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Introduction

An electrochemical sensor integrated lab-on-a-CD
system for phenylketonuria diagnostics

Ipek Akyilmaz,? Dilan Celebi-Birand, @2 Naim Yagiz Demir, @2 Deniz Bas, ©°
Caglar Elbuken @ <% and Memed Duman @ *@

Phenylketonuria (PKU) is characterized by an autosomal recessive mutation in the phenylalanine
hydroxylase (PAH) gene. Impaired PAH enzyme activity leads to the accumulation of phenylalanine (Phe)
and its metabolites in the bloodstream, which disrupts the central nervous system and causes psychomotor
retardation. Early diagnosis of PKU is essential for timely intervention. Moreover, continuous monitoring of
blood Phe levels is indispensable for prognosis, requiring a robust and reliable monitoring system. This
study presents an automated lab-on-a-CD-based system for early diagnosis and monitoring of PKU
treatment. This miniaturised system contains CD-shaped disposable cartridges, a mini centrifuge, and an
electrochemical sensing unit. Modified screen-printed gold electrodes were used for the electrochemical
measurements in cartridges. Electrode modification was conducted by electrochemical graphene oxide
reduction and deposition on the electrode surface, which increased the sensitivity of the measurement 1.5
fold. The system used amperometric detection to measure Phe in the blood through oxidation of NAD™ to
NADH by the enzyme phenylalanine dehydrogenase. The limit of detection (LOD), limit of quantification
(LOQ), and sensitivity of the system were 0.0524, 0.1587 mg dL™ and 0.3338 pA mg™ dL, respectively,
within the 0-20 mg dL™* measurement range (R? = 0.9955). The performance of the lab-on-a-CD system
was compared to the gold standard HPLC method. The accuracy was 83.1% for HPLC and 84.1% for the
lab-on-a-CD system. In conclusion, this study successfully developed a portable diagnostic device for rapid
(under 20 min), accurate and highly sensitive detection of Phe in whole blood.

lead to severe psychomotor retardation and other neurological
complications such as seizures.™

Phenylketonuria (PKU) is a metabolic disorder caused by the
inability to process the amino acid phenylalanine due to an
autosomal recessive mutation in the phenylalanine
hydroxylase (PAH) gene. The protein product of this gene is
an enzyme responsible for converting the amino acid
phenylalanine (Phe) into tyrosine. Impaired PAH function
leads to the accumulation of Phe and its metabolic
byproducts (e.g., phenylpyruvic acid, phenyllactic acid, etc.)
for people suffering from PKU. Elevated levels of Phe and
phenyl derivatives in blood, urine and other body fluids
disrupt the myelination in the central nervous system and
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The prevalence of PKU varies across populations, with the
highest incidence observed in low and middle-income
countries. For instance, in Turkey 38 per 100.000 newborns
are affected by PKU. In contrast, globally, the condition
occurs at a rate of approximately 6 per 100.000 neonates,
making PKU a widespread public health concern and burden
for healthcare systems in underdeveloped and developing
countries.

Detecting PKU in newborns is crucial for immediate
dietary management through a low Phe diet, which effectively
prevents life-long cognitive impairment associated with the
disorder. Despite advancements in the diagnosis of PKU,
major improvements are required in close monitoring of
blood Phe levels during follow-up care. A sensitive, robust,
and low-cost system is required to confine Phe levels within
the therapeutic range, to optimise treatment outcomes, and
to eradicate the long-term consequences of PKU.

Commonly used methods in PKU screening are the Guthrie
test,” fluorometric assays,® an enzyme-based colourimetric test,”
HPLC (for direct amino acid analysis) and tandem mass
spectroscopy (MS/MS).” These tests are usually conducted at
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well-equipped  health centres and require technical
infrastructure, advanced equipment and well-trained staff. Due
to the inaccessibility of regular screen tests, cold storage and
transportation of blood samples from the periphery to testing
facilities increase costs. Therefore, it is important to develop an
accessible, user-friendly, and low-cost blood Phe monitoring
system.®

In today's healthcare landscape, particularly in developing
countries where healthcare infrastructure is limited, there is
an increasing demand for cost-effective, reliable and easy-to-
use diagnostic solutions.”'® As health organisations such as
the National Institutes of Health (NIH) and the Bill and
Melinda Gates Foundation have emphasized, point-of-care
(POC) technologies are vital for timely diagnoses and
treatments, especially in underserved areas.

