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Inspired by the self-assembly approach, in this work, the chromogen, 3,355 -tetramethylbenzidine
(TMB), was successfully co-precipitated in aqueous solution to form collective nanoparticles (NPs) of
signal molecules (TMB-NPs). Utilizing poly(lactide-co-glycolide) (PLGA) in the molecular delivery
approach, the formed emulsion nanovesicle (TMB-NPs@PLGA) exhibits an enrichment of the collective
signal molecules in a single antibody—antigen conjugation. A specific antibody-conjugated
TMB-NPs@PLGA forms an immunocomplex sandwich structure upon the addition of influenza virus (IV)/
A. The addition of dimethyl sulfoxide (DMSO) dissolves the PLGA nanovesicles, releasing the encapsulated
TMB-NPs. Sequentially, the TMB-NPs release TMB molecules upon the addition of DMSO. The released
TMB is catalytically oxidized by H,O, with self-assembled protein-inorganic nanoflowers, where copper
nanoflowers (CuNFs) acted as the nanozyme. The developed immunoassay demonstrates high sensitivity
for IV/A with a limit of detection (LOD) as low as 32.37 fg mL™ and 54.97 fg mL™ in buffer and serum,
respectively. For practical needs, a clinically isolated IV/A/H3N2 and spike protein of SARS-CoV-2 were
detected with the LODs of 17 pfu mL™t and 143 fg mL7?, respectively. These results show the applicability
of the advanced TMB-NPs@PLGA-based colorimetric sensor for the highly sensitive detection of airborne
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Introduction

In the last decade, immunoassay development has been pro-
gressing majorly centering on signal amplification to boost
sensitivity and highly selective signals to the target bio-
analytes."™ The signal measurement used in biosensors is
majorly based on colorimetry, fluorescence, and chemilumi-
nescence. The primary drawback of the fluorescence and che-
miluminescence principle is physical quenching due to fluo-
rescent dye interaction with the polymeric component and the
requirement of instrument measurement. In terms of simpli-
city, colorimetric detection is favorable for analysis by the
naked eye. However, it is difficult to precisely identify small
changes occured by low concentration of analyte owing to the
low sensitivity,”** due to the intrinsic limitation of the
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enzymes.®” To overcome these issues while retaining the orig-
inal advantages, an improved ELISA utilizing an enzyme-
loaded nanomaterial,®® or a nanomaterial with peroxidase-like
activity with high sensitivity, is of significant interest."**?

Recently, nanozymes are being pursued intensively and
have experienced rapid expansion in various fields and mecha-
nism studies. However, the nanozymes’ activity and specificity
to the substrate are not up to the enzyme’s sophistication
level."* To improve the immunoassay for the detection of low
concentration analytes, the limitation of the conjugated nano-
zyme on individually conjugated antibodies lowered the
usability to achieve highly sensitive detection and practical
requirement. The approach in constructing signal amplifica-
tion in an immunoassay is being shifted toward the strategy to
increase the availability of the nanozyme in single antibody-
antigen binding. Several studies have been done to extravagate
the signal by facilitating an immunosorbent vesicle-containing
nanozyme'>'® or in situ seed growth of the nanozyme.'"'7'®
This showed escalating detection signal up to a certain degree
of amplification, but the drawback of simplicity needs to be
reconsidered.

Recently, the research in immunoassays is being shifted
from enzyme-dependent to signal-dependent, pivoting on the
signal molecules’ amount corresponding to the antibody-
antigen binding. Miao et al."® and Ren et al®° reported the
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hydrophobic interaction of curcumin on MoS, and =n-stacking
interaction of thymolphthalein and metal-organic framework
(MOF)-polydopamine, respectively, both as signal molecule
nanocarriers. These interactions are possibly loosened,
leading to leakage of free signal molecules from the nano-
materials. In the signal amplification platforms of biosensors,
liposomes are being used as the nano-encapsulation due to
their intrinsic hydrophilic and hydrophobic head-and-tail
monomer leading to self-assembly encapsulation.'®*!
However, the ratio-dependence and their instability limited
their practical use in storage and their integrity against physi-
cal and chemical conditions.?>** In our previous work, lipo-
some encapsulation using water-soluble nanozyme hindered
the detection of low virus concentration because of the low
species incorporation in the liposomal encapsulation in both
organic and aqueous phases.'® Polymeric encapsulation or
nanovesicles in the nanostructure fabrication comprises pro-
teins or drugs as the core enveloped by a typical polymeric
membrane.”® Among the polymeric biomaterials, poly(lactide-
co-glycolide) (PLGA) has successfully been implemented in
numerous drug delivery formulations due to its synthetic mal-
leability and biocompatibility. Benefited by a rich-carboxylic
structure, PLGA can be easily conjugated to biomolecules.***
The coupled ligands, such as antibodies conjugated to the
surface, could selectively recognize specific antigens that
enable the nanovesicle’s utilization for biosensor application.

