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Graphical abstract 

 

 

Highlights: 

 Magnetic/plasmonic-assisted fluoro-immunoassay system is developed for 

virus detection. 

 Magnetic-derivatized plasmonic molybdenum trioxide quantum dots (MP-

MoO3 QDs) is the plasmonic/magnetic agent. 

  Fluorescent graphitic carbon nitride quantum dots (gCNQDs) Is the 

monitoring probe. 

 Vrus was formed a nano-sandwich between the antibody-conjugated 

nanomaterials (Ab-MP-MoO3 QDs and Ab-gCNQDs. 

 This interaction resulted in the modulation and gradual enhancement of the 

photoluminescence intensity. 
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ABSTRACT 

 

A novel magnetic/plasmonic-assisted fluoro-immunoassay system is developed for 

the detection of influenza virus using magnetic-derivatized plasmonic 

molybdenum trioxide quantum dots (MP-MoO3 QDs) as the plasmonic/magnetic 

agent and fluorescent graphitic carbon nitride quantum dots (gCNQDs) as the 

monitoring probe. Specific antibody against influenza A virus was conjugated onto 

the surface of MP-MoO3 QDs and gCNQDs, respectively. In the presence of 

influenza A virus (as the test virus), a core-satellite immunocomplex is formed 

between the antibody-conjugated nanomaterials (Ab-MP-MoO3 QDs and Ab-

gCNQDs) and their interaction resulted in the modulation and gradual 

enhancement of the fluorescence intensity of the detection probe with the 

influenza virus concentration-dependent increase. In addition, PL change without 

influenza A virus was not observed. Limits of detection of 0.25 and 0.9 pg/mL 

were achieved for Influenza virus A/New Caledonia (20/99/IVR/116) (H1N1) 

detection in deionized water and human serum, respectively. Clinically isolated 

influenza virus A/Yokohama (110/2009) (H3N2) was detected in the range of 45 

– 25,000 PFU/mL, with a limit of detection ca 45 PFU/mL (as opposed to a 

minimum of 5000 PFU/mL for a commercial test kit). This developed biosensor 

provides a robust, sensitive as well as a selective platform for influenza virus 

detection. Keywords:  Graphitic carbon nitride QDs; Magnetoplasmonic 

molybdenum trioxide QDs; Influenza virus; Fluoroimmunosensing; Localized 

surface plasmonic resonance. 
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1. Introduction 

The recent outbreak of a novel coronavirus disease (COVID-19) and its potential 

for adverse effect on the global economy is an example of how quickly new 

infectious diseases can arise and spread [1]. Outbreaks such as this can unexpectedly 

cause demands for clinical knowledge, rapid diagnostic strategies, and 

epidemiological studies before a pandemic occurs. The rapid and ultrasensitive 

detection of infectious diseases is critical for the prevention and/or control of 

outbreaks. Therefore, it is crucial to continually deploy innovative materials to 

further develop the practical applications of biosensing systems capable of 

detecting biomolecules (DNAs, RNAs, proteins and virus particles) and of 

diagnozing other potentially harmful infectious diseases. 

The deployment of carbon-based quantum dots as optical probes has 

received a tremendous boost due to their excellent optical properties, 

biocompatibility and low cost of preparation [2–7]. As carbon-based 

nanomaterials, graphitic carbon nitrides QDs (gCNQDs) possess excellent optical 

properties comparable to traditional heavy metal-based QDs, and are not as toxic. 

So, they are becoming competitive materials in nanosensors development [8–11]. 

The presence of graphitic nitride-N-atoms introduces a different kind of “surface 

state” which impacts some semiconductor-like properties [12–14]. This feature has 

attractively bestowed an edge on gCNQDs and their derivatives for utilization in 

optical and electrochemical-based sensing [15, 16]. For instance, a robust photo-
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electrochemical immunosensor was designed by Sun et al. for the sensitive 

detection of avian viruses using hybrid of gold nanoparticles (AuNPs) and gCNQDs 

coupled to CdTe QDs [10]. Wang et al. reported a photo-electrochemical platform 

for methylated RNA detection using gCNQDs/CdS hybrid [17]. Pang et al. 

reported the fabrication of pcDNA3-HBV nanobiosensor using gCNQDs-sensitized 

TiO2 nanopillars [9]. Interestingly, the tailored surface modification of gCNQDs 

has been achieved with moieties that acted as receptors to capture and detect 

target analytes. In our previous work, the surface of gCNQDs was functionalized 

with 2, 2, 6, 6-tetramethyl (piperidin-1-yl) oxyl (TEMPO) to detect ascorbic acid 

in the presence of zinc phthalocyanine [2]. Furthermore, biomolecules including 

thymine and tannic acid have been grafted onto the surface gCNQDs for the 

purpose of deriving Hg
2+

, Cu
2+

 and ascorbic acid responsive nanosensors, 

respectively [18, 19]. 