Centrifugal microfluidic disc technologies, also known as
lab-on-a-CD (LoCD), represent a promising frontier in
diagnostic applications, offering several advantages that
make them ideal for POC settings.">™** With their ability to
perform complex analyses on small samples, LoCD devices
alleviate the need for large, centralised laboratory
infrastructures, making them favourable for remote or
resource-limited environments. Their portability, low sample
volume requirements, and rapid results hold significant
potential for revolutionising the way diseases such as PKU
are diagnosed and monitored, particularly in developing
regions. The full potential of LoCD technology is yet to be
realised; its impact could be transformative in addressing
healthcare challenges globally.

These compact devices integrate various components,
including reservoirs, chambers, and microchannels to perform
a variety of chemical and biochemical reactions. Fluids are
moved within the disc using centrifugal force, eliminating the
need for complex fluid handling systems."”> Thus the need for
complex fluid interconnection and different types of pumps are
eliminated from microfluidic devices.'"® LoCD systems can be
designed to be operated in an automated manner with minimal
operator need. The only specific expertise required is for taking
the sample from the patient and introducing it to the
disposable disc. The rest of the measurement can be automated
making LoCD valuable for medical and clinical applications in
resource-limited settings."”

Recent studies have increasingly incorporated optical or
electrochemical sensing modalities within microfluidic devices.
These integrated systems have demonstrated the capability to
deliver rapid and accurate analytical results. Among these,
optical systems, often favoured for their accessibility and simple
detector interfaces, have been widely adopted.'® However, the
intricate alignment requirements of these systems have posed
challenges for their implementation in POC settings.
Conversely, electrochemical sensing is a promising alternative,
offering advantages in miniaturization, cost-effectiveness, and
portability. Furthermore, electrochemical methods have
exhibited superior detection limits for biological analytes.'® "

Here, we aimed to develop a LoCD platform for early
diagnosis and monitoring of PKU. The LoCD system developed
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in this study is an easy-to-use device that allows for rapid and
accurate testing of PKU levels and is particularly useful for
point-of-care  testing. Moreover, the system utilising
electrochemically reduced graphene oxide (ERGO)-modified
gold electrodes is highly sensitive, and provides reliable results.
Consequently, the system described in this study provides a
valuable tool for identifying and effectively monitoring PKU,
and it has the potential to be used to diagnose and manage
other metabolic disorders.

Experimental
Materials and reagents

1-Phenylalanine  (Phe, 98%), B-nicotinamide
dinucleotide sodium salt (NAD', 95%), glycine, and
hydrochloric acid (HCI), sodium hydroxide (NaOH), graphene
oxide (GO) (4 mg mL™", dispersion in H,0), sulfuric acid
(H,SO,4), potassium ferricyanide/ferrocyanide (K, ,Fe(CN)g),
potassium chloride (KCl), sodium phosphate monobasic (Na,-

adenine

HPO,), and potassium phosphate monobasic (KH,PO,) were
purchased from Sigma-Aldrich (Germany). Phenylalanine
dehydrogenase from Rhodococcus sp. was acquired from ASA
Spezialenzygme GmbH (Germany). Ethanol, used for electrode
cleaning, was obtained from Isolab (Germany). Electrochemical
reduction of GO was performed in a phosphate buffer (PB)
solution, characterised as described
previously.”> B-Nicotinamide adenine dinucleotide, reduced
disodium salt hydrate (NADH, grade I) was purchased from
Roche (Germany), and NADH solutions were prepared in glycine
buffer (pH 10.5). Human blood samples were collected from
healthy individuals at Hacettepe University Hospital (Ankara,
Turkey). All experiments were performed in compliance with

and reduction was

the Guidelines on the Use of Human Biological Specimens of
Hacettepe University and approved by the Ethics Committee of
Hacettepe University. Informed consent was obtained for the
collection of whole blood from human subjects. All reagents
were freshly prepared using ultrapure water (18.2 M Q cm ™)
obtained from an Aqua Max-Ultra water purification system
(South Korea).

