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Abstract: We report a colorimetric assay to detect influenza A virus using sialyllactose-levan-
conjugated gold nanoparticles (AuNPs). We successfully conjugated 2, 3- and 2, 6-sialyllactose
to levan and synthesized sialyllactose-levan-conjugated AuNPs. Each sialyllactose-conjugated levan
specifically interacted with a recognizable lectin. Synthesized sialyllactose-conjugated levan acted
as reducing and coating agents during the formation of AuNPs. Human influenza A virus specifi-
cally bound to 2, 6-sialyllactose-levan-conjugated AuNPs. Moreover, 2, 6-sialyllactose-conjugated
levan AuNPs rapidly changed color from red to blue after incubation with human influenza virus.
For detecting avian influenza virus, 2, 3-sialyllactose-levan-conjugated AuNPs were more effective
than 2, 6-sialyllactose-levan-conjugated AuNPs. Therefore, the efficient targeting and diagnosis of
influenza virus according to origin was possible. The deployment of sialyllactose-levan-conjugated
particles for the detection of influenza virus is simple and quick. The limit of detection (L.O.D) of
H1N1 influenza virus was 7.4 x 10° pfu using 2, 6-siallylactose-levan-conjugated AuNPs and H5N2
influenza virus was 4.2 x 103 pfu using 2, 3-siallylactose-levan- conjugated AuNPs.
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1. Introduction

Influenza is the most common infectious disease in the world [1]. Specifically, the
HI1N1 virus rapidly and widely spread in 2009, and pandemic forms of influenza A virus
have also appeared all around the world [2]. Influenza virus infects the body by binding
to sialic acid on cells [3,4]. Influenza A viruses have a variety of different hosts, including
humans, swine, and birds. The recognition receptor of hemagglutinin (HA) in influenza
virus varies according to the host of the influenza virus. Human HA specifically binds to
2, 6-sialyllactose, and avian HA binds to 2, 3-sialyllactose [5]. Receptor-specific targeting
is a very useful tool for disease detection and therapy without the side effects induced
via the attack of normal and non-targeted cells and tissues [6,7]. Therefore, well-designed
ligand-conjugated materials are attractive for biomedical applications. The specific recog-
nition of glycopolymers via interaction with lectin and proteins has been widely used
to detect diseases and pathogens. The galactose moiety binds to the asialoglycoprotein
receptor (ASGP-R) on hepatocytes [8], and the mannose moiety interacts with mannose-
binding protein on macrophages [9] and several pathogens. Specifically, carbohydrate
glycopolymers more strongly interact with lectin via a multivalent glycocluster effect than
do monosaccharide moieties [10,11]. In the influenza virus, the sialic acid monosaccharide
is more weakly bound to HA (10> M~!) than the poly and multimultivalent sialic acid
moieties (1013 M~1) [12]. Therefore, multivalent carbohydrate materials have an advantage
in the efficient diagnosis of diseases, including influenza.
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Levan is a high-molecular-weight and amphiphilic biocompatible carbohydrate poly-
mer. Levan has been assembled in aqueous solutions and can form nanoparticles [13].
Molecules can be conjugated with levan multivalently. Moreover, it is suitable as a reduc-
ing agent for the synthesis of inorganic nanopariticles and coating particles to ensure the
stability of the colloids. Because of these advantages, levan has many applications in the
biomedical field [14-17].

In the detection and diagnosis of the influenza virus, polymerase chain reaction (PCR)
methods are used. PCR methods have high sensitivity and specificity, but require expensive
equipment, skilled personnel and they are time consuming (Table S1). Recently, point-
of-care (POC) systems have become attractive for the rapid detection and treatment of
diseases [18-21]. Nanoparticles (NPs) have been widely used for biomedical applications,
such as drug delivery systems and disease diagnosis. Colorimetric assays based on NPs are
suitable for POC systems. A colorimetric assay is very simple and does not usually require
instrumentation [22-24]. Therefore, diseases can be quickly diagnosed, and treatment can
begin promptly. NPs such as gold, silver and magnetite particles have been used for disease
detection [25-29]. Antibody-conjugated gold NPs (AuNPs) have also been reported for the
detection of t influenza virus by a color change [30-32]. However, an antibody-recognizing
system is highly dependent on the epitope type. Therefore, antibody conjugation site and
orientation are important factors for high affinity with antigens and thus offer increased
specificity (Supplementary Table S2).

