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Gastrointestinal bleeding (GIB) is a serious medical condition, which requires immediate attention to
establish the cause of the bleeding. Here, we present the development of a miniaturised electrochemical
impedance spectroscopy (EIS) device for the detection of GIB. The device performs EIS measurements
up to 100 kHz. Following the development of an immunosensor for haemoglobin (Hb) on screen printed
electrodes, the EIS device was used for detecting Hb as an early indication of bleeding. The sensor was
able to detect Hb in a redox solution in a linear range between 5 ug mL™ and 60 ug mL™, with a limit of
detection of 13.3 ug mL™%. It was also possible to detect Hb in simulated intestinal fluid, without the need
for a redox solution, within a range of 10 pg mL™ to 10 mg mL™ with a limit of detection of 2.31 mg
mL~. The miniature EIS device developed in this work is inexpensive, with an estimated cost per unit of
£30, and has shown a comparable performance to existing commercial tools, demonstrating its potential

Received 12th December 2023,
Accepted 15th December 2023

DOI: 10.1039/d3an02147e

to be used in the future as an ingestible sensor to detect GIB. All these measurements were carried out in
a purpose built flow cell with supporting hardware electronics outside the cell. Integration of the hard-
ware and the sensing electrodes was demonstrated in pill form. This pill after integration sampling fluidics
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Introduction

Gastrointestinal bleeding (GIB) is a serious condition that
refers to bleeds occurring in the gastrointestinal tract from the
mouth to the rectum. The most common reasons for GIB are
peptic ulcers, erosive diseases, and varices. Death usually
occurs for patients whose bleeding is recurring or not stop-
ping." The latter happens in 25% of diagnosed cases, and
those patients are at a high risk of mortality.> GIB is classified
as upper GIB (UGIB) or lower GIB (LGIB) depending on
whether the location is above or below the ligament of Treitz.
Around 80% of GIB is UGIB of which an estimated 60% is
caused by peptic ulcers.’> The mortality rate caused by GIB is
around 5-10%."
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has potential to be used in detecting gastrointestinal bleeding.

Despite advanced diagnosis and treatment technologies,
the mortality rate related to GIB is still high. Diagnosis and
treatment of GIB are expensive and represent a serious econ-
omic burden since they involve a high level of hospital
resources.” The cost of treatment and mortality rate would be
significantly lowered if there were a device or technique
capable of detecting traces of blood in the minutest amount at
an early stage of GIB. The technique or device should be in-
expensive and minimally invasive. However, since the GI tract
is about 9 m in length, diagnosis is challenging. The most
common diagnostic methods include endoscopy, colonoscopy,
CT, surgery, and immunochemical testing. In general, endo-
scopy is used to identify the bleeding location and investigate
other symptoms in the UGI tract, while colonoscopy is used to
investigate the LGI tract. Sometimes faecal occult blood tests
can be used for detection of bleeds in faeces by immunochem-
istry.® However, since haemoglobin degrades when travelling
long distances in the GI tract, such tests can detect a limited
number of cases and only when the source of bleeding is in
the LGI tract. Although endoscopy is the first-line choice for
the diagnosis of GIB, its missing rate for bleeding is 10% if the
lesions are in the area accessible using an endoscope; other-
wise it goes up to 18%.”> Also, endoscopy needs to be per-
formed by skilled nurses or doctors and requires hospital
admission. Recently, video capsule endoscopy (VCE) has been

Analyst, 2024, 149, 1081-1089 | 1081


http://rsc.li/analyst
http://orcid.org/0000-0002-4039-8282
https://doi.org/10.1039/d3an02147e
https://doi.org/10.1039/d3an02147e
https://doi.org/10.1039/d3an02147e
http://crossmark.crossref.org/dialog/?doi=10.1039/d3an02147e&domain=pdf&date_stamp=2024-02-08
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an02147e
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN149004

