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1. Introduction

A novel portable immuno-device for the
recognition of lymphatic vessel endothelial
hyaluronan receptor-1 biomarker using GQD-
AgNPrs conductive ink stabilized on the surface of
celluloset

Ahmad Mobed, © 12°¢ Fereshteh Kohansal,i Sanam Dolati & *©
and Mohammad Hasanzadeh @ *2

Lymphatic vessel endothelium expresses various lymphatic marker molecules. LYVE-1, the lymphatic vessel
endothelial hyaluronan (HA) receptor, a 322-residue protein belonging to the integral membrane
glycoproteins which is found on lymph vessel wall and is completely absent from blood vessels. LYVE-1
is very effective in the passage of lymphocytes and tumor cells into the lymphatics. As regards cancer
metastasis, in vitro studies indicate LYVE-1 to be involved in tumor cell adhesion. Researches show that,
in neoplastic tissue, LYVE-1 is limited to the lymphovascular and could well be proper for studies of
tumor lymphangiogenesis. So, the monitoring of LYVE-1 level in human biofluids has provided a valuable
approach for research into tumor lymphangiogenesis. For the first time, an innovative paper-based
electrochemical immune-platform was developed for recognition of LYVE-1. For this purpose, graphene
quantum dots decorated silver nanoparticles nano-ink was synthesized and designed directly by writing
pen-on paper technology on the surface of photographic paper. This nano-ink has a great surface area
for biomarker immobilization. The prepared paper-based biosensor was so small and cheap and also has
high stability and sensitivity. For the first time, biotinylated antibody of biomarker (LYVE-1) was
immobilized on the surface of working electrode and utilized for the monitoring of specific antigen by
simple immune-assay strategy. The designed biosensor showed two separated linear ranges in the range
of 20-320 pg ml~* and 0.625-10 pg ml™?, with the acceptable limit of detection (LOD) of 0.312 pg ml™%.
Additionally, engineered immunosensor revealed excellent selectivity that promises its use in complex
biological samples and assistance for biomarker-related disease screening in clinical studies.

response. This can be achieved through various approaches,
such as checkpoint inhibitors, which block proteins that inhibit
immune responses, adoptive T cell therapy®~ and peptide-based

Cancer is among the most critical health issues worldwide."
Treatment of cancer poses considerable difficulties such as
resistance to multiple drugs and a scarcity of therapies that
target tumors specifically while causing minimal adverse
effects.” Recent advances in cancer immunotherapy have
focused on enhancing the body's natural antitumor immune
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therapy>®” which is new strategy in cancer treatment. The
predominant mode of metastasis in cancer cells is through the
blood and lymphatic vessels, resulting in the colonization of
distant organs and lymph nodes, which ultimately leads to
unfavorable prognosis. Consequently, curtailing the dissemi-
nation of cancer cells through the blood and lymphatic systems
has been a central area of interest in cancer research for many
years.?

Lymphatic vessels have an important role in maintaining
tissue-fluid homeostasis, immune surveillance and metastasis.’
LYVE-1 is a receptor for hyaluronan and has been known as
a potent marker for lymphatic endothelium.* It is structurally
related to CD44 and other HA-binding proteins. The most
significant feature of LYVE-1 is its pattern of tissue expression.**
LYVE-1 is selectively expressed in the endothelia of lymphatic
capillaries and also expressed in spleen endothelium, alveolar
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lining epithelium, liver sinusoidal endothelial cells (LSEC), and
activated tissue macrophages.”>** On the other hand, LYVE-1 is
a promising diagnostic and prognostic biomarker in several
types of cancer including gastric, lung, liver, pancreas, and
breast cancer."” LYVE-1 is likely to play a role in either hya-
luronan homeostasis or in the regulation of cellular trafficking
to the lymph nodes.*® The lymphatics are an important route for
early metastasis in cancer. The LYVE-1 has been extensively
used for the detection of tumor-associated lymphatic vessels in
different types of tumors.' During cancer progression, expres-
sion of LYVE-1 is increased in lymphatic endothelial cells. A
high density of lymph vessels expressing LYVE-1 is associated
with a high frequency of regional lymph node metastases.*
Immunohistochemical intensity of LYVE-1 expression is bene-
ficial for monitoring of lymphatic invasion or lymphangio-
genesis in different kinds of cancers, such as gastric,
pulmonary, colon, mammary, endometrial/testicular cancers,
and neuroblastomas/vascular tumors.*>**

