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Abstract—A monolithic biosensing platform is presented for
miniaturized amperometric electrochemical sensing in CMOS. The
system consists of a fully integrated current readout circuit for dif-
ferential current measurement as well as on-die sensors developed
by growing platinum nanostructures (Pt-nanoS) on top of elec-
trodes implemented with the top metal layer. The circuit is based
on the switch—capacitor technique and includes pseudodifferential
integrators for concurrent sampling of the differential sensor cur-
rents. The circuit further includes a differential to single converter
and a programmable gain amplifier prior to an ADC. The system
is fabricated in 0.35 p«m technology and measures current within
420 pA with minimum input-referred noise of 0.47 pA and con-
sumes 9.3 mW from a 3.3 V supply. Differential sensing for nanos-
tructured sensors is proposed to build highly sensitive and offset-
free sensors for metabolite detection. This is successfully tested for
bio-nano-sensors for the measurement of glucose in submilli mo-
lar concentrations with the proposed readout IC. The on-die elec-
trodes are nanostructured and cyclic voltammetry run successfully
through the readout IC to demonstrate detection of H, O-.

Index Terms—Bio-nano-sensor, differential readout, glucose
sensor, metabolite sensing, on-die sensor, potentiostat, Pt-
nanostructure, switch—capacitor.

I. INTRODUCTION

OINT-of-care diagnostics (POCD) allow faster test results
P and immediate clinical decisions to be made. Such test-
ing requires biosensing platforms that are sensitive and selec-
tive to the target metabolites, fast, autonomous, and ideally
inexpensive. Electrochemical biosensors are good candidates
for POCD. They are commonly used to detect biomolecules in
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blood samples in clinical laboratories or at home, for example
to monitor Diabetes by measuring glucose.

An array of such sensors where each pixel is made sele-
cetive to a particular biomolecule (through the use of selec-
tive enzymes) enables a thorough study of different metabo-
lites in human blood, interstitial or tear fluid [1], [2]. The
integration of miniaturized biosensor arrays with readout
instrumentation introduces the opportunity for a low-cost and
mass-manufacturable sensing platform. The integration also im-
proves the signal to noise ratio (SNR) of the measurements and
provides scalability by removing the long wire interconnects.
Such platforms have been introduced for DNA analysers using
affinity-based sensors [3], [4].

A main challenge in enzymatic-sensor miniaturization is the
detection of a small signal levels (in pico- or femto- ampere
range) due to small sensor area. Three-dimentional structures
such as Carbon-nano-tubes (CNT) [5] or gold nano-structures
[3] have been proposed where their integration to the sensor
increases the current level as well as its sensitivity and results in
a better Limit of Detection (LOD). Recently Pt nano-structures
(Pt-nanoS) are introduced which also allow non-enzymatic de-
tection of glucose [6].

Generally, the sensor current can be defined as the current that
passes through the Working electrode (WE) of a three-electrode
based electrochemical cell when the sensor is stimulated by
a fixed (e.g., in Chronoamperometry technique) or a triangu-
lar (e.g., in Cyclic Voltammetry technique) voltage waveform,
among others. The sensor current, Iy g, consists of a back-
ground current and a redox current. The background current
does not depend on the concentration of the target biomolecule
and is partly due to the interferences from other electro-active
molecules in the solution as well as to layering phenomena.
Both components of the background current typically increase
significantly in presence of nano-structures where in particular
the capacitive current increases [7]. The presence of a large back-
ground current when reading out a small redox current requires
a high resolution ADC and increases the power consumption of
the readout circuit.

Differential measurement of electrochemical sensors is pro-
posed to remove the background current from the measurements
in one of the following ways (i) to measure and store the back-
ground current in absence of the target biomolecule and subtract
it from the sensor current that is measured in presence of the
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biomolecule [8], [9]. This method is effective when there is a
rapid change in the concentration of the biomolecule such as in
the case of dopamine. This is not the case for glucose, lactate
and other metabolites with gradually changing concentration.
(ii) to use an extra sensor (WE;;,) to record the background
current and subtract it from the main sensor (WE,, ;) current
in real-time. Differential charge-based sensing using two elec-
trodes has been implemented in [10] for DNA detection where
the charges generated at the two electrodes, WE; ., and WE,;, 44,
are sampled at different phases of the clock.

Based on the latter technique, in this paper we present a novel
fully-integrated differential readout IC (DiRIC) for amperomet-
ric sensing to remove the background current produced by a
WEy, from the current of WE,, 4;,, in real-time. The WEy;,
is designed to be minimally sensitive to the target biomolecule
so that the current difference still shows a high sensitivity. Such
extra sensor is produced by designing WEy ., and WE,;, 4;,, with
a similar geometry and structure as will be discussed in this
work. DiRIC is based on a chain of switch-capacitor (SC) cir-
cuits that sample both sensor currents at the same clock phase
and removes the background current in analog domain. The
system provides wide dynamic range in current detection and
enables small current measurement in presence of potentially
large background current.

The simulation results of DiRIC were first introduced in [11].
In this paper we advance this to show the fabricated system and
an evaluation of its performance through electrochemical mea-
surements performed with a variety of sensors. This is the first
demonstration of differential measurement for amperometric
sensors and is achieved through the co-design of the bio-nano-
sensor and DiRIC. We propose a method to develop a WE;,
to provide a current that resembles the background (or offset)
current of WE,, 4;,,. Through glucose measurements with the
developed bio-nano-sensors and DiRIC, we show that differen-
tial sensing is effective in reducing the offset current as well as
the current drift.