Open Access Article. Published on 11 January 2024. Downloaded on 7/19/2025 8:44:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

used for the diagnosis of GIB.” VCE uses a pill sized swallow-
able device, and it consists of a camera, LEDs, a signal pro-
cessor, a battery, and an antenna. While it travels through the
body, a camera records a video of the GI tract and transmits
the video wirelessly to a recorder. However, VCE does not fully
meet all medical needs; it is expensive, consumes a lot of
power, and requires expert interpretation of hours of video.
Swallowable non-white light optical capsules have been used
instead of VCE for the detection of GIB.*™*? These capsules use
fluorescence® or illuminance' instead of digital cameras.
Hence, they require no complex software and consume less
power compared to VCE. Nonetheless, these capsules require
complicated instruments. There are also associated safety
issues, as optical capsules may require injection of fluorescein
dye (or programmed bacteria) into the human body to develop
and capture an illuminance signal as a result of their inter-
action with haemoglobin.

Among other studies, Yen et al. (2017)"® have suggested an
ingestible haemoglobin immunosensor using a gallium
arsenide based molecular controlled semiconductor resistor
device. They have detected haemoglobin between 10 pg mL™"
and 100 pg mL™"' in fasted-state simulated intestinal fluid
(FASSIF). The limit-of-detection was 1.13 pg mL™".
Nevertheless, the apparatus was designed for endoscopy rather
than as a stand-alone capsule. McCaffrey et al.** have designed
electrochemical sensors as swallowable capsules for investi-
gation of the gastrointestinal tract. Although the capsule incor-
porated potentiostat circuitry, it was not able to perform
electrochemical impedance spectroscopy (EIS) but could
perform other voltammetric techniques such as cyclic and
square wave voltammetry. The capsule was designed to work as
an electronic tongue to enable the non-specific characteris-
ation of gut fluids in the small intestine, aiding the diagnosis
of conditions such as Crohn’s disease and ulcerative colitis.

EIS is a label-free and non-destructive method which
measures the surface impedance of electrodes caused by
changes occurring on the sensor surface such as by antibody-
antigen binding. The change in impedance is evaluated to
assess the presence and concentration of target molecules.
The impedance is usually calculated by applying an AC voltage
and measuring the corresponding current. Then, the ratio of
voltage and current is used to calculate the impedance.
Although there are several devices for EIS, they are unsuitable
for use as ingestible devices since they are bulky, expensive,
and power hungry (ESI S1 and Table S1f). Nonetheless,
devices for EIS can be developed into inexpensive devices that
are small enough to be incorporated in a swallowable pill.

Therefore, here, we present a novel and miniaturised EIS
device, which was then used as an immunosensor for the
detection and quantification of haemoglobin to establish an
early signature of GIB. The instrument includes an analog
lock-in amplifier (LIA) synchronised with a direct-digital
synthesiser (DDS) to achieve high performance, while being
low-cost and small-size (Fig. 1A and B). Its cost was estimated
to be around £30 (Table S2t). Since haemoglobin is an abun-
dant protein in blood with unique chemical characteristics, we
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chose it as the model protein to indicate the presence of bleed-
ing. The performance of the instrument was compared with
that of a commercial device by measuring haemoglobin in a
redox buffer (Fig. 1C and D). A schematic illustration depicting
the working principle of our device in the GI environment is
presented in Fig. 1E. Finally, we demonstrated the detection of
haemoglobin in FASSIF using our device and the flow-cell
without the use of a redox probe to mimic the GI environment
(Fig. 1F). The size of the instrument was kept at 33 x 20 mm?>
for practical reasons, but it can be easily scaled to smaller
sizes as shown in Fig. 1G and H.