In this work, the chromogen substrate, 3,3',5,5"-tetramethyl-
benzidine (TMB), is introduced to the biosensor by being
carried within a PLGA encapsulation (TMB-NPs@PLGA). The
signal amplification strategy centralized in the enrichment of
signal molecules in a single nanovesicle with preceding co-pre-
cipitation. TMB-NPs@PLGA was conjugated to antibodies and
bound to the captured virus in the microtiter wells. Upon
the addition of dimethyl sulfoxide (DMSO), the encapsulated
TMB-NPs are released, dissolving the PLGA shell.
Simultaneously, the TMB-NPs are also dissolved in the DMSO
solution resulting in TMB molecules. The TMB is then catalyti-
cally oxidized by self-assembled copper nanoflowers (CuNFs)
and H,0,, developing intense blue color as the indicator for a
virus’s presence. The released TMB-NPs from the captured
TMB-NPs@PLGA nanovesicles, even at low virus concen-
trations, significantly amplify the colorimetric signal according
to the quantity of the oxidized TMB. The developed ultra-
sensitive colorimetric biosensor illustrates its ability to detect
respiratory viruses, such as influenza virus (IV) and spike
protein of SARS-CoV-2 in a broad range with a low detection
limit at the femtogram level due to its profound architecture,
easy manipulation, and facile storing of TMB-NPs.

Experimental section

Materials and chemicals

CuS0,-5H,0, ethyl acetate, DMSO, polyvinyl alcohol n =
1500-1800, and TMB were purchased from Dojindo (Osaka,
Japan). Bovine serum albumin (BSA) and H,0, were
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purchased from Wako Pure Chem Inc. (Osaka, Japan).
N-Hydroxysuccinimide (NHS) and N-(3-dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride (EDC) were obtained from
Sigma-Aldrich Co. (St Louis, MO, USA). IV/A/Hongkong/H1N1
was obtained from ProSpec-Tany Technogene, Ltd (East
Brunswick, NJ, USA). Recombinant 2019-nCov Spike protein
(RBD) (ABL-1-113) and anti-2019-nCov S Protein (RBD)
monoclonal antibody (ABN9306) were purchased from Abvigen
Inc. (Newark, NJ, USA). Biological agents are described in
the ESL.}

Preparation of TMB-NPs and TMB-NP-encapsulated PLGA

To increase the water dispersity of small hydrophobic chromo-
gens, such as TMB, the molecules were assembled into nano-
particles (NPs) because of the sudden change in the solvent
environment. TMB solution in DMSO (10 mg mL™') was
added into aqueous solution to obtain precipitation with BSA
(1 mg mL ™", w/v) in 10 mM PBS (pH 6.5). The mixture was con-
tinuously stirred for 12 h at 4 °C, stabilizing the formation of
dispersed TMB-NPs. The turbid solution was then centrifuged
and washed three times with PBS, followed by freeze-drying for
further use.

TMB-NPs re-dispersed in DI water were encapsulated in a
double emulsion system of PLGA nanovesicles using a pre-
viously reported preparation with minor modifications.*
Four hundred microliters of the aqueous solution of TMB-NPs
were added to 2 mL of ethyl acetate, and 100 mg of PLGA and
the mixture was gently stirred with alternating sonication.
After two minutes of emulsification, the PLGA/TMB-NPs
and 8 mL of polyvinyl alcohol (5%, w/w, aqueous) were added
to the w/o emulsion to form a w/o/w double emulsion and
stirred further for 5 min. To solidify the nanoparticles,
the organic solvent was extracted by stirring the double emul-
sion with 200 mL of an aqueous solution of polyvinyl alcohol
0.1% (w/w) for 5 min. The resulting dispersion of nano-
particles was centrifuged at 15000g for 15 min and freeze-
dried for further use.