We also demonstrate for the first time the heterogeneous inte-
gration of bio-nano-sensors with the readout system on CMOS
by growing Pt-nanoS directly on the top metal layer. We show
that the introduction of Pt-nanoS significantly increases the sen-
sor current. Moreover, we present preliminary results for the
detection of H2Os with the developed platform.

This paper is organized as follows: in Section II the design
of different circuit blocks in DiRIC is presented. In Section III
the fabricated system as well as the electrical characterisation of
DiRIC are shown. In Section IV we take the example of glucose
sensor and propose a protocol to prepare WE;;., and WE,, 4;,,,
and present differential measurements acquired with DiRIC and
the developed sensors. Section IV also includes the development
of on-die sensors and measurements with the integrated sensing
platform. The conclusions are drawn in Section V.

II. DIFFERENTIAL READOUT IC (DIRIC)

DIiRIC consists of a potentiostat to control the voltage of
the sensor and a differential readout circuit to measure the
differential sensor current. The top level system architecture
of DiRIC is shown in Fig. 1. DiRIC can readout both on-die
and external (off-die) sensors to study different sensing con-
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Fig. 1. The high level block diagram of DiRIC with connections to the test
PCB and off-die sensors.

figurations and readout various sizes and types of sensors. A
typical electrochemical sensor consists of a reference electrode
(RE) and a counter electrode (CE) in addition to the WE. A sec-
ond WE, WE,,,,, is added herein to the sensor to demonstrate
differential sensing.

A. Readout Chain

The current readout circuit is designed to measure the currents
of WE,,,in and WE;;, with two integrator trans-impedance
amplifiers. The difference of the currents is then amplified before
the ADC. The schematic view of the readout chain is shown in
Fig. 2 and consists of four main building blocks:

1) Two 6-to-1 multiplexers select the sensors to be readout.
The multiplexers are externally controlled through digital con-
trol bits and are implemented with transmission gates. Relatively
big transistors (w/l = 5/0.35 pum) were used to reduce r,,, and
ensure accurate voltage control of the sensors regardless of the
sensor current.

The multiplexer at the main integrator connects the integrator
to one of the three on-die WE,, ,;,,, two I/O pads or an ISFET.
The I/O pads can either be connected to off-die WEs or be
used to test the readout circuit. The multiplexer at the back-
ground integrator is connected to an on-die electrode (WEy;,),
a REFET and a MOSFET for differential pH sensing [11], as
well as an I/O pad. Two dummy (i.e., always off) connections
(t0 Viummy = VrE) are also included to equalise the parasitic
capacitance at the input of the integrators as well as the leakage
current of the two multiplexers. The latter is mainly due to the
off-state leakage current of the switch transistors. The leakage
equalisation is optimised for the on-die sensing mode where the
voltage at the two disconnected on-die WE,,, ,;,, is assumed to
be equal to Vi . The connections of the multiplexers are shown
in Fig. 2. DiRIC works in both Single-mode and differential-
mode, where in single-mode, the multiplexer disconnects the
reference integrator from any input.

2) Two identical integrators convert the sensor cur-
rent into voltage. The three main benefits of using a
SC-based integrator over a resistor-based TIA [5] and a
current-mode potentiostat [12]-[14] are: The sensor current
is low-pass filtered straight away through the integration,
which removes the high frequency noise in the electrochemical
process; The SC-based integrator can measure bidirectional in-
put currents which is in particular required to perform a cyclic
voltammetry measurement; Finally, currents within a wide dy-



1150

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 11, NO. 5, OCTOBER 2017

3
On-die WE, ., \
) 2 >D< > I Vmain
Off-die WE,,in S main
ISFET o— / 10
ADC SPI [~
On-die WE,,.* 1 '\
Off-die WE, > § - J' kag
REFET &—— = bkg
2
Vdummy.+—/ /
4 S N [~ N [ N R
S : 15 pF
VAL |2 i i
iy o K ' \ 11 Cips | LO7PF
1 (2 C,
_| ._k _| _| l_ C&C, | 035pF
Cint Vc|v| @ ©, Py C C5
I T4
b ®, IC1I v b @ TR ! |
- — - o " I - Clk
G, v bl - = |
+ Vi ||| main P, ! V i |
o— 8 i | 1 + VDZSC [ + out T I
Veu OP,, -0—’(p | | OPpysc Vaw 4 OPpga R :I
SLL ................... < g Cl I I T Py : 1
; " . 1 f BRI :|
r @ , i o\ o5\ G AN EJ- 8C J_4c J_zc J_c ; 2 : :
|~ — | . [ L ] | | —
| G ‘Pll\ c, l EL EL e L
i 1 i i i i i
L Vel | . D I O I
\‘\ __________________ A \_ ™ ™ VCM/ e —— VAN ! .
Fig. 2. The block diagram of readout circuit in DiRIC to measure and amplify the difference of two sensor currents.

namic range can be measured by tuning the reset clock of the
integrator.

The sensor currents I,,, i, and I, are integrated during the
Integration phase (when ¢ = 0). During the Reset phase (when
01 = 1), Cj,,¢ discharges through Sy ;. The low-leakage switch,
Sr 1, also enables the correct voltage on the WEs through the
negative feedback as well as a path for the sensor current during
the Reset phase.

The presented configuration of multiplexer and integrator en-
sures that the applied voltage to the sensor is well-controlled
(i.e., fixed at Vo7 ) during the whole clock period, and there is
always a path for the sensor current either through Cj,,; (during
the Integration phase) or through Sy 1. (during the Reset phase).

