyields a
binding constant K of approximately 1x10®> M~". Error bars
for the four lowest target concentrations indicate the standard
deviation from three separate illustrations. Assuming the
kinetics of hybridization between probe P and target T to form
the DNA duplex D follow the reversible reaction

P+TS?D (1)

and the reaction reaches equilibrium, the equilibrium asso-
ciation constant K can be determined using

x 1 (2)

Kﬂz "
1—XCT

where C., 1s the solution target concentration which 1s
assumed to be much larger than that needed to fully react with
the probe layer. By fitting the data in FIG. 18 according to (2),
K  is found to be approximately 1x10° M. This value of K
talls 1n the range determined in other work involving surface-
based assays (107-10°M™).

[0085] Thelowesttarget coverage measured using the plat-
form of the embodiment of FIG. 18 is about 1x10"* cm™
(where x=0.1 and the corresponding target concentration is 4
nM). In other embodiments, the hardware detection limit of
the device 1s determined by the lowest measurable current. In
some 1nstances, the hardware sensitivity limit can be evalu-
ated from electronic measurement of the dynamic range of
the sensor ADCs (when operated at a 10 kHz sampling rate).
Such measurements 1indicate that a current of 550 pA can be
detected with a signal-to-noise ratio of three. This sets a
detection limit of approximately 4x10'° cm™ (or equiva-
lently, a S0 pM target concentration given the calculated value
of K _above) assuming the maximum redox current _{from
the Fc reaction can be expressed using

n*F* Sy (3)
Imax — — VA ( ]3
ART N 4

which applies to surface-bound electroactive species where n
1s the number of electrons transierred (one for the Fc¢ reac-
tion), F 1s the Faraday constant, R 1s the molar gas constant, T
1s the absolute temperature, and v 1s the CV scan rate.

[0086] In some embodiments, alternative protocols for
label-based detection, coupled with the implementation of a
higher resolution ADC, sigmificantly improves the detection
limit of the CMOS electrochemical sensor array, simulta-
neously. For example, use of multiple (e.g., electroactive
dendrimer) labels can be used to boost signal per hybridized
target. Alternately, employing background subtractive mea-
surement techniques such as ac voltammetry or square-wave
voltammetry can be used to reduce background currents and
amplily the desired current from the redox activity of the

Dec. 2, 2010

labels. Alternative protocols for label-based detection include
the use of biotin-streptavidin chemistry or added intercalater
molecules.

[0087] Observation of the entire hybridization process 1n
real time allows the point at which equilibrium has been
reached during hybridization to be determined unambigu-
ously to improve assay reproducibility and sensitivity. In
addition, kinetic studies of DNA binding can be carried out to
provide insight into the physical processes governing aifin-
ity-based sensing. Furthermore, the additional data provided
by real-time sensing allows temporal averaging of the mea-
sured signal to be performed. This improves signal-to-noise
ratio by reducing the effect of mdependent noise sources,
such as those arising from non-ideal instrumentation, as well
as interfering biochemical processes such as cross-hybridiza-
tion, which can become more noticeable 1n assays exhibiting
low expression levels.

[0088] Several approaches to real-time monitoring of sur-
face bio-affinity reactions exist. For example, surface plas-
mon resonance (SPR), quartz crystal microbalance (QCM),
and cantilever sensors are capable of performing real-time
DNA sensing. However, electrochemical sensing techniques
include simpler hardware and facile CMOS integration with-
out surface micromachining or more complex post-process-
ing as with cantilever or QCM fabrication.

[0089] FIG. 19 demonstrates the measurement of real-time
kinetics 1n one embodiment where 60 nM of T1 1s hybridized
to complementary P1. This CV measurement 1s taken at one
of the 100-um WEs, with a scan repeated every 5 minutes and
the cell potential held at 0 V between scans. The measured
data 1s fit to a first-order rate equation (dashed line) following
Langmuir kinetics. Inset shows the results from each CV scan
over time. An increase in the area of the redox target peak 1s
evident over time. The maximum extent of hybridization,
reached after about 35 min, is about 6.8x10** cm™=.

[0090] Ignoring mass-transport limitations, etfects of finite
reaction volume, interactions among surface sites, and
assuming that no probes have hybridized at time t=0, the
coverage of DNA duplexes on the WE surface as a function of
time SAt) can be expressed as

S, Cr —1 (4)
S e e
[0091] The time constant T over which the device reaches

equilibrium 1s given by

B | (5)
 kp(Cr+ KLY

where the forward rate constant k -and reverse rate constant k,
are taken to be related by K =k /k,. Performing a non-linear,
least-squares fit of the real-time curve using (4) and (5) (also
plotted in F1G. 5) gives at ol about 590 s. From this, and using
the value of K , determined previously, k .and k are calcula‘[ed
to be 2. 4><1O4 M s7' and 2.4x107* _1,, respectively.
Although these results fall in the same order of magnitude as
rate constants measured by others using QCM and surface
plasmon fluorescence spectroscopy techniques, the measured
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value of K _ 1s relatively smaller, likely because avidin-biotin
spacers were used for probe immobilization 1n the referenced
works.