Characterization studies

Scanning electron microscopy (SEM) images were obtained
using a scanning electron microscope (SEM, JSM-6510LV,
JEOL, Japan). Transmission electron microscopy (TEM,
JEM-2100F, JEOL, Ltd, Japan), powder X-ray diffraction (PXRD,
RINT ULTIMA XRD, Rigaku Co., Japan), and UV-Vis absorp-
tion spectra measurements (UV-1800, Shimadzu, Kyoto, Japan)
were performed as described in our previous work.>"°

Detection of IV/A/H1N1 and clinically isolated IV/A/H3N2

Briefly, different concentrations of the target virus, IV/HIN1,
were added into the wells containing capturing anti-hemagglu-
tinin (HA) antibody (anti-HA Ab) under the optimized amount
at 100 ng (Fig. Slaf) and blocking agent, 5% bovine serum
albumin. The incubation of antibody-virus binding is opti-
mized up to 1 h (Fig. S1b¥). After washing with PBS-0.1%
Tween-20, 100 pL of anti-HA Ab-TMB-NPS@PLGA complex was
added into the wells and incubated for an additional 1 h. The
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captured IV/A/HIN1 was bound to the anti-HA Ab-
TMB-NPs@PLGA, and the immunocomplex sandwich was
formed.

The wells were washed, and after the separation, 50 pL of
the DMSO solution was added to disrupt the PLGA nano-
vesicles and release the encapsulated TMB-NPs. One hundred
microliters of the prepared substrate solution (H,O, and
CuNFs) were added to the wells, and blue color developed
rapidly. After 5 min, 10% H,SO, was added to stop the
reaction, resulting in a change of the blue color to yellow,
followed by the absorbance measurement. Clinically isolated
IV/A/Yokohama/110/2009/H3N2 and the spike protein of
SARS-CoV-2 were applied following the same protocol using
virus-specific antibody-conjugated TMB-NPs@PLGA for con-
firming the versatility of the assay system. For the specificity of
the developed immunoassay, six control experiments were per-
formed: 100 pg m™' of hepatitis E virus-like particles
(HEV-LPs) and norovirus-like particles (NoV-LPs), 10* copies
per mL white spot syndrome virus (WSSV), 10° pfu mL™" Zika
virus, 20 pg mL™" norovirus (NoV) and mixture all the viruses.

Results and discussion

Working principle of the encapsulation of TMB-NPs for virus
detection

The working principle of the developed TMB-NPs@PLGA-
based colorimetric sensing method for the ultrasensitive
detection of IV/A/HIN1 is shown in Scheme 1. It comprises
TMB-NP-encapsulated PLGA nanovesicles (TMB-NPs@PLGA),
which are collectively self-assembled TMB molecules and BSA
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Scheme 1 The schematic illustration of the TMB-NPs@PLGA-based
signal amplification platform. (a) The preparation of TMB-NPs@PLGA; (b)
viruses are captured by the capture probe; (c) immunosandwich struc-
tured nanoconjugate with TMB-NPs@PLGA in the presence of virus; (d)
addition of DMSO and the dissolution of the PLGA nanovesicle; (e) the
release of TMB-NPs due to the dissolution of TMB-NPs by DMSO, and
(f) the catalytic oxidation of TMB by CuNFs/H,O, for colorimetric
detection.
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inside PLGA nanovesicles (Scheme 1a). Initially, the anti-HA
Ab is immobilized in the microtiter plate wells via hydrophobic
interaction to the polystyrene of the microplate. Different con-
centrations of the target IV/A are added to the anti-HA Ab
immobilized wells (Scheme 1b). Furthermore, anti-HA Ab-con-
jugated TMB-NPs@PLGA are added to the wells allowing the
formation of an immunocomplex sandwich structure. Anti-HA
Ab-conjugated TMB-NPs@PLGA and anti-HA Ab formed a
sandwich-like structure with IV/A as depicted in Scheme 1c.
After incubation, the wells are washed with PBS to remove
the excess reagents and unbound anti-HA Ab-conjugated
TMB-NPs@PLGA. After that, the successfully separated
TMB-NPs@PLGA sandwich nanoconjugates in the wells were
treated with DMSO to dissolve the PLGA membrane and
release the encapsulated TMB-NPs (Scheme 1d). The dissol-
ving of the TMB-NPs@PLGA represents the first step of releas-
ing the signal molecules in the system.