The detection of LYVE-1 as a precise biomarker for lymphatic
vasculature provides a possible minimally-invasive method for
predicting disease progress.* The detection and quantification
of LYVE-1 can provide important information valuable for
clinical cancer diagnosis. There are various approaches for
detection of the LYVE-1 molecule as an integral membrane
glycoprotein, such as immunofluorescence microscopy, flow
cytometry and immunohistochemistry.”**® During the last
decade, a growing number of scientists have focused on devel-
oping rapid techniques. However, the growing sensitivity of
detection methods poses a challenge in differentiating between
insignificant alterations and lesions that have the potential to
progress to malignant cancer.”®

Biosensors as excellent tools in medical analysis allows
accurate detection of biomarkers of diseases. Biosensors are
efficient tools for the rapid, qualitative and quantitative
measurement of biomarkers in animal/human biofluids.””**
Biosensors with sensitive and specific features could give
advantage to the progress of LYVE-1 detection platforms. The
results of this investigation contribute to the detection of LYVE-
1 by biosensing system.

Immunosensors are commonly employed across various
domains due to their exceptional sensitivity. However, the
utilization of these biosensors necessitates multiple stages of
preparation, skilled technicians, and expensive equipment.* In
order to address this issue, paper-based immunoassays have
been developed and are being explored by numerous
researchers.® Paper, owing to its advantageous properties,
emerges as a highly favorable material for this purpose.*' It
boasts attributes such as ease of manipulation, absence of the
need for specialized tools, reusability, cost-effectiveness, and
a hydrophilic platform that allows the passage of liquid
substances without the requirement for external power sour-
ces.*® Consequently, paper plays a pivotal role in the fabrication
of paper-based immunosensors, serving as a substantial and
economical substrate for the immobilization of reagents and
their subsequent reactions. The fibrous and porous structure
inherent to paper offers significant advantages for immobiliz-
ing reagents and facilitating their reactions. Capitalizing on

30926 | RSC Adv, 2023, 13, 30925-30936

View Article Online

Paper

capillary forces, paper efficiently directs aqueous liquid
streams, providing an extensive surface area for reagent
immobilization and a substantial region for ensuing reagent
reactions.*?

Recently, the practice of creating conductive patterns on
paper has emerged as a cost-effective and straightforward
method for crafting paper-based sensors.** This approach
facilitates the economical and expedient production of
customized electrodes. Consequently, paper-based sensors
represent an attractive alternative to conventional electro-
chemical biosensors.** Given the critical demand within
healthcare facilities such as clinical laboratories and medical
research centers for the early detection of cancer, there exists
a compelling need for these novel biosensors employing nano-
inks. Nano-inks play a pivotal role in enhancing the efficiency of
electrochemical immunosensors, enabling the rapid and facile
detection of cancer.® For example, a paper-based genosensor by
immobilization of ssDNA on the surface of AgNPs with gra-
phene quantum was fabricated for detection of microor-
ganism.***” Also, a flexible label-free electrochemical biosensor
was developed for the screening of miRNA-21 using Ag@Au/
GQD core-shell as nano-ink stabilized on the surface of
photographic paper.’”*® Created novel platform was low-cost
and performed as a paper-based laboratory technology.** Simi-
larly, a flexible paper based electrochemical biosensor as
a moveable device was advanced for recognition of ractopamine
in animal feed. Planned biosensor was cost-effective and
applicable for food quality control and analysis.*® This study's
outcomes offer novel insights into detection of LYVE-1 in
complex samples, by using biosensor technology.

For the first time, novel conductive nano-ink based on
GQDs-silver nanoprisms (GQDs-AgNPrs) was synthesized and
used to preparation of three-electrode template on the surface
of photographic paper by pen-on-paper technology. Due to
quantum imprisonment and boundary effects due to changes in
electronic distribution, and exhibit a bandgap responsible for
their photoluminescence properties and changes in conduc-
tivity, which can be adjusted depending on the size and struc-
ture of the GQD.**> GQDs have also been positively used in
electrochemical sensors, which utilize redox reactions and
other charge transfer phenomena to detect and quantify target
analytes.*> GQDs application in electrochemistry is also popular
due to their ease of manufacture and the ability to be doped or
modified for specific sensing requests.***> These features
enable GQD-based nanomaterials to have higher sensitivity and
lower detection limits. In several cases, GQD can also be
combined with other materials to create GQD-based nano-
composites with the purpose of creating a synergistic effect that
facilitates the catalytic reaction with the target analyte.*>** QDs
in some cases consider as a toxic material but the adverse effects
caused by the first generations of QDs will likely be reduced by
newer generations of QDs. The search for new nanoparticles
that are as effective as current QDs but without proven toxic
elements has been intensified, and very promising new lumi-
nescent NPs have been discovered in recent years.*”** Recently,
luminescent carbon nanodots (C-dots), GQDs, and nanometer-
sized graphene flakes with excellent optical and electronic