3) A differential to single converter (D2SC) takes the differ-
ence of V,,4in and V4. Here, the SC technique is chosen over
a resistor-based difference amplifier, because the output of the
integrator is valid at the end of the Integration phase and needs
to be sampled right away. Moreover, the auto-zeroing technique
can be easily implemented within a SC-based design to reduce
the low frequency noise and cancel the opamp offset.

The SC-based D2SC is designed similar to [15]. It samples
the two inputs at the same clock phase and uses correlated
double sampling (CDS) to cancel the clock-feed-through and
op-amp offset voltage. D2SC tracks V},,4i,, and Vi, during the
Integration phase and holds right before the Reset phase begins,

when ¢, is inserted. ¢; and ¢ are non-overlapping clock cycles
produced by the clock generator circuit. During the Integration
phase Cj is connected in feedback around O Ppog¢ and causes
the output to change only by the opamp input offset voltage.
This is a much smaller change than that required without the
usage of C's where the output has to slew to a voltage close to
Vs each time the amplifier is reset. The output of D2SC is
valid during the Reset phase (i.e., ¢; = 1). To achieve a unity
gain, C, C5, and C'3 have similar values.

The clock waveforms with the primed superscripts change
before the non-primed waveforms in order to prevent charge
from escaping through C'5 and C. The O Ppagc is left open-
loop for this amount of time. However, this has no effect on the
ultimate output of the D2SC circuit except for causing glitches
at the clock transitions [15].

4) A programmable gain amplifier (PGA) amplifies the output
of the differential SC amplifier. The PGA is realized in a SC
architecture where the gain is proportional to the ratio of the
capacitors Cy and Cy where C} is a programmable capacitor
array with a unit capacitor equal to C5 and four bit dynamic
range. Therefore, the gain of the PGA can be programmed to
any integer number from 1 to 16.

The output stage includes a 10 bit-SAR ADC (from standard
AMS library cell) and a serializer enabling voltages as small as
3.3 mV to be resolved at the output of PGA.



GHOREISHIZADEH et al.: DIFFERENTIAL ELECTROCHEMICAL READOUT ASIC WITH HETEROGENEOUS INTEGRATION

Clk
>>—4_j > A

\v4 Can]
E;—‘-Dow.

2

¢

Fig. 3. The schematic of clock generator, adopted from [15].

B. Potentiostat

The RE and CE are controlled through an opamp in negative
feedback, where different voltage profiles are generated using a
10-bit digital to analog converter (DAC, from AMS analog
standard cell library). An off-chip microcontroller is pro-
grammed to drive the DAC through an SPI module. Different
waveform profiles can be provided to control the cell in Cyclic
voltammetry, Square-wave voltammetry and Chronoamperom-
etry measurements.

C. Clock Generator

All clock waveforms are generated on-chip by the clock gen-
erator circuit. The clock generator circuit is shown in Fig. 3
where the inverted outputs were used to drive the PMOS transis-
tors in the complementary switches. The clock waveforms with
the primed superscripts change before the non-primed wave-
forms in order to prevent charge from escaping through C5 and
CY, in the D2SC circuit. The actual amount of the delay between
the clock phases and their primed version is determined by the
capacitor Cyejq, and is nominally 10 ns for Cy;4, = 0.5 pF.

D. Amplifiers

Single-stage amplifier is chosen for the integrators and the
potentiostat to ensure the stability of OF;,,; for a wide range
of load capacitance (i.e., the sensor). Single-stage amplifier is
also chosen for the PGA and D2SC over two-stage amplifiers
to ensure short settling-time of the amplifier and potentially low
power consumption. The folded-cascode structure is chosen due
to its higher gain among single-stage amplifiers. To decrease the
noise and the mismatch of the amplifiers, large PMOS transistors
are used for the input pair as well as for the current mirror. The
architecture of the PMOS-input folded-cascode amplifier with
transistor dimensions designed for O P;,,; is shown in Fig. 4.

The opamps in the integrator, D2SC, PGA have different
output drive strength (and thus bias current). The potentiostat
has to provide twice the current of the integrator to the load (i.e.,
the CE), to accommodate for both WE; ., and WE,, 4;,, currents.
Instead the opamp in the PGA should only satisfy the speed and
slew-rate requirement where the PGA should settle within half
of the fastest clock period. The simulated specifications of the
opamps are listed in Table I. Monte-carlo simulation (with 200
samples, considering both mismatch and process variations) is
used to find the standard deviation of the input offset voltage of
the amplifiers.

E. Readout Gain

The output voltage of the PGA, V,,;, at the ny;, clock cycle
(where n is any integer number) after the start-up of DiRIC is
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Fig. 4. The schematic of the single-stage folded-cascode amplifier used in the
integrator, D2SC, PGA, and the potentiostat. The given transistor sizes are valid
for the opamps used in the integrators.

TABLE I
SIMULATED SPECIFICATIONS OF THE AMPLIFIERS IN DIFFERENT CIRCUITS

Parameter integ, D2SC~ PGA  ptnstat
Gain (dB) 82.7 83.5 71.5
—3 dB bandwidth (kHz) 8.4 43 45
Phase margin (Cy = 1 pF) 53¢ 60° 59°
Power cons. (mW) 1.67 0.46 2.18
Max output current (11A) 126 35 207
Offset (mV) 1.64 1.63 1.65
CMRR (dB) 126.7 124 112
PSRR (dB) 84.4 84.6 72.5
Vioise.in (wV, 1 mHz-f_34p) 11 14 14.2

calculated as a function of the input currents:

C,
Vour (0T + 3wk /2) = é X Vour,p25c (nTer + Thak)
(D
_ C(4 % Tclk’(Imain - Ibkg) (2)

CS 2Cznt
where T;;;. is the period of the clock. The transfer function of
DiRIC is:

=27 Ty
2

Vour (f) _ ge—ﬂwﬁdk l—e
I(ﬁff(f) Cs j27rfcint

where 1y; s is defined as 1,4, — Iyry. The transfer function
is plotted in Fig. 5 for a clock frequency of 2 kHz, C, /C5 = 1,
and Cj,y = 15 pF. The f_jogp is defined as the frequency at
which the gain drops by 10 dB. The f_j( gg is considered the
noise bandwidth of the system for noise calculations in the next
section.

