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ARTICLE INFO ABSTRACT

Keywords: In the context of an integrated Lab-on-PCB wearable patch extracting interstitial fluid from the patient via in-
Glucose tegrated microneedles, the requirements from the integrated biosensing part are quite special compared to static
Lab-on-PCB glucose electrochemical biosensors. Hence, in this study, a fully PCB-integrated enzymatic glucose quantification
Microfluidics . P - . . .

Lab-on-Chip device is presented and evaluated considering these special requirements for such a patch imple-
Flow rate dependence . o . . s s L . . . .

mentation: a) range and limit of detection compatible with interstitial fluid glucose levels of diabetic patients and
Chronoamperometry

b) effect of sample flow rate on the biosensing platform performance. This work employs a chronoamperometric
approach for glucose detection based on covalently immobilized glucose oxidase on PCB-integrated electrodes.
The chronoamperometric measurements show that this platform exhibits pM range sensitivity, high specificity,
and good reproducibility, and the assay can detect glucose from 10 pM to 9 mM with a lower limit of detection of
10 pM. The demonstrated detection range under continuous flow proved compatible with interstitial fluid
glucose levels of diabetic patients. The sample-to-answer time of our Lab-on-PCB device is less than 1 min
(sample delivery of few seconds and 20 s for electrochemical measurement), employing sample volumes of 50 pL
in this instance. Increased flow rates substantially improve the platform sensitivity (1.1 pA/mM @O0 pL/min to
6.2 pA/mM @10 pL/min), with the measured current increasing exponentially to the flow rate, as opposed to the
theoretically expected much lower dependence. This work demonstrates the feasibility of Lab-on-PCB patches in
terms of biosensing performance, paving the way for the first cost-effective, painless diabetes management
microsystem.

Electrochemical biosensor

1. Introduction

Diabetes is a lifelong condition that causes a person’s blood sugar
level to increase beyond healthy levels (Breton et al., 2013; Knutsson
and Kempe, 2014). It is very important for diabetes to be diagnosed as
early as possible as it gets progressively worse if left untreated. A
particular concern is that recently diabetes rates have been rising rapidly
in low- and middle-income countries (Arredondo et al., 2018; Aziz et al.,
2018; Dagenais et al., 2016; Owolabi et al., 2018). Blood glucose di-
agnostics predominantly based on electrochemical biosensors at the
point-of-care are widely available on the market. However, invasive
finger pricking is almost always required to collect the necessary blood
sample. Non-invasive diagnostic systems are expensive (ca. £60 per
sensor) and thus cannot be easily adopted by healthcare systems or
accessed by patients in low and middle income countries for routine
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glucose monitoring.

To this end, our work focuses on the development of a cost-effective
electrochemical glucose quantification microsystem, compatible with
minimally invasive and thus painless sample extraction devices, such as
hydrogel microneedle arrays. This type of array is able to attach to the
skin of the patient and continuously extract pL volumes of interstitial
fluid (ISF). The glucose concentrations in ISF is proportional to the blood
levels, but are at much lower absolute levels (uM as opposed to mM
range in whole blood). The real-life implementation of such a device
necessitates the following requirements: (a) a passive (pump-less) sys-
tem continuously extracting the sample from the microneedle array, (b)
a biosensing system quantifying the glucose content of ISF under
continuous flow, within the respective clinical range, and (c) a cost-
effective, mass-manufacturable flexible microsystem seamlessly inte-
grating all the previous functionalities.

1 Currently with: School of Medical Science and Technology (SMST), Indian Institute of Technology Kharagpur, Kharagpur, West Bengal, 721302, India.

https://doi.org/10.1016/j.bios.2020.112484

Received 8 January 2020; Received in revised form 27 July 2020; Accepted 28 July 2020

Available online 5 August 2020
0956-5663/© 2020 Elsevier B.V. All rights reserved.


mailto:d.moschou@bath.ac.uk
www.sciencedirect.com/science/journal/09565663
https://http://www.elsevier.com/locate/bios
https://doi.org/10.1016/j.bios.2020.112484
https://doi.org/10.1016/j.bios.2020.112484
https://doi.org/10.1016/j.bios.2020.112484
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bios.2020.112484&domain=pdf

G. Dutta et al.

In order to realize these requirements, our designed biosensing
platform is fabricated via flexible printed circuit board (FPC) technol-
ogy, ensuring cost-effective upscaling of the patch. An innovative solu-
tion is proposed to extract and deliver the interstitial fluid from the
needles to the glucose sensors, exploiting passive microfluidics (Vasi-
lakis et al., 2016). Our designed Lab on Printed Circuit Board (Lab--
on-PCB) system (van den Berg and Lammerink, 1998) integrates sample
delivery microfluidics and sensitive electrochemical biosensing in a
seamlessly fabricated, single platform, furthermore enabling easy inte-
gration of electronics for data acquisition and transmission. The device
also addresses the requirement for cost-effective mass manufacturing
(Jolly et al., 2019; Moschou and Tserepi, 2017), with a projected
mass-manufacturing cost for the integrated device of below $1.