Experimental design
Instrument architecture

The developed instrument consists of inexpensive, low-power,
and off-the-shelf components. We used a DDS to generate
waveforms with a high-sampling rate in an optimised way
without using complicated hardware and software. An analog
LIA was designed to down-convert AC signals to DC using
analog switches instead of a high-speed, power-hungry analog-
to-digital converter (ADC). Then the demodulated signal was
digitised with a 24-bit ADC. Since most of the work was done
with individual analog circuits, less work was required in the
digital domain. Hence, for the microcontroller unit (MCU), we
used EFMSLB12 (Silicon Labs, USA), which is an 8-bit,
8051-core MCU, with an internal clock up to 72 MHz, a 4x
12-bit digital-to-analog converter (DAC), and several timer
modules within a small package (4 x 4 mm?). Thus, we have
achieved a high-performance instrument without using power
hungry components, such as field-programmable gate arrays
(FPGA). This architecture also opens up a way to obtain opti-
mised application specific integrated circuit (ASIC) designs for
EIS based sensors since performing analog computation can
be more power and area efficient.'> The sensor’s current was
converted to voltage with a transimpedance amplifier (TIA).
The gain of the TIA was controlled with a tiny digital potenti-
ometer instead of using a network of analog switches as in
most other works.">"” Inaccuracies caused by the TIA gain and
op-amps were calibrated with dummy cells. Thus, highly accu-
rate (<0.5% gain error and <1° phase error) measurements in
frequencies up to 100 kHz were achieved (Table S31).

Experiments were conducted with the instrument shown in
Fig. 1B. Nonetheless, after removing unnecessary parts such as
the USB connector, and dividing the single board into two
smaller pieces that can be stacked on top of each other for
further miniaturisation, the same instrument was able to fit
into a capsule as shown in Fig. 1G and H. These further sim-
plifications did not affect the sensor’s performance as the
overall electronic architecture remained the same. The capsule
included two 1.55 V coin-cells, two printed-circuit boards
(PCB), and one electrode. The electrode was a screen-printed
electrode trimmed to fit into the capsule, or it could be
thin-film electrodes'® since these two types of electrodes are
similar.

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3an02147e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 11 January 2024. Downloaded on 7/19/2025 8:44:22 PM.

(cc)

View Article Online

Analyst Paper
SENSOR h
A CE WE B DropSens
< C223BT
Pot:::ll::l'allc i'fq':.':'smnn
Signal
Generation
Lock-in
24-bit Communication
ADC
) Power £
E
8051 Core MCU a
I12Cc/use 4.5V
Converter Regulator
uss 3.3v
Interface Regulator
Flow-cell Our Control Electronics Flow-cell Schematic
Measurements in Buffer
E @ Haemoglobin F
Measurements in Simulated GI Fluid
it Antibody
@ RedBloodCell o .® Simulated GI Fluid
*°@®: _e
o 5. @ SIC sTC
NacCl Nacl
S =
NaOH NaOH
NaOH NaCl STC
G Our Pill H
Front View
Side View (Battery) (Electrodes) Size Comparison of Our Pill
w
[
°
2
©
o U
w .
£
g | S
g e
Our Pill
Fig. 1 (A) Architecture of the instrument. I2C: inter-integrated circuit; DAC: digital-to-analog converter; MCU: microcontroller unit; DDS: direct-digital

synthesiser; CE: counter electrode; RE: reference electrode; WE: working electrode; TIA: transimpedance amplifier; ADC: analog-to-digital converter.
(B) Bottom and front face of the instrument. 1: RE; 2: WE; 3: CE; 4: 2x MAX5394 (digital potentiometers); 5: FT200XD (I2C/USB converter); 6: AD9834
(DDS); 7: EFM8LB12 (MCU); 8: MCP3561 (ADC); 9: 2x PISA3157 (analog switch); 10: OPA4354 (op-amp); 11: low-pass filter for the lock-in amplifier; 12:
MCP1700 (3.3 V regulator); 13: LP2985 (4.5 V regulator); 14: 7 order low-pass filter; 15: OPA4354 (op-amp). (C) Experimental setup. (D) Schematic of
the flow-cell. (E) Illustration of working principle of the proposed pill (Created by biorender.com). (F) Flow-cell in simulated Gl fluid environment. (G)
Our pill which is a smaller version of B after removing unnecessary parts such as USB. (H) Size comparison of our pill with PillCam and paracetamol.