1) Gain Error: The integrator is the main gain stage of the
readout circuit and any non-ideality in the Sj;; or OP,,; affects
the system gain. The sources of gain error are (i) voltage drop
across Sy; during the Reset phase. This is due to the the pas-
sage of I,,,i, through the non-zero on-state resistance, r,,,, of
Sr 1 that prevents the full discharge of C;,,; during the Reset
phase. (ii) finite transconductance, GG, of OP;,; which causes
the input differential voltage of OP;,; to grow as the sensor
current increases. The DC gain of the readout circuit is re-

3
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—10 dB bandwidth, f_j( gB, is taken as the noise bandwidth.

written considering the two error terms mentioned above:

‘/out 04 ( 1 1 )
57 o~ T Ton, -~ “
Qf(tlkcint S Gm,()P,,,, )

The main parameters of the integrator are summarized in
Table III and are used to drive the gain as well as the gain error.

I’i,n _075

F. Noise

The D2SC and PGA circuits use CDS technique to remove
the opamp offset and reduce the 1/f noise. However, the input-
referred noise of OP;,; as well as the thermal noise due to
Ton,s;,, couple directly to the integrator’s output during the
Integration phase, without being sampled. The integrator noise
is then tracked and held by the D2SC and PGA where the
foldover components are also added to it [16]:

a\’
V;z%uut = (614) X (‘/nz.op,,,, +4KTTOTL,SLL+ (5)
, s 0Pint
foldovers(\/f,opm +4KTron 5., ) fur) 6)

where T is absolute temperature and K is the Boltzmann con-
stant.

III. FABRICATED SYSTEM

DiRIC is fabricated in 0.35 pum technology with two poly
and four metal layers. The micro-photograph of the fabricated
IC is shown in Fig. 6. The top metal layer is used to form
the on-die sensor where a pad opening layer is used to remove
the passivation layer and make the last metal layer exposed for
post-processing. DiRIC occupies 0.6 mm? and consumes an
average power of 9.3 mW from a 3.3 V supply. From this the
data converters (ADC and DAC) consume up to 1.1 mW and
the breakdown on other circuits are listed in Table I. The on-die
sensor measures 0.7 mm x 0.4 mm. The electrodes are placed in
the middle of the chip to ensure more than 0.5 mm distance from
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Fig. 6. The micro-photograph of integrated system where the on-die sensor
array is highlighted. The array includes WE,4in, WEy, kg> RE and CE.

the edges of the fabricated IC required for proper encapsulation
of the chip and opening in the sensor area.

A. Electrical Measurement

A PCB was made to test DiRIC in different modes and mea-
surement techniques. An Atmel ATtiny 1634 micro-controller
was embedded onto the test PCB as well as a Bluetooth chip.
The microcontroller is programmed to drive the DAC (through
SPI communication) in order to provide different voltage wave-
forems (triangular, fixed, etc) on RE for the chosen measurement
technique. The microcontroller also provides the clock, f;;, for
DiRIC and reads the ADC through SPI. It then transmits ADC
data via UART to the Bluetooth chip on the PCB which sends it
to an Android tablet [17] where it is displayed and stored. The
node V,; is also buffered (through a OF,,; which is similar
in structure to O Pp¢ 4) and accessible through a test pin. The
clock frequency, f.;; is selected based on the maximum input
current while the PGA is adjusted to amplify the input current
difference.

A Keithley 2602 is used to provide a sink or source input
current into DiRIC. Fig. 7 shows the I;,,-V,,,; characteristics of
DiRIC for different input current ranges and clock frequencies
and in the single operation modes. The DC gain at each f.;; is
reported in Table III. The single-mode operation shows excellent
linearity at sub 10 pA range. The simulations show that the
readout is linear for input currents up to =100 pA. However,
this could not be measured due to slew-rate limitations of O Py,
and speed limitation of the on-chip ADC.

The differential-mode is tested by fixing the difference cur-
rent, Iy; ¢y, to different values from 10 nA, 100 nA and 1 pA,
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of Iyg and Ig;pf, when Ly qin = Iypg + L4 ¢ ¢ DIRIC is configured in the
differential mode, f.;;. is chosen according to maximum Z,, 4 i, -

and changing the background current, I, where I, =
Iyig + Igif¢. The frequency of the clock is chosen based on
the maximum I,,,;, and the C,/C5 is chosen according to
I;it¢. The results are shown in Fig. 8 demonstrating the current
subtraction accuracy of DiRIC for Iy, up to 40 times higher
than Iy; s ¢. This is limited by getting close to the saturation of
OP;,; for high Iy, /Idiff ratios. Therefore, the range can be
further increased by increasing f.;;, and Cy /C} ratios as is seen
in the case when 147y = 100 nA.

