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ABSTRACT: In the current biosensor, the signal generation is limited
to single virus detection in the reaction chamber. An adaptive strategy
is required to enable the recognition of multiple viruses for diagnostics
and surveillance. In this work, a nanocarrier is deployed to bring
specific signal amplification into the biosensor, depending on the target
viruses. The nanocarrier is designed using pH-sensitive polymeric
nanoparticle-laden nanocarriers (PNLNs) prepared by sequential
nanoprecipitation. The nanoprecipitation of two chromogens,
phenolphthalein (PP) and thymolphthalein (TP), is investigated in
three different solvent systems in which PNLNs demonstrate a high
loading of the chromogen up to 59.75% in dimethylformamide
(DMF)/dimethyl sulfoxide (DMSO)/ethanol attributing to the
coprecipitation degree of the chromogens and the polymer. The PP-
encapsulated PNLNs (PP@PNLNs) and TP-encapsulated PNLNs

(TP@PNLNs) are conjugated to antibodies specific to target viruses, influenza virus A subtype HIN1 (IV/A/HIN1) and H3N2
(IV/A/H3N2), respectively. After the addition of anti-IV/A antibody-conjugated magnetic nanoparticles (MNPs) and magnetic
separation, the enriched PNLNs/virus/MNPs sandwich structure is treated in an alkaline solution. It demonstrates a synergy
reaction in which the degradation of the polymeric boundary and the pH-induced colorimetric development of the chromogen
occurred. The derivative binary biosensor shows feasible detection on IV/A with excellent specificities of PP@PNLNs on IV/A/
HINI and TP@PNLNs on IV/A/H3N2 with LODs of 27.56 and 28.38 fg mL™’, respectively. It intrigues the distinguished
analytical signal in human serum with a variance coefficient of 25.8% and a recovery of 93.6—110.6% for one-step subtype influenza

virus detection.

KEYWORDS: nanoprecipitation, polymeric nanocarrier, influenza virus, derivative spectra, binary biosensor, colorimetric detection

B INTRODUCTION

In the past decade, the worldwide society has been stomped
upon the outbreak of an infectious disease-causing virus,
including the recent pandemic of SARS-CoV-2," rapid and
annual influenza virus,” and deadly mosquito-borne viruses.’
The breakthrough effort in monitoring the viral outbreak has
led to the innovation and growth of nanobiosensors.*~® During
the increasing cases of SARS-CoV-2 infection, the challenge of
the global circulating influenza virus with influenza virus type A
subtype HIN1 (IV/A/HINI1) and subtype H3N2 (IV/A/
H3N2) as the major subtypes can be considered a deadly issue
for its worldwide outbreak and sporadic infection with similar
spatial and timeline periods.” Also, starting from 2011° to
recently,9 similar to an antibiotic, an emerging contagious
mutant strain on several subtypes of influenza viruses has been
a new concern for fighting this “old and persistent” respiratory
virus. These worldwide issues have been picturizing the need
of the society for prevention action and surveillance
technology.'® Hence, a new approach to virus detection is
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required to countermeasure the rapidly mutating influenza
virus in the early stage for better surveillance and appropriate
medical treatment.

An immunoassay''~"?
sor'*™'% are the majorly developed platforms for virus

detection. Nucleic acid-based detection provides higher
17,18

and a nucleic acid-based biosen-

sensitivity but with the cost of complexity and resources.
On the other hand, the immunoassay implies its simplicity and
mobility; still, it suffers from low sensitivity detection due to
the limitation on the amplification of the analytical signal.'”*°
In addition, the available platforms are constrained to single
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target detection due to their signal generation mechanism.”!

Recently, Zhu et al. demonstrated a microfluidic electro-
chemical sensor with multiple enzymes to monitor the
biomarkers in leukemia tumors.”> The method is based on
the metabolite change in the sample and interaction with the
multiple enzymes. However, multiple enzymes are limited in
terms of colorimetric signal and their vulnerability to a physical
condition that affects the biosensors’ performance. Instead of
relying on an enzyme—substrate chromogenic mechanism, the
group of chromogens should be responsive to a single stimulus,
and each chromogen exhibits a unique signal, such as a pH-
sensitive indicator substrate.”> The chromogen-dependent
biosensor can bridge the transition from the single signal to
the multiple response biosensor. Associating the multiple
responses in a single readout translates more details on the
viruses in the sample.

To integrate the multiple responses and high signal
generation, the abundant chromogens should be introduced
in the biosensor. A nanocarrier has shown the integration of
substrate encapsulation and signal enrichment. Several
published nanocarriers, such as the hydrophobic interaction
of curcumin on MoS,”* and z-stacking interaction of
thymolphthalein and metal—organic framework-polydop-
amine,”> both as signal molecule nanocarriers, show a high
loading capacity and efficiency.”® Taking an exam_/ple of a
previous nanocarrier-based immunoassay, Yan et al.”” demon-
strated dye-encapsulated ZIF-8 for colorimetric biosensing.
However, the ZIF nanocarrier has a slight drawback due to the
leakage of free signal molecules from the nanocarrier due to
the loosened binding.28 Also, the reaction time in the sensing is
considered slow because of the slow molecule-releasing
mechanism.