This work focuses on the biosensing part of the patch, studying its
performance in order to meet the requirement to quantifying the glucose
content of ISF under continuous flow, within the respective clinical
range. A small number of examples of PCB integrated electrochemical
glucose biosensors exist, however, their performance characteristics are
not studied for an ISF-focused application or under continuous flow
conditions and thus are not suitable for a wearable microsystem
implementation (Pu et al., 2016; Jamaluddin et al., 2017; Kassanos
etal., 2018; Liet al., 2013; Moschou et al., 2016). Here we report for the
first time a fully integrated PCB-implemented electrochemical glucose
biosensing microsystem that can detect pM levels of glucose within the
interstitial fluid clinical range. The effect of different sample flow rates
on the sensor performance is explored in order to identify the flow rate
requirement for a subsequent passive microfluidic implementation.

2. Experimental
2.1. Reagents

Acetone, ethanol, ammonium hydroxide (NH4OH), hydrogen
peroxide (H203), dimethyl sulfoxide (DMSO), 3-mercaptopropionic acid
(MPA), N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochlo-
ride (EDC), N-hydroxysuccinimide (NHS), glucose oxidase (GOx, type x-
s from Aspergillus niger), ascorbic acid, uric acid, fructose, phosphate-
buffered saline (PBS, pH 7.4) and all reagents for buffer solutions
were obtained from Sigma-Aldrich, UK. All buffer solutions were pre-
pared using (deionized) DI water (18.3 MQ cm ).

2.2. Design of Lab-on-PCB for glucose sensing

The Lab-on-PCB device was designed in a standard PCB design CAD
software (Altium Designer®). It comprises two layers: a gold plated
sensing electrode layer, housing the sensing electrodes, and a micro-
fluidic layer including the sample delivery microfluidic channels (Jolly
et al., 2019). The device was commercially fabricated in a standard PCB
manufacturing facility (Lyncolec Ltd, Poole, UK). The copper electrodes
were electroplated with a hard-gold finish in order to exploit the
pore-free deposition and low contact resistance achieved by this tech-
nique. The sensing electrode layer comprises four identical groups of
electrodes, enabling the simultaneous detection of four different ana-
lytes in parallel. Each of these groups houses gold-plated electrodes of
different shapes, connected electrically by the user at will in order to
realize the sensing configuration of choice. In this work, the 1.1 mm
diameter circular gold-plated electrodes were exploited as working (WE)
and pseudo-reference (pseudo-RE) electrodes, while the 1.1 mm wide
crescent-shaped electrode was used as a counter electrode (CE). The
electrodes were connected via the board PCle slot-type interface to a
potentiostat to obtain the cyclic voltammograms and chronoampero-
metric signals.

For continuous flow experiments, the fluidic layer was adhered on
top of the sensing layer to form the complete Lab-on-PCB platform. The
main fluidic layer comprises a thin FR4 (flame retardant 4) layer to
allow for fluidic optical inspection, laminated with a 40 pm thick
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photopatternable dry film photoresist (DFR). The resist is patterned via
conventional photolithography and development in mild basic solution
(1% sodium carbonate). The developed fluidic structure is subsequently
post-baked for approximately 2 h to assure DFR solvent evaporation. A
custom adhesive layer was employed to form the final stack, laminating
a 50 pm thick PMMA film with 3M 468 MP acrylic adhesive; the adhe-
sive layer was laser micromachined following the fluidic layer pattern
and then pressed at room temperature between the fluidic layer and
sensing layer to achieve leak-tight sample flow. The sensing layer con-
sists of two vias at the beginning and end of the microfluidic channel,
used as the fluidic inlet and outlet respectively.