Signal generation

There are many methods reported in the literature for signal
generation, but to implement LIA, the frequency of the gener-
ated signal and LIA must be exactly matched. Because of this,
digitally controlled signal generation methods are often pre-
ferred. DDS is a method to produce arbitrary waveforms by
using digital calculations. It can be implemented either by a

This journal is © The Royal Society of Chemistry 2024

DAC and a controller'® or by off-the-shelf integrated circuits
(ICs).>® Since DDS ICs include optimised building blocks to
produce sinusoidal waveforms, they do not have any software
complexity, and they consume lower power compared to
custom made DDS. Hence, we used AD9834 (Analog Devices,
USA), which is a current-output DDS IC used for generation of
sine waves. The output frequency of DDS was determined
using fircix X W/2%8, where fycik is the clock input to DDS,
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which was provided by the timer module of the microcontrol-
ler, and W is the value of a 28-bit frequency register which is
user-programmable. The value of fyicrx is up to 75 MHz, which
means it can generate signals as low as 0.27 Hz and can be
tuned to 0.004 Hz resolution. The full-scale amplitude of the
output current was adjusted by the current flowing through
the full-scale adjustment (FSA) pin of DDS. Hence, to control
the full-scale amplitude, a 10 kQ resistor was connected
between a DAC and the FSA pin.

Signal acquisition

The current flowing through the working electrode (WE) was
converted to voltage by an OPA4354 (Texas Instruments, USA)
operational amplifier (op-amp) working in TIA configuration.
Gain of the TIA was adjusted using a MAX5394 (Maxim
Integrated, USA), which is an 8-bit, 100 kQ digital potenti-
ometer (Fig S1t). Although its —3 dB bandwidth was 1600 kHz
and 165 kHz for 10 kQ and 100 kQ, respectively, its response
was calibrated. DC current flowing through the sensor can
cause saturation of the TIA before amplifying the AC current.
Hence, before each measurement, an opposing DC current was
applied to null the DC current of the sensor.

Lock-in amplifier

A lock-in amplifier, sometimes known as a synchronous demo-
dulator or an I/Q (in-phase/quadrature) demodulator, is used
to measure very small signals. It can be implemented by
analog or digital methods. Nonetheless using digital LIA
requires high speed ADC, memory, and controllers such as
FPGA, which increase the cost and power consumption.>' For
this reason, a square-wave based lock-in amplifier was
designed to demodulate AC signals to the DC level. This
design is also easier to scale for a higher number of channels
compared to digital LIA, since it is cheaper, smaller, and
simpler. To filter harmonic frequencies properly, the signal
was averaged by measuring it for 1 second for frequencies
higher than 100 Hz and averaged for at least 2 seconds for
lower frequencies. The MCP3561 (Analog Devices, USA) is a
24-bit differential input ADC, and it was used to measure the
differential output voltage of the LIA. It also has a programma-
ble gain amplifier, which can amplify the output signal up to
16 times. This helped us to increase the sensitivity and
dynamic range of the measurements.

Calibration of the instrument

The calibration of the instrument was the key point to get
maximum performance with low-cost and small size com-
ponents. By measuring inaccuracies in the circuit, it was poss-
ible to account for them by re-calculating the results. We
measured and calibrated the circuit elements in 6 steps
(Fig. S27). Finally, inaccuracies, phase shifts and offsets
caused by the circuit elements were calibrated using reference
resistors. The instrument measured the impedance spectrum
of 4 reference resistors. These measured values were stored in
a MATLAB script. After each Vgengor measurement, the MATLAB
script was used to calculate the corresponding Zgnsor value
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USing (Vreference - offset) x Zreference/(vsensor - Voffset); where
Vottser 1S the voltage when the electrodes were open-circuited,
and Vieference 1S the voltage obtained from reference resistor
measurements.