On the other hand, recently, the progress on nano-
precipitation underlines the importance of the solvent
composition to the degree of co-nanoprecipitation.”” Xu et
al.”® demonstrated organic dye nanoprecipitation by protein
nanocarriers and substrate crystallization. The all-in-one
nanoprecipitation shows high substrate precipitation but
quite random substrate nanoprecipitation and antibody
orientation, leading to a lower immunoassay efficiency. The
substrate encapsulation content of protein co-nanoprecipita-
tion is estimated to be as low as <10% due to the protein’s
limited hydrophobic sites.”® In another study, Wu et al.
demonstrated high loading of the fluorescent dye in the
presence of polymeric nanoparticles using various solvents and
their mixture.”' The finding establishes that the nano-
precipitation can be engineered to achieve higher content
loading by adjusting the solubilities of the substrate and the
polymer. The substrate should precipitate initially, followed by
polymer precipitation. An organic solvent, such as dimethyl-
formamide (DMF) and dimethyl sulfoxide (DMSO), has been
considered as a suitable solvent for the organic substrate with
slightly different dielectric constant and viscosities.”> In
addition, ethanol is regarded as a non-good solvent to an
organic substrate and has higher permeability to water, which
is used as an antisolvent in nanoprecipitation.”> Hence, solvent
selection and its mixture are essential in sequential nano-
precipitation, which presents the new chapter to high-loading
nanocarriers.

Here, the polymeric nanoparticle-laden nanocarriers
(PNLNSs) are prepared by polymeric nanoprecipitation in the
copresence of the pH-sensitive chromogen, establishing a pH-
responsive colorimetric biosensing platform. The PNLNs are

prepared by the precipitation of chromogens, like phenolph-
thalein (PP) and thymolphthalein (TP), which form PP@
PNLNs and TP@PNLNs. By conjugating the PNLNs and
magnetic nanoparticles (MNPs) to corresponding antibodies
specific to subtypes of influenza viruses, the PNLN-based
biosensor is coupled to magnetic separation. The conjugated
specific antibodies to subtypes IV/A/HINI1 and IV/A/H3N2
on the PP@PNLNs and TP@PNLNS, respectively, cause the
biosensor to be selective to IV/A and its subtype specifically.
The specific PNLNs form sandwich structures to IV/A and
magnetic nanoparticles (MNPs). Alkaline treatment of the
separated PNLNs/virus/MNPs will simultaneously lyse the
polymeric boundary of PNLNs, and the chromogen indicator
will generate its conjugate base, showing a colorimetric signal
depending on the bound PNLNSs on the viruses (Scheme S1).
The analysis of the binary response shows an intrinsic pattern
of virus detection. The signal invigorates the subtype of IV/A
in discrete peaks by the derivative analysis of the binary
response. Following the signal’s elevation, the concentration of
the bound viruses can be estimated in a single readout using
the PNLN-based biosensor. By adopting this one-pot platform,
these results are expected to contribute insight into developing
a versatile and straightforward diagnostic biosensor for the
corresponding subtypes of viruses in colorimetric detection.

B EXPERIMENTAL METHODS

Chemicals and Biological Agents. Dimethyl sulfoxide (DMSO)
was purchased from Dojindo (Osaka, Japan). Phenolphthalein (PP),
thymolphthalein (TP), bovine serum album (BSA), dimethylforma-
mide (DMF), and dialysis cellulose membrane were purchased from
Wako Pure Chem Inc. (Osaka, Japan). Ethanol (99%), the Amicon
ultracentrifugation tube, poly(p,L-lactide-co-glycolide) acid terminated
(PLGA), N-hydroxysuccinimide (NHS), and N-(3-dimethylamino-
propyl)-N’-ethylcarbodiimide hydrochloride (EDC) were obtained
from Sigma-Aldrich Co. (St. Louis, MO, USA). The various subtypes
of influenza viruses were purchased from ProSpec-Tany Technogene,
Ltd. (East Brunswick, NJ, USA).

Anti-IV/A/H1, H2, and H3 (Anti-HA), anti-IV/A/HINI, and
anti-IV/A/H3N2 antibodies were purchased from Sino Biological Inc.
(Beijing, China). Hepatitis E virus-like particles (HEV-LPs) expressed
by the baculovirus expression system were provided by Dr. Tian Chen
Li from the National Institute of Infectious Disease, Japan. The
norovirus-like particle (NoV-LP) was expressed using a baculovirus
expression system.”* All experiments were conducted using deionized
(DI) water.

Preparation of Polymeric Nanoparticle-Laden Nanocarriers
(PNLNs), PP@PNLNs, and TP@PNLNs. PP@PNLNSs were prepared
using the sequential nanoprecipitation method. Four milligrams of PP
and 10 mg of PLGA were added into a trisolvent mixture of DMF/
DMSO/ethanol (4:4:2, v/v/v). This mixture is defined as a solvent of
high solubility to the chromogen and polymer. Then, phosphate-
buffered saline (PBS, pH 7.2) acted as an antisolvent, which is a poor
constituent that promotes precipitation of the chromogen/polymer
instead of dissolving the substance, and was added to the mixture, and
PP and PLGA were coprecipitated, forming PP@PNLNs. The
PNLNs were further diluted to lower the organic solvent percentage
and centrifuged using an Amicon filter of 30 kDa cutoff (Millipore,
Germany) to remove excess chromogens from the solution, followed
by slow centrifugation to remove large aggregates. To synthesize TP@
PNLNs, TP was used instead of PP using a similar method.

Preparation of Amine-Functionalized Magnetic Nanopar-
ticles (A-MNPs). Briefly,** FeCl;-6H,O (0.33 g) was dissolved in EG
(10 mL) to form a clear solution, followed by the addition of
potassium acetate (0.78 g) and 1,6-hexanediamine (2.2 g). The
mixture was stirred vigorously for 30 min and transferred into a
Teflon-lined autoclave. The autoclave was heated to and maintained
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Figure 1. Morphology of the PNLNSs prepared using nanoprecipitation in a solvent mixture system. (a) Schematic illustration of PNLN preparation
for immunoassay purpose. SEM images of PNLNs in (b) one-solvent, (c) two-solvent, and (d) three-solvent systems (scale bar: 1 ym) (ii—iv
represent the magnification of the SEM image). The nanoprecipitation percentage of the polymer and the dye in (e) one-solvent, (f) two-solvent,

and (g) three-solvent systems.

at 180 °C for 10 h. The black products were rinsed using ethanol/
water.