© 2023 The Author(s). Published by the Royal Society of Chemistry
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properties have been discovered recently. These NPs are very
promising due to their chemical inertness, high specific surface
area, and good surface grafting ability. Primary discoveries
indicate that C-dots and GQD exhibit minimal cytotoxicity for
exposed cells.*”*®

Silver nanoparticles (AgNPs) exhibit exceptional properties
and high electrical conductivity which making them a key
component in enhancing the performance of conductive inks
compared to other metal nanoparticles. The advantages of silver
include outstanding electrical, optical, thermal characteristics,
biocompatibility, low toxicity, and support for electrocatalytic
activity.”” However, the challenge arises from the tendency of
AgNPs to aggregate and the subsequent solvent evaporation,
which can lead to gaps in printed patterns and reduced
conductivity.”® Consequently, there is a pressing need to
develop novel types of conductive ink.***

To address this issue, hybrid inks have been formulated by
combining AgNPs with carbon based nanoparticles, as these
compounds can effectively bridge the gaps between aggregated
AgNPs, creating efficient electrical pathways.>® Within this
context, graphene quantum dots (GQDs) have gained promi-
nence as zero-dimensional graphene nanocrystals, finding
applications in optical®* and electrochemical sensors,** lithium-
ion batteries,® and bio-imaging.** These nanoparticles are
exceptionally small, measuring just a few nanometers, and
possess strong quantum confinement effects along with various
functional groups.*»*®> Importantly, studies have revealed that
the electronic properties of GQDs undergo significant changes
as a result of their functionalization.

For the first time, the engineered interface utilized for the
construction of novel paper-based immunosensor using
immobilization of antibody on the working electrode zone of
three-electrode system. So, based on immune-complex of anti-
body-antigen, the target biomolecule (LYVE-1) was identified by
using electrochemical techniques. Interestingly a novel and
powerful portable bioassay was proposed for the monitoring of
LYVE-1 in human plasma samples, which promises its appli-
cation in early-stage diagnosis of cancer.

2. Methods and materials

The ELISA kit containing antibody and antigen receptor, and
dilution solution were purchased from ZellBio Co., Germany,
polyvinylpyrrolidone K-30 (PVP) (molecular weight = 300 g),
graphite powder, chitosan, acetic acid, graphene quantum dots
(GQD), ethanol, ethylene glycol, silver nitrate, sodium
hydroxide, trisodiumcitrate (TSC), hydrogen peroxide, sodium
borohydride (NaBH,), potassium ferricyanide K;Fe(CN)s and
potassium ferrocyanide K Fe(CN), were purchased from Sigma
Aldrich (Ontario, Canada). Also, potassium chloride (KCl), N-
hydroxysuccinimide (NHS), bovine serum albumin (BSA), and 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) were ob-
tained from Merck KGaA, Germany. Humana plasma samples
were gotten from the Iranian Blood Transfusion Center (Tabriz,
Iran).

To begin, a PVP solution containing 0.06 g of PVP in 3 ml of
water, was introduced into 200 ml of deionized water (DW).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Then, a solution of AgNO; with a concentration of 0.01 M and
a volume of 4 ml was added and mixed vigorously. Following
that, a solution of TSC with a concentration of 75 mM and
a volume of 8 ml was added to the mixture. Subsequently, 11 of
hydrogen peroxide was added and stirred. Afterward, a solution
of NaBH, with a concentration of 100 mM and a volume of 3.2 1
was introduced into the mixture. The inclusion of NaBH, as
areducing agent led to the formation of small AgNPrs, resulting
in a highly intense yellow coloration of the solution. Within
a few seconds, the color of the colloidal solution transitioned to
a light-yellow shade. The resultant liquid was stirred at room
temperature for 30 minutes, causing the hue to change to blue.
The resulting colloidal mixture was then stored at a temperature
of 4 °C for future utilization. To do this, 2 ml of 0.1 M acetic acid
was used to dissolve 0.0113 g of chitosan before being soni-
cated. Chitosan was fully dissolved in the acid before being
combined with 0.6 g of graphite and 0.2 g of PVP using
a magnetic stirrer. 2 ml of pre-prepared GQDs were then added
and given time to dissolve entirely. After that, 600 ul of silver
nanoparticles were added. It is recommended to formerly set
the oven to 60 °C. The resultant solution has to be incubated for
12 to 18 hours with its container completely sealed at 60 °C.
Following this step, the solution remained for 3 minutes at 80 °©
C. The magnetic stirrer was deactivated after 3 minutes and
a shaker or stirrer was switched on instead. Then, 0.12 g of
sodium hydroxide dissolved in 400 pl of deionized water and
added to the mixture, it was blended for three minutes using
a magnetic stirrer. Finally, the mixture was washed three times
with DW and alcohol for purification and utilization of elec-
trodes preparation. Scheme 1 shows all of preparation steps of
AgNPrs-GQDs conductive nano-ink.