Chemical sensing of haemoglobin

Chemicals. Phosphate buffered saline tablets (PBS, pH 7.4),
isopropanol, potassium ferricyanide [K;Fe(CN)g], potassium
ferrocyanide [K,Fe(CN)¢], bovine serum albumin (BSA), and
purified human haemoglobin were purchased from Sigma
Aldrich (Dorset, UK). Human anti-haemoglobin antibodies
were purchased from Fisher Scientific (UK). Antibodies were
aliquoted and stored at —20 °C. FASSIF powder and FASSIF
buffer were purchased from Biorelevant (London, UK). All
chemicals were of analytical reagent grade.

Apparatus. Electrochemical measurements for the antibody
optimisation experiments were conducted using a Palmsens-4
(Palmsens, The Netherlands). Haemoglobin measurements
using the redox solution were performed by both Palmsens-4
and the proposed device. FASSIF experiments were performed
only with the device developed in this work. Dropsens C223-BT
screen-printed electrodes (SPE) were purchased from Metrohm
(Runcorn, UK). Working and counter electrodes were gold,
whereas the reference electrode was silver. A flow-cell was used
to simulate the testing environment (Fig. 1D and F). Solutions
were injected with a syringe. Mechanical switches were used to
select the device connected to the electrode.

Fabrication of the immunosensor. The immunosensor was
developed by immobilising anti-haemoglobin antibodies onto
the SPE surface via physical adsorption (Fig. 2). For this, elec-
trodes were first washed by dipping them in isopropanol for
10 minutes, followed by immersion in DI water for another
10 minutes. Antibody solutions prepared in PBS were dis-
pensed on the SPE to cover all the electrode areas and these
were incubated in the fridge overnight at +4 °C. The following

Antibody
N7 y VY,
e Y Y yYy
Substrate —
A B

BSA
@

— \&T’/ N7
Ol lelele) UOOO JO

Haemoglobin

-

W Y W%

olleoe focollo

D C

Fig. 2 Development of the immunosensor. (A) Bare metal electrodes
were cleaned by washing with isopropanol. (B) Antibodies in PBS were
dropped on electrodes and incubated overnight at +4 °C. (C) Bovine
serum albumin (BSA) was used to block empty spaces on the surface. (D)
EIS measurements were carried out in a flow-cell.

This journal is © The Royal Society of Chemistry 2024
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day, the electrodes were washed with plenty of PBS.
Afterwards, to block the electrode surface, 1% (w/v) BSA solu-
tion was dropped onto the electrodes and incubated for one
hour. Then, the SPE was washed with plenty of PBS to remove
unbound molecules.

Haemoglobin measurement in redox solution. An AC poten-
tial with 10 mVgrms Was applied to keep the sensor’s response
in a linear range. The open-circuit potential was measured
before each experiment, and the equilibrated value was
applied as DC bias to sensor. The frequency range was set
between 5 Hz and 50 kHz in 41 steps (10 frequencies per
decade). There was an interval of 10 seconds before each EIS
measurement to allow the sensor to reach its steady state and
prevent transient response. Measurements were performed
firstly with Palmsens-4, and right after they were repeated with
our device using the same parameters.

For the measurements, firstly, PBS solution was dropped
onto electrodes and incubated for 20 minutes. Then, the impe-
dance spectrum of the sensor was measured in 5 mM K,Fe
(CN)4/K;3Fe(CN)g solution prepared in PBS (pH 7.4). This impe-
dance spectrum was considered the baseline response (Rcr o)-
Afterwards, electrodes were washed with PBS and incubated
for 20 minutes with a solution of haemoglobin prepared in
PBS. Then the sensor’s impedance spectrum was measured
again (Rcr ugs)- A new SPE was used for each haemoglobin
concentration. All measurements were fitted with the Randles
circuit. Changes of the Rcr value before and after haemoglobin
measurement were used to calculate the correlation between
haemoglobin concentration and the impedance spectrum
using the following equation:

