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Abstract This article describes a microfluidic electrochemi-
cal immunoassay that features two strategies, viz. (a), the in-
corporation of magnetic nanoparticles (MNPs) into the central
microfluidic channel and acting as a bioaffinity support for the
immobilization of the antibody against the immunoreactive
trypsin (anti-IRT), and (b), the electrodeposition of copper
nanoparticles (CuNPs) on a gold electrode. IRT, a marker for
cystic fibrosis, is extracted from blood samples onto a disk
using ultrasonication, eluted, and then injected into the detec-
tion system where it is captured by anti-IRT-loaded nanopar-
ticles (anti-IRT-Ab-MNPs). Bound IRT is electrochemically
quantified after addition of HRP-labeled anti-IRT-Ab which,
in the presence of H2O2, catalyzes the oxidation of catechol to
form o-benzoquinone which is detected at a working potential
of −150 mV (vs. Ag/AgCl). The electrochemical response to
benzoquinone is proportional to the concentration of IRT in
the range from 0 to 580 ng⋅mL−1. The coefficients of variation
are <5 % for within-day assays, and <6.4 % for between-day
assays. Themethodwas compared to a commercial ELISA for
IRTwhere is showed a correlation coefficient of close to 1. In
our perception, this approach represents an attractive alterna-
tive to existing methods for screening newborns for cystic
fibrosis.
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Introduction

Cystic Fibrosis (CF) is an autosomal-recessive disorder
caused by mutations in the CF transmembrane conductance
regulator (CFTR) gene [1]. CF generates a multi-organ pathol-
ogy clinically characterized by lung disease (chronic infection,
inflammation, and airways obstruction), gastrointestinal ab-
normalities (pancreatic insufficiency, malabsorption, and mal-
nutrition), salt loss (high sweat electrolytes), and other mani-
festations (intestinal obstruction, cirrhosis, diabetes, etc.) [2].

CF has no cure [3], consequently an early and adequate
diagnosis is essential to start the treatment as early as possible
to prevent malnutrition and irreversible lung damage [4]. In
order to achieve this goal, Newborn Screening (NBS) for CF
has been implemented as a public health strategy. The in-
creased immunoreactive trypsin (IRT) level during the first
month of life represents the primary biomarker of CF newborn
screening. For this reason, all CF screening programs rely on
measurement of IRT from a dried blood sample taken during
the first week of newborn’s life [5]. The IRT cutoff value in
most of countries ranges between 60 and 70 ng mL−1 [6–8].

Analytical methods employing high performance liquid
chromatography (HPLC), mass spectrometry (MS), LC–MS/
MS, and gas chromatography–mass spectrometry (GC–MS)
are being developed for newborn screening [9–12]. Although,
these techniques may provide efficient determination, they are
laborious, time-consuming, require large volume of sample
and expensive equipment.
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Alternatively, immunosensors applied to the diagnostic of
newborn diseases are being considered as an attractive choice,
because of their intrinsic advantages, such as high sensitivity,
good specificity and less dependence on sample pretreatment
[13]. Moreover immunoassay can be performed in a
microfluidic platform. Microfluidic technology allowed the
miniaturization of devices, which results in a substantial re-
duction of reactive solutions, shorter analysis time, improved
portability [14], and better detection limits (LODs) [15].

The electrochemical detection coupled to microfluidic sen-
sors has received considerable attention due to their inherent
simplicity, compatibility with microfabrication techniques,
high sensitivity, fast detection, and low cost [16].

Microfluidic platforms allow performing electrochemical
immunoassays employing nanomaterials. In recent years there
has been an intensive research into the development of a va-
riety of inorganic, organic, polymeric and biological
nanomaterials for biomedical applications [17, 18]. Among
them, Nanoparticles (NPs) have often been introduced within
microfluidics system due to they have unique properties such
as large surface area, high bioaffinity and excellent stability
[19]. Introducing nanoparticles as support of immunoreagents
provides a large availability of binding sites. Particularly,
magnetic nanoparticles (MNPs) provide an extra advantage
in their manipulation and detection (e.g. stirring, positioning
recuperation and sensing), which can be easily performedwith
the aid of an external magnetic field [20].