The PalmSens 4c system was employed to carry out electro-
chemical measurements, and it was operated using the PSTrace
software on a laptop. The measurements for -chro-
noamperometry were taken with a 2 second equilibrium time
and a voltage amplitude of 10 millivolts. AgNPrs-GQDs nano-
ink was utilized to create paper electrodes, which were
employed as a working electrode, a reference electrode, and
a counter electrode. It is worth mentioning that, we synthesized
and prepared the AgNPrs-GQDs nano-ink, then utilized a high-
resolution field emission scanning electron microscope (FE-
SEM) called Hitachi SU8020 from Czech to examine the
morphology of the electrode surface. Additionally, we used
energy dispersive spectroscopy (EDS) to analyze the chemical
compounds that were formed on the surface of the electrode.
For measuring the electrical resistance of nano-ink estimate,
ohmmeter, XIOLE, XL830L, China, multi-meter employed.
Falling ball viscometer (Anton Paar-AMVn, Germany) was
utilized to measure the viscosity of nano-ink. In this study,
cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) techniques were applied for determination of the
behavior in different fabrication steps and also selectivity of the
engineered immunosensor, where CV (Tequilibration: 0 S, Ebegin:
—1.0V, Eyertexit —1.0 V, Eyertexat 1.0 V, Egeep: 0.01 'V, scan rate:
0.1 V s 1), electrochemical impedance spectroscopy EIS
(Tequitibration: O S, scan type: fixed, Egc: 0.25 V, Eae: 0.01 V, max-
frequency: 100000 Hz, min-frequency: 0.1 Hz). Square wave

RSC Adv, 2023, 13, 30925-30936 | 30927


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra06025j

Open Access Article. Published on 23 October 2023. Downloaded on 1/30/2026 9:29:06 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

@9
’ o, 0,0
e o Y )

Graphite

Chitosan
Acetic acid

B —

Ag/GQD

Ethylene glycol
Ethanol
Water

Sonication

30'®

-

Ag/GQD conductive ink

Scheme 1 Synthesis process of conductive AgNPrs—GQDs nano-ink.

voltammetry (SWV) and DPV applied for measuring reproduc-
ibility, repeatability and stability. The SWV technique data info
(Tequilibration: 0 S, Epegin® —1.0 V, Eena: 1.0 V, Egep: 0.005 V,
amplitude: 0.02 V, frequency: 10 Hz), and DPV technique data
info (Tequilibration: 2's, Ebegin: —1.0V, Ecpg: 1.0V, Estep: 0.05 V,
Epuiset 0.1 'V, Tpyser 0.01 s, scan rate: 0.1 V s’l). Chro-
noamperometry (ChA) method was used for analytical studies,
ChA data info (Tequitibration: 2 S, Eac: 0.3 V, t interval: 0.1 s, ¢ run:
100 s).

3. Results and discussion

3.1. AgNPrs/GQD nano-ink conductivity analysis

In order to analysis of conductivity of nano-ink on the surface of
paper, electrical conductivity was checked using an LED lamp,
and also, an ohmmeter which was utilized to examine the
resistance of nano-ink stabilized on the surface of a photo-
graphic paper. This was achieved by producing conductive
tracks on the paper surface. The resulting measurement of
resistance yielded a value of approximately 6.46 mQ. To
generate an electric current, it is essential to employ a battery
holder of equivalent dimensions to the battery being utilized, to
ensure proper integration of a battery within a circuit. After
inserting the battery into the holder, the next step involves
establishing electrical connections between the two wires
emanating from the holder and the wire of the LED lamp
source. The other unconnected wire of the LED was then con-
nected to the designated surface coated with AgNPrs-GQD
nano-ink, resulting in the illumination of the LED (Fig. S1 and
S2) and video file.t

3.2. Characterization of synthesized nano-ink using TEM,
XRD and Raman spectra

The TEM images (Fig. S1 (see ESI)T) of the bare AgNPrs were
recorded and similar results were obtained according to
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previous reports.” It is found that, average particle sized is 10-
50 nm. Also, bulk AgNPrs/GQDs nano-ink were recorded for
extra confirmation, indicating proper ink synthesis (Fig. S1 (see
ESI)1). It is noteworthy that the large-scale sheets are due to the
presence of graphite, and silver nanoparticles are scattered on
these sheets.

3.3. Fabrication of the immunosensor

Photographic paper was used as appropriate substrate to
prepare the electrochemical biosensor. At first, photographic
papers with dimensions of 2 x 3 centimeters were prepared. In
the initial phase, paper-based electrodes (PBE) were fabricated
by promptly applying conductive lines onto the surface of
photographic paper using direct writing of nano-ink (AgNPs-
GQDs). This application was achieved through the utilization of
pen-on-paper technology, followed by a subsequent drying
period at room temperature for a duration of 5 minutes
(Scheme 2). It is important to point out that, the electrode is
designed for one-time use or if it can be reused for multiple
experiments. We use a Kapton polyimide film to minimize
electrolyte absorption.