As mentioned previously, sialic acid-conjugated NPs have been used for the detec-
tion of influenza virus via interaction with the HA [33-35]. Therefore, in this study, we
synthesized sialyllactose-conjugated levan for the efficient multivalent interaction with
the influenza A virus. We also designed sialyllactose-levan-conjugated AuNPs for the
colorimetric detection of influenza virus. In addition, we prepared 2, 6-sialyllactose-levan-
and 2, 3-sialyllactose-levan-conjugated AuNPs for the detection of human HIN1 influenza
virus and avian H5N2 virus using receptor-specific colorimetric assay. The conjugation of
levan with sialyllactose provides multivalent sialic acid moieties for high-affinity interac-
tions with HA and influenza virus.

2. Materials and Methods
2.1. Conjugation of Levan to 2, 3- and 2, 6-Sialyllactose

To conjugate levan and sialyllactose, an amine functional group was introduced
to levan (estimated MW < 2000 kDa, Realbiotech, Korea) by the reductive amination
method [36,37]. First, we oxidized levan to introduce an aldehyde group. The oxidized
levan was obtained by reacting levan in distilled water with potassium periodate. Oxidized
levan (6.25 mmol) was dissolved in 100 mL of distilled water and added to ethylenediamine
dissolved in borate buffer (0.1 M, pH 11). The solution was stirred using a magnetic stirrer
at room temperature for 24 h, and NaBH4 was added to the solution. After 48 h of mixing,
NaBH4 was added again to the solution, and stirring continued for 24 h. The solution
was dialyzed using a dialysis membrane (M.W.C.O 12,000). The solution was lyophilized
using a freeze-dryer. The determination of the amine functional group was calculated by
a fluorescamine assay. The conjugation of sialyllactose (GeneChem Inc., Daejeon, Korea)
and levan was performed by the EDC coupling method. An amine-functionalized levan
was conjugated to a carboxylic acid group of sialyllactose (Scheme 1). Next, 25.6 mg of
sialic lactose and 40 mg of EDC were dissolved in pH 5.0 acidic aqueous solution (10 mL)
at room temperature for 4 h. After mixing, levan-NH; (40 mg) was added to the mixed
solution at room temperature for 24 h. The unreacted materials were removed using a
dialysis membrane (MWCO 12,000). The solution was lyophilized using a freeze-dryer.
The formation of products was confirmed by nuclear magnetic resonance (NMR, JEOL Ltd.,
JLM-AL400, Tokyo, Japan) and Fourier transform infrared (FI-IR) spectroscopy (Bruker
Optics IF66, Billerica, MA, USA). NMR samples were prepared in that the products were
dissolved in deuterium oxide and loaded on an NMR (400 MHz) at 25 °C to obtain the
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requisite 'H NMR spectra. FT-IR samples were prepared in a powder state and scanned
16 times from 4000 to 400 cm.
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Scheme 1. The synthesis of sialyllactose-conjugated levan.

