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Introduction

A rapid extended-gate field-effect transistor-type
biosensor composed of a truncated DNA aptamer
and UiO-66 metal—organic framework
nanoparticles for HPIV detection in
bronchoalveolar lavage fluid

Siyun Lee, Nayeon Kwon,? Yejin Yoon,? Jinho Yoon,® Jong Geol Jang,©
Wonhwa Lee,*¢ Jin-Ho Lee,*" Chulhwan Park*® and Taek Lee (2 *2

The human parainfluenza virus (HPIV), an RNA virus similar to SARS-CoV-2, is a leading cause of both upper
and lower respiratory diseases, with potentially fatal outcomes. Thus, early diagnosis of HPIV is crucial.
However, current HPIV diagnostic methods face certain limitations. Here, we developed a rapid extended-
gate field-effect transistor (R-EGFET)-based biosensor consisting of an HPIV aptamer and UiO-66 metal-
organic framework (MOF) nanoparticles, which are capable of rapid and specific detection of HPIV. We syn-
thesized an aptamer that selectively detects HPIV hemagglutinin-neuraminidase (HN protein) using sys-
tematic evolution of ligands by the exponential enrichment (SELEX) method. Then, the truncation process
was achieved to reduce the aptamer production cost. In addition, the UiO-66 MOF nanoparticle is suitable
as a biosensor due to its enhanced electrical sensitivity. The R-EGFET was selected as the detection plat-
form because of its compact design, low cost, and high sensitivity. In addition, incorporating alternating-
current electrothermal flow (ACEF) technology reduced the target binding time to 10 min, enabling rapid
detection. Thereby, HPIV was detected based on electrical signal changes across the extended-gate mem-
brane using Au microelectrodes. The limit of detection (LOD) of the HPIV HN protein was 22.254 fM in
buffer and 36.202 fM in human serum. In clinically relevant samples, the sensor achieved LODs of 9.961
PFU per mL in artificial saliva and 15.273 PFU per mL in bronchoalveolar lavage fluid (BALF), highlighting its
potential for practical diagnostic applications. Owing to its rapid detection and high selectivity, the proposed
biosensor is expected to be useful for the clinical diagnosis of HPIV.

(LRTI)."? HPIV is an RNA virus belonging to the family
Paramyxoviridae™® and is classified into four major types

Human parainfluenza virus (HPIV) causes acute respiratory
infections (ARI) and is a major contributor of upper respiratory
tract infections (URTI) and lower respiratory tract infections
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based on their antigens (HPIV-1, HPIV-2, HPIV-3 and HPIV-4).
HPIV-1 and HPIV-2 are the primary causes of croup in chil-
dren, and HPIV-3 is more likely to cause severe respiratory
disease.®” Globally, HPIV is the second leading cause of acute
respiratory disease hospitalization in children under 5 years of
age following respiratory syncytial virus (RSV).>° In the United
States, approximately 18 000 children are hospitalized each
year for LRTI caused by HPIV-3.'° During the COVID-19 pan-
demic, the incidence of other respiratory viruses declined.
However, an unusual increase in RSV cases in 2021 highlights
the need for continued vigilance regarding the spread of res-
piratory viruses.""

In most cases, HPIV infection in healthy adults causes mild
symptoms. In contrast, individuals with weakened immune
systems, such as children and the elderly, are at higher risk of
severe or fatal infection."*™* HPIV can cause symptoms, from
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cough, runny nose, and fever to more severe respiratory dis-
eases such as bronchitis, pneumonia, and laryngitis.'>"®
Moreover, it can exacerbate pre-existing chronic respiratory
conditions such as asthma, making treatment more challen-
ging."” However, there are currently no commercially available
antiviral agents or vaccines for HPIV infections, and treatment
is limited to symptom management.'®° The importance of
preventing HPIV infection and early diagnosis has been
increasingly emphasized.

HPIV infection begins when the hemagglutinin-neuramini-
dase (HN protein), which serves as a receptor-binding mole-
cule, attaches to sialic acid residues on the cell surface.”!
When the fusion protein (F protein) is activated by the HN
protein, the viral envelope fuses with the host cell membrane,
releasing the viral nucleoprotein into the cytoplasm.** In this
manner, the HPIV HN protein is essential for HPIV to
approach the cell, enter it, and initiate infection. Therefore,
HPIV HN protein was selected as the target for detection.

Conventional HPIV diagnostic methods include enzyme-
linked immunosorbent assay (ELISA), immunofluorescence
assay (IFA), and reverse transcription polymerase chain reac-
tion (RT-PCR).>® ELISA and IFA, both serological diagnostics,
are widely used because of their high sensitivity for effectively
detecting antibodies specific to certain viruses.>* However, the
time required for antibody production hinders early diagnosis
of infection, and its high cost remains a significant drawback.
In addition, cross-reactive immune responses to certain anti-
gens or antibodies can lead to false-positive results, thereby
reducing the specificity of the diagnosis.”> RT-PCR is an

Aptamer Ui0-66 HPIV

View Article Online

Nanoscale

effective method for viral diagnosis due to its high sensitivity,
specificity, and rapid results; however, its application is
limited by substantial expense and the need for specialized
expertise.”® Thus, we aimed to develop a novel biosensing plat-
form based on an extended-gate field-effect transistor (EGFET)
to enable the specific and rapid detection of HPIV.