On the other hand, novel materials which can serve as viable alternatives 

to Au and Ag are desired and are a hotspot for research [20, 21]. This is due in 

large part to the high cost of preparation and/or procurement of noble metals 

nanoparticles (NPs). As a result, a new low-cost, easy-to-prepare and non-toxic 

molybdenum trioxide QDs (MoO3 QDs) with excellent plasmonic properties are 

gaining traction [21–28]. MoO3 QDs are few-crystalline-structured nanoparticles 

with single-layered morphology and oxygen vacancies. Hence, they exhibit a 

semiconductor-based tunable localized surface plasmonic resonance (LSPR), 

comparable to noble metals NPs, both in the visible and near-infrared (NIR) 

regions [27, 28].
 
To demonstrate that the inherent tunable LSPR of MoO3 QDs 
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can be harnessed for opto-electrical sensing, MoO3 QDs was adopted as a substrate 

for the surface enhanced Raman spectroscopy (SERS) detection of bovine serum 

albumin (BSA) and methylene blue (MB), respectively. The Raman signals of the 

probe molecule (Rhodamine 6G) and MB were strongly amplified due to the 

interfacial charge transfer effect between the substrates and probe molecule. The 

intense LSPR absorption of MoO3 QDs in the near infrared (NIR) region was 

deployed in the photothermal ablation of cancer, glucose detection in the 

fluorescence (FL)-based detection of 2, 4, 6-trinitrotoluene (TNT) [23, 25]. 

Plasmonic nanostructures are known to influence the fluorescence (FL) 

properties of QDs via plasmon-induced energy transfer [29, 30]. Optical 

biosensing platforms have been designed based on this kind of interaction [31, 35]. 

For the first time, we have synthesized novel, water-soluble magnetoplasmonic 

MoO3 QDs and examined their potential as a plasmonic material in the presence 

of gCNQDs for ultrasensitive FL signal enhancement-based assay to detect 

extremely low concentrations of influenza virus A (H1N1) and (H3N2) RNAs. The 

use of gCNQDs/MP-MoO3 QDs as a novel and interesting combination of 

functional materials for optical biosensing was inspired by the high FL of gCNQDs, 

the strong plasmonic effect of MP-MoO3 QDs, their intrinsic non-toxicity and the 

desire to fabricate low-cost biosensing systems. As a result, a simple and sensitive 

fluoroimmunoassay of influenza virus was developed using hybrid combination of 

gCNQDs and MP-MoO3 QDs. The detection principle was based on the antigen-

antibody interaction achieved between the immunocomplex of antibody-

conjugated gCNQDs and MP-MoO3 QDs, respectively. The detection protocol 
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maintained a magnetic separation and purification of the target influenza virus 

from complex matrices and impurities owing to the magnetic functionality of the 

MoO3 QDs which was another extremely useful feature apart from plasmonic 

effects. This was intended to optimize the FL signal enhancement of the probe 

QDs. This step, as expected, resulted in a signal enhancement and sensitivity of the 

established immunoassay. The target influenza virus was separated easily by an 

external magnet field allowing an ultrasensitive detection of influenza virus A 

(H1N1) and clinically isolated influenza virus A (H3N2) RNA, respectively. The 

biosensing system has been developed to provide a robust performance, as well 

as high selectivity and ultrasensitivity for influenza virus detection when compared 

to a commercially available rapid influenza diagnostic test (RIDT) kits. 

 

2. Materials and methods 

2.1. Materials  

Melamine, glutaraldehyde, citric acid (CA), dimethyl formamide (DMF), iron (II) 

chloride, iron (III) chloride, bovine serum albumin (BSA), N-hydroxysuccinimide 

(NHS), and N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 

(EDC) were purchased from Sigma-Aldrich (St Louis, USA). Polyvinylpyrrolidone 

(PVP), ammonium molybdate tetra-hydrate were supplied by Wako Pure 

Chemicals Ind. (Osaka, Japan). 
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Anti-human influenza A (H1N1) monoclonal antibody (clone C179), anti-

human influenza A (H3N2) monoclonal antibody (Clone F49) and anti-human 

influenza A (H1, H2, H3) monoclonal antibody (Clone C111) which is positive for 

both influenza viruses H1N1 and H3N2 was purchased from Takara Bio. Inc, 

(Kusatsu, Shiga, Japan). Influenza virus A/New Caledonia (20/99/IVR/116) (H1N1) 

was purchased from ProSpec-Tany TechnoGene Ltd. (Rehovot, Israel). Clinically 

isolated influenza virus A/Yokohama/110/2009 (H3N2) was kindly provided by 

Dr. C. Kawakami of Yokohama City Institute of Health, Japan. Goat anti-rabbit 

IgG-HRP were purchased from Santa Cruz Biotechnology (Dallas, Texas, USA). 