Characterizations. Scanning electron microscopy (SEM) images
were obtained using a scanning electron microscope (JSM-6510LV,
JEOL, Japan). Transmission electron microscopy (TEM, JEM-2100F,
JEOL, Ltd.,, Japan) and Fourier transform infrared (FT-IR)
spectroscopy analysis were conducted with an FT-IR 6300 (JASCO,
Tokyo, Japan). The UV—Vis absorption spectra were measured using
a UV-1800 (Shimadzu, Kyoto, Japan).

Colorimetric Analysis of the pH-Sensitive PNLNs. The
colorimetric analysis was conducted by reacting the PNLNs with an
alkaline solution containing 1 M NaOH. The absorbance spectra were
scanned from 400 to 700 nm.

Preparation of Antibody-Conjugated A-MNPs, PP@PNLNs,
and TP@PNLNs. The anti-IV/A/HA, anti-IV/A/HIN1, and anti-IV/
A/H3N2 antibodies were conjugated to A-MNPs, PP@PNLNSs, and
TP@PNLNS, respectively, using EDC/NHS carbodiimide conjuga-
tion as described in our previous work.**> EDC/NHS carbodiimide
chemistry conjugation activates the carboxylic group of the polymeric
PLGA membrane of the PNLNSs and reacts to the amine group on the
antibodies. The EDC/NHS chemistry results in the amide bond

between the PNLNs and the antibodies. As A-MNPs lack a carboxylic
group, A-MNPs are initially reacted with succinic anhydride,
converting the primary amine group on the surface of the A-MNPs
into the carboxylic group by forming an amide bond. The COOH-
MNPs are magnetically purified from excess succinic anhydride. Then,
the carboxylic group is first activated with EDC and magnetically
separated to remove excess EDC reagent. Then, NHS and antibodies
are added into the EDC-activated MNPs to form the amide bond with
the amine group of the antibodies. The antibody-conjugated PP@
PNLNs and TP@PNLNs were purified by mild centrifugation and
antibody-conjugated magnetic nanoparticles (Ab-MNPs) by magnetic
separation and kept in PBS buffer. Blocking of the free surface of Ab-
MNPs was carried out using 2% BSA.

Detection of IV/A/HINI and IV/A/H3N2 and Subtype
Detection. Briefly, IV/A was prepared in dilution concentration
from the nanogram level to the femtogram level. For IV/A/HIN1
detection, each vial containing the virus was added with 50 uL of Ab-
MNPs and 50 uL of Ab-PP@PNLNs and mixed for 2 min by
pipetting motion, followed by 20 min incubation time to form the
sandwich structure between Ab-MNPs, IV/A, and Ab-PP@PLGA
PNLNs. Afterward, the unbound Ab-PP@PNLNS in the supernatant
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Figure 2. Characterization of PNLNs and the release of the chromogen from the PNLNSs; (a) TEM image of PP@PNLNSs (inset: size distribution
of the PP@PNLNs); (b) SEM images (i and ii) of PNLNs and digital images of the solution color in neutral pH (top) and alkaline pH (bottom);
(c) absorbance spectra of pH-sensitive chromogen, phenolphthalein, and thymolphthalein; (d) schematic illustration of the alkaline treatment as

the release mechanism of PNLNs.

were removed by magnetic separation, and the washing step was done
with PBS buffer. To exhibit the colorimetric detection, the redispersed
sandwich structure Ab-MNPs/(IV/A)/Ab-PP@PNLNs was reacted
with alkaline solution. The developed color was measured with a
UV—Vis microplate reader. For IV/A/H3N2 detection, Ab-TP@
PNLNs were added into the virus solution instead of Ab-PP@PNLNs.
Further, Ab-PP@PNLNs and Ab-TP@PNLNs (1:1, v/v) were co-
added into the virus solution to perform one-pot subtype IV/A
detection.

B RESULTS AND DISCUSSION

Synthesis and Characterization of PNLNs. Taking
advantage of the rapid nanoprecipitation method, the
PNLNSs are formed by the coprecipitation of the chromogenic
dye and polymer, as shown in Figure la. Initially, to optimize
the solvent mixture for nanoprecipitation, the chromogens, PP
or TP, and poly-(lactic-co-glycolic acid) (PLGA) were
dissolved in a one-solvent system (DMF), two-solvent system
(DMF/DMSO), and three-solvent system (DMEF/DMSO/
ethanol). Further, phosphate-buffered saline (PBS, pH 7.2) as
an antisolvent was added to induce the coprecipitation of the
chromogen and the polymer. The ratios of 1:1 (v/v) DMF/
DMSO for the two-solvent system and 2:2:1 (v/v/v) DME/
DMSO/EtOH for the three-solvent system are obtained based
on the derived count rate of the PLGA polymer nano-
precipitation. The morphology of the PNLNs was investigated
by scanning electron microscopy. The PNLNs are prepared
using a one-solvent system (DMF) (Figure 1b-i) and show
various sizes and shapes obtained from the observable
aggregation (Figure 1b-ii), moderate nanoparticles (Figure
1b-iii), and smaller size of nanoprecipitation (Figure 1b-iv).

Next, the same ratio of the chromogen and polymer was
prepared using a two-solvent system (DMF/DMSO), which is
seen to form spherical-like structure PNLNs in general (Figure
lc-i). The smooth and round PNLNs are observed having a
uniform size together with several dye aggregates attached on

36871

sporadic chromogen aggregations, which are not bound to the
PNLNS, are observed with relatively small sizes (Figure 1c-iv).
Attributing to the three-solvent system (DMF/DMSO/
ethanol), the uniform and defined morphology of PNLNG is
shown in Figure 1d, in which neither random chromogen
aggregates nor chromogen precipitation formed on the surface
of the PNLNs is observed, showing that a mixture of DMF/
DMSO/ethanol can demonstrate desired nanoprecipitation of
the PNLNs.