For activation of the -COOH groups of antibodies, 10 pul of
biotinylated antibody was mixed with EDC/NHS and incubated
for 20 min at 25 °C.

In pursuit of this objective, a mixture composed of EDC/NHS
solution and biotinylated antibody was prepared in a 2 : 1 ratio.
Next, a 5 pl of biotinylated antibody was immobilized on the
surface of working electrode (central zone of three electrode
template and incubated for 2 hours in room temperature). For
deactivation of unreacted areas, 5 pl of BSA 10% solution was
used and incubated for 30 minutes. Finally, 5 pl of standard
LYVE-1 antigen was added, incubated for 2 hours (see Scheme 2
for more information). For the electrochemical evaluation of
sensor performance, a 0.1 M solution of ferrocene in the pres-
ence of 0.1 M KCl was used. Also, first comparative electro-

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Fabrication process of the immunosensor for the monitoring of LYVE-1.

analysis was done by CV and EIS techniques, which will be
discussed on the next part of this report.

3.4. Characterization of different stages of the
immunosensor's fabrication

3.4.1. FE-SEM study. FESEM images of the substrate
(paper) modified by AgNPrs-GQD nano-ink, biotin-Ab-AgNPrs-
GQD nano-ink, biotin-Ab-BSA-AgNPrs-GQD nano-ink, biotin-
Ab-BSA-Ag-AgNPrs-GQD nano-ink, were recorded toward
analysis of morphology and size of particles (Fig. 1 and S2 (see
ESI)T).

As shown in Fig. S3 and S5 (see ESI), the synthesized
AgNPrs-GQD nano-ink composites were successfully stabilized
on the surface of paper. In addition, the binding of the
synthesized AgNPrs-GQD nanoink to Ab-BSA and the electrode
surfaces was imaged by energy dispersion. According to the
obtained results, the different arrangement of the nanoparticles
can be clearly seen. Also, at the second step (immobilization of
Ab on the AgNPrs-GQDs modified paper), the morphology of
particles was generally changed and confirmed successful
interaction (binding) of Ab to AgNPrs of conductive ink nano-
composite based on Ag-Ab bioaffinity. The final step is
construction of Ab-Ag immunocomplex towards detection of
biomarker. As can be seen, after interaction of biotinylated Ab
with LYVE-1, the structure of working electrode interface was
totally changed, which confirmed appropriate immobilization
of antigen on the Ab-BSA-(AgNPrs-GQDs nano-ink). In
summary, the FESEM technique has provided valuable images
regarding the different steps of the immunosensor, using
paper-based sensor strategy. All of these results were confirmed
by EDS analysis (Fig. S4 (see ESI)T).

3.5. Electro-analytical study

Below, we describe the most important measurements of this
study, which were performed as part of the development of an
appropriate biosensor for immune-analysis.

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.5.1. Electrochemical behavior of immunosensor. The
electrochemical immunosensor engagements the antibody as
a capture agent and quantitatively processes the electrical signal
subsequent from the binding event between the target molecule
such as antigen as target molecule. In this study, electro-
chemical behavior of immunosensor was evaluated using CV
and EIS techniques (Fig. 2).

As illustrated in Fig. 3, the electrochemical response of the
immunosensor was examined at various stages of its assembly.
Notably, there were distinct electrochemical characteristics
observed between the bare electrode and the antibody-modified
electrode. Subsequently, when the antibody-antibody (Ag-Ab)
modified electrodes were introduced in the next step, they
exhibited a different electrochemical profile. According to the
obtained results, the highest current intensity is related to the
paper-based electrodes modified with AgNPrs/GQD nano-ink
(33.71 pA). Further, with the addition of antibody, the current
intensity was decreased significantly (25.13 pA). Also, with the
addition of the LYVE-1 Ag, the current intensity was decreased
from 25.13 pA to 4.065 pA. In this way, the decreasing trend in
flow intensity and peak height is clearly evident. These differ-
ences refer to Ab-Ag interaction with electrode surface and also,
related to used nanomaterials and their affinity to Ab-Ag-
electrode.

The diameter of the semicircle of the Nyquist plot repre-
sented 3007 Q resistance, related to paper-based electrodes
modified with AgNPrs/GQD nano-ink. The impedance has
increased to 3290 Q by adding Ab on the electrode modified
with AgNPrs/GQD nano-ink. The semicircle of the Nyquist plot
related to the AgNPrs/GQD nano-ink-Ab-BSA was started at
8800 Q, but the semicircle of Nyquist plot of AgNPrs/GQD nano-
ink-Ab-BSA-LYVE-1, was started at 9510 Q.