Moreover, the incorporation of nanomaterials on electrode
surface provides many benefits for electrochemical detection
in microfluidic sensors [21]. Nanomaterial-based electrode
offer many advantages over conventional ones better stability,
greater sensitivity, lower detection limits, lowering of detec-
tion potentials via electrocatalytic effect or lowering of current
densities at the electrode surface [22].

The nanomaterials deposition on electrode surface is being
performed via a variety of strategies, such as the impregnation
of metal precursors followed by chemical or physical reduc-
tion [23], sol–gel derived process [24], electrodeposition [25],
and electroless deposition [26]. The electrodeposition repre-
sents a simple and versatile tool for biosensors fabrication,
which exhibited good stability, reproducibility and short re-
sponse time [27]. It is a kinetic-controlled process involving
preferential nucleation and subsequent growth of metal NPs
on an appropriate electrode surface [28].

Different electrodes modified with metallic nanoparticles
such as platinum [29], silver [30], and gold [31] have been
reported. Although improved performance was described, the
high cost and the limited availability of some of these materials
can impose restrictions to the development of inexpensive sen-
sors. Electrodeposited copper NPs (CuNPs) represent an alter-
native material with potential applications in medicine [32].
The use of CuNPs on electrodes surface is an interesting strat-
egy to achieve the electrode modification and consequently the

improvement of electrochemical detection [33].Despite their
potential toxicity [34], CuNPs are less expensive and provide
access to a number of chemical routes for their derivatization.
Their reactivity and molecular recognition capabilities have
also sparked their use in electrochemical biosensors [35].

In the present work, a microfluidic immunosensor with
electrochemical detection has been developed in order to
quantify IRT in blood spot samples. For this purpose, anti-
IRT-Ab was immobilized onto MNPs surface, which were
retained in the central channel of the device. The antibody
recognized specifically the IRT present in samples. The detec-
tion was achieved by adding HRP-conjugated anti-IRT-Ab
using catechol (Q) as enzymatic mediator. HRP in the pres-
ence of hydrogen peroxide (H2O2) catalyzed the oxidation of
Q to o-benzoquinone (P). The subsequently reduction was
performed by a gold electrode with electrodeposited CuNPs
at −150 mV. The response current obtained from the product
of the enzymatic reaction was proportional to the activity of
the enzyme and consequently, to the IRT present in samples.

Materials and methods

Reagents and solutions

Soda lime glass wafers (26 × 76 × 1mm)were purchased from
Glass Técnica (São Paulo, Brazil). Sylgard 184 and AZ4330
photoresist (PR) were obtained from Dow Corning (Midland,
MI, USAwww.dowcorning.com) and Clariant (Sommerville,
NJ, USA www.clariant.com), respectively. Carboxi-
functionalized magnetic nanoparticles, Hydrofluoric acid
(HF), N-hydroxysuccinimide (NHS), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) and 3-
aminopropyl triethoxysilane (APTES) were purchased from
Sigma–Aldrich (Argentina, www.sigmaaldrich.com).
Hydrogen peroxide (H2O2) and catechol were purchased
from Merck (Argentina, www.merck.com.ar). ImmunoChem
Blood Spot Trypsin-MW ELISA (enzyme-l inked
immunosorbent assay) Kit (MP Biomedicals, USA), was pur-
chased from Laboratorios Bacon (Argentina, www.bacon.
com.ar) and used according to the manufacturer’s instructions
[36]. Anti-IRT–mouse monoclonal antibody (anti-IRT-Ab) and
horseradish peroxidase (HRP)-conjugated anti-IRT–Ab were
purchased from Abcam (USA, www.abcam.com).

Instrumentation

Electrochemical measurements were performed using BAS
100B (electrochemical analyzer Bioanalytical Systems West
Lafayette, IN, USA www.basinc.com). A three electrode
system were used, where a gold (Au) electrode, a platinum
electrode and a Ag/AgCl wire served as a working, auxiliary
and reference electrode, respectively.
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Amperometric measurements were performed using the
biosensor developed tandem BAS LC 4 C (Bioanalytical Sys-
tems, West Lafayette, IN, USAwww.basinc.com).The syringe
pump system (Baby Bee Syringe Pump, Bioanalytical
Systems) was used to pumping and stopping flow. The
morphologies of the CuNPs electrodeposited onto Au
electrode were studied by LEO 1450VP scanning electron
microscope (SEM). An energy dispersive X-ray spectroscopy
(EDS) with a LEO 1450VP scanning electronmicroscope was
used to analyze the elemental composition of the electrode.
Absorbance was detected using a BIOTEK Epoch microplate
reader and a Beckman DU 520 general UV/VIS
spectrophotometer.