2.3. Sensor preparation

The gold-plated electrodes were cleaned prior to GOx immobiliza-
tion by subsequent 15 min ultrasonication in acetone, ethanol, and
water, followed by 30 min ultrasonication in a solution containing 5:1:1
water, ammonium hydroxide (20%), and hydrogen peroxide (30%). A
self-assembled monolayer (SAM) of 3-mercaptopropoinic acid (MPA)
was formed on the precleaned PCB gold working electrode surface by
dropping 2 pL of DMSO solution containing 1 mM MPA on the surface
for 1 h at room temperature (RT, 25 °C) followed by thoroughly rinsing
with DMSO and DI water and drying with N3 gas as previously reported
with slight modification (see Fig. 1 for a schematic of the covalent
immobilization of GOx on the gold PCB surface) (Hwa and Subramani,
2015). 2 uL of 2 mM EDC and 5 mM NHS solution mixture was incubated
for 50 min on the electrode surface at RT to activate the carboxylic acid
group (-COOH) of the SAM. The electrodes were then washed twice with
PBS. 5 pL of PBS containing 5 mg/mL GOx was dispensed onto the
electrode and incubated overnight at 4 °C. The electrodes were then
washed twice with PBS and stored at 4 °C.

2.4. Experimental setup and electrochemical measurements

100 mM glucose was prepared in 0.1 M PBS solution and stored
overnight at RT to mutarotate the a-D-glucose = p-D-glucose. Different
concentrations of glucose samples were prepared by serially diluting the
100 mM stock solution in 0.1 M PBS solution. A 60 pL glucose sample
was dispensed onto the sensor and cyclic voltammetric/chro-
noamperometric measurements were performed using an electro-
chemical workstation (Autolab, Netherlands). For continuous flow
experiments, the glucose samples were delivered via a syringe pump
(Cole Palmer 230-CE) into the Lab-on-PCB inlet and waste glucose so-
lution was collected through the fluidic outlet into a beaker. Interfacing
fluidic tightness was achieved via a custom-made PMMA chip holder,
housing Upchurch® polymer microfluidic ports and ferrules. All elec-
trochemical data were obtained at RT. The cyclic voltammograms were
performed in a three-electrode configuration cycling the potential be-
tween —0.3 V and 0.3 V (scan rate: 0.05 V s1). The chronocoulometric
measurements were recorded by the application of a 0.25 V bias po-
tential exposed in different glucose concentrations in PBS.

2.5. X-ray photoelectron spectroscopy

X-ray Photoelectron Spectroscopy (XPS) was performed to investi-
gate the oxidation sate of Au and Cu. A Thermo Scientific K-Alpha +
spectrometer with a monochromated, microfocused Al Ka X-ray source
(hv = 1486.6 eV) was used. The system operates at a base pressure of 2
x 10-9 mbar and an X-ray spot size of 400 pm was used. Samples were
mounted using conducting carbon tape and a flood gun was used to
minimize sample charging. Data were collected at 200 eV pass energy
for survey and 20 eV pass energy for core level spectra. All data were
analyzed using the Avantage software package.
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2. GOx immobilization

Fig. 1. Schematic illustration of covalent immobilization of GOx on gold PCB surface. (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)
3. Results and discussion
3.1. Characterization of the PCB surface

Thorough characterization of the PCB electrode surface was per-
formed, starting with the electrochemical characterization before (BC)
and after (AC) the cleaning of the PCB electrode surface. The gold-plated
PCB electrodes are completely electrochemically inactive before clean-
ing and show no oxidation or reduction peaks in the cyclic voltammo-
gram of K3Fe(CN)g solution (see Fig. 2a). After the cleaning process, the

anticipated oxidation and reduction peaks are clearly observed in cyclic
voltammograms. An obvious conclusion is that the presence of an
overlayer of e.g. organic species covering the working area of the elec-
trode of the industrial PCB substrates hinders the transfer of redox
species to the gold electrode surface.

To further investigate this, X-ray photoelectron spectroscopy (XPS)
and atomic force microscopy (AFM) of the PCB electrode surfaces were
performed before and after cleaning. The XPS survey spectra (see
Fig. 3a) show that before cleaning the surface is almost entirely covered
by an organic overlayer of C and O and the curved background shape is

(a) ——" (i) before cleaning
—--— (i) after cleaning

3
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Fig. 2. (a) Cyclic voltammograms recorded at a scan rate of 50 mV/s in a PBS solution containing 4 mM K3Fe(CN)g (i) before PCB cleaning and (ii) after cleaning PCB
cleaning. (b)-(c) 2 x 2 pm? AFM images of the PCB gold surfaces before cleaning (b) and after cleaning (c). Values for the root mean square roughness Rq are given
for each image. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. XPS results of the PCB surface before (BC) and after (AC) cleaning, including (a) survey spectra, and (b)-(d) the Au 4f, C 1s and Cu 2p3, core level spectra.