According to the obtained results, the electroconductive
layer of AgNPrs-GQD nano-ink on the surface of paper lead to
high electrical conductivity and a large specific surface area,
allowed more (Fe(CN)s)* ™~ to reach its surface and electron
transfer to occur at a higher rate. So, the prepared interface

RSC Adv, 2023, 13, 30925-30936 | 30929
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Fig.1 FESEM images related to working electrode modified by (A) AQNPrs—GQDs nano-ink (B) AgNPrs—GQDs nano-ink—Ab, and (C) AgNPrs—
GQDs nano-ink—Ab—BSA, (D) AgNPrs—GQDs nano-ink—Ab—-BSA-Ag, with different magnifications to describe various levels of enlargement.

shows high electrocatalytically behavior for the electron transfer
process of electrolyte towards high speed of redox process based
on increased the rate of electron transfer and demonstrated
appropriate electroactivity. Therefore, the AgNPrs-GQD are
promising candidates for forming an antibody-active substrate.
However, when the biotinylated antibody was assembled on the
conductive ink-modified paper via the AgNPrs reaction, the
peak currents of CV obviously decreased, which led to

30930 | RSC Adv, 2023, 13, 30925-30936

a decrease in the peak height. This result illustrated that as
a biological species, antibody (bioreceptors) was successfully
stabilized on the surface of AgNPrs-GQDs modified-paper.
Because antibody as macromolecule occupy a large portion of
the electrode surface, it inhibits redox process of Fe(u) to Fe(1v)
which reduces the electron transfer of ferro/ferri (supporting
electrolytes). So, antibody function as an insulator, slowing
down electron transmission. Finally, in the presence of antigen

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(A and B) CVs and EIS of paper-based electrodes modified with AgNPrs/GQD nano-ink, AgNPrs/GQD nano-ink/biotin-Ab, AgNPrs/GQD

nano-ink/biotin-Ab/BSA10%, AgNPrs/GQD nano-ink/biotin-Ab/BSA10%/LYVE-1 Ag. (C and D) Histograms of peak current versus types of
modified paper-based electrodes. Supporting electrolyte was K4Fe(CN)g/KzFe(CN)e/KCL (0.1 M).

(target), it was observed that the anodic peak current decrease
again which point to the presence of analyte, as a result of the
immune-complex on the surface of the electrode. So, the pres-
ence of analyte lead to hindrance of redox process Fe() to Fe(iv)
based on low speed of electro-oxidation behavior mediator. All
of these results were confirmed by EIS. So, it is clear that the
designed immunosensor is capable of monitoring of antigen
LYVE-1.

3.5.2. Sensitivity assessment. Sensitivity and specificity are
important factors in biosensor development. High sensitivity is
one of the main advantages of biosensors that specify biosen-
sors performance from old methods.***” Therefore, measure-
ment of sensitivity and other analytical properties such as linear
range is requested in biosensor performance validation.
Accordingly, analytical properties were assessed by ChA tech-
nique (Fig. 3). Based on obtained results, there is two steps for
the calibration curves. In the first step, immunosensor was
applied for the determination of high concentration of LYVE-1
(20, 80 and 320 pg ml ') with regression equation of 0.99.

In the second step, the constructed immunosensor was
applied for the measurement of low concentration of analyte
which regression equation is 0.93. Using these results there are
two linear range for this immunosensor. Also, low limit of
quantification (LLOQ) was about 0.312 pg ml~". Experimental
data obtained on 4 different electrodes (dots) and linear

© 2023 The Author(s). Published by the Royal Society of Chemistry

regression (line) are presented. Linear regression: I (pA) =
229.94 10g Cryve-1) + 67.452, R* = 0.9346.

Several effective methods exist for determination of hyalur-
onic acid. However, these methods primarily depend on the
hydrolysis of HA and come with various limitations, including
discontinuity, strict detection conditions, and time-consuming
procedures. In response to these challenges, certain researchers
have explored alternative techniques involving various such as
the turbidity assay,”® ELISA,***° colorimetry,* resonance Ray-
leigh scattering,®” and lateral flow immunoassay,* fluorescence
signals, and high-performance liquid chromatography
(HPLC).*® As present in Table 1, there has not been a fully
established methodology for the quantification of LYVE-1 or
characterization of hyaluronan.

As it has been determined in the comparison of recent
studies with the biosensor developed in this work, the most
important feature and innovation of the current technique is
the type of synthesized nanocomposite, low-cost, fast operation,
mobility as well as good sensitivity and specificity. It seems that
the appropriate sensitivity of the engineered system in this
study is directly related to the synthesized nanocomposite.