[0092] In some embodiments, multiplexed and specific
detection are accomplished using the CMOS biosensor array
by functionalizing the chip with two distinct probes and
hybridizing each with its complementary target. Probes P1
and P2 are spotted on four different WEs each using a fluid
microinjection device (e.g., 1M-300, available from Narish-
1ge, East Meadow, N.Y., USA) capable of delivering nanoliter
volumes of probe solution to the electrode surface. Imitially, 6
nM of target T1, complementary to probe P1, 1s introduced,
and FIG. 22 shows the response at one of the 100 um WEs
tfunctionalized with P1 (denoted “site A”) after 60 min. A
distinct current peak indicates that hybridization has
occurred. The remaiming WEs functionalized with P1 show
similar behavior. Conversely, those WEs on which P2 1s
immobilized do not exhibit a hybridization signal, as P2 and
T1 have little affinity for one another. The output from the

sensor at one of the 100-um WEs functionalized with P2
(denoted “‘site B”) 1s also displayed 1n FIG. 20.

[0093] Next, 6 nM of target 12 1s introduced. After 55 min,
the hybridization signal at site B 1s evident, as shown in FIG.
20. The signal at site A (measured at the same time) has not
changed, however, since T1 1s still present 1n solution. A
separate experiment confirmed that sites functionalized with
P1 do not exhibit any hybridization when T2 1s added to the
butler first.

[0094] FIG. 20 also shows the measured target coverages at
sites A and B as a function of time elapsed since target
addition. The values of T for the hybridization processes are
approximately 540 s and 740 s at site A and B, respectively.
The slight shift of the data relative to the origin 1s attributed to
mass-transport limitations at the early times of hybridization.
These data demonstrate that the biosensor platform 1s capable
of performing real-time monitoring of DNA hybridization 1n
a multiplexed fashion.

[0095] In some embodiments, the chip 1s cleaned as
described previously and is then incubated 1 a 0.50-uM
solution of 20-mer DNA probe, followed by incubation 1n
MCP. The sensor array 1s operated 1n 1-M PPB and the base-

line current level at a 100-um WE 1is first measured as shown
in FIG. 14a.

[0096] A solution of Fc-labeled target DNA, having a
sequence of DNA bases that 1s fully-complementary to that of
the probe, 1s added to the electrolyte so that the overall target
concentration 1s 6 nM. After 60 min the signal stabilizes and
current peaks are evident from the Fc-labeled targets that have
bound to the probes, as shown 1n FIG. 14a. Based on the area

enclosed by the redox signal and baseline current, the surface
density of hybridized target is 4.55x10'* cm™>.

[0097] In another example embodiment, the same proce-
dure as above 1s followed; however, a DNA-target sequence
having a single-base mismatch compared to the probe 1s used.
Sensor specificity i the presence of these single-nucleotide
polymorphisms (SNPs) can be useful for genetic testing, in
which mutations are characterized by single (or few) base-
pair changes. FIG. 14b displays the resulting CV curve using,
the single-mismatch target sequence along with the curve
obtained from the fully-complementary target for compari-
son. Because the target containing the SNP has less affinity
tfor the probe, a smaller fraction of probe 1s hybridized, as can
be seen from the reduced signal level in the figure. The density
of hybridized probe and target in this case is 2.38x10"* cm™~.
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[0098] In some embodiments, the density of the current
CMOS biosensor array is approximately 250 cm™>. In other
embodiments, the density can be increased to more than 6000
cm™~ for the same 100 umx100 um WE area by optimizing the
physical layout of the on-chip electronics. This density would
be comparable to existing, commercial detection devices,
while additionally incorporating the full potentiostat sensing,
clectronics on chip not present 1in the commercial devices.
[0099] In other embodiments, the CMOS biosensor array
can be used in clinical gene expression samples that have
traditionally been analyzed with fluorescence-based arrays.
[0100] The foregoing merely illustrates the principles of
the disclosed subject matter. Various modifications and alter-
ations to the described embodiments will be apparent to those
skilled in the art 1n view of the teachings herein. It will thus be
appreciated that those skilled 1n the art will be able to devise
numerous techniques which, although not explicitly
described herein, embody the principles of the disclosed sub-
ject matter and are thus within the spirit and scope thereof.

1. A system for electrochemical sensing of biomolecules,
comprising;
an integrated circuit;
one or more working electrodes on the integrated circuit,
the one or more working electrodes configured to
receive one or more biomolecular probes, a desired
potential maintained through one or more reference
clectrodes, the one or more working electrodes config-
ured to form a portion of one or more corresponding
potentiostats; and
a digitizing circuit on the integrated circuit configured to
measure a signal indicative of a biomolecule sensing
operation 1n real time.
2. The system of claim 1, wherein the integrated circuit 1s
a complementary metal-oxide-semiconductor (CMOS) chip
comprising a top metal layer operably connected to one or
more vias for routing electrical signals.