The cyclic-voltammetry measurement was emulated by con-
necting a resistor (3.3 M2) between external RE and WE pins
(when RE and CE pins are short connected, f.;; = 7 kHz and
C4/C5 = 1). The microcontroller was programmed to drive
the potentiostat to produce a triangular voltage on RE [See
Fig. 9(a)]. The output of the ADC is stored on Android tablet
and plotted versus time in Fig. 9 showing successful implemen-
tation of cyclic voltammetry. The input current is calculated
from the measured waveforms across the resistor. The ADC
output versus the input current to WE is plotted in Fig. 9(b))
showing a linear response within the nA range.
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3.3 M2 resistor between RE and WE pins of DiRIC (where RE and CE pins
are short connected). (a) the applied voltage across the resistor. (b) The Iin-Vout
characteristics of DiRIC extracted from this measurement.

TABLE II
INTEGRATED INPUT-REFERRED CURRENT NOISE AND PARAMETERS

far®kH2)  foHz)  foiomm KH2)  “22tpe (MQ) oot
200 30.5 295 0.167 3.04 nA
20 3 29.5 1.667 0.35nA
2 0.6 2.95 16.67 36 pA
0.2 0.06 0.295 166.7 3.5pA
0.02 0.015 0.029 1667 0.47 pA

1) Noise and Leakage Current: The noise at V,,,; at differ-
ent f.;; was measured at zero input current using a low-noise
pre-amplifier (with —3 dB bandwidth at 1 MHz) followed by
a PicoScope 2205. Then from this, the total input-referred cur-
rent noise, I, jn 0¢, 18 calculated by dividing the output noise,
V2 .. (f), by the absolute value of the transfer function and
intégration over the —10 dB bandwidth, f_o4g, of the readout
circuit.

‘/ngout(f)
Vout (f) |2 (7)
II" (f)

f-10a8 1/2
In,inﬁot = (/ I’?l,z‘n (f)df) (8)

0

I’VZL,iTL (f) =

where fj is the minimum frequency in noise measurement and
is listed in Table II for different f;;.

The integrated input-referred current noise, I, jy, 101 VErsus
feur 1s plotted in Fig. 10 and summarized in Table II. 1, iy, ¢0t
decreases by decreasing f.;;, and is as low as 0.47 pA at
feir = 20 Hz. The linear trend can be explained in the follow-
ing way. (i) When f.;;, is higher than the bandwidth of OP;,,;
(f-3aB,0P,,,> 8.3 kHz according to Table I), By reducing f;
by a factor of ten, the DC gain, ZIML increases and f_ggp de-
creases ten times. However, the fold-over components in Vn?_’m,’,/

(6) also increase by almost the same factor. Therefore, the inte-
grated [, ;, within the f_joqp bandwidth decreases by almost a
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The input referred current noise at different system clock frequencies,

integrated within a bandwidth of —10 dB

TABLE III

IC CHARACTERISTIC

Parameter Value
Gain settings (GS) 1,2,3,4
feir (kHz) (GS 110 4) 7. 28, 200, 800

DC Gain (V/uA)(GS 1 to 4)
Input current range (GS 1 to 4)

4.4,1.15,0.16, 0.042
+03,£1,£6,£20pA

Measurement modes
Measurement techniques

single-input; differential-input
Chronoamperometry; Cyclic voltammetry

Max measurable current
Min total input-referred-noise
Input leakage current

20 pA at f.;; =800 kHz
0.47 pA at f.;;. =20 Hz
(2.5 £ 0.45) nA on three ICs

Gm.OP,,” 1.8 mA/V
Ton,Sy 1 1.2kQ
int 15 pF
Technology 0.35 pm
Supply voltage 33V
Power consumption 9.3 mW
Area 0.6 mm?

factor of ten. (ii) When f;; is higher than f_345 o p,,, , the fold-
over components are negligible and remain so by increasing
feire. Similarly, the content of the input-referred current noise
at frequencies between f_3qg op,,, and f_joep is negligible.
Therefore by increasing f.;; by an order of ten, I, j; o1 in-
creases almost ten times. The leakage current of the switches in
the multiplexer introduce an offset in the measurements and can
saturate OP;,,; at low f.;.. The measured input leakage current
is 2.1 nA and was removed from plots in Figs. 7, 8, and 18(b).
This leakage current saturates the readout circuit when f.;; is
smaller than 20 Hz. The measured leakage current on three ICs
was 2.1, 2.95 and 3 nA and is reported in Table III along with
other specifications of the readout circuit.

Using DiRIC, the minimum detectable change in sensor cur-
rentis 0.47 pA while the maximum measurable current is 20 pA.
This leads to a large cross-scale dynamic range of 156dB. A
comparison with state-of-the-art will be presented in the next
section.

GOD+GA

S

GA

Fig. 11. Preparation steps of a dual-SPE for differential measurement of
glucose: (1) The bare dual-SPE with bare gold electrodes; (2) Pt-nanoS
electrodeposited on both WE;, 4, and WEy ;5 (3) GOD and the cross-linker
Glutaraldehyde (GA) deposited on Pt-nanoS grown on WE,, ;;,, while only
GA is deposited on Pt-nanoS grown on WEy,. The SEM image of the WE
covered in Pt-nano$ in step two (right).

800

*
700
y = 6.90x + 318.21 /
600 R?=0.97
< 500 -
c
= 400 - 800 |y=0.08x +48.24 i
= 4 T 600 R? =0.99
Q300 fFrm=mmme < —
= £ 400
O 200 [ £ 200 i
bkg © g
100 0 5000 10000 [
Glucose (uM)
0 : : : : : :
0 10 20 30 40 50 60 70
Glucose concentration (uM)
Fig. 12.  Calibration curve measured during the chronoamperometry with glu-

cose sensors enhanced by Pt-nanoS. Inner graph: Similar measurement without
Pt-nanoS.