3.5.3. Study of repeatability. A reliable LYVE-1 immuno-
sensor should have excellent accuracy, reproducibility, and
reproducibility.’®*®® The repeatability generated by the LYVE-1
immunosensor was considered by evaluating the anodic

RSC Adv, 2023, 13, 30925-30936 | 30931
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Fig.3 (Aand B) ChA of immunosensor in different concentrations of LYVE-1 Ag (1.25, 2.5, 5, 10, 20, 80 and 320 pg ml™?%). (C—F) Calibration curves
of immunosensor in different forms (/ vs. C and / vs. log C), respectively. Supporting electrolyte was 0.1 M K4Fe(CN)s/K3Fe(CN)e containing 0.1 M

KCl(t=100s, E=0.25V).

current generated by three types of same immunosensor
prepared in the similar condition. Then DPVs of portable
biosensor was recorded for three types of similar electrodes in
the same condition. According to the obtained results, the
average SD is 0.96 which is acceptable based on FDA guideline
(Fig. S5 (see ESI)t).

3.5.4. Study of reproducibility. The reproducibility of the
developed immunosensor was calculated by measuring the
current generated via the anodic current generated by immu-
nosensor in [AgNPrs-GQDs nano ink/biotin-Ab/BSA/Ag (20 pg
ml™") (pH 6.0)] using three different biosensors. For the elec-
trochemical evaluation, SWV technique was applied which is
sensitive method for the reproducibility studies (Fig. S6 (see
ESI)f). The signals obtained were calculated and standard
deviation was reported. Using SWV technique acceptable
reproducibility in the target measurements was achieved which

30932 | RSC Adv, 2023, 13, 30925-30936

indicated by their SD value. Using this immunosensor the SD
values were 2.96 and 2.76. In the other words, the reproduc-
ibility of the assay was only through three repeated experiments
on different electrodes which achieved a mean standard devi-
ation (RSD) of 2.96%.

3.5.5. Study of inter-day repeatability. In this work, in
addition, inter-day reproducibility and reproducibility were
calculated appropriately. For this purpose, the DPV of immu-
nosensor was recorded for three days and the same conditions
for test. The SD values were obtained as 10.33, 6.04 and 7.38
respectively for three days' test, which confirmed inter-day
repeatability of immunosensor for the monitoring of LYVE-1
(Fig. S7 (see ESI)T).

3.5.6. Cyclic stability of engineered surface. The stability of
biosensors is often one of the deciding factors for the
commercial viability of that particular device.®” Used materials

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 The methodologies devised for the determination of LYVE-1

View Article Online

RSC Advances

Detection Detection  Detection Limit of
method Sample time range detection Adv/disadv Ref.
Turbidity assay Cultured broth NR 235+ NR It is a fast process and does not harm 58
0.04 mg ml™* bacteria/it does not distinguish between
living and dead cells
ELISA White rabbits’ NR 28 + 17 ng NR High specificity/sophisticated techniques 59 and 60
blood ml™* and expensive culture media are required
Colorimetry Complex 25-60 3-2000 mg 0.3 mgl™" Simple operation, quick response, adaptable 61
samples min | sensitivity/fairly expensive, some surfaces
reflect light, making it difficult to take
measurements, cannot be used colorless
compound
Resonance Eye drop NR 0.4-48.0 g 0.096 pgml~'  Rapid analysis, high sensitivity and wide 62
Rayleigh ml™? detection range/its stability is easily affected
scattering by the product
Lateral flow Carbohydrate- 5 min NR 0.1 pg ml™* Simple, user-friendly operation difficult to 63
immunoassay binding module miniaturize sample volume, high sensitivity
(CBM) SrCBM70 and specificity multiplexing can be
challenging, low sample volume required/
unclear patent situation in some instances
Fluorescence Human serum Lower 0.2 and 500.0 0.2 pugl* Superior image clarity over fluorescence 64
signals than 5 h pg 171 microscopy/prolonged exposure to
fluorescent light can result in bleaching and
loss of fluorescence intensity
High- Pharmaceutical NR 320-480 ng NR Complexity, expensive, time consuming 65
performance formulations ml™?
liquid
chromatography
(HPLC)
Paper-based Human plasma NR 20-320 pg 0.312pgml~"  Cost-effective, portable, fast, sensitive This work
immunosensor ml~" and
0.625-10 pg
ml™"

and their affinity and interactions with electrode surfaces are
the most important factors that affect biosensor stability.®”**
CVs technique was applied for the stability of the prepared
interface on the surface of paper (substrate). As displayed,
planned immunosensor showed satisfactory stability in
different use (till 10™ cycle) (Fig. S8 (see ESI)t).