To understand the formation of the morphology of the
PNLNs in the solvent system, the scattering intensity of
dynamic light scattering (DLS) on individual components,
chromogen, and polymer in the solvent mixture was
measured.”’ > The nanoprecipitation percentage is based on
the attenuation and count intensity of the scattering light as a
function of volume ratio of solvent/antisolvent (V, enc/
Viantisolvent)- I the one-solvent system, there is an indication
of a gap between the precipitation timeline between the
chromogen and the polymer (Figure le). At a low volume of
antisolvent, the chromogen is in soluble form and remains in
the organic solvent. However, the polymer has started
emulsifying, stabilizing the surface turbulence between the
solvents. Along with the addition of the antisolvent, the
nucleus growth of the chromogen nanoprecipitation is
gradually observed. It stipulates that the polymer precipitates
before the precipitation of the chromogen. While the
chromogen is precipitating, the polymer NPs might have
been completely established, forming particles and leading to
aggregation of the chromogen. In Figure 1f, the two-solvent
system shows 50% lower Vi ent/ Vintisolvent required than the
one-solvent system for the chromogen to initiate the
precipitation. Still, both systems indicate the precipitation of
the polymer starting at Vi en/Vintisolvent 28 low as 0.4. By
partial substitution of DMSO in a two-solvent system, the
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chromogen demonstrated favorable precipitation in low
Vintisolveny  and the coprecipitation of the polymer and
chromogen can occur. This drives the growth of the
chromogen nanoparticles on the polymeric membrane instead
of forming self-aggregating colloids. In addition, the three-
solvent system involves ethanol in the mixture of DMSO and
DMF. As shown in Figure 1g, low Ve Can engage rapid
precipitation of the chromogen due to the miscibility of
ethanol to the antisolvent like PBS. These results in higher
coprecipitation of the chromogen and the polymer, forming
the PNLNs. The coprecipitation has also resulted in a bigger
size of the PNLNSs included in the system. In the extensive
study, introducing the high amount of chromogen in the three-
solvent mixture will also result in the aggregation of the
chromogen on the surface of the PNLNs (Figure S1).

The variation of nanoprecipitation using a multiple solvent
mixture system can be attributed to several factors: (1) The
solubility of the chromogen PP is indicated by the nano-
precipitation of the PP in the one-solvent system as a function
of PP concentration (Figure S2). DMF (Figure S2a) and
DMSO (Figure S2b) result in bigger PP nanoparticle size
(black circles) compared to ethanol (Figure S2c) as a solvent.
Still, they indicate a lower polydispersity index (PDI) (red
circles of Figure S2) than in ethanol. A higher PDI (>0.3)
means bigger instability and heterogeneous nucleation in the
system. In high concentrations of PP, DLS analysis in DMF
and DMSO shows the large hydrodynamic size, indicating the
formation of bigger size particles from the nanoprecipitation.
(2) Compared to DMSO and DMF, ethanol has higher
dielectric properties with less viscosity and is more miscible to
water. (3) There is optimum particle formation from the
PLGA nanoprecipitation in the three-solvent system than in
the one-solvent system or two-solvent system.

Further, the encapsulation of the chromogens in the PNLNs
is investigated by DLS analysis and TEM analysis of PP@
PNLNs. As shown in Figure 2a, PP@PNLNs have spherical
PNLNs with several black dots within the PNLNSs. The size of
the PNLNs is estimated at around 0.9 um, which is in
agreement with the hydrodynamic size of the PP@PNLNs
around 964.65 + 123.25 nm with a PDI value of 0.226, and the
smaller spherical black dots are estimated around 50—100 nm.
There are no observable chromogen aggregates, indicating the
higher degree of encapsulation of the chromogen within the
polymeric boundary. Similarly, the synthesized TP@PNLNs
show a spherical shape with a size of 0.85 ym (Figure S3). The
formation of the PP@PNLNs and TP@PNLNs is caused by
the chemistry interaction between the polymer and the
chromogens, PP and TP. Both chromogens are built up by
mostly hydrocarbons and several hydroxyl groups, and this
results in their poor solubility to an aqueous phase and good
solubility to an organic solvent and ethanol, like the PLGA
polymer. Most likely, the PLGA and chromogens showcase
hydrophobic interaction and hydrogen bonding via the
hydroxyl group of the PP and TP and the carbonyl group of
the PLGA.""*!

The Release Mechanism of the Chromogen@PNLNs.
The chromogen loading calculation is based on the calibration
curve of PP in solution (pH 10) (Figure S4). The calibration
curve of PP is obtained from the absorbance at 550 nm as a
function of PP concentration. The PP@PNLNs are weighted,
and the absorbance of the PP@PNLNs in pH 10 solution is
measured. The encapsulation efficiencies of the PP@PNLNs
using one-solvent, two-solvent, and three-solvent mixtures

were estimated around 29.02, 32.44, and 53.15%, respectively.
Compared to their counterpart of one-solvent and two-solvent
systems, by using three-solvent combinations, the nano-
precipitation demonstrates the PNLNs with higher chromogen
coprecipitation inside the polymeric boundary. Further, the
loading capacities of the PP@PNLNs and TP@PNLNs are
11.33% (w/w) and 15.4% (w/w), respectively. The loading
capacity is measured based on the chromogen loaded in the
polymer over the weight of the PNLNs. The chromogen
molecules per PNLN are calculated around 2.22 X 10* PP
molecules per NP and 1.41 X 10* molecules per NP based on
the hydrodynamic size of the PNLNs (Vyp) and the molar
volume of the chromogens (VChmmgen).z‘z’43