A field-effect transistor (FET) is one of the most promising
platforms for the electrical detection of various biomolecules.””
The activity of charged biomolecules under physiological con-
ditions contributes to changes in the electrical properties of the
membrane and has high sensitivity and specificity, making
them effective for biological analysis. In recent years, FET-based
aptasensors have attracted considerable attention. Aptamers,
owing to their structural tunability, high binding affinity, and
excellent stability, can be integrated into FET sensors to enable
the sensitive and selective detection of low-concentration bio-
markers even in complex biological samples.”®*° Aptamer-
functionalized FET biosensors have been successfully applied
to the detection of various targets, including SARS-CoV-2,*
neurotransmitters,***? inflammatory biomarkers,*®* and other
disease-related biomarkers.**™” Given these advantages, an
aptamer-based EGFET platform was employed in this work. In
an EGFET, the transistor is physically separated from the
sensing membrane, where chemical reactions occur, allowing
for the characterization and operation of the transistor without
direct contact with the sample.*®*® The EGFET sensor, which
has the advantages of miniaturization, simple layout, low cost,
small sample volume, and long-term stability, is well suited for
the on-site detection of HPIV.*>*!
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Fig. 1 Schematic illustration of the rapid EGFET biosensing platform for detecting HPIV with an UiO-66 MOF nanoparticle and HPIV aptamer.
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Recently, metal-organic frameworks (MOFs) have been
extensively explored for virus detection. The high porosity,
large surface area, and tunable structures make MOFs excel-
lent candidates for biosensing applications. MOFs have been
applied in biosensors designed to detect various viruses,
including SARS-CoV-2 and dengue virus.***® Zr-based MOFs,
with their high porosity and chemical stability, are utilized in
various fields.””*® Among them, UiO-66 can be effectively used
in biosensors due to its high biocompatibility and strong
binding interactions with DNA strands.*® In addition, amine
groups (-NH,) were attached to UiO-66 to facilitate its binding
with various organic ligands.>® By applying UiO-66-NH, to the
sensing membrane, the increased contact area with bio-
molecules, owing to its large specific surface area, can
enhance the sensor’s sensitivity.® They also offer economic
efficiency due to their potential for low-cost large-scale
production.®®

In addition to the conventional EGFET, our laboratory has
developed a rapid electrochemical biosensor over the past few
years.”*¢ The incorporation of alternating-current electrother-
mal flow (ACEF) reduced the target-bioprobe binding time, a
known limitation of conventional biosensors, to less than
10 min, achieving a measurement time comparable to those of
lateral flow assay (LFA)-type biosensors. The FET sensor
enables quantitative analysis, which is not possible with the
LFA sensor, thereby further increasing its commercialization
potential.

In this study, the R-EGFET-based biosensor functionalized
with HPIV aptamers and UiO-66 MOF nanoparticles was devel-
oped. The synthesized aptamers are regarded as promising
alternatives to antibodies because they can be produced
rapidly and at low cost.””° The HPIV aptamers selected
through the systematic evolution of ligands by the exponential
enrichment (SELEX) process were used as bioprobes to detect
HPIV in the sensors based on their high binding affinities.
The specificity of the HPIV aptamer was improved, and the
production cost was reduced by truncating non-target binding
sequences. In addition, the introduction of ACEF technology
enabled the rapid detection of HPIV. The R-EGFET biosensor
successfully detected HPIV with high specificity and sensitivity
in clinical samples. Fig. 1 shows a schematic diagram of the
developed HPIV biosensor.

Materials and methods

Materials

The HPIV-3 HN protein (60.4 kDa) and Zika envelope protein
(13 kDa) were purchased from Sino Biological (Beijing, China).
Recombinant Yellow Fever Virus (YFV) NS1 protein (41 kDa)
was purchased from R&D Systems (Minneapolis, USA). Bovine
serum albumin (BSA), hemoglobin, myoglobin, human serum
albumin, and cysteamine were purchased from Sigma-Aldrich
(St Louis, MO, USA). Artificial saliva was purchased from
Pickering Laboratories (California, USA). UiO-66-NH, was pur-
chased from MediArk (Cheongju, South Korea). 4-(2-
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Hydroxyethyl)-1-piperazineethanesulfonic =~ acid  (HEPES),
acetone (C3Hs0), and anhydrous ethyl alcohol (C,H;OH)
were purchased from Daejung (Busan, South Korea).
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
N-hydroxysulfosuccinimide (Sulfo-NHS), and EZ-Link Sulfo-
NHS-LC-Biotin were purchased from Thermo Fisher Scientific
(MA, USA). Streptavidin magnetic beads were purchased from
GenScript (New Jersey, USA). The HPIV aptamer was selected
using a XELEX DNA Core Kit (EURx, Gdansk, Poland). The
DNA library sequence of the kit consists of the oligonucleotide
5-TGA CAC CGT ACC TGC TCT-N40-AAG CAC GCC AGG GAC
TAT-3', the forward primer 5-TGA CAC CGT ACC TGC TCT-3',
and the reverse primer 5-ATA GTC CCT GGC GTG CTT-3'. The
PCR master mix and a 100 bp DNA size marker for electrophor-
esis were purchased from Bioneer (Daejeon, South Korea). The
HPIV aptamer was produced by Bionics with a 5'-terminal
modification of the Thiol Modifier C6, and the sequence is
SH-5-CCA CAA TGG GAG TGT ATT ACG AAG CTT CAC TGG
TCT GAT AAG CAC GCC AAG GGA CTA TAG AGC AGG TAC GGT
GTC C-3' (77-mer). All oligonucleotides were diluted in nucle-
ase-free water and stored at —20 °C. We conducted a clinical
experiment using cultured HPIV-1 samples. HPIV-1 (Lot No.
20210315) was provided by the Virus Bank (Seoul, South
Korea). HPIV-1 was infected with LLC-MK2 cells in MEM con-
taining 1 pg mL™' TPCK-trypsin and cultured for 7 days at
37 °C and 5% CO,. The titer of the HPIV-1 stock was 4.0 x 10°
PFU per mL, which induces a cytopathic effect (CPE) in
infected cells. The virus was stored at —80 °C until further use.