3. The system of claim 2, wherein the chip 1s fabricated 1n
a 2.5-V, 5-metal, 0.25-um CMOS process.

4. The system of claim 1, wherein the one or more working,
clectrodes comprise square, gold electrodes.

5. The system of claim 2, wherein the one or more working,
clectrodes are adhered to the top metal layer with an adhesion
layer.

6. The system of claim 5, wherein the adhesion layer com-
prises titanium.

7. The system of claim 1, wherein the digitizing circuit
comprises a dual-slope analog-to-digital converter circuit.

8. The system of claim 1, wherein the one or more working,
clectrodes are 1n contact with an electrolyte solution, and the
clectrolyte solution includes one or more target molecules.

9. A method for electrochemical sensing of biomolecules,
comprising;

providing one or more working electrodes on an integrated
circuit, a desired potential maintained through one or
more reference electrodes, the one or more working
clectrodes configured to bind one or more biomolecular
probes, the one or more working electrodes configured
to form a portion of one or more corresponding poten-
tiostats; and

providing a digitizing circuit on the integrated circuit con-
figured to receive a signal resulting from an electro-
chemical measurement operation to measure one or
more aspects of a biomolecular reaction 1n real time.
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10. The method of claim 9, further comprising:

binding one or more biomolecular probes at the one or

more working electrodes.

11. The method of claim 9, wherein the integrated circuit 1s
a complementary metal-oxide-semiconductor (CMOS) chip
comprising a top metal layer operably connected to one or
more vias for routing electrical signals.

12. The method of claim 11, wherein the chip 1s fabricated
in a 2.5-V, 5-metal, 0.25-um CMOS process.

13. The method of claim 9, wherein the one or more work-
ing electrodes comprise square, gold electrodes.

14. The method of claim 11, wherein the one or more
working electrodes are adhered to the top metal layer with an
adhesion layer.

15. The method of claim 14, wherein the adhesion layer
comprises titanium.

16. The method of claim 9, wherein the digitizing circuit
comprises a dual-slope analog-to-digital converter circuit.

17. The method of claim 9, wherein the electrochemical
measurement operation includes cyclic voltammetry, linear-

sweep voltammetry, square-wave voltammetry, ac voltam-
metry, ac impedance, or electrochemical impedance spectros-

copy techniques.

18. The method of claim 9, further comprising:

analyzing the biomolecular reaction to quantily surface

target coverages.

19. The method of claim 9, wherein the biomolecular reac-
tion 1s indicative of quantitative and specific detection of
biomolecules.

20. The method of claim 9, wherein the biomolecular reac-
tion 1s mdicative of DNA sensing.

21. A method of manufacture of a CMOS-based array for
clectrochemically measuring a biomolecular reaction, com-
prising:

defiming one or more openings 1n a passivation layer of a

CMOS chip to expose a top metal layer;

depositing an adhesion layer at one of the openings, the
adhesion layer 1n electrical communication with the top

metal layer;

depositing a metal layer on the adhesion layer to form a
working electrode at least one of the openings, the work-
ing electrode 1n electrical communication with the adhe-
s1on layer, the working electrode configured to bind one
or more biomolecular probes, the working electrode
configured to form a portion of a potentiostat; and
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clectrically connecting an on-chip digitizing circuit to the
working electrode, the digitizing circuit configured to
measure an electrical signal resulting from the biomo-
lecular reaction.

22. The method of claim 21, wherein defining the one or
more openings 1cludes using a wet etch process to selec-
tively remove the top metal layer.

23. The method of claim 21, wherein the deposition of the
adhesion layer includes an electron-beam deposition tech-
nique.

24. The method of claim 21, further comprising:

encapsulating bond wires 1n a chemically resistant epoxy

to shield the wires from exposure to an electrolyte.

25. The method of claim 21, wherein a layer of polydim-
cthylsiloxane 1s included between the chip and a top plate, the
polydimethylsiloxane layer preventing leakage of the elec-

trolyte.
26. The method of claim 21, further comprising:

forming a reservoir above the chip to hold the electrolyte.
277. A system for electrochemical sensing of biomolecules,

comprising;

means for binding one or more biomolecular probes at one
or more working electrodes of an integrated circuit, the
integrated circuit including one or more working elec-
trodes, a desired potential maintained through one or
more reference electrodes, and a digitizing circuit on the
integrated circuit configured to measure a signal indica-
tive of a biomolecule sensing operation 1n real time, the
one or more working electrodes configured to form a
portion of one or more corresponding potentiostats; and

means for performing an electrochemical measurement
operation to measure one or more aspects of a biomo-
lecular reaction 1n real time.

28. The system of claim 27, wherein the integrated circuit
1s a complementary metal-oxide-semiconductor (CMOS)
chip comprising a top metal layer operably connected to one
or more vias for routing electrical signals.

29. The system of claim 27, wherein the electrochemical
measurement operation ncludes cyclic voltammetry, linear-
sweep voltammetry, square-wave voltammetry, ac voltam-
metry, ac impedance, or electrochemical impedance spectros-
copy techniques.

30. The system of claim 27, further comprising:

analyzing the biomolecular reaction to quantily surface

target coverages.
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