Microchip fabrication

The construction was carried out according to the procedure
described in Ref. [37] with the following modifications. The
device layout was drawn using CorelDraw software version
11.0 (Corel) and printed on a high-resolution transparency
film in a local graphic service, which was used as a mask in
the photolithographic step. The microfluidic chip design
consisted of a T-type format. The lengths of the central and
accessory channels were 15 and 60 mm, respectively. The
printed transparency mask was placed on top of a glass wafer
previously coated with a 5 μm layer of AZ4330 PR. The
substrate was exposed to UV radiation for 30 s and developed
in AZ 400 K developer solution for 2 min. Glass channels
were etched with an etching solution of 20 % HF for 4 min
under continuous stirring (check the HF material safety data
sheet). The etching rate was 8 ± 1 μm min−1. Following the
etching step, substrates were rinsed with deionized water and
the PR was removed with acetone. To access the microfluidic
network, holes were drilled on glass-etched channels with a
Dremel tool (MultiPro 395JU model, USA) using 1-mm dia-
mond drill bits.

To achieve the final chip format, another glass plate was
spincoated with a thin poly(dimethylsiloxane) (PDMS) layer
at 3000 rpm for 10 s. PDMSwas prepared with a 10:1 mixture
of Sylgard 184 elastomer and a curing agent. The thickness of
this layer was 50 μm. Before sealing, the PDMS layer was
cured at 100 °C for 5 min on a hot plate. Glass channels and
PDMS-coated glass substrate were placed in an oxygen plas-
ma cleaner (Plasma Technology PLAB SE80 plasma cleaner)
and oxidized for 1 min. The two pieces were brought
into contact immediately after the plasma treatment,
obtaining a strong and irreversible sealing. The final
device format was achieved in less than 30 min. The
bonding resistance of the device was evaluated under
different pressure values by using a high-performance
liquid chromatography (HPLC) pump. The flow rate
ranged from 10 to 300 μL min−1.

Covalent binding of anti-IRT antibody onto MNPs

Magnetic particle modification was carried out using a
carbodiimide/succinimide reaction. 100 μL of MNPs, previ-
ously washed with phosphate buffered saline solution
(0.01 M, pH 7.2) (PBS), were suspended in 1 mL of solution
0.05 M (pH 7.2) of EDC and NHS with continuous stirring
during 3 h at room temperature. Later, they were
washed and incubated with a solution of 10 μg ml−1

anti-IRT–Ab in PBS during 12 h at 5 °C, with contin-
uous stirring. Finally, the MNPs with anti-IRT-Ab
immobilized (anti-IRT–Ab-MNPs) were washed and re-
suspended in 250 μL PBS solution at 5 °C. This prep-
aration was stable for at least 1 month.

Gold electrode surface modification

With the purpose to obtain an improvement in the signal re-
sponse, CuNPs electrodeposition onto Au electrode (CuNPs-
AuE) surface was carried out.

The surface of a gold electrode must be cleaned previously
to the electrodeposition process. The sulfuric acid potential
cycling is a very common electrochemical cleaning technique
[38]. According to this cleaning procedure, the AuE in the
central channel of the microfluidic system was exposed to
0.05 M H2SO4 solution, performing potential cycles in the
range 0.0–1.5 V, with a scanning rate of 0.1 V s−1 until repro-
ducible cyclic voltammograms were obtained.

In order to achieve the electrode modification, a solution
0.1 M H2SO4 + 1 mM CuSO4 was pumped at a flow rate of
2.0 μL min−1 during 3 min, while a − 500 mV potential was
applied. After this modification, the electrode surface was
characterized by SEM and EDS.