HPIV HN aptamer SELEX

SELEX was performed as described previously®® to design apta-
mers that specifically target the HPIV HN protein. SELEX
repeated eight rounds of incubation, binding, elution, and
amplification. For incubation, the biotinylation step of the
HPIV HN protein was carried out by mixing 50 pL of 0.25 mg
mL~" HPIV HN protein diluted in deionized water (DIW) with
10 pL of 2 mM Sulfo-NHS-LC-Biotin at room temperature for
1 h with stirring. The mixture was combined with 960 pL of
HEPES solution and placed in a 3000 NMWL Amicon centrifu-
gal filter (Merck, USA) to maintain a constant pH, and
unreacted substances were removed through centrifugation at
7000 rpm for 30 min. The biotinylated HPIV HN protein was
recovered by filtration, mixed with 100 pL of streptavidin mag-
beads, and they underwent a binding process by stirring for
1 h. Unbound HPIV HN protein was washed three or more
times with 1x SELEX buffer. The HPIV HN protein coated with
streptavidin magbeads was mixed with DNA library Bank 40
(20 pL DNA library, 20 pL 10x SELEX buffer, and 160 pL DIW)
and stirred at 4 °C for 1 h to facilitate affinity binding with
DNA. Nonspecifically bound DNA was removed by washing
three times with 200 pL of 1x SELEX buffer. The streptavidin-
coated HPIV HN protein bound to DNA was heat-treated at
80 °C for 10 min in a heat block to perform elution. After cen-
trifugation, a magnet was used to collect the supernatant con-
taining the dissolved DNA that selectively binds to the HPIV
HN protein. For amplification of the collected DNA, 20 pL of
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the DNA was mixed with 2 pL of 4 pM Bank 40-5' primer, 2 pL
of 4 uM Bank 40-3' primer, and 25 pL of 1x PCR master mix,
and PCR was performed. PCR was conducted for 12 cycles
under the following conditions: 4 °C for 3 min, 55 °C for 30 s,
and 72 °C for 1 min. The SELEX process, consisting of four
steps, was repeated for up to eight rounds; to enhance binding
specificity, each round, except the first, used the DNA template
amplified in the previous step. The final product from the last
round was purified on a 1% agarose gel and analyzed by DNA
sequencing using unidirectional RCA and vector 50 cloning at
Solgent (Seoul, Korea).

Aptamer binding test for confirming selectivity

After confirming the specific binding of the HPIV HN protein
to the ssDNA pool purified by SELEX through 8% Tris-borate-
EDTA (TBE) polyacrylamide gel electrophoresis (PAGE), DNA
sequencing analysis was performed. Duplicate or ambiguous
sequences among the 50 candidate aptamers were excluded
from the DNA sequencing analysis. Then, the concentration of
SELEX folding buffer (140 mM Na® ions, 5 mM Mg”" ions and
20 mM Tris (pH 7.4)) was applied to the mFold application at
a room temperature of 25 °C, and the sequence with a single
hybridization site and the lowest Gibbs free energy (dG) value
was selected (https://www.unafold.org).

In the determined HPIV HN protein sequence, the
unnecessary sequences used for primer recognition during
PCR were removed. The removed sequence was
TGA-CAC-CGT-ACC-TGC-TCT at the 5 end. Because the
number of sequences decreased, we reapplied mFold to
compute the dG values. Although dG increased, the selected
sequence was identified to have the lowest value among the
candidates, and its secondary structure was subsequently
determined.

To evaluate the performance of the truncated aptamer, a
bead-based fluorescence-binding assay was performed. The
binding affinity of the aptamer was determined by analyzing
the fluorescence resulting from the binding interaction
between the fluorescently labeled ligand and receptor (e.g.,
protein). Fluorescein phosphoramidite (FAM), a fluorescent
dye, was attached to the 5’ end of the aptamer, and the fluo-
rescence intensity was measured at concentrations of 10 nM,
30 nM, 150 nM, 300 nM, 750 nM, and 1 pM. The maximum
absorbance was set at 1.2 pM. Fluorescence was measured
based on the degree of binding between the aptamer and mag-
netic beads conjugated with the HPIV HN protein at an absor-
bance of 480 nM and emission of 528 nM using a BioTek
Synergy LX Multimode Reader (Vermont, USA). The Ky value of
the aptamer was confirmed, and the HPIV aptamer was
selected as the probe for the sensor.

Fabrication of the HPIV biosensing platform

The Au microgap electrode was prepared as previously
described.®! UiO-66-NH, at 1 mg mL ™" was diluted in DIW and
sonicated for 10 min to obtain a homogeneous suspension
before use. The electrode was sonicated in acetone for 10 min,
washed sequentially with ethanol and distilled water, and
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dried with N, gas. 2 pL of 10 mM cysteamine was immobilized
on the washed Au electrode for 1 h to form an NH, layer. EDC
(20 mM) and NHS (50 mM) were reacted with UiO-66-NH, at
room temperature for 15 min to activate the NHS-ester, fol-
lowed by immobilization on the electrode for 3 h. The elec-
trode functionalized with UiO-66-NH, was treated with a 1 pM
5-SH-modified HPIV aptamer and reacted for 3 h.
Subsequently, the electrode was washed with DIW and dried
with N, gas.

Ethical approval and patient enrollment

This study was conducted under approval from the Yeungnam
University Institutional Review Board (IRB No. YUMC 2021-02-
053-001). Patients presenting with acute respiratory symptoms
(e.g., pneumonia and bronchiolitis) and suspected HPIV infec-
tion were enrolled. Exclusion criteria included recent antiviral
therapy (<7 days) or insufficient bronchoalveolar lavage fluid
(BALF) volume for analysis.