PNLNs were encapsulated in pH-sensitive chromogens, PP
and TP, which will show color development in basic pH
conditions. The PNLNs are investigated in the basic pH to
understand its stability. The PNLN-encapsulating chromogens,
PP and TP, were observed by the SEM image analysis. Under
the scanning electron microscope, the smooth spherical
structure of the PNLNGs is observed (Figure 2b-i). However,
upon an alkaline treatment, as shown in Figure 2b-ii, the
PNLNs are ruptured and indicate no observable spherical
structure. This indicates that the polymer boundary of PNLNs
is lysis in the basic pH environment in which PLGA is known
to undergo alkaline hydrolysis to lactic acid and glycolic
acid.**** As the polymeric boundary is removed, the
chromogens are released and are stimulated in the basic pH
environment, developing a color change. Initially, the PNLN
solution is colorless in neutral pH, as shown in Figure 2b-iii.
Upon the alkaline treatment, the PP-encapsulating PNLNs
(PP@PNLNs) turn to a pinkish color, and TP-encapsulating
PNLNs (TP@PNLNSs) turn to a bluish color (Figure 2b-iv).
The alkaline-triggered developed color from PP@PNLNs and
TP@PNLNSs shows single peak absorbance color at 560 and
590 nm (Figure 2c). Accordingly, the alkaline treatment on the
pH-sensitive PNLNs can break down the polymeric membrane
and expose the chromogen to the basic pH condition. The
colorimetric signal pivots on the dual response of the lysis of
the PNLNs and the pH-sensitive chromogens in the alkaline
environment (Figure 2d).

To be applied in the virus biosensing, the nanocarriers,
PNLNSs, and magnetic nanoparticles (MNPs) are required to
be conjugated with specific antibodies against the target virus
IV/A. As shown in Figure S5, ELISA results show higher
absorbance in antibody-conjugated PNLNs (Ab-PNLNs) and
MNPs (Ab-MNPs) than those in only PNLNs and MNPs,
respectively. Free antibodies and 2% BSA are used as the
positive control and negative control, respectively, in ELISA.
To understand the advantage of the higher loading capacity of
the nanocarriers in biosensing purposes, a comparative study is
conducted on the IV/A/HIN1 detection using one-solvent
mixture-prepared PP@PNLNs (PP@1PNLNs), two-solvent
mixture-prepared PP@PNLNs (PP@2PNLNs), and three-
solvent mixture-prepared PP@PNLNs (PP@3PNLNs). Three
kinds of Ab-PP@PNLNSs are assayed to the immobilized IV/
A/HIN1 solution on the 96-well microplate. After IV/A/
HIN1 was added to the antibody-conjugated PP@PNLNs
(Ab-PP@PNLNs), the well was rinsed to remove unbound
Ab-PP@PNLNs. The bound Ab-PP@PNLNs were alkaline-
treated, and the developed color was measured. Figure S6
indicates that the Ab-PP@I1PNLNs-based biosensor demon-
strated the lowest detection signal, followed by Ab-PP@
2PNLNs and Ab-PP@3PNLNs, which generate the highest
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Figure 3. IV/A detection using the PNLN-based biosensor. (a) Schematic illustration of the PNLN-based biosensor: (i) addition of Ab-MNPs and
Ab-PNLNSs into the virus solution, (ii) magnetic separation and immunosandwich complex formation, and (iii) alkaline treatment for colorimetric
detection. Panels (b) and (c) show IV/A/HINI and IV/A/H3N2 detections using PP@PNLNs- and TP@PNLNs-based biosensors, respectively.
(b, ) (i) Absorbance spectra of the detection result, (ii) absorbance plotting in the function of IV/A concentration, and (iii) selectivity test of the
corresponding PNLN-based biosensor. The inset images show the developed color taken by a digital camera.

signal. Three of the PNLNs show a negligible signal in the
absence of IV/A/HINI. This highlights that the three-solvent
mixture-prepared PNLNs, which have the highest loading of
the chromogen, also provide the highest signal amplification in
the virus detection, implicating the fundamental advancement
in the nanocarrier-based biosensor.

The magnetic separation is used to remove excessive
nontarget matrix components in the detection sample and
reduce the background noise.*® Amine-functionalized magnetic
nanoparticles (A-MNPs) are used for separating the PNLNs
bound to the influenza virus (IV/A) by a magnetic field. A-
MNPs are shown to be spherical with a size around 50 nm, as
shown in Figure S7a. The functional group analysis using FT-
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IR analysis shows the peak at 3427 cm™' (Figure S7b),
indicating an amine functionalization.

Analytical Performance of the PNLN-Based Biosensor
for Influenza Virus and Its Specificity. Antibody-
conjugated A-MNPs (Ab-MNPs), antibody-conjugated PP@
PNLNs (Ab-PP@PNLNs), and TP@PNLNs (Ab-TP@
PNLNs) were introduced into the system to separate and
detect IV/A. As the capturing probe, A-MNPs were conjugated
to antibodies specific to H1, H2, and H3. PP@PNLNs and
TP@PNLNSs were conjugated to antibodies specific to HIN1
and H3N2, respectively. Ab-MNPs and Ab-PP@PNLNs or
Ab-TP@PNLNSs will bring the substrate along with the binding
virus for signal generation. As shown in Figure 3a, Ab-MNPs,
Ab-PP@PNLNSs, and Ab-TP@PNLNSs were introduced to the
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Figure 4. Binary response of the PNLN-based biosensor. (a) Absorbance spectra of PP@PNLNs, TP@PNLNs, and PNLN mixtures. (b) First
derivation absorbance spectra of the PNLN mixtures. Simulated derivative binary response model in determining (c) the IV/A/HINI

concentration and (d) IV/A/H3N2 concentration.