Additionally, the released TMB-NPs are also dissolved by
the DMSO solution, acquiring highly concentrated TMB in the
solution (Scheme 1e), marking the second step of presenting
the signal molecules in the system. The mixture of self-
assembled CuNFs as peroxidase-mimicking nanomaterials
and H,0, solution are added to the wells for facilitating
the catalytic oxidation of released TMB (Scheme 1f), exhibiting
the color signals as proportional to quantification of the
captured virus. In the absence of the target virus, the immuno-
complex sandwich structure between TMB-NPs@PLGA and
the bounded virus will not form. Without the TMB-NPs@PLGA
in the system, there is an absence of TMB to be oxidized by
the CuNFs and H,0, mixture for generating a colorimetric
signal.

Characterization of the TMB-NPs, TMB-NPs@PLGA, and self-
assembled CuNFs

The molecular self-assembly technique for nanoparticle prepa-
ration has evolved as a promising strategy to integrate different
components for synthesizing desired hybrid nanomaterials
spontaneously. The synthesis of TMB-NPs encapsulated within
TMB-NPs@PLGA involves two steps, as illustrated in Fig. 1a
and b: (a) synthesis of TMB-NPs and (b) encapsulation of the
synthesized TMB-NPs inside PLGA nanovesicles. The prepa-
ration commences with the self-assembly of TMB molecules
using BSA as a template®® with excellent dispersibility. The
TEM image of the synthesized TMB-NPs is shown in Fig. 1c.
The synthesized TMB-NPs are roughly circular with an average
diameter of about 50 nm (Fig. 1d), showing electron density of
TMB within the BSA aggregation. The TMB-NP encapsulated
PLGA nanovesicles (TMB-NPs@PLGA) are synthesized using a
modified double emulsion solvent diffusion method. The for-
mation of TMB-NPS@PLGA is verified using TEM (Fig. 1e and
f). TMB-NPs@PLGA is present in the form of collective
TMB-NPs clustering together with a diameter of around
200 nm. The TEM image confirms the encapsulation of
TMB-NPs in the PLGA nanovesicle (Fig. 1f), which clearly
shows TMB-NPs agglomerate as the TMB-NPs are incorporated
inside the PLGA nanovesicles with no sign of aggregation.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 The morphology characterization of TMB-NPs and TMB-NPs@PLGA. (a) and (b) show the schematic illustration of TMB-NPs and
TMB-NPs@PLGA formation. (c), (d) and (e), (f) show TEM images of TMB-NPs and TMB-NPs@PLGA respectively; (g) shows the solution visualization
of TMB solution, BSA solution, TMB-NPs, and TMB-NPs@PLGA; (h) and (i) show the SEM and TEM images of CuNFs.

Fig. 1g shows the digital photographs of TMB derived bioma-
terial dispersibility. TMB molecules were dissolved in an
aqueous solution resulting in a light yellowish-white
precipitate.

In contrast, TMB and BSA can be completely dissolved in
DMSO and PBS, respectively, forming a clear solution.
Accordingly, the self-assembled TMB-NPs are uniformly dis-
persed in PBS, attributing to the better aqueous dispersibility
obtained from BSA’s intrinsic hydrophilic property.
TMB-NPs@PLGA are also found to maintain their uniform dis-
persibility in PBS similar to TMB-NPs due to free carboxyl
groups from the lactic acid of PLGA on the surface of
TMB-NPs@PLGA.

Inspired by the unique features of protein-inorganic hybrid
nanoflowers through self-assembly, BSA-Cu;(PO,),-3H,0
hybrid nanoflowers (CuNFs) were prepared. The SEM image in
Fig. 1h shows the flower-like structures of CuNFs with an
average size of 400-500 nm, having hierarchical structures
with high surface-to-volume ratios. The TEM image of CuNFs
(Fig. 1i) clearly shows the uniformly dispersed CuNFs attribu-
ted to the loaded hydrophilic BSA molecules. To confirm the
structural properties of the CuNFs, XRD analysis was further
performed. The XRD patterns of CuNFs (Fig. S2 of ESI}) are in
good agreement with the JCPDS card (00-022-0548)*”*% indicat-
ing that CuNF crystals are composed  of
Cu;(PO,),:3H,0 crystals.