typical for the presence of such an overlayer. After cleaning a large
proportion of the overlayer is removed and the spectrum exhibits the
expected Au signals as well as core levels from Cu. From detailed core
level spectra, information about the chemical state can be extracted (see
Fig. 3b—d.). The Au 4f core level (see Fig. 3b) is at a binding energy
typical for its metallic state (84.1 eV) both before and after cleaning.
Copper could not be detected before cleaning due to the overlayer
present and the relatively smaller signal intensity compared to gold.
After cleaning the Cu 2p3/, core level (see Fig. 3d) is found at a binding
energy of 932.4 eV. This position indicates the presence of Cu in either
the 0 or +1 oxidation state. There is only a minimal chemical shift be-
tween these two oxidation states of copper in the Cu 2p3,» core level and
therefore they cannot be differentiated from the core level alone.
However, the presence of Cu™! can be excluded based on the observed O
1s core level (see Fig. S1(a) in the Supplementary Information). The only
possible Cu™! compound that could be present based on the elements
detected in the survey spectrum, is Cu,O. However, no signal is found for
the corresponding O 1s feature, which should be located at a binding
energy of around 530.5 eV (the lowest feature in the O 1s spectrum is at
a considerably higher binding energy of 531.3 eV). Therefore, Cu after
cleaning is present in its metallic state. Finally, the C 1s core level shows
a main contribution at 284.8 eV typical for predominantly aliphatic
species. From peak fits to the core level spectra relative atomic ratios
could be determined (see Fig. S1(b)). As obvious from the survey spectra
before cleaning the surface is almost completely dominated by carbon,
whilst after cleaning a ratio of 1:1 of Au: C is found. In addition to this
change, a considerable signal from Cu is observed after cleaning
resulting in a ratio of 78.7 : 21.3 rel. at.% of Au: Cu is found. AFM was
used to investigate the surface morphology of the electrodes (see Fig. 2

(b)-(c)), where a clear change in overall appearance is observed after
cleaning. Before cleaning the samples show a dune like structure of the
organic overlayer with a high surface root mean square roughness Rq of
71.5 nm. After cleaning the typical island-like microstructure of a
deposited metal surface becomes visible and the overall Rq decreases to
20.0 nm.

3.2. Description of the detection scheme and glucose measurement

Tlustrations of the immobilization procedure of GOx in this detection
scheme are shown in Fig. 1. Three consecutive cyclic voltammograms
were performed cycling the potential between —0.3 V and +0.3 V at a
scan rate of 0.05 V s ! on the GOx immobilized PCB surface in 0.1 M PBS
solution to remove the loosely bound GOx from the PCB electrode sur-
face. The chemical binding of the GOx on the PCB surface was charac-
terized by performing cyclic voltammograms in 0.1 M PBS containing 5
mM glucose (Fig. S2(a)). Chemically immobilized GOx PCB electrode
surfaces show a higher oxidation and reduction current (curve i of
Fig. S2(a)) than non-immobilized PCB electrode surfaces (curve ii of
Fig. S2(a)), thus clearly demonstrating that GOx was successfully
immobilized on the PCB electrode surface. Fig. S2(b) shows the GOx
chemical binding on the PCB surface in the absence of glucose.

Experiments were carried out to investigate the glucose detection
performance of the chemically immobilized GOx PCB surface. Chro-
noamperometric measurements performed after 60 pL of glucose sample
was drop cast on the electrode surface, followed by the application of a
0.25 V bias potential. The chronoamperometric response profiles from
10 pM to 9 mM are shown in Fig. 4a. A calibration plot of the chro-
noamperometric current at 20 s is shown in Fig. 4b where each data
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Fig. 4. (a) Amperometric response of chemically immobilized GOx modified PCB biosensor with 0-9 mM glucose in PBS. (b) Calibration plot of glucose concen-
tration based on chronoamperometric currents at 20 s from the response profile in panel a. Each data point represents the mean + SD of three separate measurements

obtained using new sensors.

point represents three separate measurements using new sensors. The
electrochemical current was not linearly proportional to the glucose
concentration within the complete studied range as the sensitivity of the
sensor was higher for lower concentrations (ISF range). Based on these
results, this biosensor exhibits a lower limit of detection (LOD) of 10 pM.
The detection limit was calculated first by determining 3x the standard
deviation (SD) of the signal at zero concentration which is represented
by the dashed line in Fig. 4b. The limit of detection is defined as the
lowest detectable concentration above the +3SD line. This assay also
exhibits highly accurate and reproducible measurements with the Co-
efficient of Variation less than 8%.