IV/A solution (sample) (Figure 3a-i). After the Ab-MNPs/
(IV/A)/(Ab-PP@PNLs or Ab-TP@PNLNs) immunosand-
wich complex was formed, the magnetic field separated it,
and nonbinding PP(TP)@PNLNs were removed from the
system (Figure 3a-ii). The separated complex was redispersed
and transferred to the reaction chamber containing 1 M NaOH
solution (Figure 3a-iii). As the alkaline solution disrupts the
polymeric membrane and exposes the chromogen to the
hydroxide ions, the color is developed in the well plate. The
color develops depending on the amount of chromogen in the
bound Ab-PP(TP)@PNLNS in the sandwich complex. As the
formation of the sandwich complex can be limited to the
number of viruses and the unbound chromogen carrier is
washed out, the presence of the virus can be quantified by the
developed color.

The initial assessment demonstrates the essential compo-
nents for the immunosandwich formation of Ab-MNPs, IV/A,
and Ab-PP(TP)@PNLNs. IV/A/HIN1 was mixed with only
Ab-MNPs, only Ab-PP@PNLNS, or both. As shown in Figure
S8 in the Supporting Information, only when Ab-MNPs and
Ab-PP@PNLNs were added into the IV/A/HIN1 solution,
there is a positive signal, demonstrating the increased
absorbance at S50 nm (Ass,). This shows that each component
is essential to isolate the virus specifically and generates the
detection signal. Additionally, as shown in Figure S9a, the
immunosandwich is roughly visualized by TEM image analysis
due to the high contrast of electrons between the MNPs and
both the virus and PNLNSs. In addition, Figure S9b shows that
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the immunosandwich structure is not observed after the
alkaline solution is added to the nanocomposite.

Next, individually, the PNLNs are initially tested on the
corresponding subtype of IV/A. Ab-PP@PNLNs and Ab-TP@
PNLNs were tested to detect IV/A/HINI1 and IV/A/H3N2,
respectively. The positive result of the detection will develop a
pinkish color with the absorbance at 560 nm and a bluish color
with the absorbance at 595 nm representing the presence of
IV/A/HINI and IV/A/H3N2, respectively.

In the PP@PNLNs-based IV/A/HIN1 biosensor, the
absorbance spectra were obtained from the IV/A/HINI1
detection from 10° to 107 fg mL™" virus concentration. Figure
3b-i shows that the absorbance at 560 nm increases along the
increase in IV/A/HINI concentration in the sample. Depend-
ing on the virus’s increasing concentration, the developed color
in the alkaline solution shows a pinkish color, forming a
gradient pattern from low to dark pink color. The absorbance
at 560 nm (Asq) is plotted as a function of IV/A/HINI
concentration. The calibration line using A4, as a function of
IV/A/HINI1 concentration is obtained with a correlation
coefficient (R*) of 0.953 and with satisfactory linearity from
10" to 10° fg mL™" (Figure 3b-ii). Also, the limit of detection
(LOD) is 27.56 fg/mL, which is determined by calculating

with the equation 36/S,*” in which S and o represent the slope
of the calibration line and the absorbance of the lowest
detectable signal, respectively. For the selectivity line, the PP@
PNLNs-based biosensor is assayed to several subtypes of
influenza viruses, such as IV/A/H3N2, IV/A/HS5N1, and IV/
A/HI9N2, including other virus recombinant proteins, such as

https://doi.org/10.1021/acsami.1c08813
ACS Appl. Mater. Interfaces 2021, 13, 36868—36879


https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08813/suppl_file/am1c08813_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08813/suppl_file/am1c08813_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08813/suppl_file/am1c08813_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c08813/suppl_file/am1c08813_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08813?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c08813?fig=fig4&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c08813?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

HEV-LPs and NoV-LPs. As the antibodies of the Ab-PP@
PNLNSs detect the specific surface protein of HIN1, there is no
signal corresponding to the other viruses except IV/A/HIN1
(Figure 3b-ii), and the selectivity of the developed biosensor
can be achieved. The biosensor indicates a slightly response
signal on IV/A/H3N2, which is a consequence of the binding
capability of Ab-MNPs to hemagglutinins H1, H2, and H3 of
IV/A. However, a slight signal is not adjudged to a high signal
of the IV/A/HINI detection signal.

Parallel to the IV/A/HIN1 detection, a TP@PNLNs-based
biosensor was utilized to detect IV/A/H3N2. The increasing
absorbance signal at 595 nm intensified correspondingly to
increasing concentration of the IV/A/H3N2 virus from 10° to
10° fg mL™"! (Figure 3c-i). The absorbance value at 595 nm
was plotted against the concentration of IV/A/H3N2 in the
sample. The linear response of the biosensor with Agy as a
function of IV/A/H3N2 concentration is performed in decent
concentration from 10" to 10° fg mL™" with R* of 0.982 and a
detection limit of 28.38 fg mL ™" (Figure 3c-ii). The selectivity
of the developed TP@PNLNs-based biosensor for IV/A/
H3N2 detection was evaluated against different subtypes of
IV/A and virus-like particle protein recombinants. The high
difference between the absorbance value of the target and
nontarget promotes the excellent selectivity of the developed
biosensor (Figure 3c-ii), which is contributed by the specific
binding of the antibody-conjugated TP@PNLNs to IV/A/
H3N2.