mainly

This journal is © The Royal Society of Chemistry 2021

Catalytic activity of self-assembled CuNFs

TMB-NPs were successfully encapsulated inside the PLGA
nanovesicles. With regard to utilization in immunoassay
sensing, these encapsulated TMB-NPs need to be released to
exhibit the detection signal required for virus detection.
Fig. 2a shows the schematic illustration of the release of
TMB-NPs in the presence of water or DMSO. These released
TMB-NPs are incubated with H,0, and CuNFs. As shown in
Fig. 2b and c, there is no occurrence of the developed color in
the absence of the H,0, as the co-substrate, CuNFs as the
nanozyme, or DMSO as the releasing agent. The blue color
changes to yellow after adding the acid solution to stop the
TMB oxidation reaction (Fig. 2c). The absorbance of the devel-
oped color is shown in Fig. 2d, indicating a single peak in the
presence of all components of the assay and the stability
of TMB as signal molecules in the encapsulation and
dissolving-and-releasing process. Also, the TMB-NPs and
TMB-NPs@PLGA are assayed before and after the addition of
DMSO. The digital photograph illustrates the difference of
TMB-NPs with and without nanoencapsulation of PLGA. It
shows a well-dispersed partially transparent solution to
TMB-NPs@PLGA in the absence of DMSO (Fig. 2e). Opposite
to its counterpart, TMB-NPs without the PLGA nanovesicle
develop a slightly yellowish color with a partially white cloudy
solution in the presence of H,0,/CuNFs under acidic con-
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Fig. 2 (a) The schematic illustration of DMSO as the releasing agent for the dissolution of TMB-NPs@PLGA; (b) and (c) demonstrate the color
change of TMB-NPs@PLGA in the presence of DMSO, H,0,, and CuNFs before and after acid addition, respectively. (1) TMB-NPs@PLGA, (2)
TMB-NPs@PLGA + CuNFs, (3) TMB-NPs@PLGA + CuNFs + H,0O,, (4) TMB-NPs@PLGA + CuNFs + DMSO, and (5) TMB-NPs@PLGA + DMSO + CuNFs
+ H;0,. (d) The corresponding absorbance spectrum shown in illustration (c) of the catalytic oxidation of TMB-NPs@PLGA; (e) shows the color
change of TMB-NPs (i, iii) and TMB-NPs@PLGA (ii, iv) in H,O (i, ii) and DMSO (iii, iv); and (f) and (g) show the Michelin-Menten plot of steady-state
kinetics of CuNFs toward H,O, and TMB, respectively (The inset shows the linearity of the LB plot).

ditions. These show desirable spatial protection on the
TMB-NPs by the PLGA nanovesicle, isolating the TMB-NPs
from external stimuli. In DMSO’s presence, the higher catalytic
oxidation of TMB is observed on both TMB-NPs and
TMB-NPs@PLGA, pointing out the dissolving-and-release
mechanism of TMB-NPS@PLGA. DMSO dissolves the nano-
vesicles and follows up with the dissolution of TMB-NPs,
releasing the TMB molecules to the H,O,/CuNF solution.

The apparent steady-state kinetic parameters are examined
to determine the catalytic activity of self-assembled CuNFs. By
keeping the concentration of the respective co-substrate con-
stant, the experiments were performed with various concen-
trations of the substrate and a fixed concentration of the co-
substrate. Referring to the typical Michaelis-Menten kinetics,
the Lineweaver-Burk double reciprocal plot is generated. The
reaction velocity as the function of the respective concentration
of the substrate is plotted. It shows excellent linearity indicat-
ing the intrinsic properties of CuNFs as a nanozyme (inset of
Fig. 2f and g). As listed in Table S1,} the K, value (mM) and
maximal velocity (Vn.x) of CuNFs for both substrates were
determined based on the Michelin-Menten graph. The K,
values of CuNFs and HRP to TMB are 0.07 mM and 0.43 mM,
respectively. This shows that CuNFs exhibit a lower K, value
than horseradish peroxidase (HRP), indicating a higher affinity
of the nanozyme to the TMB substrate. Besides, the vy, of
CuNFs is 0.12 pM s~ for TMB and 0.02 pM s~ ' for H,0,. The

392 | Nanoscale, 2021, 13, 388-396

CuNFs possess a high surface area and essential electrostatic
interaction to the favorable TMB substrate and H,0,, which
allow a considerably sufficient peroxidase-like activity fulfilling
the prerequisite to develop sensitive nanozyme-based colori-
metric immunoassay.

Furthermore, the catalytic activity of CuNFs with the
optimum concentration at 50 pg mL™" (Fig. Sict) is compar-
able to copper (Cu) ions for the beneficial utilization in virus
detection in the presence of 0.5 M H,0, (Fig. S1df). Based on
the initial concentration of the CuNFs precursor, 10 mM Cu
ions are assayed against the catalytic properties of the CuNFs
in the influenza virus detection. Using Cu ions only, the signal
is compared to catalytic CuNFs (Fig. 3a) at a low concentration
of the influenza virus. At the nanogram level of the influenza
virus, the signal by Cu ions is generated down to 50% com-
pared to the CuNFs. The advantage of utilizing the nanozyme
implicates the crystalline structure of the copper-phosphate
and the catalytic properties of the nanoflower for a better
signal generation with a lower baseline signal.