Commercial RIDT kit - QuikNavi Flu 2 was purchased from Denka -Seiken Co. Ltd. 

(Tokyo, Japan). Zika virus was kindly provided by Prof. K. Morita of Institute of 

Tropical Medicine, Nagasaki University. Noro virus-like particles (NoV-LPs) were 

prepared in our lab according to previously reported protocol [36]. HEV-LPs were 

prepared according to Li et al. [37]. All experiments were carried out using high 

purity deionized (DI) water (>18 MΩ·cm). 

 

2.2. Equipment 

Ground state electronic absorption (UV/Vis), fluorescence excitation and emission 

spectra were recorded on a filter-based multimode microplate reader (Infinite 

F200 M; TECAN, Ltd, Männedorf, Switzerland). Images of transmission electron 

microscope (TEM) and scanning electron micrograph (SEM) were obtained using 

JEM-2100F (JEOL, Ltd., Tokyo, Japan) operating at 100 kV and 200 kV, 
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respectively. The morphological and structural characteristics of gCNQDs were 

also obtained using a high resolution transmission electron microscope (HRTEM) 

coupled with a JEOL 2010 TEM operating at an accelerating electrical potential of 

200 kV. 

Atomic force microscopy (AFM) measurement in tapping mode was carried 

out with MFP-3D Origin supplied by Asylum research (Oxford instruments 

company, USA). AFM analysis was done by drop casting and room temperature 

drying of the samples solutions on a freshly cleaved mica surface. Dynamic light 

scattering (DLS) and zeta potential experiments were done on a Malvern Zetasizer 

nanoseries, Nano-ZS90 (Malvern Inst. Ltd., Malvern, UK). Powder X-ray 

diffraction (PXRD) analysis was carried out using a RINT ULTIMA XRD (Rigaku 

Co., Tokyo, Japan) with αNi filter and a Cu-Kα source. Data were collected over 

2θ = 30 – 90° at a scan rate of 0.01°/step and 10 s/point. Fourier transform infrared 

spectroscopy was performed using FT/IR-6300 with ATR PRO610P-S (JASCO, 

Tokyo, Japan). Raman spectroscopic measurements were carried out using NRS-

7100 Raman Spectrometer with f500 spectrograph (JASCO, Tokyo, Japan). 

Conjugation of the antibody to the respective QDs and nanoparticles was 

confirmed by enzyme-linked immunosorbent assay (ELISA) using a microplate 

(Model 680; Bio-Rad, Hercules, USA). 

 

2.3. Synthesis of graphitic carbon nitride QDs (gCNQDs) 
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Melamine was used to synthesize graphitic carbon nitride nanosheets (gCNNs) 

according to reported procedures [38]. Graphitic carbon nitride QDs (gCNQDs) 

were prepared by the solvothermal treatment of the graphitic nanosheets (gCNNs) 

according to previously reported method with modifications [18]. Briefly, gCNNs 

(0.1 g) and citric acid (0.2 g) were dissolved in 10 mL of DMF, stirred for 5 min 

and sonicated for 20 min to obtain homogenous suspension. The suspension was 

transferred and sealed in a 50 mL Teflon-lined stainless steel autoclave and heated 

at 160°C for 12 h. The autoclave was allowed to cool to room temperature 

naturally. The obtained product was filtered through a 0.22 m microporous filter 

membrane and then dialyzed (using a membrane of MWCO 1.5 kDA) for 48 h to 

obtain pure gCNQDs solution. The solution was further freeze dried to obtained 

solid product. 

 

2.4. Synthesis of magnetoplasmonic molybdenum trioxide QDs (MP-MoO3 QDs)  

Pristine MoO3 QDs was prepared by a room temperature ultraviolent (UV) 

irradiation method according to reported procedure [28]. The novel magnetic-

derivatized MP-MoO3 QDs were synthesized under hydrothermal conditions. In a 

typical experiment, 0.15 g (0.12 mmol) of ammonium molybdate tetrahydrate was 

dissolved in 20 mL mixture of deionized water and HCl (9:1). Then 0.1 g of PVP 

was added to the mixture and stirred vigorously. After 5 min, 1 mmol of FeCl2 was 

added and the mixture was subsequently irradiated under a 365 nm UV light with 

constant stirring. A dark blue product of MoO3 QDs was formed after 30 min and 
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was left for a total of 1 h. The product was centrifuged to remove unreacted/excess 