3.5.7. Study of inter-day stability of surface. The long-term
stability of the AgNPrs-GQD nano-ink modified photographic
paper was evaluated using the SWV technique, as illustrated.
The obtained results demonstrate that the current intensity on
the initial day was recorded as 75.45 pA, which exhibited a slight
decrease to 70.85 pA and 65.29 pA after 24 hours and 48 hours’
incubation in dark condition, respectively. These changes in
current intensity were not significant and is legible. Also, the
standard deviation for the inter-day stability of the prepared
substrate (paper-AgNPrs-GQD nano-ink) was determined as
0.078%, indicating suitable stability. The stability of the
immunosensor was tested in three consecutive days and in
completely identical conditions. The obtained results show
acceptable stability. As can be seen in the recorded graphs, the
current intensity has not changed significantly during three
consecutive days and it is around 200 pA. It seems that the
nanocomposite that used in the design of the biosensor had
a good stability for 72 h (Fig. S9 (see ESI)t).

© 2023 The Author(s). Published by the Royal Society of Chemistry

3.5.8. Study of selectivity. Selectivity characterizes the
ability of an analytical technique to detect the target analyte
without being influenced by other sample constituents.® It
denotes one of the crucial advantages of biosensors, compared
to other devices, as they allow to determine an analyte in
a complex mixture without resorting to former separation.®® For
selectivity evaluating, CV technique was employed properly. In
this part three different antigen (CA15-3, CEA and PSA) were
used. As can be seen, recoded graph for LYVE-1 was entirely
different from other used antigens. Based on signal-off strategy
of designed immunosensor the obtained peak currents for
LYVE-1, LYVE-1-PSA, LYVE-1-CEA and LYVE-1-CA15-3, were
12.06 pA, 99.99 pA, 158.73 pA and 77.34 pA, respectively. In the
other words, planned immunosensor presented suitable selec-
tivity and applicable for bioanalysis in the complex systems
(Fig. S10 (see ESI)t).

3.5.9. Analytical study in human plasma samples (real
sample analysis). The study of electrochemical behavior in the
various concentration is the critical section in the biosensors
engineering. So, application of immunosensor for the deter-
mination of LYVE-1 in different concentrations (0.625, 1.25, 5,
10, 20, 40, 160 and 320 pg ml™ ") spiked in human plasma
samples (Fig. 4). Linear regression I (nA) = —142.16 log Cyyve1 +
255.98, R*> = 0.9425. Based on ChA measurements, a pulse

RSC Adv, 2023, 13, 30925-30936 | 30933
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Fig. 4 (A and B) ChAs of immunosensor in plasma samples (0.625, 1.25, 5, 10, 20, 40, 160 and 320 pg ml™). (C—F) Calibration curves of
immunosensor in different forms (I vs. C and I/ vs. log C yve-1), respectively. Supporting electrolyte is 0.1 M K4Fe(CN)g/K3FE(CN)g containing 0.1 M

KCL.

height of 300 pA and a width of 300-800 pA were used along
a step height of 0.25 V and a step time of ¢ = 100 s.

4. Conclusion

The primary goal of this investigation was to provide a novel
portable electrochemical biosensing platform for the quantita-
tive detection of LYVE-1 in human plasma samples which was
constructed based on AgNPrs and conductive nano-ink stabi-
lized on the surface of paper using suitable three electrode
template. Material applied for the quantitative determination of
LYVE-1 plasma samples was effortlessly and cost-effective. The
remarkable achievement of this study is the construction of
a new immunosensor for the sensitive detection of the LYVE-1.
The designed sensor showed good linear ranges of 20-320 pg
ml ™" and 0.625-10 pg ml ™', with the low detection limit (LOD)
of 0.312 pg ml~". It is lower than that of most of the existing

30934 | RSC Adv, 2023, 13, 30925-30936

developed methods. Moreover, planned nanosensor showed
excellent selectivity that promises its use in the monitoring of
LYVE-1 in complex samples and assistance for biomarker-
related disease screening which is necessary for early-stage
diagnosis of cancer.

Abbreviations

LYVE-1 Lymphatic vessel endothelial hyaluronan receptor-1
LOD Low detection limit

LLOQ Lower limit of quantitation

QDs Quantum dots

ssDNA  Single strand DNA

AgNPrs  Silver nanoprisms

ELISA  Enzyme-linked immunosorbent assay

CV Cyclic voltammetry
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SWV Square wave voltammetry

DPV Differential pulse voltammetry

PVP Polyvinylpyrrolidone

TSC Trisodiumcitrate

KCl Potassium chloride

NHS N-Hydroxysuccinimide

BSA Bovine serum albumin

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide
FE-SEM Field emission scanning electron microscope
EDS Energy dispersive spectroscopy

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy
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