BALF collection

BALF was obtained via standardized bronchoscopy under
sterile conditions. The bronchoscope was wedged into the
affected bronchus, and three sequential aliquots (20 mL each)
of sterile saline were instilled and aspirated. The first aliquot,
enriched with epithelial cells, was prioritized for viral testing.
BALF was centrifuged at 400g for 10 min to obtain pellet cellu-
lar debris. Supernatants were aliquoted into cryovials and
stored at —80 °C until analysis.

Characterization of UiO-66

The morphology and particle size of UiO-66-NH, were exam-
ined using field-emission scanning electron microscopy
(FE-SEM). Surface analysis was performed by investigating the
morphology, roughness, and vertical distance of the UiO-66
layer formed on the Au electrode using atomic force
microscopy (AFM) (XE7; Park Systems, South Korea). In the
AFM measurements, the cantilever was set at a resonance fre-
quency of 330 kHz and a spring constant of 42 N m™', and
screening was performed using a PPP-NCHR silicon tip (Park
Systems, Korea). Optimization settings, such as scan speed
and amplitude, were based on a previous study.®>

Electrical characterization using the EGFET and ACEF
technique

Electrical characteristics, such as the relationship between the
drain current (Ip) and gate voltage (V;), were analyzed using a
source meter (Keithley 2614b; Keithley, Cleveland). The EGFET
device used in this study consisted of an Au electrode con-
nected to the gate terminal of a commercial n-type metal-
oxide-semiconductor FET (MOSFET) device (CD4007; Texas
Instruments, Texas) and an Ag/AgCl reference electrode
(CHI111; Qrins, Seoul, South Korea). The Au electrode was
used as the sensing membrane, and the extended gate facili-
tated biomolecule immobilization by isolating the FET from
the chemical environment.®®> The Ag/AgCl reference electrode
was immersed in a chamber containing 1x PBS buffer (pH

This journal is © The Royal Society of Chemistry 2025
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7.5), and a voltage was applied to the gate. 1x PBS has a low
viscosity and can minimize Debye screening, making it useful
for maintaining consistent signal values during measure-
ments.®* The Vg applied to the reference electrode was swept
from 0 to 2 V, and I, was measured with the drain voltage (Vp)
fixed at 0.05 V while the source terminal was electrically
grounded. By maintaining a constant drain voltage, the linear-
ity of the drain current is ensured, enhancing the stability and
accuracy of the signal.®® The threshold voltage (V) is defined
as the gate voltage at which the current flows in the range of
1 pA to 1 nA. All the measurements were conducted at room
temperature and repeated 12 times (n = 12) to ensure reprodu-
cibility and reliability. ACEF was performed using a function
generator (Tektronix, Beaverton, OR, USA). An alternating
current (AC) signal with an amplitude of 3 V and frequency of
1 MHz was applied to the working electrode (WE) and counter
electrode (CE).*° After the binding of the target substance via
ACEF, washing with DIW was performed to remove excessively
adsorbed non-specific molecules.

Statistical analysis

SPSS software (version 20.0; IBM Corp., Armonk, NY, USA) was
used to calculate the standard and equilibrium electrical
measurement errors of the data. Box plots were analyzed using
Origin software v.2019 (OriginLab, USA). One-way analysis of
variance (ANOVA) was conducted to statistically analyze the sig-
nificant differences and selectivity between the data groups,
followed by post-hoc tests using Tukey’s HSD and LSD algor-
ithms. The probability (p) values are expressed as follows: *p <
0.05, **p < 0.01, and ***p < 0.005. In addition, the diagnostic
accuracy and false-positive rate of the sensor were analyzed
using a receiver operating characteristic (ROC) curve. The
optimal cut-off value for disease diagnosis was determined
based on the Youden index, which is defined as “sensitivity +
specificity — 17.” Sensor performance was evaluated using
indices such as the area under the curve (AUC), specificity, and
sensitivity at specific thresholds.®*°

(a) (b)

Ladder +
HPIV aptamer + + + + +
HPIV HN protein +

Hemoglobin +
BSA +
YFV NS1 protein +
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Results and discussion
HPIV aptamer performance analysis

The selectivity of the HPIV aptamer for its target protein using
8% native TBE-PAGE is shown in Fig. 2a. Except for lanes 1
and 2, band changes were observed according to the binding
of the aptamer. Hemoglobin, BSA, and YFV NS1 proteins were
used as controls for HPIV HN protein. The band shape
changed because of complement binding to the HPIV HN
protein, whereas the bands of the other proteins showed only
minimal changes. Therefore, we demonstrated that the fabri-
cated HPIV aptamer specifically binds to its target protein,
HPIV HN. The HPIV aptamer was modified at the 5’ end with a
Thiol Modifier C6 to facilitate its application to the sensor.

The 2D and 3D structures of the truncated HPIV aptamer
are shown in Fig. 2b. The 2D structure was predicted using
mPFold at 25 °C with a buffer composed of 140 mM Na* and
5 mM Mg”" ions. The 3D structure of the HPIV aptamer was
obtained using the 3dRNA/DNA web server (https:/biophy.
hust.edu.cn/new/3dRNA/create) based on the dot-bracket nota-
tion (Vienna format) of its 2D structure. The 3D structure of
the HPIV aptamer was downloaded from the Protein Data
Bank (PDB) format and applied to a visualization viewer, allow-
ing for a detailed examination of the structure via RCDBPDB
(https:/www.rcsb.org/3d-view). The binding affinity of the
HPIV aptamer is shown in Fig. 2c. A FAM group was intro-
duced at the 5’ end of the aptamer, and its dissociation con-
stant was determined using bead-based fluorescence analysis.
Based on the fluorescence intensity at different aptamer con-
centrations, the binding affinity (Ky) of the aptamer was calcu-
lated using the adsorption eqn (1).