Several intrinsic points need to be highlighted owing to the
superior performance of the PNLN-based biosensor. (1)
Compared to protein-assisted nanoprecipitation,30 the utiliza-
tion of the three-solvent system forms the nanoparticle laden
with a higher amount of chromogen. The higher-loaded
nanocarrier can amplify the signal on individual antibody—
antigen binding up to the subfemtogram level. (2) The co-
reactivity of the polymeric boundary and the dye to the
alkaline condition results in fast color development compared
to other pH-sensitive biosensing systems.”””” (3) The
involvement of magnetic separation in the biosensor can
enrich the target analytes and forms a higher quantity of
immunosandwich structures and shorter incubation time for
antibody—antigen conjugation due to its high surface area. The
overall system took 15 min, which enables a faster detection
time compared to our previously developed biosensor.**

Binary Response of the PNLN-Based Biosensor in the
Detection of IV/A Subtype. The PNLN-based biosensor is
developed to transcend the available immunoassay format
regarding its applicability in multiple detections. With the
dependency solely on quantifying the substrate’s catalytic
reaction, the available biosensor is still striving to accom-
modate the identification function of virus subtypes. By using
nanocarriers, which are conjugated to antibodies specific to
IV/A, the developed biosensor utilizes PP@PNLNs and TP@
PNLNSs to generate a binary colorimetric signal depending on
the virus subtypes in the target analyte.

Prior to the IV/A subtype detection, the absorbance of the
mixture of PNLNs is measured to analyze the blend response
of the PNLN-based biosensor. As shown in Figure 4a, the
absorbance spectra of the TP@PNLNs and PP@PNLNs were
merged and showed two peaks of the absorbance, resulting in a
darkish bluish-purple color in the detection chamber. The
absorbance spectra of the TP@PNLNs, PP@PNLNs, and
PNLN mixtures were transformed into their first derivation
absorbance spectra. The derivation absorbance indicates the

change in absorbance in an interval of wavelength, which
deconvolutes the merged peak into multiple inflection points,
indicating the target signals.””*° Figure 4b shows the first
derivation absorbance of the PNLN mixtures. There are three
inflection regions of interest in the derivative spectra:
absorbances at 540, 575, and 630 nm. The absorbances of
both PNLNS are overlapping each other at a wavelength of 540
nm.
On the other hand, the absorbance of TP@PNLNs
dominates the absorbance at 630 nm. Interestingly, the
absorbance at 575 nm is contributed by PNLNs with PP@
PNLNs moving the absorbance to a positive value and TP@
PNLNs moving the absorbance to a negative value. As a non-
overlapping signal in the PNLN mixture signal, the first
derivation absorbances at 575 and 630 nm are determined as
the binary signal of the PNLN-based biosensor.

To construct a one-step and single readout detection
purpose, both PP@PNLNs and TP@PNLNs were co-added
in the PNLN-based biosensor. The biosensor was applied to
detect IV/A/HIN1 (Figure S7a) and IV/A/H3N2 (Figure
S7b) in the range of 10" to 10° fg mL™". To understand the
contribution of each PNLN on the binary response of the
developed biosensor, the first derivation absorbances of IV/A/
HIN1 and IV/A/H3N2 detection at 575 and 630 nm were
plotted against the concentration of the corresponding IV/A.
The slope of the calibration line of the absorbance signal vs the
IV/A concentration represented the contribution factor (CF)
of the PP@PNLNs and TP@PNLNSs on the binary response of
the PNLN-based biosensor. As shown in Figure S7c, the
developed biosensor exhibits different signal patterns according
to the subtype of IV/A with a negative slope for IV/A/HIN1
and a positive slope for IV/A/H3N2. The CF values of the
PP@PNLNs and TP@PNLNSs for the absorbance at 575 nm
are —2.55 X 107 and +1.67 X 1073, respectively. Figure S7d
shows the plot of the first derivate absorbance at 630 nm as the
function of IV/A concentration. It unveils clearly that there is a
low signal of IV/A/HIN1 detection in this region compared to
IV/A/H3N2 detection. It is as expected as PP@PNLNs do not
exhibit a signal up to the absorbance region at 630 nm. As it is
solely contributed by TP@PNLNS, the CF values of PNLNSs at
the first derivative absorbance at 630 nm are +6.02 X 10~ for
PP@PNLNs and —3.20 X 1073 for TP@PNLNs. Hence, the
overall equation of the binary response of the PNLN-based
biosensor can be expressed as

D's;s = —2.55 X 107 log(Cyyyny) + 1.67 X 107°
log(Cyy3n,) (1)

D'g30 = +6.02 X 107° log(Cyyny) — 3-20 X 107°
log(Cpsna) (2)

with binary responses of the PNLN-based biosensor as D'
and D', representing the first derivate absorbances at 575 and
630 nm, respectively; Cyy;n; and Cyyzn, represent the IV/A/
HINI and IV/A/H3N2 concentrations, respectively.

Accordingly, eqs 1 and 2 are rearranged by the coefhicient
elimination method to be able to determine the IV/A/HIN1
concentration and IV/A/H3N2 concentration depending upon
the value of the D',s and D' The concentration of IV/A
can be expressed as:

—320%107°D',— 1.67%x107°D,,) /8.26X107°
CHINI = 10( 578 630. (3)
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— 10(6.02><IO_SD‘57S+2.55><10_3D1630)/8.26><10_6 )
Based on egs 3 and 4, the ranges of D' and D' are plotted
in the matrix calculation to simulate the detected IV/A/HIN1
concentration. Figure 4c shows the pattern of the IV/A/HIN1
concentration at the limit range from —0.005 to +0.001 for
D'y, and —0.007 to —0.02 for D', The concentration
obtained has a range with a minimum value of 10° fg mL™" and
a maximum value of 10° fg mL™". The pattern indicates that
the maximal concentration of IV/A/HINI1 is toward the
—D's,5 and —D';. On the other side, Figure 4d shows the
plot of IV/A/H3N2 as the function of D';s and D'g;. The
ranges of the D', and D', are determined as —0.02 to +0.02
and —0.004 to —0.016, respectively. The pattern demonstrates
that the shifting value of D'y, could determine the range of the
IV/A/H3N2 concentration as the window of the concen-
tration scale upon which the D'g,s is wider than the window
scale of D'g;o. Overall, the derivative binary response of the
biosensor can be utilized to determine the concentration of
IV/A/HINI and IV/A/H3N2 based on the coefficient factors
of PP@PNLNs and TP@PNLNSs as the parameters.