Optimization of TMB-NPs encapsulation in TMB-NPs@PLGA

In this work, the significant points for the signal amplification
strategy for immunoassay purposes are the maximal encapsu-
lation of TMB-NPs inside the PLGA nanovesicles and the reac-
tion time required to develop the color change. Firstly, the
loading amount of TMB-NPs is optimized to achieve maximal

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 (a) Comparison of the catalytic activity of CuNFs and Cu ions in
the H,O,/TMB system for various concentrations of 1V; the optimization
of the TMB-NPs@PLGA corresponding to the encapsulation amounts of
TMB-NPs in PLGA nanovesicles (b) and the incubation time for the
change in absorbance intensity of the TMB-NP, CuNF, and H,O, mixture
(c); (d) comparison of IV/A detection using TMB-NPs@PLGA and
TMB-NPs. Ap and A indicate the absorbance before and after the
addition of DMSO, respectively. The error bars indicate the SD of the
triple measurement.

encapsulation inside the PLGA nanovesicles. The as-prepared
TMB-NP solutions of 25, 50, 75, and 100 mg mL™" are used for
the PLGA encapsulation with 0 mg mL™" representing empty
PLGA nanovesicles. As shown in Fig. 3b, it is evident that the
absorbance signal continuously increased along with the
increasing concentrations of TMB-NPs, attributing to the
increase of the TMB-NP concentration in the presence of
CuNFs and H,0,. To optimize the encapsulated number of
TMB-NPs in the PLGA nanovesicles, the assay is performed
using various concentrations of TMB-NPs encapsulated in
PLGA nanovesicles with and without DMSO. It can be seen
that there is no signal amplification with and without the
addition of DMSO in empty PLGA nanovesicles, showing the
TMB signal solely in the form of TMB-NPs. Comparing the
signal generated before and after the DMSO addition, 75 mg
mL™" is determined as the optimal loading concentration in
the PLGA nanovesicles.

Furthermore, based on the absorbance value, the corres-
ponding TMB molecules’ concentration is calculated corres-
ponding to its molar absorption coefficient. The catalytic oxi-
dized TMB molecules’ concentration is estimated at 43.1 mg
mL~", which indicates that the loading capacity of the PLGA
nanovesicle is up to 53.4%. The change of absorbance upon
the release of TMB-NPs from PLGA nanovesicles synthesized
using 100 mg mL™" is relatively similar to 75 mg mL™". The
difference in absorbance intensity before and after the release
of TMB-NPs upon the addition of DMSO expressed in the
change of absorbance is highly desirable for obtaining sensi-
tive and reliable detection. Therefore, TMB-NPs@PLGA nano-
vesicles, which are synthesized using 75 mg mL™" of TMB-NPs
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solution, were used to prepare TMB-NPs@PLGA in further
experiments.

Fig. 3c shows the incubation time as the function of the
absorbance change in the mixture of TMB-NPs@PLGA and
CuNFs/H,0, with and without DMSO. Before the optimization,
the TMB-NPs@PLGA was reacted with only H,0,. Low absor-
bance was shown due to no involvement of the catalytic reac-
tion by CuNFs and grounding the need for CuNFs as a nano-
zyme. Although there is an increase in the absorbance
response compared to the only H,0O,, a slight change of absor-
bance is observed in TMB-NPs@PLGA incubated with CuNFs/
H,0,.

In contrast, the absorbance noticeably and gradually increases
after DMSO addition and incubation of TMB-NPs@PLGA with
CuNF/H,0,. The absorbance increases rapidly from 0 to 100 s
of the incubation time, and the stationary absorbance intensity
is observed after 120 s. There is a provision period to maximize
the signal, mainly based on the equilibrium of the redox reac-
tion between the TMB/H,0, system and CuNFs. After the equi-
librium, the absorbance is constant until 200 s. Therefore, the
reaction time for developing the color is optimized to be 120 s
in the developed colorimetric immunoassay for virus detection.