0 =(r —v¢)/(rr — rp) = (1/2[DNA aptamer])
(Kq + x + [DNA aptamer]) )

(Kq + x + [DNA aptamer]” — 4[DNA aptamer]x)l/2

where 0 is the percentage of bound protein, x is the protein
concentration, and y is the fluorescence intensity observed in

(c)

1.0

0.0 L L L L L s
0 200 400 600 800 1000

HPIV aptamer (nM)

Fig. 2 (a) The 8% TBE-PAGE results of the HPIV aptamer. (b) Structure of the truncated HPIV aptamer: the upper image shows the 2D structure and
the lower image shows the 3D structure. (c) Binding affinity of the truncated HPIV aptamer (K4 = 48.483 + 7.555 nM).

This journal is © The Royal Society of Chemistry 2025
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the nth titration. y is the fluorescence intensity in the absence
of protein, and yy is the fluorescence intensity at the saturation
protein concentration. Finally, the K4 value of the HPIV
aptamer was calculated to be 48.483 + 7.555 nM.

Surface morphology investigation of the UiO-66 MOF layer

The morphology and particle size of UiO-66-NH, were exam-
ined using FESEM. Fig. S1a shows that UiO-66-NH, was widely
spread on Au to form a layer. UiO-66-NH, was observed as rela-
tively uniform octahedral crystals with a particle size of
approximately 250 nm (Fig. S1b).

Surface analysis of the Au electrode at each immobilization
step was performed using AFM in non-contact mode to mini-
mize damage to the biological samples. Surface parameters
such as the vertical distance (VD), average roughness (R,), and
root mean square roughness (Rq) were analyzed to confirm the
immobilization of the materials. Fig. 3a shows the surface of
the non-uniform Au electrode, confirming the absence of any
material other than Au. The bare electrode exhibited a VD of
2.442 + 0.431 nm, R, of 0.628 + 0.101 nm, and Ry of 0.717 =+
0.114 nm, indicating a smooth surface. Fig. 3b shows an
image of UiO-66-NH, immobilized on the Au electrode.
UiO-66-NH, expanded the binding area of the HPIV aptamer
due to its large specific surface area. UiO-66-NH, exhibited its
characteristic geometric structure in a spread-out form, and
the increase in surface VD to approximately 17.756 + 1.389 nm
indicates successful immobilization. The R, and R, values also
increased to 6.212 + 1.962 nm and 7.154 + 1.730 nm, respect-
ively, compared with those of the bare electrode. When the
aptamer and UiO-66-NH, were combined, the VD was 41.378 +
0.683 nm, R, was 15.484 + 0.604 nm, and Rq was 17.136 +
1.262 nm (Fig. 3c). Considering that the size of 1-mer is
approximately 0.34 nm, the maximum theoretical length of the
77-mer aptamer is estimated to be 26.18 nm. The error of
about 2-3 nm is thought to be due to the non-uniform height
of the UiO-66-NH, particles and the three-dimensional folding
of the aptamer. Fig. 3d shows the image after the aptamer and
HPIV HN protein were combined. The spherical HPIV HN
protein bound to the UiO-66-NH,/aptamer to form a complex,
with VD = 61.777 + 1.022 nm, R, = 22.410 + 0.363 nm, and R, =
25.407 + 0.182 nm. All values were calculated by averaging
measurements from three regions where the particles were
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Table 1 Surface analysis of Au, UiO-66-NH,, UiO-66-NH,/aptamer,
and UiO-66-NH,/aptamer/HPIV HN protein

Vertical RMS Roughness
Measuring distance roughness average
substance (VD) (nm) (Rg) (nm) (R,) (nm)
Bare 2.442 +0.431 0.717+£0.114  0.628 £ 0.101
UiO-66-NH, 17.756 £1.389 7.154+£1.730 6.212 + 1.962

UiO-66-NH,/aptamer  41.378 +0.683 17.136 +1.262 15.484 + 0.604
UiO-66-NH,/aptamer/ 61.777 +1.022 25.407 +0.182 22.410 + 0.363
HPIV HN protein

present. The AFM results demonstrated that UiO-66-NH,, the
aptamer, and the HPIV HN protein were successfully immobi-
lized on the Au electrode (Table 1).

Surface characterization of functionalized electrodes

Electrical biosensing detects changes influenced by the intrin-
sic charge of biomolecules. When biomolecules such as
nucleic acids or proteins are immobilized on the sensing elec-
trode, a change in the dielectric layer occurs at the interface
between the channel and electrolyte. Changes in the dielectric
layer affect the electrical potential of the channel, leading to
variations in the drain current, which are reflected in the
sensor’s output signal.”® The sensing capability of an EGFET
can be evaluated through the I,-V; curve. This curve exhibits a
positive correlation with V,, a key variable that indicates the
sensitivity of the EGFET. The electrical characteristic changes
at each functionalization stage of the electrode for HPIV detec-
tion can be confirmed through the In-Vgs curve and V; value
(Fig. 4a and b). The detection of the EGFET sensor is confined
within the electrolyte solution due to the screening effect of
the ionic liquid and is sensitive to the Debye length (ip),
which varies with ionic strength.””> Therefore, to increase
protein detection sensitivity in a physiological environment,
an appropriate electrolyte solution that can overcome Ap is
required.”® In this study, we used 1x PBS to electrically charac-
terize the extended gate within Ap. 1x PBS can prevent the
reduction in protein activity and binding affinity caused by
protein denaturation.”* Considering that the Ap of 1x PBS is
approximately 0.74 nm, UiO-66 could induce electrical pro-
perties on the extended gate surface by remaining close to the