In order to verify the specificity of the biosensor to glucose, chro-
noamperometric measurements of PBS samples containing 1 mM
glucose or common interfering species, including fructose, uric acid, and
ascorbic acid were performed. The signals obtained from fructose, uric
acid or ascorbic were comparable with the signal obtained from PBS
only (see Fig. S3 in the Supplementary Information). In contrast, the
detection signal for glucose was significantly higher then those from
interfering species and consistent with our prior glucose detection data
(Dutta et al., 2018). The present results suggest that this glucose
biosensor is highly specific toward glucose and will not suffer from
interference with other species or isomers that may be present in real
interstitial fluid samples.

3.3. Flow test with fully integrated microfluidic system

In the next step of this work, a fully integrated Lab-on-PCB micro-
system, including the sample delivery microfluidics, was designed to
address the sample handling requirements of a final glucose sensing
patch analyzing patient samples under constant flow. The device was
interfaced via a custom-made PMMA chip holder (see Fig. 5a), housing
commercially available fluidic ports and ferrules to deliver the glucose
sample from the syringe into the microfluidic inlet and collect the waste
from the outlet. The syringes were filled with varying concentrations of
glucose, including 10 pM, 100 pM, and 1 mM, and were injected into the
Lab-on-PCB device via the microfluidics under a constant flow rate. The
effect of different flow rates of 1, 5, and 10 pL/min in this integrated Lab-
on-PCB microsystem was investigated with each glucose solution with
varying concentrations injected continuously throughout the chro-
noamperometric measurements. After each measurement the sensing
surface was thoroughly rinsed to remove any excess glucose with a PBS
injection for 5 min under a constant flow rate of 10 pL/min (50 pL total
volume) and the same sensing surface was used for a subsequent glucose
sample injection with a larger glucose concentration. The chro-
noamperometric currents were recorded in a three-electrode configu-
ration and are shown in Fig. 5b.

As theoretically anticipated (Kim et al., 2013), the current increases
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Fig. 5. (a) Illustration of the fully integrated Lab-on-PCB microsystem for the
electrochemical glucose detection with commercially fabricated PCB including
sample delivery microfluidics. A custom-made PMMA chip holder was inter-
faced with the device, housing commercially available fluidic ports and ferrules
to deliver the glucose sample from the syringe into the microfluidic inlet and
collect the waste from the outlet. (b) Chronoamperometric current recordings in
a three-electrode configuration for 10 pM, 100 pM, and 1 mM glucose samples
under a constant flow rate.

with the flow rate compared to static operation (Fig. 6a) and the
detection limit improves with 10 pL/min flow rate (AI = 0.61 pA, LoD =
2 pM) compared to static operation (AI = 0.12 pA, LoD = 10 pM) and 1
pL/min flow rate (AI = 0.22 pA, LoD = 5 pM). Interestingly, the plot of
current versus flow rate (Fig. 6b) did not follow the physical model re-
ported in literature (y = ax'/?) but followed an allometric function (y=a
+bx°) instead, where the exponent is far from the theoretical value of
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Fig. 6. a) Biosensor calibration curve in semi-logarithmic scale for three
different sample flow rates (1 pL/min, 5 pL/min, 10 pL/min) and b) dependence
of biosensor recorded current as a function of the sample flow rate, for the three
samples of different glucose concentration (0.01 mM, 0.1 mM and 1 mM) and
respective fitted curves (y = a-+bx®).

1/3 (Table 1 in Supporting Information). Hence, in practice the current
increases exponentially to the power of two with increasing flow rate, in
a much more pronounced manner than anticipated in theory. This
observation illustrates the increased importance of incorporating
continuous sample flow for high sensitivity analyte quantification.

4. Conclusions

This paper reports the first fully integrated Lab-on-PCB microsystem
for electrochemical glucose quantification using a commercially fabri-
cated PCB base, compatible with a microneedle-based, wearable
microsystem implementation. A thorough PCB cleaning process is
essential to remove the organic impurity overlayers from the commer-
cially fabricated electrode surfaces to implement biosensors success-
fully. Chronoamperometric measurements show that the PCB-
implemented biosensor exhibits a lower limit of detection of 10 pM in
static operation, which is within the clinical range for glucose in inter-
stitial fluid for diabetic patients. The complete Lab-on-PCB microsystem
has a much improved glucose sensing behavior when increasing sample
flow rates are used. The reported dependence of the recorded current as
a function of the squared flow rate is of particular interest and clearly
suggests that the use of continuous flow systems is favored when
implementing biosensing systems for high sensitivity applications. This
works enables the subsequent design of the proposed system in a flex-
ible, cost-effective Lab-on-PCB microneedle patch format, extending it
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to include the sample extraction microfluidic modules and electronics
for signal acquisition and transmission.
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