Apparatus

Microfluidic channels and chambers within the cartridges
were designed utilizing SolidWorks 3D CAD Design software
(USA). Polymethylmethacrylate (PMMA) plates were precisely
cut to a thickness of 1 mm using AEON NOVA7 CO, laser
engraver and cutter (China) with 60% laser power and 15
mm s speed. Three plates (top, middle and bottom) were
assembled into cartridges using 3M 468 MP double-sided
adhesive tapes (USA). Electrochemical measurements were
conducted with a 910 PSTAT Mini potentiostat (Metrohm,
Switzerland) by using the PSTAT software. Disposable screen-
printed gold electrodes (SPE) (DRP 220 AT) were purchased
from Metrohm Dropsens (Switzerland). Amperometric
detection was performed at room temperature (25 °C). Blood
plasma samples were centrifuged in a high-speed mini
centrifuge (Isolab, Germany), and external electrochemical
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measurements were carried out. The centrifugation of blood
within the fabricated cartridges was achieved using a custom-
designed mini centrifugation module, containing a brushless
DC motor (E-max Grand Turbo 2215/09; 12 V, 20k rpm) and
hall effect sensor (Keyes) to modulate the rotational speed.
Scanning electron microscopy (SEM) (Tescan, GAIA3+Oxford
XMax 150 EDS, Czech Republic) was employed to characterise
the surface morphology of the electrodes.

Design, fabrication, and centrifugation of the CD cartridges

Design. The siphon method was used in the LoCD system
to facilitate fluid movement between the chambers.”
Pneumatic siphon systems were selected for blood separation
due to their durability under high centrifugation speeds and
the elimination of the requirement for surface treatments.
The pneumatic chamber's design geometry and Boyle's law
underlie air compression and fluid discharge into this
chamber. The angular frequency relationship is expressed in
the following equation:

1)

where, w: angular frequency, p: liquid density, Ar = r, — 1
where r; is inner radius and r, is outer radius, 7 = 0.5 x (r, +
), Pr: atmospheric pressure, 7 mean radial position, Vi:
volume of gas trapped under atmospheric pressure, Vp:
volume of fluid flowing into the pneumatic chamber.

The angular frequency at which the disc should rotate to
transfer the fluid in the pneumatic chamber was obtained by
balancing the air and centrifugal pressures.>* The geometry
of the siphon system within the cartridges was determined
using eqn (1). The design ensured that the blood sample was
subjected to high rotational speed as it passed through the
sedimentation chamber while entering the analysis chamber
at a lower rotational speed. The cartridge design and its
dimensions are given in Fig. 1a and b, respectively.

Fabrication. The air outlet unit in the analysis chamber
regulates the pressure within the pneumatic chamber,
enabling the siphon system to function effectively and
ensuring the transfer of plasma to the aimed location
(Fig. 1b). The connection adapter facilitates the transmission
of signals from the integrated electrodes to the potentiostat.
Pogo pins, specifically designed for electrochemical
measurements, were connected to the potentiostat using
jumper cables (Fig. 1c).

The connection adapter, designed for continuous contact
between the pogo pins and electrodes, was created using
SolidWorks software. This adapter was specifically designed
for the measurement chamber (Fig. 1c). A connector socket
was cut into the CD to allow for easy connection to the
electrodes. Once the blood separation process is complete,
the adapter with the pogo pins is inserted into the connector
socket on the CD (Fig. 1c). This enables uninterrupted signal
reception for the measurement process.
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Fig. 1 The design and the fabrication process of the cartridge used in
the lab-on-a-CD system. The cartridge design (a), dimensions of the
components (b), their installation on the CD (c), and layers of the disc
(d) are illustrated and described.

The analysis chamber (7.5 mm in diameter and 1 mm in
height) was designed to accommodate approximately 45 pL of
blood plasma. A small opening was created in the chamber to
allow for the introduction of reagents after the measurement
had stabilized. To prevent leaks during centrifugation, acetate
paper was placed between the layers and secured with double-
sided tape (Fig. 1d). After centrifugation, the acetate paper was
punctured using an injector, and the reagents were added to
the analysis chamber.