PVP and dialyzed using a 2.0 kDA dialysis tubing membrane. Next, 5 mmol of 

FeCl3 was added to 10 mL of the obtained product and transferred to a Teflon-

line stainless steel autoclave and heated at 160°C for 4 h. Subsequently, the product 

was washed with ethanol by centrifugation and further purified by magnetic 

separation. To surface functionalize the MP-MoO3 QDs with carboxyl groups, 2 

mL of glutaraldehyde was incubated with 2 mg of MP-MoO3 QDs in ethanol 

stirred for 12 h. The product was purified using magnetic separation. All 

experiments were carried out using ultrapure DI water. 

 

2.5. Conjugation of antibodies to gCNQDs and MP-MoO3 QDs 

Anti-human influenza virus A (H1N1) (Clone C179) or (H1, H2, H3) (Clone C111) 

monoclonal antibody was conjugated to gCNQDs via the well-known EDC/NHS 

covalent chemistry (Scheme 1A). Briefly, 100 L of 0.1 M EDC was added to 2 mL 

of gCNQDs solution to activate the carboxylic groups on their surfaces. The 

solution was stirred at ambient temperature for 30 min. Next, 100 L of 0.1 M 

NHS was added to the mixture and further stirred for ~15 min followed by the 

addition of 5.1 μg/mL of the antibodies in PBS 7.6. The resulting mixtures were 

then stirred for 8 h at 7°C. The Ab-conjugated gCNQDs were purified by 

centrifugation (3000 × g, 5 min) and subsequently dissolved in 2 mL of ultrapure 

water and stored in the refrigerator for further use. Anti-human influenza virus A 

(H1N1) monoclonal antibody (Clone C179) was conjugated to MP-MoO3 QDs 
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following the above described procedures for the detection of influenza virus 

A/New Caledonia/20/99/IVR/116 (H1N1) as shown in Scheme 1B. Anti-human 

influenza virus A (H3N2) monoclonal antibody (Clone F49) was conjugated to 

MP-MoO3 QDs for the detection of the clinically isolated influenza virus 

A/Yokohama/110/2009 (H3N2). The conjugation of antibodies (Ab) to gCNQDs 

and MP-MoO3 QDs, respectively, was confirmed using ELISA. Details have been 

provided in our previous work [33]. 

 

2.6. Immunofluorescence detection of influenza virus (H1N1 or H3N2) 

The respective antibody conjugated gCNQDs and MP-MoO3 QDs were used as 

the detection probe (5% BSA was used for blocking to avoid non-specific binding 

of the antibody-conjugated probes). Next, 50 L of the probe solution was placed 

in a 96-well plate, followed by the incubation of the respective target influenza 

virus (20 L) for 5 min before fluorescence measurements were acquired. After the 

incubation duration, the antibody-antigen complex solutions were excited at 500 

nm, and the fluorescence spectra within the range of 530–800 nm were recorded. 

The detection of influenza virus (H1N1) was carried out in ultrapure water and 

human serum within the concentration range of 1 pg/mL – 100 ng/mL. Clinically 

isolated H3N2 RNA was detected within the range of 45 – 25,000 PFU/mL. All 

detection experiments were done in triplicate. The limits of detection (LODs) were 

evaluated by using 3δ/K0, where δ is the standard deviation of blank measurement 
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(n=12) and K0 is the slope of the generated calibration curves following replicated 

measurements [39]. 

 

3. Results and discussion 

3.1. The design of the biosensing platform 

The oxygen-deficient MoO3 nanostructures, like Au NPs, display intensive LSPR 

absorption in the NIR-I region [27, 28]. The absorption spectra of MoO3 QDs 

strongly overlap with the FL spectra of gCNQDs (Fig. S1 in Supplementary data). 

The beneficial NIR plasmonic absorption of MoO3 QDs was therefore used in 

enhancing the FL signal of gCNQDs via a plasmonic-induced energy transfer 

process resulting from their close proximity in a core-satellite network triggered by 

the “virus-antibody” affinity (Scheme 1C, D and Fig. S2 in Supplementary data). In 

addition, MoO3 QD's magnetic derivatization was extremely useful in the 

purification the antibody-QDs conjugates produced and in the isolation of the 

influenza antigens specifically captured, thus increasing the sensitivity of the 

developed immunoassay. The immobilization of anti-influenza virus antibodies on 

the surfaces of gCNQDs and MP-MoO3 QDs ensured the successful and precise 

binding of the antibody-conjugated materials to influenza virus. The extent to 

which gCNQDs interact with MP-MoO3 QDs to enable the plasmonic-induced 

effect was dependent on influenza virus concentration. When the concentration 

of influenza virus is increased, more plasmonic MP-MoO3 QDs are propelled closer 
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to the fluorescent gCNQDs which triggered the spontaneous enhancement in the 

FL of the gCNQDs.  