IV. ELECTROCHEMICAL MEASUREMENT

DiRIC can couple to and readout a variety of sensors thanks
to its high input dynamic range and its support of different
measurement modes and techniques. The versatility of DiRIC
has been demonstrated in this section through measurements
with a range of on-die and off-die sensors. We propose and
test a protocol to prepare WE;, and WE,,, ;,, for differential
sensing of glucose. We also demonstrate for the first time the
heterogeneous integration of Pt-nanoS on CMOS to develop
integrated platform for amperometric electrochemical sensing.

A. Off-Die Sensors

1) Differential Sensor Preparation: Screen printed elec-
trodes (SPE) with one CE, one RE and two WEs were purchased
from Dropsens. Pt-nanoS was electrodeposited onto both WEs
from a solutions containing 50 mM H3SO, (95-98%, Sigma)
and 25 mM H, PtClg (Aldrich) using a commercial potentiostat
to perform Linear Scan Voltammetry (LSV) between 0 V and
1 V with respect to an Ag reference electrode. Here, a Pt elec-
trode with an area of 12.54 mm? was used as CE and placed
in parallel to WE of the SPE. After the deposition process, a
material activation was carried out by acquiring multiple cyclic
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TABLE IV
SUMMARY OF CHRONOAMPEROMETRY MEASUREMENTS WITH OFF-DIE GLUCOSE SENSORS

Reference sample condition Pt-nanoS Iy lo uM

I’main |U M

SW By,

S time-drift (AI/At) reduction

SW B ain

main

Fig. 12
Fig. 12
Fig. 13
Fig. 15

Stirring No -
Stirring Yes
Stirring Yes
flow cell Yes

134 nA
300 nA

302 nA
47 nA
158 nA
318 nA

0.08 pA/mM - NA
6.9 pA/mM
4 uA/mM
0.68 pA/mM

28% NA
20% up to 60%

voltammograms between —0.2 V and +1.5 V at 100 mV/s in
0.1 M Hy S0y until the overlap of two subsequent voltammo-
grams was observed.

The morphology of the obtained nanostructures on the WEs
was observed using a scanning electron microscope (SEM) im-
age. The SEM image shows a very high density of Pt-nanoS was
obtained (Fig. 11-right).

To prepare WE,,, 4;,, one of the Pt-nanostructurd WE in the
SPE was functionalized with a 5 ul drop consisting of glucose
oxidase (GOD) and the cross-linker, Glutaraldehyde (GA) (both
from Sigma-Aldrich, 15 mg/ml GOD in 100 mM PBS with
GA 2.5 %v/v as cross-linker in 9:1 volume ratio). To form the
WEj.4,a5 pl drop of GA (2.5 %wv/v) was deposited on the other
WE. This is to ensure WEy;, has the closest surface structure
to WE;;,, while it is still insensitive to glucose. The developed
bio-nano-sensor is then kept at 4 °C overnight before use. The
preparation steps of the electrodes are summarized in Fig. 11.

2) Effect of Pt-Nans on Glucose Sensor Current: To demon-
strate the effect of Pt-nanoS on the sensor sensitivity, a
Chronoamperometry measurement for the detection of glucose
is performed and results are shown in Fig. 12 using an SPE (as
shown in Fig. 11-step(1)). Here, one WE of the SPE is nanos-
tructured with Pt-nanoS and functionalized with GOD and GA,
while another WE was only functionalized with GOD and GA
without being nanostructured. The measurements were done us-
ing a commercial potentiostat at different times on the same day
by consecutively adding glucose by steps of 15 M or 2.5 mM
to the PBS solution (Sigma, 100 mM, pH 7.4) under stirring and
aerobic condition.

The calibration curves reported in Fig. 12 show that by in-
troducing the Pt-nanoS the sensitivity (i.e., the slope of the
calibration line) of the sensor increases by almost two orders of
magnitude (See Table IV). The background current () of the
sensor has also increased considerably.

3) Differential Sensing of Glucose: Chronoamperometry
measurements of glucose were carried out at +650 mV in PBS
solution under stirring and aerobic condition by consecutively
adding glucose up to 1 mM by steps of 100 uM. The WE,, 4
and WE,,, were prepared according to the procedure shown in
Fig. 11.

The sensors were conditioned for 50 minutes in the PBS
solution before the first addition step. The current of WE,, 4ir
and WE;;, were measured simultaneously using a commercial
potentiostat with two channels. The difference in the WE,, 4,
and WEyy,, currents was calculated after the measurements and
plotted in Fig. 13.

The measurement was repeated on the same sensors and same
day using DiRIC (f.;; = 200 kHz, Cy/C5 = 1) to control and

4.5

WE_main (measured with Com. Potentiostat)

= WE_bkg (Measured with com. Potentiostat)

35 © WE_main - WE_bkg from com. Pat.)

y=2.92x +0.10

® Differential current (measured with IC)

2.5

15

Sensor Current (uA)

05 +—

0 0.2 0.4 0.6 0.8 1 1.2

Glucose concentration (mM)

Fig. 13.  The chronoamperometry of glucose using the dual-SPE prepared
according to Fig. 11.

readout all four electrodes of the sensor. The results are plotted
in Fig. 13 showing perfect matching of the two measurements
as the slope of the differential calibration curves acquired by
DiRIC is within 99% of the one measured with commercial po-
tentiostat. The discrepancy in the differential offset between the
two differential measurements can be due to the slight change
of the offset current of either WE,, ,;,, or Wy, from one mea-
surement to the other.