Sample preparation

Neonatal samples and control samples were provided by the
Blood Spot Trypsin-MWELISA Kit were used. The Kit spec-
ifies how these samples were obtained: blood samples were
spotted in filter paper number 903 in the center of a 1 cm circle
and allowed to diffuse outward, trying to avoid tearing or
disrupting the filter paper surface. The specimens were
allowed to air dry completely (overnight), avoiding heat, di-
rect sunlight, and absorbent surfaces. After drying overnight,
these were stored in an airtight plastic envelope at less than
−15 °C until assay.

In order to perform the IRT extraction, a disk was cut
(punched) from a blood spot sample. Then, it was placed into
an Eppendorf tube with 200 μL of PBS (0.01 M, pH 7.2) and
exposed to a sonication procedure for 2 min following the
procedure described by Seia et al. [39]. The content of all
tubes was aspirated and the eluted samples were stored at
4 °C until use.
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IRT determination

In order to avoid unspecific bindings, before performing the
determination, anti-IRT–Ab-MNPs were exposed to a
blocking treatment using 1 % of bovine serum albumin
(BSA) in 0.01 M PBS (pH 7.2) for 5 min. After that, MNPs
were washed 3 times with PBS, injected during 10 min into
the central channel of the microchip and retained with an
external magnet (supplementary data).

After each reagent solution injection, the central channel of
the device was exposed to a washing procedure with PBS for
3 min to remove the reagent excess. All reagent solutions and
samples were pumped at 2 μL min−1.

The eluted sample was injected during 5 min and IRTwas
specifically recognized by the immobilized antibody. Later,
bound IRT was quantified through the action of HRP-
conjugated anti-IRT–Ab (dilution of 1:1000 in 0.01 M PBS,
pH 7.2), which was injected for 5 min.

Finally, for the electrochemical detection, the sub-
strate solution containing 0.001 M H2O2 and 0.001 M
Q in 0.1 M phosphate–citrate buffer (pH 5.0) (supple-
mentary data), was injected for 1 min. The enzymatic reac-
tion product was detected through applying a − 150 mV

potential (Scheme 1). Table 1 summarizes the complete ana-
lytical procedure.

Results and discussion

Characterization of the electrode surface

Themorphology of CuNPs-AuE surface was studied by SEM.
The Fig. 1 show unmodified AuE (1a) and CuNPs-AuE (1b),
respectively. The diameter of the NPs was in a range of 50 nm.
The elemental composition of the electrode surface was ana-
lyzed by EDS, the spectrum obtained shows the peaks corre-
sponding to Au (at 2.12 and 9.71 keV) and Cu (at 0.93 and
8.04 keV) (1c).

The electrochemical characterization (1d) was carried out
by Cyclic Voltammetry, monitoring a Fe(CN)6

4−/3- solution
(1 mM K4[Fe(CN)6]/K3[Fe(CN)6] in 0.1 M KCl (pH 6.50)).
The potential scanning was performed from −250 to 500 mV
vs. Ag/AgCl. The voltammograms obtained for the unmodi-
fied AuE (i) and CuNPs-AuE (ii) show that CuNPs increases
the current peaks of Fe(CN)6

4−/3- solution.

Table 1 Summary of optimum conditions for IRT immunoassay

Sequence Conditions Time (min)

Blocking procedure 1 % of bovine serum albumin (BSA) in 0.01 M PBS (pH 7.2) 5

Washing step (PBS, pH 7,2) 3

Injection of particles Flow rate: 2,0 μL min−1 (PBS, pH 7,2) 10

Samples Eluted sample flow rate of 2.0 μL min−1 5

Washing buffer Flow rate: 2,0 μL min−1 (PBS, pH 7,2) 3

Enzymatic conjugated HRP-conjugated (dilution of 1/1000), 2,0 μL min-1 5

Washing buffer Flow rate: 2,0 μL min−1 (PBS, pH 7,2) 3

Substrate 0.001 M H2O2 and 0.001 M Q (0.1 M phosphate–citrate buffer, pH 5.0) 1

Amperometric detection Applied potential: -150 mV 1

Scheme 1 Schematic
representation of immunoreaction
in the microfluidic device
showing CuNPs electrodeposited
on work electrode and the central
channel incorporating anti-IRT-
Ab-MNPs as bioaffinity support
for the immune reaction
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Electrochemical study of catechol on AuE

The study of catechol behavior on AuE was carried out by
Cyclic Voltammetry. A Q solution in 0.1 M phosphate–citrate
buffer (pH 5.0) was evaluated scanning in the potential range
of −200 to 550 mV. The cyclic voltammograms obtained
showed a good definition of the anodic and cationic peaks,
which correspond to the transformation of Q to o-
benzoquinone and vice versa. This is a quasi-reversible pro-
cedure in which 2 electrons are transferred. The relation of the
current peaks, close to one, particularly when a repetitive cy-
cling was performed, can be inferred as a stability criterion of
the Q produced on the electrode surface in the work conditions
employed (Data not shown).