Rcr_ne — Rer_o

RCT(O/O) = x 100

Reroo @)

Haemoglobin measurement in simulated intestinal fluid
(FASSIF). Since redox solutions give a non-linear response, a
small amplitude perturbation (10 mVgyg for this work) was
needed.?® However, as FASSIF is not a redox solution, we first
tested the linearity of the sensor in FASSIF by measuring its
impedance at different AC potentials. Then, an AC potential of
50 mV was applied to the sensor to get a higher signal-to-noise
ratio without disturbing the environment. A frequency range
between 10 Hz and 100 kHz in 41 steps (10 frequencies per
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decade) was used for the measurements. The DC voltage was
fixed at 0 V. An equilibrating period of 10 seconds was used
before each experiment to allow the sensor to reach its steady
state and prevent a transient response. FASSIF was prepared by
mixing 10.41 g of FASSIF buffer with 240.3 g of DI water. Then,
0.560 g of FASSIF powder was added to the solution. After the
solution was mixed thoroughly with a magnetic stirrer until
full dissolution, it was left to stand for 2 hours for stabilis-
ation. The sensor was prepared as explained in the previous
section. After the antibody immobilisation and blocking with
BSA, the impedance spectrum of the electrode was measured
in FASSIF (Zpjank). Then, haemoglobin concentrations prepared
in FASSIF were incubated for 20 minutes, and after the electro-
des were washed with FASSIF buffer, the EIS measurement was
performed in the buffer, (Zyggp). Since FASSIF measurements
are non-faradaic (in the absence of a redox probe), impedance
at 12.59 Hz (rather than Rcr) was considered for calculations.
The impedance change was calculated using the following
equation:

Z — 7
(%) _ HGB blank

AZ x 100

(2)

Zblank

Results and discussion
System validation and comparison of the performance

To test the accuracy and precision of the device, measurements
were carried out with a dummy cell in the frequency range
from 1 Hz to 100 kHz and the response was compared with
that of Palmsens-4. Reference and counter electrodes were
short-circuited and a 10 mVgys signal was applied. A complex
dummy cell was used to measure the performance of both
devices in the presence of a capacitive load (Fig. 3A). The
results show that the performance of our device is comparable
to that of Palmsens-4 and the mean amplitude errors recorded
were 105.42 Q and 85.41 Q, for our device and Palmsens-4,
respectively. The plot in Fig. 3A also shows that our instrument
can properly differentiate imaginary and real parts in the
whole range of the spectrum. An accuracy plot was generated
by measuring resistors between 40 Q and 51 kQ (Fig. 3B and
Table S47). We observed that at lower impedances (<10 k<)

[ our Davies g SRR G Device as - Qurbene
5 almsens-4 - *51k0 Palmsens-4
N *105kQ 40 —— Curve Fit
— 1kQ
a" \ ~ 1000 ~ 35
X 3 00 E‘, 30
3 ‘ 5 = 25
: [} i z
\/ \ o mS51K0 N
IIQ 2 Q R 105k0 ' 20
1pF 100 nF o —W— .o
100 @ | £ 1000 15
1 | - | 400
10 Rer w
10.5kQ 10.5 kQ | 1 H
1] 5
o 5 10 15 20 25 1] 20 40 60 80 100 40 60 80 100 120 140 160 180 200
Z' (kQ) Frequency (kHz) Z' (Q)

Fig. 3 (A) Dummy cell measurement with both devices. (B) Accuracy
Measurement of the redox buffer with unmodified electrodes.
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contour plot between 1 Hz and 100 kHz. The y-axis is logarithmic. (C)
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both the devices performed similarly. Error and standard devi-
ation were less than 1%. Nonetheless, at higher impedances,
our device performed better. For example, the commercial
device (Palmsens-4) measured a 51 kQ reference resistor with
11.47% standard deviation whereas our device measured it
with 0.12% standard deviation. Considering that the real
device would work in the physiological environment (GI fluid
medium) inside the body, this is an important point to note
since GI fluid exhibits low conductivity as demonstrated by the
simulated intestinal fluid (FASSIF) experiments. We also
observed that the accuracy plot is flat and does not show any
low-pass filter characteristics at the impedance and frequency
range of interest; hence, it will enable accurate measurements.