4) Discussions: 1deally, I, that is measured from WEy;,
does not change with glucose concentration. However, as seen
from Fig. 13, I}, changes with concentration. This is mainly
due to the interference between the two WEs when the HyO»
generated at the vicinity of WE,, 4;,, diffuses towards WEy;,
where it is oxidised and results in a current. The interference
between the two electrodes can be defined as ratio of sensitivities
of WE; ., and WE,), 4, to glucose:

SWE,,
Intereference = ———*4

©)
W E,ain

The interference is in theory independent from the sensitivity
of the main sensor, Sy g, ,,, as the I, is a linear function
of I, 4in .- To minimise the interference, the stirring direction in
above measurements were chosen such that the liquid moves
away from the WE,,, 4;,, in an opposite direction to WEyy,,.

The flow direction can be better controlled using a flow-cell
to decrease the interference. A measurement set-up with a flow-
cell is sketched in Fig. 14 where the liquid flow is controlled to
be in parallel with the WEs. Fig. 15 shows chronoamperometry
measurement with a differential sensor using a flow rate of
25 pL/min and concentration steps of 1 mM. The differential
sensor was prepared with the exact same procedure described
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Fig. 14. The measurement set-up for the differential chronoamperometry of

glucose using a flow cell.
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Fig. 15. The chronoamperometry for glucose measurement (with commercial

potentiostat) with differential bio-nano-sensor under the flow condition. Both
drift and offset are reduced using differential measurement.

in this section except that an aged GOD with a reduced activity
was used which is expected to have less sensitivity and higher
background current. The use of an aged enzyme was also thought
to mimic the sensor operation towards the end of its lifetime.

Table IV summarizes the results with off-die glucose sen-
sors. The observed interference measured using the flow-cell
technique is as low as 20%. We observed that the interference
depends on the geometry of the flow cell, its alignment to the
horizon and the flow rate. The interference may be minimized
by making a seperating wall between the WE,;, 4;,, and WEy, as
shown in other works [18]. Another way is to place the WE,, i,
and WE,,, further apart.

The measured sensor currents in Fig. 15 also shows the sensor
current drifts in time at a fixed concentration of glucose. The
drift is as high as 110 nA/sec in the highlighted time period in
Fig. 15 and has been reduced to 45 nA/sec. The current drift
depends in part to the measurement condition such as flow rate,
direction, and change in Oxygen concentration which contribute
to mass transport; and in part to the enzyme condition and
activity which determines the kinetic of the sensor. The mass-
transport component of the drift is compensated for using the
proposed differential measurement technique. However, only a
part of the kinetic-related drift is removed and that is through the
effect of the interference. In other words, assuming that 20% of
the reported 60% drift-reduction is due to the interference effect,
the contribution of the mass-transport component is 40% of the
whole drift and the remaining 60% could be attributed to the
kinetic of the sensor.
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Fig. 16.  The photograph of set-up for the electrodeposition of Pt-nanoS on on-
die electrodes. An Ag/AgCl reference electrode and a Pt counter electrode were
used to enhance the deposition. Inner image: the microphotograph of DiRIC
and on-die electrodes inside the epoxy well.

B. On-Die Sensors

To develop and test the on-die electrodes, the IC was wire-
bonded to a test PCB. The wires were then covered with epoxy
such that electrodes are exposed for post-processing.

1) Electrodeposition of Pt-nanoS: Pt-nanoS was deposited
on the electrodes, that were made by the top metal layer, in the
following way. An external Ag/AgCl reference electrode and
a Pt counter electrode were used as shown in Fig. 16. A drop
of the solution (50 mM H3SOy4 (95-98%, Sigma) and 25 mM
H, PtClg (Aldrich)) was placed to cover all the electrodes. Three
repetitive LSVs from 0 V to 0.8 V were performed between the
on-die WE versus the reference electrode using a commercial
potentiostat.

The morphology of the WE surface was investigated with
a Zeiss Merlin high resolution scanning microscopy after the
measurements were performed. The SEM images are shown in
Fig. 17 where the Pt nanoS are clearly visible.

2) Measurements with Nanostructured On-Die Sensors:
Measurements with on-die sensors were carried out before and
after the addition of Pt-nanoS to the electrode. A drop of 100 mM
PBS solution containing 0 and 1 mM concentrations of HyO,
was placed on top of the IC. The Ag/AgCl reference electrode
and the Pt counter electrodes were used. All three electrodes
were connected to DiRIC for voltage control and current read-
out. The system clock, f.;;, was set to 7 kHz and a triangular
waveform with the slope of 95 mV/sec was applied between
WE,,.i», and the reference electrode. The acquired three con-
secutive voltammograms are shown in Fig. 18 where the overlap
of the voltammograms is the indication of the sensor stability.

Voltammograms measured on the same electrode before and
after growing Pt-nanoS are presented in Fig. 19. The peak-to-
peak sensor current from the four measurements in Fig. 19 are
listed in Table V (under WE,,, .., 4 ) showing an increase of more
than one order of magnitude in the sensor current by introducing
Pt-nanoS. There is also a threefold increase in the nanostructured
sensor current in presence of HoO,. This demonstrates the high
sensitivity of the sensor to HyOs which is the main product
of redox reaction in enzymatic electrochemical sensors such as
glucose and lactate.