Fig. 3 AFM images of (a) bare, (b) UiO-66-NH,, (c) UiO-66-NH,/aptamer, and (d) UiO-66-NH,/aptamer/HPIV HN protein.
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Fig. 4 (a) Ip—Vg curves from the immobilization step. (b) AV, values from the immobilization step. (c) Box plot showing the reproducibility of the
AV, value according to the immobilization step. Boxplots indicate the IQR from 25 to 75% per condition, and whiskers represent + 1.5 IQR.

conductive surface as long as the 0.702 nm length of the
cysteamine linker is within the Ap range. Accordingly, the elec-
trical characterization of each electrode functionalization step
was verified through the behavior of V, in response to changes
in the charge at the electrode interface. An n-type FET uses
electrons as the primary carriers. The electric field between the
gate and the channel depends on the surface charge of the
sensing membrane, affecting the channel current and V,”> As
the negative charge density on the membrane increased, the
negative charge suppressed the electron carriers, leading to an
increase in V,. The amine groups of UiO-66-NH, are negatively
charged in the neutral DIW environment. UiO-66-NH, accumu-
lated negative charges on the membrane surface, leading to an
increase in V; and a positive shift in the I,V curve (Fig. 4a).
Subsequently, when the aptamer was immobilized, a negative
charge was induced in the membrane owing to the negative
charge of DNA, and V; increased compared with the previous
step. The electrical properties of proteins, which are ampho-
teric molecules, are predominantly influenced by the pH of
the solvent based on the isoelectric point (pI).”® The pI of
HPIV HN protein is approximately 7.37. The positively charged
HPIV HN protein in DIW (pH 7) bound to the aptamer, which
neutralized the negative charge on the membrane, resulting in
a decrease in V;. Fig. 4b shows AV gep; AV, step iS calculated
using eqn (2) as follows:

AV siep = (V; of current electrode conditions)
— (V; of previous electrode conditions)

The reproducibility of the fabricated R-EGFET biosensor is
presented using a box plot and a normal distribution (Fig. 4c).
The box plot was visualized using the V, values. The data in
the graph are expressed in the interquartile range (25-75%),
and all data (n = 10) showed a normal distribution.

Biosensor performance evaluation

To evaluate the HPIV detection performance of the fabricated
biosensor, V; values were measured for various concentrations
of HPIV HN protein diluted in DIW and 10% human serum.
All experimental results were measured at least 10 times per

This journal is © The Royal Society of Chemistry 2025

sample, and the average values were calculated. As the concen-
tration of HPIV HN protein increased, biocomplexes were
formed, and the In-Vs curve shifted parallel to the negative
direction (Fig. 5a). A calibration curve was plotted using the
AV, values to determine the sensitivity of the sensor (Fig. 5b).
AV, was calculated using eqn (3):

AVt = (Vt,blank - Vt,target)/thlank (3)

where Vi targec i the V; when the sensing platform reacts with
HPIV HN protein at each concentration and V;, piank is the V; of
the blank sample. AV; values were linearly proportional to
log;,[HPIV HN protein] and were 0.0280 + 2.7 x 10°, 0.0459 +
9.1 x 10*, 0.0613 + 3.4 x 10%, 0.0781 + 3.1 x 10*, 0.0947 + 5.0 x
10% and 0.1124 + 5.8 x 10* V for the concentration range of 1
pPM to 100 nM. The calibration curve equation had a slope of
0.017 and a y-intercept of 0.028, demonstrating high linearity
with an R? value of 0.9994. The limit of detection (LOD) was
calculated based on 3.3 (standard deviation/slope) and was
22.254 fM. This indicated that the HPIV EGFET sensor was
highly sensitive and specific to the HPIV HN protein.

The sensitivity of the sensor can be affected by the inter-
ference caused by non-specific binding with non-target pro-
teins or other biomolecules in the serum.”” We investigated
the clinical applicability of the fabricated sensor using HPIV
HN protein diluted in 10% human serum. The I,-Vg curve
shifted to the left owing to the formation of biocomplexes as
the HPIV HN protein concentration increased, and the degree
of the shift was proportional to the concentration (Fig. 5¢). AV,
values were 0.0308 + 1.5 x 10°, 0.0546 + 9.1 x 10%, 0.0758 + 5.3
x 10%, 0.0978 + 4.8 x 10%, 0.1202 + 9.6 x 10*, and 0.1420 * 3.2 x
10" V for the concentration range of 1 pM to 100 nM (Fig. 5d).
The sensor response yielded a linear calibration curve (slope =
0.022, y-intercept = 0.032, R> = 0.9999), with a limit of detec-
tion calculated to be 36.202 fM. All values were calculated
using the same method used for the DIW.

Selectivity is a key factor in evaluating the diagnostic per-
formance. The selectivity of a sensor is its ability to accurately
recognize only the specific target substance to be detected and
minimize non-specific reactions to non-target substances.

Nanoscale, 2025, 17, 22235-22247 | 22241
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Fig. 5 (a) Ip—Vg curves by HPIV HN protein concentration (diluted in DIW). (b) Calibration curve of AV, values according to HPIV HN protein con-
centration (diluted in DIW). (c) Ip—Vg curves by HPIV HN protein concentration (diluted in 10% human serum). (d) Calibration curve of AV, values
according to HPIV HN protein concentration (diluted in 10% human serum). (e) Selectivity test: comparison of significant differences between HPIV

and non-target species (p < 0.005).