Electrode characterisation

Electrode characterisation was performed by cyclic voltamme-
try (CV) and EIS in 5 mM K,;Fe(CN)¢/K;Fe(CN)y solution. CV
experiments were performed at different scan rates, and linear
relationships between the peak current and scan rate were
found with R = 0.99 for both devices (Fig. S31). Similarly,
when EIS measurements of a bare electrode were also per-
formed with both devices, the results were comparable and
both showed characteristics of a Randles equivalent circuit
(Fig. 3C and Table S47).

Electrode modification steps

The impedance spectrum of the SPE was measured after each
modification. There was an increase in impedance after each
step, as shown in Fig. S4 and Table S5.7 This was due to the
sensor’s surface being covered with additional non-conductive

View Article Online

Analyst

layers (antibodies and proteins), which block the electrode-
electrolyte interface.

Antibody immobilisation optimisation

Anti-haemoglobin antibody in several concentrations (25, 50,
100, and 200 pg mL~") was prepared in PBS buffer. The binding
of 10 pg mL™" haemoglobin was evaluated to find the antibody
concentration generating the maximum response. The best
response was obtained when the antibody’s concentration used
for the immobilisation on the electrodes was 100 pg mL ™
(Fig. S57). Therefore, this concentration was used in all the sub-
sequent experiments. The higher antibody concentration
(200 pg mL™") resulted in a lower signal for haemoglobin, indi-
cating the presence of steric hindrance caused by the antibody
being immobilised too tightly on the sensor surface.

Calibration curve in redox solution

Calibration curves were obtained by measuring haemoglobin
concentrations between 5 and 60 pg mL™' with both our
device and Palmsens-4, by recording the signal in the same
redox solution (5 mM K,Fe(CN)s/K;Fe(CN)q). The Randles equi-
valent circuit shown in the inset of Fig. 3C was used to fit the
data and the charge transfer resistance (R..) was used to evalu-
ate impedance changes. The Python module impedance.py
was used for circuit fitting for both devices.”*The calibration
curves in the range between 5 ug mL™" and 60 pg mL™" are
shown in Fig. 4C and D for both devices. The relationships
between the impedance change and the haemoglobin concen-
tration were ARcr(%) = 1.48 [Haemoglobin] (ug mL™") + 19.61
and ARcr(%) = 1.61 [Haemoglobin] (ug mL™) + 16.47 for our

Our Device Palmsens
8 st
7 7 ¢
— 5 pg mL*
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Fig. 4 Haemoglobin measurements in redox solution. (A) and (B) Raw data of the impedance spectrum for our device and Palmsens-4, respectively.
(C) and (D) Calibration curve of haemoglobin concentration measurement with our device and Palmsens-4, respectively.
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ponds to 12.59 Hz. (E) Calibration curve of haemoglobin in FASSIF.

device and Palmsens-4, respectively. The R* values were 0.99
and 0.98 for our device and Palmsens-4, respectively. The limits
of detection (LOD) calculated as the averaged blank readings +
3x standard deviation were found to be 13.3 pug mL™"' and
16.1 pg mL ™" for our device and Palmsens-4, respectively.* The
error bars shown in Fig. 4C and D are often relatively high. One
of the reasons for this is that the measurements were performed
across the two devices subsequently. Each measurement was
first conducted with the Palmsens followed by our device.
However, when switching between devices, while adjusting the
cables, the electrodes were sometimes unintentionally biased
with wrong DC voltages, as the feedback loop was temporarily
broken. Hence, due to this, at times, the open circuit potential
value was changed accidentally before the measurements, con-
tributing to larger errors. To mitigate this problem, further
experiments should be conducted with only one device with
minimal intervention to the experimental setup.