The electrodes were incorporated into the cartridge by
using a laser cutting device to ablate a 500 pm deep groove
in the bottom PMMA layer. The electrode was then
positioned in this groove and aligned with the surface of the
other layers to prevent any unevenness during the lamination
process. This step was crucial to avoid leaks in the cartridge
(Fig. 1d).

PMMA plates with a thickness of 1 mm and 0.13 mm
double-sided transfer tape (3M, 468 MP) were cut using the
previously specified laser settings. Once the electrodes were
positioned in the analysis chamber, the screw holes and CD
layers were aligned and laminated together. The assembly
was then subjected to a 5 kg weight for 24 h to ensure leak-
free adhesion of the double-sided tape.

Centrifugation and measurement. The blood sample was
initially placed in the sampling chamber. The CD cartridge
was then spun at 5500 rpm for 20 s. Upon the separation of
plasma, the centrifuge speed was decreased to 300 rpm and
continued for an additional 40 s to initiate the siphoning
process. Once the sample was transferred to the analysis
chamber, the device began the electrochemical analysis.
Initially, a background measurement was performed from
plasma to compensate for potential variation due to

This journal is © The Royal Society of Chemistry 2025
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differences in electrode manufacturing. Reaction reagents
were then introduced, and the measurement was concluded.

Modification of the electrodes

Electrochemically reduced graphene oxide (ERGO) was
prepared and deposited onto the surface using amperometry
and cyclic voltammetry (CV). Before modification, the bare
gold electrodes were cleaned with pure ethanol for 5 min and
then rinsed with distilled water. Then, the electrodes
underwent electrochemical cleaning using 0.5 M H,SO,
through 15 cycles of CV within a potential range of 0.0 to 1.6
V at a scanning rate of 100 mV s .

Following electrode cleaning, graphene oxide (GO)
reduction was achieved amperometrically by applying a
constant potential of —1.2 V for 800 s. A solution containing
30 ug mL™" of GO in 0.5 M NaNO; solution at pH 4 was
used.” In CV, 1.5, 2, 2.5 mg mL " of GO were mixed with 0.1
M PB (70% v/v) at pH 6, and 40 pL of this mixture was then
pipetted onto the electrode. GO reduction was performed
through multiple cycles at 100 mV s™' within a potential
range of 0.1 to —1.5 V.*¢

Phe detection principle

Nicotinamide adenine dinucleotide (NAD') and its reduced
form, NADH, are essential coenzymes in dehydrogenase-
catalysed enzymatic reactions. The nicotinamide nucleotide
acts as an electron transfer mediator in biological systems.
Detecting these compounds is vital for studying redox
biological processes and identifying enzyme
substrates.”” The electrochemical system designed for
phenylalanine (Phe) measurement is based on the following
principle: first, the phenylalanine dehydrogenase (PheDH)
enzyme produces phenylpyruvate and NADH in the presence
of NAD'.

various

+ PheDH

Phe + NAD NADH + PhePyr + NH, ™ (2)

Then, NADH produced on the electrode surface oxidizes and
produces the oxidized form of the cofactor; NAD'. The
biochemical recognition is achieved through the following
redox reaction:*®

NADH — NAD' + H' + 2e (3)

Preparation of blood samples

Blood plasma samples were prepared following the
manufacturer's instructions. The final phenylalanine (Phe)
concentration in the samples was adjusted to 2, 4, 10, and 20
mg dL™" by adding appropriate amounts of Phe solutions in
deionised water. To adjust the plasma pH to 10.5, which is
the optimal working pH for PheDH, the samples were diluted
with 200 mM glycine buffer (pH 10.5) in a 1:3 blood: buffer
ratio.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

Electrochemical detection of Phe

Amperometry was employed as the electrochemical
measurement technique, with a potential of 0.65 V applied for
2000 s. The measurement of the sample started immediately
following plasma separation. Once the measurement reached
equilibrium, the reaction was initiated by adding reagents at
various intervals between 600-800 s. Experiments were
conducted using different reagents: PheDH alone, NAD" alone
(with PheDH added during sample preparation), and a mixture
of PheDH and NAD'. The final concentrations in the solution
were adjusted to 1.6 U mL™" for PheDH, and 2.5 mM for NAD".
The detailed description of the design and optimisation of the
device are specified in our patent (WIPO patent no.
WO02023121632A2; Turkish patent no. TR2021020698A2).