 

3.2. Structural/optical characterization of graphitic carbon nitride QDs 

In this work, bulk graphitic carbon nitride nanosheets (gCNNs) were treated under 

solvothermal conditions to prepare highly fluorescent gCNQDs. In order to 

characterize the prepared carbon-based QDs, various techniques ranging from 

materials science to spectroscopy were employed. The transmission electron 

microscopy (TEM) image obtained showed quasi-spherically shaped particles that 

are monodispersed with size distribution between 5 – 9 nm (7.25±0.7 average 

diameter) (Fig. 1A). The HRTEM image shows that the graphitic lattice spacing is 

0.23 nm (Fig. 1A inset), which is a feature of the (002) hexagonal plane of graphitic 

carbon nitrides [4, 8, 11]. The AFM results showed a narrow distribution of the 

graphitic QDs with few layers of planar graphitic sheets having nanoscopic size of 

~5 nm with a height profile of 1.5 nm (Fig. 1B). The powder X-ray diffraction 

(XRD) pattern (Fig. 1C) obtained for the prepared gCNQDs exhibit a broad peak 

at 27.9° which corresponds to the graphitic interplanar 002 d-spacing which is 

known to be exhibited by graphitic QDs [8]. Chemical functional groups were also 

elucidated by carrying out FTIR spectroscopy. In Fig. 1D, the spectra of gCNQDs 

displayed typical vibrations inherently possessed by the precursors (gCNNs/CA). 

An intensely broad absorption was observed at ~3688 – 2792 cm
-1
 which is due 

to the combined stretching vibrations of N-H and O-H (from carboxyl group). The 
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intense bands appearing at 1431, 1316 and 772 cm
−1

 are reminiscent of the 

stretching modes of C–C, C-N and breathing mode of the s-triazine heterocycles 

characteristic of carbon nitrides [4, 8, 11]. The C=O observed at 1625 cm
−1

 

confirms the presence of carboxylic groups. To complement the surface functional 

groups elucidation results obtained from FTIR analysis, zeta potential analysis was 

performed in order to understand the stability of the gCNQDs in solution and 

their surface chemistry. The results obtained show that the zeta potential of the 

gCNQDs was -18.1 mV (Fig. S3A in Supplementary data), which suggests that some 

carboxylic (COOH) functionality are present on the gCNQDs surface. In 

comparison to some reported carbon dots (CDs) and graphene QDs [40], the 

lower negative zeta potential value may indicate the existence of amino (NH2) 

and/or nitride functionality of the s-triazine heterocycles expected to be associated 

with graphitic carbon nitride QDs [41]. The result also shows that the gCNQDs 

may be dispersed in solution to a moderate degree, as zeta potential values >20 

mV are known to result in well-dispersed colloidal solutions due to increased 

interparticle repulsion [40, 41]. 

 

The optical spectroscopy characterization of gCNQDs displayed a typical 

strong ground-level absorption peak at ~542 nm and a broad absorption at < 

500 nm (Fig. 2A). These absorptions are ascribed to the n-π* and π-π* electronic 

transitions of the electron lone pairs of N atoms of s-triazine units [4, 8, 11, 18]. 

Further, the fluorescence properties of the as-synthesized gCNQDs were probed. 
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The FL emission of gCNQDs prepared under solvothermal conditions exhibit 

emission extending into the yellow region with maximum fluorescence intensity 

at 652 nm when excited at 500 nm wavelength (Fig. 2A). Carbon-based QDs with 

similar fluorescence emission extending well into the red region have been 

prepared using solvothermal processes [42, 43]. Another important parameter 

evaluated for the prepared gCNQDs in terms of their suitability to function as an 

optical probe is their fluorescence quantum yield (ΦF). The robustness and 

sensitivity of a given fluorescence-based material as a probe is dictated by 

efficiently high ΦF values. Interestingly, gCNQDs possess ΦF of ~44%; using 

Rhodamine 6G as the reference standard (see Supplementary Information for 

details). It is plausible to infer that the presence of citric acid made the gCNQDs 

water soluble (due to the incorporation of carboxylic group), and also created 

additional defects/trap sites on the QDs surface (new surface states) [44, 45]. This 

probably may have resulted in an easy exciton mobility translating into such a high 

ΦF and red-shifted emission.  