2.2. Interaction of Sialyllactose-Conjugated Levan with HA Protein, Lectins and Influenza Virus

To confirm that the sialyllactose-conjugated levan interacted with HA and influenza
virus, we performed a modified ELISA assay. Recombinant protein, influenza virus and
antibody were obtained by BioNano Health Guard Research Center. Biotin-conjugated
Maackia amurensis lectin IT (MALII) and biotin-conjugated Sambucus nigra lectin (SNL)
were obtained from Vector Laboratories (Burlingame, CA, USA). Briefly, synthesized
polymer (1 mg/mL in PBS) was incubated in a 96-well ELISA plate (Corning, Tewksbury,
MA, USA) at 37 °C for 24 h. The plate was washed with PBS 3 times. To eliminate
nonspecific binding, the plate was incubated with 1% bovine serum albumin (BSA) at 37 °C
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for 2 h. After washing, recombinant HA protein or influenza virus (A /California/07 /2009)
was added to the plate, which was incubated for 2 h. The plate was also washed 3 times
and then incubated with mouse HIN1 antibody for 2 h. After 3 washes, incubation with
horseradish peroxidase (HRP)-conjugated mouse IgG secondary antibody was performed
for 2 h at room temperature. After washing, the binding affinity of polymer and influenza
virus or HA protein was detected using 3, 3,55 -tetramethylbenzidine (TMB solution) for
15 min; afterward, the stop solution was added. The absorbance (450 nm) was measured
on a microplate reader. A lectin binding assay was also performed to confirm the specific
binding of each sialyllactose-conjugated polymer. Briefly, synthesized polymer (100 pug/mL
in PBS) and each sialyllactose (1 mg/mL in PBS) was incubated in an ELISA 96-well plate
37 °C for 24 h. The plate was washed with PBS 3 times. To eliminate nonspecific binding,
the sample was incubated with 1% BSA at 37 °C for 2 h. After washing, incubation with
biotin-conjugated lectin was conducted for 1 h. After washing, incubation with avidin-HRP
was performed for 1 h. After washing, the binding affinity of polymers and lectin was
subsequently determined using TMB for 15 min; afterwards, the stop solution was added.
The absorbance (450 nm) was measured on a microplate reader.

2.3. Synthesis of Sialyllactose-Levan-Conjugated AuNPs

Five milligrams of sialyllactose-conjugated levan was dissolved in distilled water
(5 mL). Two milligrams of gold chloride in distilled water (HAuCly) was added to the
solution. Sialyllactose-conjugated levan was used for the reducing and capping agent. The
mixture was stirred at 70 °C until the color changed from yellow to red. The NPs were
purified by centrifugation at 13,500 rpm, which was repeated 3 times. Control AuNPs were
also synthesized using sodium borohydride [38]. 0.8 mg of gold chloride was dissolved in
distilled water, 0.4 mg of NaBH,4 was dissolved in distilled water (5 mL), and 0.8 mg of
gold chloride stock solution was added to the solution slowly. The mixture was stirred at
70 °C until the color changed from yellow to red. The NPs were purified by centrifugation
at 13,500 rpm. The size and morphology of the NPs were confirmed by transmission
microscopy (TEM; JEM-1400 plus (JEOL, Japan)). The 10 pL of conjugate was loaded onto
a carbon-coated copper grid and dried in air before being examined by TEM.

2.4. Detection of Influenza Virus Using Sialyllactose-Levan-Conjugated AuNPs

2,3-sialyllactose-levan-conjugated AulNPs, 2,6-sialyllactose-levan-conjugated AuNPs
and control NPs were treated with H1N1 influenza virus (A/California/07/2009) and
H5N2 influenza virus (A /aquatic bird /Korea/w351/2008) provided by BioNano Health
Guard Research Center. The 100 uL of several concentration of virus were added to a
24-well plate and treated with 100 uL synthesized AuNPs and control AuNPs. After 5
min, the colorimetric change was observed by the naked eye. In addition, the absorbance
of the AuNPs was measured by UV-Vis spectroscopy. NP aggregation was also observed
by TEM. The samples were prepared by a method modified from previous research [39,
40]. Influenza virus was purified using sucrose gradient ultracentrifugation. For the
TEM analysis, purified virus (7.8 x 10° pfu/mL) was mixed with each type of AuNP for
5 min and then loaded on the carbon-coated grid. The grid was washed with water, and
uranyl acetate solution was added to the grid for negative staining. The specimens were
observed using TEM microscopy (JEM-1400 plus (JEOL, Japan)). Several concentrations of
influenza virus and 1 mg/mL of synthesized AuNPs were mixed for 5 min. After mixing,
the hydrodynamic diameter of NPs measured by dynamic light scattering (DLS; Otsuka
Electronics, Osaka, Japan).