Selectivity testing is essential not only for verifying sensor per-
formance but also for determining whether it can provide
valid and reliable results in real-field diagnostics.”® Fig. 5e
shows the results of a selectivity experiment comparing the
binding of Zika, hemoglobin, myoglobin, and BSA at a concen-
tration of 1 pM. AV, values were measured in the same
manner as for HPIV. The four types of nontarget proteins
induced positive charges on the sensing membrane, leading to
a decrease in V,, similar to the results observed with HPIV.
However, the non-target proteins exhibited lower AV, values
compared with the target protein, indicating a significant
difference from HPIV (p < 0.005). This indicates that the HPIV
aptamer selectively recognizes and binds to HPIV, thereby pre-
venting interference from other proteins. Consequently, we
demonstrated that the HPIV aptamer-based biosensor could
specifically detect HPIV.

Detection of HPIV-1 in clinical samples

Human saliva contains various biomarkers that can be used for
disease diagnosis and monitoring.”® In addition, saliva is an
attractive diagnostic tool as it can be collected non-invasively,
offering greater convenience and safety than blood.*° Artificial
saliva has specific ion concentrations and pH conditions
similar to those of human saliva. To evaluate the clinical per-
formance of the prepared biosensor, HPIV-1 was spiked into 3%
artificial saliva at concentrations ranging from 1.0 x 10" to 1.0 x

22242 | Nanoscale, 2025, 17, 22235-22247

10* PFU per mL. The prepared samples were immobilized on
the sensing membrane, and the In-Vg signal was measured in
the same manner as for HPIV HN protein. The In-Vg curve
shifted in the negative direction upon HPIV-1 detection by the
HPIV aptamer (Fig. 6a). AV, values were linearly proportional to
log,o[HPIV-1] and were 0.1261 + 0.0047, 0.1451 + 0.0031, 0.1921
+ 0.0025, and 0.2145 + 0.0025 V for the concentration range of
1.0 x 10" to 1.0 x 10* PFU per mL (Fig. 6b). The sensor response
yielded a calibration curve (slope = 0.032, y-intercept = 0.090, R>
= 0.9470), with a limit of detection calculated to be 9.961 PFU
per mL. The relatively lower R* value compared with that of the
HPIV HN protein can be explained by the interference caused
by the nonspecific binding of non-target biomolecules in artifi-
cial saliva. Nevertheless, the low detection limit demonstrated
the sensor’s high selectivity and sensitivity for HPIV-1 under
clinically relevant conditions.

As part of investigating the field applicability of the pro-
posed biosensing platform, experiments were conducted using
20 positive samples (PS) and 20 negative samples (NS). PS con-
tained randomly diluted HPIV-1 within the linear range in 3%
artificial saliva, while NS consisted of blank 3% artificial
saliva. The |AV,, gep| values of HPIV-1 PS and NS are presented
in Fig. 6¢c. An independent two-sample ¢-test revealed a statisti-
cally significant difference between the two groups (p <
0.0001). However, the overlapping |AV; gp| values between PS
and NS may result in false positives and false negatives.

This journal is © The Royal Society of Chemistry 2025
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(a) Ip—Vg curves with HPIV-1 concentration (diluted in 3% artificial saliva). (b) Calibration curves of AV, values according to the HPIV-1 con-

centration (diluted in 3% artificial saliva). (c) False-positive test: |AV,, sepl Values of the sensor targeting HPIV-1 in 3% artificial saliva. Red dashed line
indicates the cut-off. (d) ROC curve for HPIV-1 detection in 3% artificial saliva (AUC: 0.975, asymptotic 95% confidence interval: 0.937-1.000). (e)
Blind test results of the biosensor. (f) Ip—Vg curves with HPIV-1 concentration (diluted in 5% BALF). (g) Calibration curve using AV, values according
to the HPIV-1 concentration (diluted in 5% BALF). (h) False-positive test: |AV,, gepl values of the sensor targeting HPIV-1 in 5% BALF. Red dashed line
indicates the cut-off. (i) ROC curve for HPIV-1 detection in 5% BALF (AUC: 0.9725, asymptotic 95% confidence interval: 0.932-1.000).

Therefore, the monitoring performance of the sensor was eval-
uated more accurately using the ROC curve (Fig. 6d). The ROC
curve is a plot that can effectively measure the diagnostic per-
formance through the trade-off between sensitivity and
1-specificity. The AUC represents the area under the ROC
curve. The closer the AUC is to 1, the higher the accuracy of
the sensor. The AUC was 0.975, and the optimal threshold
voltage (cut-off) was defined as 0.149805 V (Fig. 6d). The bio-
sensor demonstrated 90% sensitivity and 90% specificity, cor-
rectly classifying 18 PS and 18 NS (Fig. 6c).

To verify the detection accuracy of the sensor, different con-
centrations of HPIV-1 diluted in 3% artificial saliva were used
in a blind test (Fig. 6e). Samples with concentrations of 5.0 x

This journal is © The Royal Society of Chemistry 2025

10", 4.0 x 10%, and 2.0 x 10> PFU per mL were prepared for the
experiment. After measuring the Ip-Vg signal using the
EGFET, the obtained V; values were substituted into the cali-
bration curve, resulting in concentrations of 44.369, 364.020,
and 2142.190 PFU per mL. The calculated sample concen-
trations showed low error rates of 11.261, 8.995, and 7.109%,
respectively. These results confirm the biosensor’s quantitative
performance and detection reliability.