3) On-Die Sensor Variability: The peak-to-peak current of
the voltammograms acquired with an on-die Pt-nanoS WE,, ;..
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Fig. 18.  Therepetitive cyclic voltammograms acquired with DiRIC and on-die

sensors developed with Pt-nanoS.
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Fig. 19. Cyclic voltammograms with DiRIC and on-die sensors in presence

and absence of Pt-nanoS.

prepared as described in Section IV-B1 on a different IC is also
reported in Table V (under WE,,, ,;,, g) for comparison. The
peak-to-peak current of the two Pt-nanoS sensors match by 80%
and 75% in presence and absence of HyO», respectively. The
difference in the current of the two sensors could be attributed
to the variability in the deposition of Pt-nanoS. The variability
could be minimized by further optimizing the electrodeposition
parameters such as the range of the applied voltage in LSV as
well as the number of repetitions.

Alternatively, DiRIC can effectively address the Pt-nanoS
sensor variability. This includes for example sensor offset-
removal through a differential measurement. In the case of cyclic

SEM images at different magnification of first demonstrated Pt-nanoS grown on the top metal layer of CMOS, This is the WE,,, ,;,, on the same substrate

TABLE V
SUMMARY OF CV MEASUREMENTS WITH ON-DIE SENSORS

Solution Pt-nanoS Peak-to-peak current (nA)
WEmain,/l WE777(11',n,.B

PBS 100 mM Yes 45 34

H202 1 mM Yes 142 114

PBS 100 mM No 3 2

H2 02 1 mM No 5 3.5

voltammetry, the differential measurement could be performed
between a Pt-nanoS electrode, WE,, ,;,, , and a bare Al electrode,
WEy}4, kept in a single fluid chamber to remove a DC offset
from the acquired voltammogram (See Fig. 19). A more effec-
tive offset removal, that can be applied in Chronoamperometry
measurement, is through a differential measurement between
two Pt-nanoS electrodes kept in two separate chambers contain-
ing two solutions: one with a known (e.g., zero) concentration
of the target molecule (at WEy;,) and the second solution with
the unknown concentration (at WE,,, ;;,,).

Moreover, the variability in the sensitivity of on-die Pt-nanoS
electrodes could be addressed through DiRIC using a two-step
calibration scheme. In a first step, the sensor sensitivity is cal-
culated through measuring the sensor current at two or more
known concentrations of the target molecule; In a second step
the PGA gain and the system clock frequency, f.;, are config-
ured such that the sensor sensitivity multiplied by the gain of
DiRIC is kept constant among all devices.

4) Discussions: The growth of Pt-nanoS on the top metal
layer is demonstrated here to increase the current level of the
on-die sensor by an order of magnitude. This enables the inte-
gration of miniaturised and highly sensitive redox-based sensors
with the readout systems on CMOS and further improves upon
CMOS sensor arrays for the detection of metabolites with im-
proved SNR and LOD.

A comparison with state-of-the-art is presented in Table VI
showing DiRIC is the first fully-integrated readout circuit that
samples and subtracts, at the same clock phase, differential
sensor currents with an overall cross-scale dynamic range of
156 dB. The presented work is also the first to demonstrate
the heterogeneous integration of Pt-nanoS sensors on the IC
developed in CMOS technology.
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TABLE VI
COMPARISON SUMMARY WITH STATE-OF-THE-ART INTEGRATED CIRCUITS FOR AMPEROMETRIC BIOSENSORS

IEEE TRANSACTIONS ON BIOMEDICAL CIRCUITS AND SYSTEMS, VOL. 11, NO. 5, OCTOBER 2017

Paper Measurement Sampling of Min  Max current Cross-scale Technology = Power On-die WE Nano type
mode Lini,2 current DR* cons.

ISSCC’06 [10] differential different clock phases - - - 0.5 pm - No -

TBCAS’13 [19] differential same clock phase - - - 0.18 pm 240 mW No -

TBCAS’13 [20] single - 24 pA 0.35 nA 83 dB 0.35 pm 0.19 mW Yes 3D gold

TBCAS’16 [21] single 0.5 nA T A 43 dB** 0.18 pm 0.07 mW Yes Carbon nanofibre

TCAS-I'06[22] single - 0.05pA  £0.1 A 132 dB 0.5 pm 11 pW No -

TBCAS’07 [23] single - 0.1 pA +0.5 nA 140 dB 0.5 pm 1.27 mW No -

TBCAS’16 [12] single - 0.1 pA 16 pA 164 dB 0.5 um 241 pW No -

This work differential same clock phase 0.47pA +20 pA 156 dB 0.35 pm 9.3 mW Yes Pt nano-structures

* Dynamic range across multiple gain settings. ** Calculated based on one reported gain setting.

V. CONCLUSIONS

DiRIC is presented for differential measurement of ampero-
metric sensors using SC technology. DiRIC can measure cur-
rents within 20 pA with minimum input referred noise of
0.47 pA and an input leakage current of 2.1 nA.

The bio-nano-sensor and DiRIC are co-designed to allow gen-
eration of the background current through WEy;.,, and its sub-
traction from the current of WE,,, ,;,, through DiRIC. A method
for the preparation of a differential bio-nano-sensor is proposed.
Measurements performed on the developed bio-nano-sensors for
glucose detection show substantial reduction in the sensor oft-
set current and the time-drift through the proposed differential
sensing system.

Pt-nanoS on-die sensors were demonstrated for the first time
using a simple electrodeposition technique. Measurements per-
formed by DiRIC on on-die sensors show an order of magnitude
increase in the current by the introduction of Pt-nanoS, as well
as an increase in the sensitivity of the sensor to the HyOs.
This allows the integration of miniaturised and highly sensitive
sensors with the readout systems on CMOS for redox-based am-
perometric sensing of metabolites such as glucose and lactate.
This further paves the way for the development of miniaturized
integrated devices for point-of-care diagnostics and the internet
of medical things.
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