 

3.3. Characterization of magnetoplasmonic MoO3 QDs (MP-MoO3 QDs) 

Novel magnetoplasmonic derivative of molybdenum-based QDs was prepared in 

the presence of FeCl2 and FeCl3 as the magnetic component precursors. FeCl2 was 

firstly reduced in situ by PVP and the subsequent hydrothermal treatment in the 

presence of FeCl3 ensured the surface grafting with magnetic NPs. Thanks to the 
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strong reducing and stabilizing properties of PVP, a dual role was played to achieve 

the facile synthesis of MP-MoO3 QDs hybrid. PVP acted as a surface 

stabilizer/reducing agent for the magnetic NPs formation and initiated a strong 

plasmonic resonance [28, 46]. Hence, the prepared MP-MoO3 QDs manifested an 

excellent aqueous solubility, stability and monodispersity. Optical characterization 

revealed that the UV-vis absorption of the pristine MoO3 QDs and their magnetic 

derivative (MP-MoO3 QDs) displayed LSPR peaks in the NIR with a slight blue 

shift and peak broadening observed for the MP-MoO3 QDs (Fig. 2B). To probe 

the morphology of the MP-MoO3 QDs, transmission electron micrograph (TEM) 

images were acquired for the pristine MoO3 QDs (without magnetic NPs) and MP-

MoO3 QDs, respectively, (Fig. 3A and B). A relatively narrow size distribution with 

near uniform shape was observed for MP-MoO3 QDs with an average size of 13.2 

± 0.5 nm. The pristine MoO3 QDs possess average size of ~5 nm with a quasi-

spherical morphology. Similar to TEM, a size increase was observed in DLS analysis 

for the prepared hybrid. The mean hydrodynamic diameter of the pristine MoO3 

QDs at ~3.2 nm was increased to ~18 nm upon magnetic NPs functionalization 

(Fig. 3C). X-ray diffractogram (XRD) patterns provided an insight into MP-MoO3 

QDs formation when compared with the pattern of the pristine MoO3 QDs. As 

shown in Fig, 3D, pristine MoO3 QDs are endowed with a broad peak within the 

range of 22 – 33°, which shows that they have poor crystallinity [27, 28]. This 

peak has been attributed to the (040) positions of a-MoO3 (JCPDs no. 05-0508) 

[27]. Conversely, the MP-MoO3 QDs hybrid displays the characteristic diffraction 

pattern of MoO3 QDs in 2θ range from 5 
– 30° and that of magnetic constituent 
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at 2θ = 35°, 57° and 63° which corresponds to magnetic NPs marked indices of 

(311), (511) and (440), respectively [47]. Energy dispersive X-ray spectroscopy 

(EDX) was employed to elucidate the elemental compositions of MP-MoO3 QDs. 

The main compositional elements which are Mo and Fe are found as displayed in 

the obtained spectra (Fig. 3E). The characteristic infrared absorptions which have 

been assigned to Mo-O-Mo stretching vibrations in MoO3 QDs were clearly 

observed in the as-synthesized MP-MoO3 QDs in the region within 500 – 885 cm
-

1
. Mo=O stretching vibration was observed at 942 cm

-1
 (Fig. 3F) [27]. Vibrations 

corresponding to the moieties of PVP as the surface stabilizing agent are further 

observed at 3169, 1644 and 1412 cm
-1
 (Fig. 3F). The acquired Raman spectra for 

pristine MoO3 QDs show the absorption typical of the Mo3-O and Mo2-O 

vibrations at 776 and 820 cm
-1
, respectively [27]. Compared to MP-MoO3 QDs, 

similar absorption occurred with the emergence of new peaks (Fig. S4 in 

Supplementary data), possibly due to the surface functionalization with magnetic 

NPs. These results indicate the successful preparation of the novel MP-MoO3 QDs 

nanocomposite. Further, the antibody conjugated MP-MoO3 QDs (Ab- MP-MoO3 

QDs) or Ab-gCNQDs were subjected to DLS analysis in order to determine their 

hydrodynamic sizes. As shown in Fig. S5 in Supplementary data, Ab-gCNQDs show 

an average hydrodynamic size increase from an average size of ~7.5 nm to ~20 

nm (Fig. S5A in Supplementary data). In a similar manner, the size recorded for 

Ab-MP-MoO3 QDs was ~24 nm showing some increase from ~ 13 nm due to the 

antibody conjugation, Fig. S5B in Supplementary data, thus confirming their 

functionalization, respectively.  
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3.4. Magnetoplasmonic-amplified detection of influenza virus (H1N1) 

The virus detection protocol was established by using commercially obtained pure 

influenza virus (H1N1). Human serum medium was used to mimic complex 

biological media so as to demonstrate the applicability of the fabricated probe for 

influenza virus detection in clinical samples. Thus, gCNQDs was deployed as the 

fluorescent signal reporter and MP-MoO3 QDs as the plasmonic and magnetic 

material. MP-MoO3 QDs induced a steady and gradual plasmonic-induced 

enhancement of the FL of gCNQDs in the presence of increasing concentrations of 

influenza virus (H1N1) in water and human serum, respectively (Fig. 4A and B). 