Results and discussion
Electrode modification and characterisation

Carbon-based  nanomaterials, as  working electrode
modifications, can enhance electrochemical signals in analytical
instruments.>**° Graphene oxide (GO) is a widely used material
for developing electrochemical biosensors.*' In our previous
study, we demonstrated that electrochemically reducing GO-
deposited gold electrodes improves phenylalanine sensing in
the blood.”” In this study, amperometry and cyclic voltammetry
(CV) were used to modify the gold electrode surface with
electrochemically reduced graphene oxide (ERGO). A 1200 uM
NADH solution was measured using CV on both modified gold
electrodes and bare gold electrodes within a potential range of 0
to 1 V at a scanning speed of 100 mV s™'. A single cycle of
measurement was performed to compare the current values.
The results showed that electrochemical reduction using CV
produced higher current values at lower potentials (Fig. 2a) due
to enhanced specific surface area and increased electrochemical
conductance. Therefore, we opted for the CV method to produce
reduced GO electrodes for the subsequent experiments.

In the current study, we aimed to optimise the ERGO
modification method by testing different GO concentrations
(1.5, 2, 2.5 mg mL™") and cycle numbers (25, 50, 75). Initially,
a 2 mg mL™" GO solution was electrochemically reduced
using varying cycle numbers. A 5 mM Fe(CN)g>'*" solution
was then measured using cyclic voltammetry (CV) at a single
cycle and a scanning rate of 100 mV s™* within the potential
range of —0.5 to 0.8 V (Fig. S1}). The electrodes modified with
75 cycles exhibited the highest conductivity (Fig. 2b).
Subsequently, a 1200 uM NADH solution was measured on
three electrodes prepared using different GO amounts and
reduced with 75 cycles. The measurements were performed
using CV at a single cycle and a scanning speed of 100 mV
s ' within the potential range of 0 to 1 V. The results
indicated that 2 mg mL™ GO reduced with 75 cycles yielded
the best performance (Fig. 2c).

The specified reduction process resulted in the formation
of more intense, robust, and stable ERGO sheets. The
modified electrode surfaces were examined using SEM
(Fig. 3). The ERGO on the gold electrode created a rougher

Lab Chip, 2025, 25, 1512-1520 | 1515
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Fig. 2 Electrode modification optimisations. CV measurement of 1200
puM NADH solution on modified and bare gold electrodes as a result of
ERGO with amperometry and CV (0-1 V, 100 mV s%, single cycle) (a).
Measurement of 5 mM Fe(CN)¢>/4” on CV ERGO modified electrodes
with 2 mg mL™ GO at 25, 50, 75 cycles (CV measurement, -0.5-0.8 V,
100 mV s, single cycle) (b). Measurement of 1200 uM NADH on
ERGO-modified electrodes with 1.5, 2, and 25 mg mL™? GO (CV
measurement, 0-1V, 100 mV s %, single cycle) (c).

and darker surface compared to the bare gold electrode
(Fig. 3a), and the ERGO sheets were evenly distributed
(Fig. 3b) as similarly reported in previous studies.**?*

Design and operation of the CD cartridge

The cartridges were designed to contain three chambers for
sample loading (sampling chamber), plasma separation
(sedimentation chamber) and electrochemical measurement
(analysis chamber). Centrifugal force, using the siphon effect,
was utilised to move liquid between chambers without valves.
When the rotational velocity of the CD was increased, the
centrifugal force exerted on the fluid within the capillary

1516 | Lab Chip, 2025, 25, 1512-1520

View Article Online

Lab on a Chip

Duto(midy): 060221 De: inBoam SE
Tym )| Viewnea: s100m ~— mir200 |y
wonrex ] semmac: s00kx | wo: s02mm

‘GAIA3 TESCAN| Date(mvdy): 0602721 Det: in-Beam SE
[

Fig. 3 Representative SEM images of bare gold (a), and ERGO-
modified gold electrodes (b).

channel opposed its progression. Conversely, as the
rotational velocity decreased, the capillary action exerted a
dominant influence, propelling the fluid beyond the apex of
the capillary channel. Consequently, upon descending below
the liquid level within the first channel, the fluid was entirely
transferred to the second channel. This method is more
tolerant to manufacturing variations than traditional valve-
based methods, which require precise control of channel size
and surface properties.*

The pneumatic siphon dimensions for the CD (Fig. 1c)
were calculated using eqn (1), resulting in the values listed in
Table 1.