Electrodeposition time and potential

The time and potential are relevant parameters in the electro-
deposition process. For this reason, both parameters have been
optimized. The electrodeposition time (tedep) was evaluated
from 30 s to 180 s at −250 and −500 mV working electrode
potential. The current intensity increased when the time grows
until a value of 180 s, then the current remained constant.
Therefore, a tedep of 180 s was selected as optimum.

The optimization of electrodeposition potential (Eedep)
was performed using −250 and −500 mVas working electrode
potential. The current increased by increasing the potential up
to a value of −500 mV. Therefore, an Eedep of −500 mV was
selected (Fig. 2).

Fig. 2 a Effect of
electrodeposition time employing
a standard of 282 ng mL−1 and a
Eedep 500 mV from 30 to 300 s.
b Effect of electrodeposition
potential employing a tedep 180 s
from −250 to −600 mV

Fig. 1 Morphology characterization. The morphologies of unmodified
AuE a and CuNPs-AuE b were investigated by SEM. The elemental
composi t ion of CuNPs-AuE was determined by EDS. c .
Electrochemical characterization d of unmodified AuE (i) and CuNPs-

AuE (ii) Cyclic Voltammetry was performed monitoring a Fe(CN)6
4−/3-

solution (1 mMK4[Fe(CN)6]/K3[Fe(CN)6] in 0.1 MKCl (pH 6.50)) from
−250 to +500 mVat a scan rate of 50 mV s−1

Microfluidic immunoassay for cystic fibrosis screening



Parameter optimization

The following parameters were optimized: (a) flow rate; (b)
antibody concentration; (c) sample volume, Temperature and
pH; (d) reaction time. Respective data and Figures are given in
the Electronic SupportingMaterial. The following experimen-
tal conditions were found to give best results: (a) an anti-IRT-
Ab concentration of. 10 μg mL-1 (b) a flow rate of 2 μL min-
1, (c) a sample volume of 10μL, an optimal temperature range
of 20–25 °C and a pH value of 5.05 (d) an optimal reaction
time of 5 min.

Amplification effect of the obtained signal

With the purpose of evaluate the amplification effect resulting
from the incorporation of the MNPs, the signal intensity ob-
tained using the sensor was compared with a signal obtained
from a similar sensor in which the immunoreagents were in-
corporated by a direct modification of the central channel with
–APTES (supplementary data). The Fig. 3 shows the signal

amplification corresponding to the incorporation of MNPs
into the central channel and the electrodeposited CuNPs-AuE.

Quantitative determination of IRT

If the electrochemical response of the enzymatic product was
proportional to IRT concentration in samples was evaluated.
The IRT calibration plot was obtained by plotting current (i)
versus IRT concentration in the range of 0–580 ng mL−1. The
linear regression equation obtained was i = 1.266 + 0.497 x
CTIR. The correlation coefficient (r) for this plot was 0.998.

The precision of the methodwas checked with IRTsamples
at 53, 154, and 580 ng mL−1 concentrations. In order to esti-
mate the precision, this assay was repeated 5 times a day and
the series of analyses was repeated 3 consecutive days. The
IRTassay showed a coefficient of variation (CV) within-assay
values that were below 4.98 %, and the CV between-assay
values were below 6.35 % (Table 2).