Analytical performance of the sensing system

To achieve a highly sensitive detection limit, the main point of
importance is the nanoparticle encapsulation-based signal
amplification strategy in this developed colorimetric immuno-
assay. First, to underline the advantage of the encapsulation of
TMB-NPs inside the PLGA nanovesicles in amplifying the
signal, the bare TMB-NPs, which are self-assembled with anti-
HA Ab and BSA, are used instead of TMB-NPs@PLGA for
detecting IV/A. Hypothetically, the TMB-NP can demonstrate a
color signal for IV/A detection similar to the TMB-NPs@PLGA.
Based on the antigen-antibody interaction, a sole immuno-
complex can only be abutted with a single TMB-NP. In con-
trast, the encapsulation of TMB helps in localization of the
signal substrate and enriches the signal generation for individ-
ual antibody-antigen binding. The IV detection immunoassay
using bare TMB-NPs and TMB-NPs@PLGA is shown in Fig. 3d.
Interpreting the difference in the absorbance signal, utilizing
the TMB-NPs@PLGA improved 100-fold higher detection sensi-
tivity compared to only TMB-NPs. The encapsulation of the
TMB-NPs localizes a higher concentration of TMB molecules
even at a low concentration of the virus up to 3.5-fold of loca-
lized concentration of the colorimetric signal.

Besides the encapsulation of the signal molecules, in juxta-
position to our previous work'"*® using electrostatic inter-
action as the conjugation force, the antibodies’ chemical con-
jugation on the nanovesicles upholds the increase of the anti-
body-antigen by preventing the random confirmation on the
antibodies. Moreover, the PLGA nanovesicles provide the con-
jugation site; instead of the TMB-NPs, the reactivity and mor-
phology of the NPs are well-preserved within the PLGA nano-
vesicles. Lastly, TMB molecules’ encapsulation instead of the
nanozyme like noble metals or metal oxides nanoparticles'>"®
shows more effective signal generation. The catalytic oxidation
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Fig. 4 (a) The calibration line for the detection of IV/A/HIN1 by TMB-NPs@PLGA based colorimetric detection in the PBS system; (b) the selectivity
test in the presence of interferences. The calibration curve obtained using the clinically isolated IV/A/H3N2 (c) and recombinant spike protein of
SARS-CoV-2 (d). Ap indicates the absorbance of a blank sample. The error bars represent the standard deviation of the three measurements.

of the TMB molecules as the determining factor is reflected in
the low value of the K,, of the CuNFs. In relation to the low
detection limit, the collective TMB molecules’ reactiveness in
the form of NPs within the PLGA nanovesicles is essential for
amplifying the signal in the immunoassay format.

Adopting a typical immunosorbent assay, the colorimetric
immunoassay is applied to increasing concentrations of IV/
A/H1N1. The corresponding result of blue color shows a gradi-
ent pattern from low to intense blue color and changed pro-
portionally to yellow color after the reaction is stopped. The
measured absorbance at 450 nm (with 650 nm as the reference
absorbance) increased as the function of the concentration of
IV/A/HIN1 (Fig. 4a). The calibration line with a correlation
coefficient (R*) of 0.983 was obtained with satisfactory linearity
from 101-106 fg mL™". Also, the limit of detection (LOD) is
32.37 fg mL™', which is determined based on the equation
3.30 — ¢/S,%° in which ¢, S and ¢ represent the y-intercept and
the gradient slope of the calibration line and the standard
deviation of the blank signal, respectively. The low LOD can be
attributed to two contributing factors: the presence of opti-
mized nanozyme concentration and highly localized TMB
molecules in low antibody-antigen conjugation, inclining the
increase in the slope of the detection and generating a signal
in the low quantity of immuno-conjugation.

To establish a reliable and practical immunoassay, a
dilution series of concentrations of IV/A/H1N1 is spiked in the

394 | Nanoscale, 2021, 13, 388-396

biological human serum matrix. The developed colorimetric
immunoassay shows a linear increase of absorbance to the
function of the introduced virus in the medium. Fig. S3 in the
ESIt shows the calibration line for IV/A/HIN1 detection using
10% human serum as a detection medium. The gradient of
the calibration line is slightly flat shifted than the linear cali-
bration from the IV detection in buffer solution up to 15%.
However, the responsive linearity of the IV detection confirmed
the applicability of the developed colorimetric immunoassay
in a sophisticated serum matrix. Prompt to the matrix effect,
the slope of the calibration curve is flattened, resulting in an
increase of the LOD value to 54.97 fg mL™", which is compar-
able to previously reported studies for real applications
(Table s271).'7*