Binary Detection of the Subtype IV/A Detection. The
binary detection performance of the PNLN-based biosensor is
carried out in the mixtures of subtype IV/A solutions (Scheme
S1), which are denoted as mixture set A and mixture set B.
Mixture set A contains a series concentration of IV/A/H3N2
from 10 to 10* fg mL™" at a fixed concentration of 10° fg mL™"
IV/A/HI1IN1. Mixture set B has a series concentration of IV/
A/HINI from 10" to 10* fg mL™" at a fixed concentration of
10° fg mL™' IV/A/H3N2. Figure S10a displays the PNLN-
based biosensor performance in mixture set A detection. The
absorbance shows a sole peak at 575 nm in a negative value of
—1.2 X 1073 as there is only IV/A/HINI in the solution. As
the concentration of IV/A/H3N2 is gradually increasing, the
peak absorbance at 575 nm is gradually decreasing, and the
absorbance at 630 nm increases corresponding to the
increasing concentration of IV/A/H3N2 (Figure S10c).
Similarly, Figure S10b shows that the PNLN-based biosensor
was applied to mixture set B. In the presence of only IV/A/
H3N2 in mixture set B, the derivative absorbances at 575 and
630 nm are 5.98 X 107> and —1.38 X 1072, respectively. The

CH3N2
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gradual movement of the first derivative absorbance at 575 nm
from the positive value to a negative value corresponds to the
higher concentration of IV/A/HINI in mixture set B (Figure
s10d).

To evaluate the binary detection performance by the PNLN-
based biosensor, the binary responses (eqs 1 and 2) of the
developed biosensor were used to determine the detected
concentration of IV/A/HINI and IV/A/H3N2 in mixture sets
A and B based on the derivative absorbance spectra (Figure
S11). Figure Sa displays the detection performance of the
PNLN-based biosensor in mixture set A. Simultaneously, the
obtained concentration of IV/A/HINI1 in mixture set A is
around (1.58 + 0.33) X 10° fg mL™' IV/A/HINI and a linear
response corresponds to the concentration of IV/A/H3N2 in
mixture set A starting from 10' to 10* fg mL™" with R* of
0.955. Figure Sb shows the detection of IV/A/HINI and IV/
A/H3N2 in mixture set B. The PNLN-based biosensor
indicates detection of (7.23 + 1.27) X 10* fg mL™' IV/A/
H3N2 with a variance coeflicient around 25.8% and an
excellent linear response from 10! to 10* fg mL™' IV/A/HIN1
detection in mixture set B with R®> of 0.963. Overall, the
PNLN-based biosensor demonstrates multiple detection of the
IV/A subtype in a single readout with a cutoff background
signal up to 13.9 fg mL ™" based on the blank sample detection.
Furthermore, based on the linearity of the log—log plot of the
detected virus concentration vs IV/A concentration deter-
mined by ELISA, there are an overestimation to 18.6% for IV/
A/HINI1 detection and underestimation down to 15.1% for
IV/A/H3N2 detection.

Further investigation evaluates the performance of the
PNLN-based biosensor for subtype detection of IV/A in
human serum. As shown in Table SI, the detection shows
86.1—124.8% recovery in concentrated 10% human serum and
93.5—110.67% recovery in diluted 2% human serum. Because
of the Ab-MNPs and magnetic separation, matrix solutions
such as human serum have a minimum effect on detecting the
influenza virus by the PNLN-based biosensor. The major
factor of drawback in the PNLN-based biosensor is possibly
due to the competitive binding of IV/A/H3N2 and IV/A/
HIN1, forming an immunosandwich structure in the mixture
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virus solution, and the difference in the dissociation constant of
both chromogens.

The derivative binary response of the PNLN-based
biosensor shows a feasible approach for subtype detection of
the influenza virus. By applying the one-pot detection, starting
from the immunoassay to the sensing step, the developed
biosensor substantiates the simplicity of the dual-targeting
virus detection, which does not require complex platform
fabrication'® or complex signal analysis.”*" Further, compared
to the presently developed biosensor (Table S2), the
developed biosensor using PNLNs keeps its sensitivity in the
subfemtogram level for the simultaneous binary IV/A subtype
detection. Although the developed binary response biosensor
could not guarantee the advancement in signal amplification, it
is able to enrich the selectiveness of the virus detection
platform. Several factors impede the further scale of this
biosensor, including the limited variety of the chromogen in a
similar range of stimuli and the physicochemical properties,
such as solubility and colloidal stability. Further studies with
multiple polymers are recommended to show the performance
of the PNLNS in the biosensor.

B CONCLUSIONS

This work describes the high loading of pH-sensitive PNLNs
for specific virus detection in the mixture of subtypes of the
influenza virus by the binary response of the detection signal.
The loading of the chromogens, PP and TP, into the PNLNs
can be influenced by the types of solvents and their intrinsic
properties. The higher loading capacity PNLNs show higher
signal amplification in the detection sensitivity with the LODs
of IV/A/HINI and IV/A/H3N2 of 27.56 and 28.38 fg mL™},
respectively. The developed biosensor shows a binary response
of the PNLNs in the detection of virus subtypes in the
detection readout. The PNLN-based biosensor successfully
detected IV/A/HIN1 with an overestimation of 18.6% and
IV/A/H3N2 with 15.1% underestimation. The coefficient of
variance is calculated at 21.5% based on the subtype IV/A
detection. Hence, binary detection of IV/A in a single readout
has been fabricated based on the chromogens and nanocarriers,
which will open-up two-dimensional identification of the virus
sensing.
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