Table 2 Within-assay precision (five measurements in the same run for
each IRT control sample) and between-assay precision (five
measurements for each IRTcontrol sample, repeated for three consecutive
days)

Standarda Within-assay Between-assay

Meana CV % Meana CV %

53 ng mL−1 53,61 3,23 53,97 4,85

154 ng mL−1 153,32 3,88 152,32 6,35

580 ng mL−1 581,71 4,98 587,02 5,12

a IRT concentration (ng mL−1 )

Fig. 3 Obtained signal intensity using HRP as indicator model. This
figure compares the signal of the sensor incorporating HRP-MNPs and
CuNPs-AuE a, the sensor incorporating HRP-MNPs and unmodified
AuE b, the sensor with a central channel modified with HRP-APTES
and CuNPs-AuE c, the sensor with a central channel modified with

HRP-APTES with unmodified AuE d. For this study, 0.1 M
phosphate–citrate buffer, pH 5.0, containing 0.001 M H2O2 and
0.001 M Q were injected at 2 μL min−1, and the enzymatic product was
measured by amperometry at −150 mV

Fig. 4 Correlation between presented method and trypsin MW ELISA
Kit. PM, presented method
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The accuracy of the method was evaluated with a dilution
test, it was performed using a 580 ng mL−1 IRT sample that
was serially diluted in PBS (0.01 M, pH 7.2). The assays on
the dilutions maintained a linear response, with a correlation
coefficient r = 0.997.

In this work, three IRT high level neonatal samples, three
IRT high level control samples (provided with the TrypsinMW
ELISAKit) and five low level neonatal samples were analyzed.
All samples were previously confirmed for IRT using the com-
mercial Trypsin MW ELISA Kit. High level samples and con-
trols were later analyzed by our quantitative method, which
revealed high concentrations of IRT in all of them. The low
level samples showed also low concentrations by our method.

Moreover, the method was compared with a commercial
ELISA procedure for the quantification of IRT. Both response
signals show a correlation close to 1, indicating a good corre-
spondence between the two methods (Fig. 4).

The LOD is the concentration that gives a signal 3 times the
standard deviation ofthe blank. For the immunosensor and the
ELISA test kit, the LODs were 1,1 ng mL−1 and 4.2 ng mL−1,
respectively. Thus, the sensor significantly enhances the de-
tection limit.

The total assay time required for the IRT determination
employing Blood Spot Trypsin-MW ELISA Kit was approxi-
mately 12 h, including the extraction procedure. In contrast, the
ultrasonic sample elution preparation and the IRT determination
by the immunosensor requires a total assay time of <40 min.

According to our detailed search, few previously reported
articles related to IRT detection were published. It is important
to highlight that our method is the only electrochemical
microfluidic immunosensor reported to date, while the re-
maining articles used LIF as detection system. Xu et al.
showed an assay based on immunoreagents labeled with lan-
thanide ions, on dissociative fluorescence enhancement apply-
ing the principle of co-fluorescence, and on time-resolved
fluorometry [41]. Lindau-Shepard et al. developed a multiplex
immunoassay using two different Luminex bead sets for IRT
isoforms detection [42]. Seia et al. [39] developed a
microfluidic device, coupled to LIF detection, with 3-
aminopropyl functionalized silica nanoparticles-APTES
biorecognition platform. It is relevant to emphasize that our
method is based on microfluidic technology, using CuNPs-

AuE for the electrochemical detection. MNPs were used as
biorecognition platform, which allowed the successfully im-
mobilization of anti-IRT-monoclonal Ab as a strategy to pro-
vide specificity to the device. In addition, the achieved LOD
was lower than that obtained by the above mentioned articles
[40, 41] (Table 3).

Considering the CF neonatal screening cut off value, all
obtained LODs were reasonably good. Finally, our device
presents inherent benefits such as miniaturization, integration,
portability and the possibility to perform on-site analysis.

Conclusion

In this article, we describe a microfluidic immunosensor with
electrochemical detection for the quantitative determination of
IRT as marker for CF diagnosis. The sensor combines the
microfluidic technology, the sensitivity of the electrochemical
detection and the immunoassay specificity. These features
allowed us to obtain a sensitive and selective device with
portability and lower power requirements. Moreover, the in-
corporation of MNPs as a bioaffinity support and the electro-
deposition of CuNPs increase the active area and improve of
the sensitivity respectively. Compared with the conventional
ELISA analysis, our immunosensor reduces the total assay
time, with our sensor it was less than 40 min.

In summary, an alternative analytical method for CF new-
born screening was developed. The microfluidic
immunosensor displays excellent analytical performance for
the selective and sensitive IRT determination.
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