To further evaluate the clinical applicability of the bio-
sensor, we conducted additional experiments using BALF, a
diagnostically relevant specimen obtained from the lower res-
piratory tract. BALF provides enhanced diagnostic accuracy for
respiratory pathogens due to its direct origin from the alveolar
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Table 2 Comparison of HPIV detection systems reported in the literature
Method Target  Detection time  Detection range LOD Ref.
Multiplex reverse transcription PCR RSV 1-2h 2.0 x 107'-2.5 x 10 TCIDs5, 2.0 x 107" TCID;, per mL 82

PIV per mL

ADV
Multiplex reverse transcription PCR ~ HPIV-1 2 h 4.0 x 107%-3.2 x 10" TCID5, 4.0 x 10~* TCIDs, per mL 83

HPIV-2 per mL

HPIV-3

HPIV-4
Real time qPCR HPIV-1 — 1.0 x 10°-1.0 x 10® copies 1 copy per reaction 84

per reaction

Multiplex reverse transcription PCR ~ HPIV-1 =~ — 1.0 x 10°-1.0 x 10° copies 1 copy per reaction; 85

HPIV-3 per reaction 1.0 x 10~> TCIDs, per mL
Electrical - EGFET HPIV-1 10 min 1.0 X 10'-1.0 x 10* 1.382 PFU per mL In this study

PFU per mL

and bronchiolar regions.®" HPIV-1 was spiked into 5% BALF at
concentrations ranging from 1.0 x 10° to 1.0 x 10° PFU per mL.
The resulting In-Vg curves exhibited concentration-dependent
shifts comparable to those observed in artificial saliva
(Fig. 6f). AV, values for the concentration range (1.0 x 10> to
1.0 x 10° PFU per mL) were 0.0718 + 0.0046, 0.1110 + 0.0034,
0.1653 + 0.0051 and 0.2201 + 0.0069 V (Fig. 6g). The sensor
response yielded a linear calibration curve (slope = 0.049,
y-intercept = —0.081, R> = 0.9853), with a limit of detection cal-
culated to be 15.273 PFU per mL. The storage stability and
reproducibility of the proposed sensing platform were evalu-
ated over various storage periods (Fig. S2). The electrodes func-
tionalized with UiO-66-NH, and HPIV aptamers were stored in
a dry state at room temperature, and the signal values were
measured by applying HPIV-1 using ACEF daily at the same
time. The AV, values remained within the established 95%
confidence interval compared to the initial (Day 0) measure-
ment for up to three days. However, the signal began to
deviate from the confidence interval on Day 4, and by Day 7, it
had decreased by approximately 51.33% relative to the initial
value. This suggests that the prepared biosensor can reliably
detect HPIV-1 for up to three days. The field applicability of
the sensor was also evaluated using BALF samples. A total of
40 samples were tested, comprising 20 PS containing ran-
domly diluted HPIV-1 within the linear range and 20 NS con-
sisting of blank 5% BALF. The significant difference between
the two groups in Fig. 6h was confirmed by an independent
two-sample #-test (p < 0.0001). Based on the ROC analysis, the
AUC was 0.9725, and the cut-off voltage was 0.141210 V
(Fig. 6i). The biosensor demonstrated 90% sensitivity and 90%
specificity, correctly classifying 18 PS and 18 NS. These results
underscore the sensor’s robustness and potential for clinical
translation in complex respiratory matrices.

According to the literature, RT-PCR is the primary method
used to detect HPIV infection. However, multiplex reverse
transcription PCR (Table 2) exhibited a long detection time
and a high detection limit for HPIV. Compared with pre-
viously investigated methods, the biosensor developed in this
study enables sensitive detection with minimal binding time.
This can be attributed to the successful introduction of ACEF
into the EGFET and the application of a specifically designed

22244 | Nanoscale, 2025, 17, 22235-22247

aptamer. Ultimately, we engineered an R-EGFET-based bio-
sensor for HPIV detection, which, with its high sensitivity
and specificity, has the potential for on-site detection of
HPIV.

Conclusions

Through the COVID-19 pandemic, the importance of diagnos-
ing and preventing respiratory viruses that periodically pose
significant threats to humanity has been highlighted more
than ever. Until now, field diagnostics have predominantly
relied on LFA-based strip sensors. However, LFA sensors are
limited in that they cannot perform quantitative analysis, and
their accuracy decreases when the signal is weak. In contrast,
FET-based biosensors offer high sensitivity and enable quanti-
tative analysis, but their long target-bioprobe binding time has
posed challenges for commercialization. The proposed ACEF-
based R-EGFET biosensor represents an effort to overcome
these challenges and drastically enhance analysis speed. The
truncated aptamer significantly reduced production costs
while maintaining sensitivity comparable to that of antibodies.
Electrical biosensing platforms enable real-time monitoring
with high sensitivity, low cost, and rapid diagnosis. UiO-66
MOF nanoparticles were introduced to provide a large surface
area to the sensor and improve its electrical sensitivity. By
applying the ACEF technology, the target detection time was
effectively shortened, enabling rapid diagnosis. The newly
designed HPIV aptamer exhibited outstanding detection capa-
bility, with detection limits of 22.254 and 36.202 fM in buffer
and human serum, respectively. The biosensor successfully
detected HPIV-1 in clinical samples, demonstrating its poten-
tial for clinical application. The limits of detection were 9.961
PFU per mL and 15.273 PFU per mL in artificial saliva and
BALF, respectively, with the corresponding AUC values of 0.975
and 0.9725. ROC analysis confirmed the diagnostic sensitivity
and specificity to be 90% for both sample types, validating the
biosensor’s accuracy and reliability. In conclusion, the fabri-
cated biosensor was demonstrated to be an innovative plat-
form that can be utilized for HPIV clinical diagnosis based on
its rapid and sensitive detection performance.

This journal is © The Royal Society of Chemistry 2025
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