Specificity of the TMB-NPs@PLGA-based immunoassay

The selectivity of the developed TMB-NPs@PLGA based colori-
metric immunoassay for IV/A/HIN1 detection is evaluated.
The dsDNA virus WSSV, the recombinant expressed NoV-LPs
and HEV-LPs, and the RNA virus, Zika virus, and NoV are
assayed as interferences (negative analytes) to examine the
anti-interference effect and the selectivity of the developed
TMB-NPs@PLGA-based immunoassay, which is collated to the
response of IV/A/HIN1. Fig. 4b shows the change in absor-
bance intensity of the developed immunoassay to the mixture
of negative analytes and IV/A/HIN1. The intense color devel-
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oped in the presence of IV/A/HIN1 in the samples, but not in
the negative samples containing interferences only. The inter-
fering viruses are unrecognizable by the capturing antibodies
and anti-HA antibodies on the conjugated TMB-NPsS@PLGA,
which are specific to IV/A. As a result, after washing, there is
no TMB-NPs@PLGA in the reaction chamber, resulting in no
TMB molecules even after the addition of DMSO, the only
small increase in the absorbance intensity in the detection of
the negative samples justified the superior specificity of
TMB-NPs@PLGA-based colorimetric immunoassay towards IV/
A detection.

Detection of clinical-isolated IV/A/H3N2 and S-protein of
SARS-CoV-2

To demonstrate the practicability of the TMB-NPs@PLGA-
based colorimetric immunoassay, clinically isolated samples
containing IV/A/H3N2 are applied to the developed immuno-
assay (Fig. 4c). The absorbance intensity increased continu-
ously proportionally to the increasing concentration of IV/
A/H3N2 from 101-104 pfu mL™", developing the proportional
gradient of color (Fig. S41). The detection of the IV/A/H3N2
shows the R* value of 0.985 with the LOD of 17 pfu mL™". The
developed immunoassay using the TMB-NPs@PLGA nano-
vesicles proffers a higher sensitivity than the available com-
mercial IV detection kit (Quicknavi-Flu 2, Denka Seiken Co.,
Ltd, Tokyo, Japan) and the conventional ELISA using HRP and
gold nanoparticles (Table $3t).*'?* These results strongly
demonstrate that our TMB-NPs@PLGA-based immunoassay
possesses a strong anti-interference ability and is highly sensi-
tive for practical use.

In response to the recent outbreak of Covid-19, the
TMB-NPs@PLGA-based immunoassay was applied to detect
the spike protein of SARS-CoV-2. The spike protein is used as
the antigen to demonstrate direct coronavirus detection target-
ing the surface protein. As shown in Fig. 4d, the wide linearity
from the picogram to nanogram level is achieved with an excel-
lent linear response depending on the concentration of the
spike protein. The LOD is calculated down to 143 fg mL™" with
the R? value of 0.992, in which the femtogram level detection
of the spike protein of SARS-CoV-2 agrees to other biosensors
with higher complexity fabrication and analysis.*> >’

Conclusions

In this study, we have prepared TMB-NP-encapsulated PLGA
nanovesicles using self-assembly and the nano-co-precipitation
process. The TMB-NPs@PLGA nanovesicles serve as a signal
amplification source for the highly selective and sensitive
detection of the IV/A. Self-assembly of TMB-NPs@PLGA inte-
grated the dispersity of hydrophobic molecules by BSA and
polymeric encapsulation. The bound TMB-NPs@PLGA recog-
nizing the captured virus could be dissolved with DMSO,
releasing encapsulated TMB-NPs. Our results further success-
fully demonstrated the simultaneous dissolving of the PLGA
nanovesicles and TMB-NPs, enriching the signal molecules in
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low antibody-antigen sandwich structure nanoconjugates.
Released TMB-NPs produced an amplified colorimetric signal
upon oxidation by self-assembled CuNFs in the presence
of H,0,. The developed immunoassay utilizing the
TMB-NPs@PLGA nanovesicles and CuNF nanozyme demon-
strates the detection of the IV/A using the colorimetric signal
readout in a linear response from the 10 fg level to 10 ng level
with the LOD of 32 fg mL™" and a linear range of 101 to 104
pfu mL™" of clinically isolated IV/A/H3N2 with a LOD of 17 pfu
mL ™", Furthermore, concentrated signal molecule nanovesicles
in the immunoassay are adopted to target the spike protein of
SARS-CoV-2, which shows femtogram level detection. The pro-
posed immunoassay provides a reliable and easy-to-be-adapted
ultrasensitive diagnostic platform to detect various respiratory-
infecting viruses.
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