The functionality of the fabricated cartridge was evaluated as
follows: initially, 200 puL of diluted blood sample was loaded
into the sampling chamber, and the cartridge was then rotated
at 5500 rpm. The sample was transferred from the sampling
chamber to the sedimentation chamber (Fig. 4a). The trapped
air pressure above the siphon in the sedimentation chamber
remained lower than the centrifugal force, causing it to be
compressed by the blood entering the said chamber. This
resulted in the separation of blood into plasma within the
sedimentation chamber while preventing leakage into the
analysis chamber. The complete separation of blood into
plasma occurred in approximately 20 s (Fig. 4b).

Once the plasma separation was complete, the centrifuge
speed was reduced to 300 rpm and kept constant for 40 s
(Fig. 4c). During this phase, the air trapped by the blood
exerted a pressure that exceeded the centrifugal force,
causing it to expand. This expanding air pushed the plasma
into the siphon channel, and the plasma was subsequently
transferred into the analysis chamber. In conclusion, a CD
cartridge with a functional siphon system and an appropriate
micro-channel design was successfully fabricated.

Validation of the electrochemical method

Optimisation of the enzymatic reaction conditions. To
optimise the Phe measurement procedure, several parameters
were tested including pH value, and concentrations of PheDH,
NAD" and glycine buffer (Fig. S21). These optimisations were

This journal is © The Royal Society of Chemistry 2025
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Table 1 Angular velocities for blood separation and siphoning within the engineered CD cartridge

o (rpm) Vo (uL) Vp (uL) 7o (cm) 7i (cm) Explanation
4232.28 288.18 64.88 3.298 2.82 Estimated rpm for blood separation
327.33 288.18 0.5 3.298 2.82 Conditions necessary for initiating

conducted using different Phe (0-20 mg dL "), PheDH enzyme
(0.8-8 U mL™), NAD" (1-20 mmol L™") and glycine buffer
concentrations (0.02-0.2 mol L "). The optimal signal in blood
samples was achieved with 1.6 U mL™" PheDH, 2.5 mmol L™
NAD", and 0.2 mol L™ glycine buffer.

Additionally, the effect of pH on the enzymatic response
of our biosensor was examined at 25 °C within a pH range of
7.4 to 10.5. The maximum response was observed at pH 10.5.
To optimise the measurement time, the electrochemical
oxidation of enzymatically generated NADH was monitored
by applying 0.65 V to the electrode for 2000 s. The current
response exhibited a linear increase approximately 10 min
after adding the reagents to the sample.

Optimisation of electrochemical measurement.
Amperometric measurements were performed once the
electrodes were modified and the reaction conditions were
optimised. The plasma was initially measured externally after
separating it from the blood. The measurement began at 0.65 V
and reached equilibrium after 600-800 s. The reagents were
then added to start the reaction, and the measurement
continued for 2000 s to monitor the peak current. This
approach, ie., adding the reagents later, allowed for using

(b)t=20s (c)t=40s

Fig. 4 The complete process of Phe detection in blood using the
developed cartridges. Loading of blood into the sampling chamber (a);
centrifugation at 5500 rpm to transfer blood to the sedimentation
chamber and compress the air above it (b); initiation of siphoning by
reducing the centrifuge speed to 300 rpm (c); addition of reagents to
the analysis chamber (d); and electrochemical measurement of Phe in
blood samples using CD cartridges (0.65 V, 2000 s), as illustrated in
the amperometric measurement graph (e). The images were captured
using a stroboscopic light source and an SLR camera (Canon,
EOS450D) while the CD was rotating.

This journal is © The Royal Society of Chemistry 2025

the siphon process

differential current measurement instead of the final current
value, thereby reducing the impact of electrode variations on
current loss.