The core-satellite immunocomplex formed between the Ab-gCNQDs and Ab-MP-

MoO3 QDs can be easily isolated with a magnetic field leading to sample 

concentration and an interference-free FL signal modulation. The extent of the 

core-satellite immunocomplexing was directly proportional to influenza virus 

(H1N1) concentration; this in turn led to stronger plasmonic coupling effect as 

more MP-MoO3 QDs are brought closer to the gCNQDs by the antibody-antigen 

binding affinity. Consequently, corresponding linear calibration curves were 

plotted to elucidate the linear dynamic detection range as shown in Fig. 4C. The 

LOD for the detection of influenza virus (H1N1) in ultrapure water is 0.25 pg/mL, 

while the LOD in human serum was evaluated to be 0.9 pg/mL. A comparison of 

the obtained LODs with other detection systems indicated that this developed 

system has a comparable sensitivity (Table 1) [48-53]. Furthermore, by analyzing 

the kinetics of the detection cycle of the time-course change in the FL intensity of 

gCNQDs (Fig. S6 in Supplementary data), it can be observed that the FL 
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enhancement occurred rapidly when the target virus was introduced to the 96 

well-plate reaction chamber that allowed rapid fluorescence detection up to 5 min 

after which no major FL modifications had been observed up to 10 min and above 

after this optimum point. The detection protocol was expedited for influenza virus 

(H1N1) detection in a matter of ~5 min even in clinical samples containing target 

influenza virus. Hence, this developed detection platform could achieve faster 

results for urgent diagnostic measures better than or replace commercial rapid 

diagnostic kits, which requires ~15 – 20 min, and/or (qRT-PCR), which requires 

several hours (4 – 6 h) for detection, such that point-of-care testing could be 

expected if this detection protocol is fully integrated with portable instrumentation 

system. Moreover, it is plausible to point out that this detection platform can be 

tuned appropriately to detect other target viruses.  

3.5. Specific recognition of influenza virus (H1N1) 

To verify the specificity and selective disposition of the developed immunosensor 

towards influenza virus (H1N1) as the target virus, some other viruses such as Zika 

virus, NoV-LPs, HEV-LPs, Dengue were employed to study the potential 

interferences that may be exhibited by monitoring the response of the 

fluoroimmunosensors in the presence of ~ 10 ng/mL other viruses. As shown in 

Fig. 5, the specificity of H1N1 is proved by the marked difference in the induced 

change in the FL intensity of the fluoroimmunosensor signals compared to other 

non-specific viruses which exhibited very negligibly change in signals. It is pertinent 

to state here, that the specificity of the fluoroimmunosensor is mainly dependent 
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on the antibodies involved in the immuno-reactions. The specific affinity of the 

influenza virus to be confined in core-satellite system with the specific Ab-

conjugated nanomaterials resulted in the substantial selectivity of the developed 

biosensor. In addition, to highlight the contributions of gCNQD's surface chemistry 

to the immunoassay specificity and sensitivity, it is appropriate to stress that 

hemagglutinin (HA), a major envelope of influenza A virus glycoprotein is 

composed of HA1 (positively charged), HA2 and signal peptides [54]. 

Nonetheless, the protein-associated amino acids in the influenza A virus may 

exhibit a general charge-neutrality at physiological pH [55]. Therefore, 

electrostatic interaction / repulsion effects are minimized between the influenza A 

virus and gCNQDs (-18.1 mV) or Ab-gCNQDs (-23.5 mV) (Fig. S3 in 

Supplementary data). It can therefore be inferred that the influenza A virus' avidity 

towards the antibody-conjugated gCNQDs / MP-MoO3 QDs resulted in the 

immunoreactions leading to the specific and sensitive virus detection. 

 

 

3.6. Detection of clinically isolated influenza virus (H3N2 RNA) and comparison 

with a commercial test kit.  