2.5. Statistical Analysis

Several independent experiments were performed, and the data are expressed as the
mean and standard deviation. Statistical significance was determined by Student’s ¢-test.
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3. Results
3.1. Conjugation of Levan to 2, 3- and 2, 6-Sialyllactose

To conjugate levan to sialyllactose, an amine functional group was introduced to levan
by the reductive amination method. The amine group was successfully conjugated to levan,
as confirmed by a fluorescamine assay. The amine group was modified with 0.098 umol
per 1 mg of levan. Levan was conjugated to sialyllactose by the EDC coupling method, and
the conjugation was confirmed by FTIR and NMR analyses (Figure 1). The IR peaks of 2,
3-sialyllactose- and 2, 6-sialyllactose-conjugated levan appeared to indicate C-O stretching
(amide I 1720 cm~1), which was attributed to the amide bond for conjugation of the amine
group in levan and carboxylic acid in sialyllactose. The NMR results also showed that
sialyllactose successfully conjugated to levan. The protons of the COCHj3 in sialyllactose
were assigned to 1.9 ppm in synthetic polymers. The percentage of 2, 3-siallylactose and
2, 6-sialyllactose attachment to the amine conjugation levan was calculated to be 6.6 and
6.9 mol%, respectively, through the ratio of proton integral between glycoside moiety
(3.2-4.2 ppm) and COCH3 (1.9 ppm) by NMR analysis. These results demonstrated that a
similar amount of each sialyllactose was conjugated to levan.

Transmission (%)

Levan

\ [ Sia“ytacm%e\[;
ir |
\ IW b}ﬂ

i IR

\ j EE:E;E { FL\

U (einiide]) \/ n

|
4000

T |
3000 2000

Wavenumber (cm™)

(a)

Figure 1. Cont.
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Figure 1. Confirmation of sialyllactose conjugated levan determined by FTIR (3200-3300 em~1, O-H; 2930 and 2880 cm ™!,
C-H; 1720 cm ™1, C-O amide I; and 950-1200 cm 1, fingerprint region) (a) and NMR (b) ((i) levan, (ii) 2, 3-sialyllactose-
conjugated levan, (iii) 2, 6-sialyllactose-conjugated levan) (3.2—4.2 ppm, glycoside moiety; 1.9 ppm COCH3).

3.2. Interaction of the Sialyllactose-Conjugated Levan with HA Protein, Lectin and Influenza Virus

To confirm that the sialyllactose-conjugated levan interacted with HA and influenza
virus, we performed a modified ELISA assay. We prepared sialyllactose-conjugated levan
and sialyllactose-coated plates. The results showed that HA (Figure 2a; HIN1) and in-
fluenza virus (Figure 2b; A/California 07/2009 (HIN1)) were more strongly bound to
2, 6-sialyllactose-conjugated levan than 2, 3-sialyllactose-conjugated levan. Human in-
fluenza virus and HA are known to more specifically interact with 2, 6-sialyllactose than 2,
3-sialyllactose. To reconfirm that each sialyllactose (2, 3- and 2, 6-) successfully conjugated
to levan, we also performed a lectin binding assay using MALII (Figure 2c) and SNL
(Figure 2d), which are recognizable lectins that bind to 2, 3- and 2, 6-sialyllactose, respec-
tively. The results demonstrated that MALII specifically interacted with 2, 3-sialyllactose-
conjugated levan rather than 2, 6-sialyllactose-conjugated levan. In contrast, SNL was
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bound more preferentially to 2, 6-sialyllactose-conjugated levan than to 2, 3-sialyllactose-
conjugated levan. The results demonstrate that each sialyllactose-conjugated levan success-
fully interacted with each recognizable lectin. These results also indicate that 2, 3- and 2,
6-sialyllactose successfully conjugated to levan. Moreover, sialyllactose-conjugated levan
more highly interacted with each lectin than with sialyllactose alone via the multivalent
effect. Therefore, sialyllactose-conjugated levan should efficiently bind the influenza virus.
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Figure 2. Binding affinity of polymers to hemagglutinin (HA) (a), influenza A virus (A /California 07/2009 (HIN1)) (b),
Maackia amurensis lectin II (c), and Sambucus nigra lectin (d), as determined using a modified ELISA assay (* p < 0.05,