To check the specificity of the immunosensor, we measured
the concentration of haemoglobin in the absence of the anti-
body, when only the blocking agent was present on the sensor
surface. The corresponding result, displayed in Fig. S67 shows
that without the antibodies, no significant change in impe-
dance was observed while increasing the concentration of hae-
moglobin, demonstrating both the presence of a low degree of
non-specific binding to the sensor surface and the specificity
of the antibody-haemoglobin reaction.

Calibration curve in simulated intestinal fluids (FASSIF)

A calibration curve was obtained by measuring increasing hae-
moglobin concentrations between 10 pug mL™' and 10 mg
mL ™" prepared in simulated intestinal fluid (FASSIF). Only our
device was used for FASSIF experiments. In addition, as the

This journal is © The Royal Society of Chemistry 2024

measurements were carried out in the absence of the K,Fe
(CN)e/K3Fe(CN)g redox probe (non-faradaic EIS), rather than
fitting the spectra to an equivalent circuit, the impedance
values recorded at 12.59 Hz were used. This was because, as
explained in a study conducted by Shoute and colleagues,>
the correlation between the concentration of the analyte in
solution and the impedance can provide a better analytical
signal at this frequency. At higher frequencies, the capacitance
of the sensor became short-circuited, making it impossible to
measure any meaningful impedance change.

Firstly, the linearity of the spectrum was tested by applying
different AC voltages, with the bare electrode immersed in
FASSIF. The spectra appeared to be the same when the AC
voltage was between 10 mV and 125 mV (Fig. 5A). Therefore,
an AC voltage of 50 mV was selected for the measurement, as
this value represents a good compromise between a sensitive
sensor signal and minimal interferences from the environ-
ment. The impedance spectra obtained after each step of the
immunosensor preparation are shown in Fig. 5B.

Examples of differences in the impedance at 12.59 Hz
between the signal for the blank (no haemoglobin) and two
different concentrations of haemoglobin are reported in
Fig. 5C and D, while the whole calibration curve in FASSIF is
depicted in Fig. 5E. The relationship between the impedance
change and the haemoglobin concentration was found to be
AZ(%) = 7.38 logl[Haemoglobin (pg mL™")] — 8.60, with a value
of R* of 0.97. The LOD was calculated as 2.3 mg mL™".

Conclusions

In this work, we have developed a miniaturised and in-
expensive EIS instrument specifically designed for use in

Analyst, 2024,149,1081-1089 | 1087
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ingestible devices for detection of GIB. The developed device
includes a direct-digital synthesiser and an analog lock-in
amplifier with off-the-shelf components to facilitate miniaturi-
sation. To assess its performance, we conducted a comparative
analysis between our device and a commercial counterpart. We
measured the haemoglobin concentration using both devices
while performing EIS readings in a redox solution (K,Fe(CN)e/
K;Fe(CN)g solution) and obtained comparable results. In
addition, our device effectively detected haemoglobin not only
when using the redox solution, but also when EIS readings
were carried out directly in a simulated intestinal fluid.

With an estimated cost of £30 and potential for further
downsizing, our device holds great potential as an affordable
and efficient point-of-care screening of GIB, which could help
in reducing mortality rates and clinical costs. Besides, the
sensor proposed here is a label-free, simple device that does
not require skilled personnel for its use, and might, therefore,
be a promising alternative to endoscopic methods for the
detection of GIB. In the future, communication protocols such
as intrabody communication or Bluetooth®® can be
implemented for data transfer between the pill and the
outside of the body. Also, aptamers can be used instead of
antibodies for more durable and stabile operations inside the
body.”” As soon as our device provided a positive signal, the
patient could be admitted to hospital for further investigations
with standard laboratory-based analysis, enabling diagnosis of
GIB quickly and at a very early stage, reducing mortality and
overall health costs. The affordability as well as the high per-
formance would make the device proposed in this work an
excellent over the counter product, representing the first
screening tool for GIB.
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