Reagents were added in different ways to increase the
range of current values between concentrations and find the
best method for cartridges (Fig. 5). The reaction was started
by adding PheDH alone (Fig. 5a), both PheDH and NAD'
together (Fig. 5b), or NAD" alone (Fig. 5¢). In each test,
diluted plasma samples with the same Phe concentrations
were loaded on the electrode, and reagents were added after
the measurement stabilized at 0.65 V.

The relationship between the current increase and Phe
concentration for all reagent addition methods is given in
Fig. 5d. Adding PheDH and NAD" together yielded the most
suitable R* and slope combination for cartridges produced in
this study. Using the chosen method and within the Phe
measurement range of 0-20 mg dL™", 0.0524 mg dL™" of limit
of detection (LOD), 0.1587 mg dL ™" of limit of quantification
(LOQ), and 0.3338 pA (mg dL ™')™ sensitivity were obtained.

The presented Phe detection system using ERGO-modified
gold electrodes has several advantages over other sensor
systems in the literature, including a low detection limit
using patient samples.>** While other studies have achieved
lower detection limits in buffer solutions, the results may
vary when using real samples.*>® For instance, Moreira et al.
reported a lower LOD of 0.0033 mg dL™.>° However, a
meaningful comparison is not possible due to the excessive
enzyme use, complex sample preparation, and lack of
specified current values in the aforementioned study. Other
studies have also achieved lower LODs in real samples, but
these methods are often complex and time-consuming.?”*®
Here, we developed a sensor system combining microfluidics
and electrochemical sensing and achieved a comparable LOD
using a much more simplified and
architecture.

Upon the successful fabrication of the cartridge and the
optimisation of the electrochemical method, Phe
measurement in blood was performed. The blood sample
was diluted 1:4 with buffer solution and loaded into the
sampling chamber on the CD (Fig. 4a). The separation of
plasma was performed as described previously. Once the
sample was in the analysis chamber, the measurement
began, and the system reached equilibrium in about 800 s.
The reagent inlet in the analysis chamber was then
punctured, and PheDH and NAD" were added (Fig. 4d). After
about 10 minutes, current increases that were directly
proportional to the concentration were observed (Fig. 4e).

The performance of the developed test system was evaluated
using both fabricated cartridges and the gold standard HPLC

low-cost  sensor
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solution together (b), and NAD* alone (c) were tested. Current increases in response to different reaction initiation methods were plotted against

Phe concentrations (1:4 diluted) in a calibration graph (d).

method with blood samples containing varying Phe
concentrations (1.26, 3.38, 5.15, 10.65, 13.71, 19.63 mg dL™).
The accuracy of the test system was calculated to be 84.1%,
while the HPLC method's accuracy was 83.1%. Although HPLC
results have high accuracy at low concentrations, it could not
maintain this level at higher concentrations (Fig. 6).

Overall, the results indicate that we successfully measured
Phe in the range of 0.6-20 mg dL™ with an LOD of 0.0524.
This range is consistent with established diagnostic criteria
for PKU, whereby blood phenylalanine levels below 2 mg
dL™ are considered normal, while levels exceeding 4 mg dL™*
are indicative of elevated phenylalanine and potential PKU,
necessitating a preventative dietary intervention.***°

Conclusions

In this study, a LoCD-based diagnostic platform was designed
for the early detection and monitoring of PKU, which goes
beyond the current state-of-the-art. This system incorporates
disposable CD-shaped cartridges equipped with electrodes
enhanced through ERGO modifications. The system offers
user-friendly, cost-effective, and sample-to-answer solutions
(under 20 min) as well as a sensitive and accurate sensing
method. The resulting diagnostic tool is both portable and
capable of delivering quantitative results. Moreover, the
system can be customised according to different needs by
simply changing the enzyme used to detect the target
molecule. A crucial factor to consider in such applications is
that the product of the enzymatic reaction (in this study,
NADH) must be electroactive and capable of undergoing
redox reactions within the working potential range of the

1518 | Lab Chip, 2025, 25, 1512-1520
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electrode. Ensuring this compatibility is essential for accurate
and reliable molecular detection. Therefore, this biomedical
device, designed for molecular detection in patient body
fluids, holds potential for broader applications in diagnosing
various diseases.
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