** p < 0.005).

3.3. Synthesis of Levan-Sialyllactose-Coated AuNPs and Interaction with Influenza a Virus

Many studies have reported that 2, 6-sialyllactose has a high affinity for human
influenza virus and HA protein. We hypothesized that sialyllactose-conjugated levan
formed NPs in aqueous solution via the amphiphilicity of levan. Therefore, the conjugates
have high multivalent glycocluster effects due to 2, 6-sialyllactose and strongly interact
with human influenza virus and HA protein. We confirmed the high binding affinity of
2, 6-sialyllactose-conjugated levan with both human HA protein (H1IN1) and influenza
virus. To detect influenza virus using a colorimetric assay, we fabricated levan-sialyllactose-
conjugated AuNPs. Synthetic polymers act as reducing and coating agents for the formation
of the AuNPs. The AuNPs were not formed using only sialyllactose, which is a coating and
reducing material (data not shown). For the synthesis of AuNPs with levan-sialyllactose,
no other material was needed for the gold ion reduction. Therefore, AuNPs were simply
formed in one step using levan-sialyllactose. The morphology and size distribution of NPs
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were observed by TEM (Figure 3a) and DLS. The sialyllactose-levan-conjugated AuNPs
had a spherical morphology and were monodispersed. The hydrodynamic diameters of
the control AuNPs, 2, 3-sialyllactose-levan-conjugated AuNPs, and 2, 6-sialyllactose-levan-
conjugated AuNPs were 18.1 nm, 20.7 nm and 17.9 nm, respectively. Synthesized NPs
had red colors induced by monodispersed particles. The levan-sialyllactose-conjugated
AuNPs were well dispersed and stable in aqueous solution. Generally, monodispersed
AuNPs show a reddish color; however, when target molecules, such as viruses and pro-
teins, combine with AuNPs, the NPs aggregate and change to bluish colors (Figure 3b).
Therefore, AuNPs are widely used in colorimetric assays for disease detection. Several
polymer (control, 2, 3-sialyllactose-levan, 2, 6-sialyllactose-levan)-conjugated AuNP sam-
ples were incubated with human influenza virus (California 07/2009). The color of the
2, 6-sialyllactose-levan-conjugated AuNPs changed after incubation with influenza virus
at 3.7 x 10% pfu. However, for the 2, 3-sialyllactose-levan-conjugated AuNPs, the color
of the NPs changed upon binding to virus at 7.4 x 10* pfu. Moreover, the color of the
control AuNPs did not change after incubation with the virus (Figure 3c). The UV ab-
sorbance peaks also became redshifted after the binding to human influenza virus. The
relative binding affinity with HA was calculated using A 680/A 525. The results showed
that the 2, 6-sialyllactose-levan-conjugated AuNPs had a high value of Abs 680/ Abs 525.
In the case of 2, 6-siallylactose-levan, it was confirmed that Abs 680/ Abs 525 increased
significantly from the 7.4 x 103 PFU of H1N1 influenza virus of the control. Moreover, the
value increased after incubation with higher virus concentrations. Therefore, we estimated
that the limit of detection (L.O.D) of HIN1 influenza virus was 7.4 x 103 PFU using 2,
6-siallylactose-levan-conjugated AuNPs.

In the TEM measurements, the 2, 6-sialyllactose-levan-conjugated AuNPs were aggre-
gated around the virus after incubation with a high concentration of HIN1 virus. However,
the control AuNPs did not aggregate around the viruses (Figure 4a). The size of NDPs,
which was determined by DLS, also changed after binding to the influenza virus. The
2, 6-sialyllactose-levan-conjugated AulNPs had a more dramatic size increase and aggre-
gated upon binding to HIN1 influenza virus at 0, 7.4 x 10, 3.7 x 10, 7.4 x 10* and
1.1 x 10° pfu, with average hydrodiameters of 2, 6-sialyllactose-levan-conjugated AuNPs
being 17.9 £ 3.4 nm, 24.9 + 5.9 nm, 40.7 & 9.8 nm, 116 £ 27.9 nm and 185.6 £ 48.2 nm,
respectively (Figure 4b). The hydrodiameter growth indicated that the AuNPs specifically
bound to the virus. These results demonstrated that the 2, 6-sialyllactose-levan-conjugated
AuNPs more specifically bound to human influenza virus than did the 2, 3-sialyllactose-
levan-conjugated and control AuNPs.