In order to boost the analytical figures of merit of our novel detection system, 

clinically isolated influenza virus A/Yokohama/110/2009 (H3N2) was tested using 

the Ab-(H3N2)-conjugated MP-MO3 QDs. The specimen sample containing 

known PFU/mL of influenza virus (H3N2 RNA) was subjected to biosensing 
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detection within the range of 45 – 25,000 PFU/mL, which triggered the FL 

enhancement of the probe (Fig. 6A and B). The LOD was evaluated to be 45 

PFU/mL. The performance of developed fluoroimmunoassay was further 

evaluated against a commercial rapid influenza diagnostic kit (RIDT) – QuikNavi-

Flu 2 (Denka Seiken Co. Ltd, Tokyo, Japan). For the RIDT, the concentration of 

<5000 PFU/mL of the clinically isolated influenza virus A/Yokohama/110/2009 

(H3N2) could not be detected (Fig. S7 in Supplementary data). Whereas our 

developed system is responsive to the virus level up to 45 PFU/mL. This result 

indicates that our sensing strategy is ~100 times as sensitive as the commercial 

RIDT. However, it is pertinent to point that both detection techniques are quite 

different in principle and the development of a rapid diagnostic kit with our 

designed system may significantly improve the sensitive detection of influenza 

virus. 

 

4. Conclusion 

A novel combination of graphitic carbon nitride and molybdenum-based QDs was 

deployed for the fluoroimmunoassay of influenza virus. The sensitivity achieved 

herein for influenza virus detection was 0.25 pg/mL in DI water and 0.9 pg/mL in 

human serum. In a clinical sample, influenza virus A (H3N2) was detected using 

this assay with LOD of 45 PFU/mL within a linear dynamic detection range of 45 

– 25,000 PFU/mL. The assay showed a good sensitivity for the detection of 

influenza virus in samples with complex matrices owing to the magnetic 
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separation/purification protocol of the assay. This work shows that the 

nanoparticles combination can be adopted as potential materials for constructing 

efficient platforms for virus detection. In addition, they are highly competitive and 

low cost alternatives deployable for the plasmonic-induced and optical detection 

of infectious viral biomolecules by using the desired antigen-antibody pair to 

devise a vast pool of biosensors to meet the demand for speedy and responsive 

assessment assays. 
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Table 1. A comparison of some recent reports/results on influenza virus detection 

systems. 

Method of detection 
Target virus LOD Ref. 

Fluorescence fiber-optic biosensor H1N1 13.9 pg/mL 
[48] 

Magnetofluoro-immunoassay H1N1 6.07 pg/mL 
[49] 

Ag-S covalent labelling 
H1N1 0.1 pg/mL [50] 

Electrochemical immunosensor H5N1 2.1 pg/mL [51] 

Metal-enhanced fluoroimmunoassay H1N1 1 ng/mL [52] 

Peroxidase mimic H1N1 10 pg/mL [53] 

Magnetoplasmonic 

fluoroimmunoassay 

H1N1 0.25 pg/mL (DI water ) 

and 0.9 pg/mL (in serum) 

This work 
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Scheme 1. (A) Antibody conjugation to gCNQDs via EDC/NHS chemistry. (B) 

Antibody conjugation to MP-MoO3 QDs via EDC/NHS chemistry. (C) Magnetic 

separation and purification step upon target virus addition (D) Core-satellite 

immunocomplex of gCNQDs and MP-MoO3 QDs in the presence of influenza 

virus. 
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Fig. 1. Characterization results of gCNQDs showing (A) TEM image (inset HR-

TEM). (B) AFM (C) XRD pattern and (D) FTIR spectra. 
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Fig. 2. (A) UV-vis and FL emission of gCNQDs. (B) The UV-vis absorption spectra 

of MoO3 QDs and their magnetic derivative. Solvent: ultrapure water. λex(gCNQDs) 

= 500 nm.  
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Fig. 3. Characterization of MP-MoO3 QDs showing (A) TEM image of pristine 

MoO3 QDs (B) TEM of magnetoplasmonic MoO3 QDs. (C) DLS, (D) XRD 

patterns, (E) EDX and (F) FTIR spectra.   
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Fig. 4. H1N1 detection via enhancement of the FL emission of gCNQDs 

measured in ultrapure water (A) or human serum (B) and their calibration plots 

(C). λex = 500 nm.   
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Fig. 5. The selectivity result of gCNQDs/MP-MoO3 QDs-based 

fluoroimmunosensor for influenza A/H1N1 detection in the presence of 10 ng/mL 

of other virus/VLPs and 10
3
 PFU/mL of H3N2 as negative control. 
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Fig. 6. (A) FL emission spectra of gCNQDs showing the detection of clinically 

isolated influenza virus RNA (H3N2) and (B) the corresponding H3N2 detection 

calibration plot within the linear range. λex = 500 nm. 
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