We also performed a colorimetric assay to detect HSN2 avian influenza virus (Figure 5).
The results show that the 2, 3-sialyllactose-levan-conjugated AuNPs were highly bound to the
avian virus, and the color rapidly changed from red to blue. The color of the 2, 3-sialyllactose-
levan-conjugated AuNPs changed from red to blue after incubation with H5N2 virus at
4.2 x 10® pfu. For 2, 6-sialyllactose-levan AuNPs, the color changed from red to purple with
the same concentration of HSN2 virus. The size of 2, 3-sialyllactose-levan-conjugated AuNPs
increased after avian virus incubation. After incubation with H5N2 influenza virus at 0,
42 x 103, 6 x 10%,1.2 x 10* and 3 x 10* pfu, the hydrodiameter of 2, 3-sialyllactose-levan-
conjugated AuNPs were 20.7 £ 5nm, 124.9 & 33.4 nm, 157.3 = 38.3 nm, 331.6 £ 89.3 nm and
397 £+ 57.1 nm, respectively.
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Figure 3. The formation and interaction of AuNPs with influenza virus (a). TEM images of synthesized AuNPs (b). UV-vis
and relative absorbance ratios (Abs 680/ Abs 525) (HIN1 concentration: black, 0; red, 7.4 x 103 pfu; green, 3.7 x 10* pfu;
blue, 7.4 x 10* pfu; sky blue, 1.1 x 10° pfu) (c). (* p < 0.05).
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through the reaction between each prepared nanoparticles and each concentration of influenza virus
HINI1 as measured using DLS (b) (* p < 0.05).

These results indicate that avian HSN2 virus interacted with 2, 3-sialyllactose-levan
AuNPs than with 2, 6-sialyllactose-levan AuNPs and control AuNPs. Moreover, the ratio
value of Abs 680/ Abs 525 determined from the UV absorbance spectra of 2, 3-sialyllactose-
levan AuNPs was higher than that for 2, 6-sialyllactose-levan AuNPs. In the case of
2, 3-siallylactose-levan, it was confirmed that Abs 680/ Abs 525 increased in the presence
of 4.2 x 10 PFU of H5N2 influenza virus than the control. Moreover, the value increased
after incubation with higher virus concentrations. Therefore, we estimated that limit of
detection (L.O.D) of H5N2 influenza virus was 4.2 x 103 pfu using 2, 3-siallylactose-levan-
conjugated AuNPs. These results demonstrated that 2, 3-sialyllactose-levan-conjugated
AuNPs are better for avian influenza detection.
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green, 6 x 103 pfu; blue, 1.2 x 10* pfu; sky blue, 3 x 10* pfu). The hydrodynamic diameter of nanoparticles through the
reaction between each prepared nanoparticles and each concentration of influenza virus H5SN2 as measured using DLS

(b) (* p < 0.05).

We also examined the samples after exposure to FBS (Fetal bovine serum), which
mimicked a blood serum protein (Figure 6). The results show that the color of sialyllactose-
levan-conjugated AuNPs incubated with even a high concentration of FBS (50%) did
not change, indicating that AuNPs do not interact with serum proteins. The results
demonstrated that the sialyllactose-levan-conjugated AuNPs can be applied to blood
samples. Moreover, we also evaluated the color change of AuNPs after incubation with
real clinical swab sample buffer (universal transport medium, UTM). The results showed



Chemosensors 2021, 9, 186 12 of 15

that the color of sialyllactose-levan-conjugated AuNPs did not change even for a high
concentration of buffer. Therefore, these materials may be used to evaluate clinical samples.

FBS UT™m

0 10% 50%

0 10% 50%

(a) (b)

Figure 6. Color images of sialyllactose-levan-conjugated AuNPs with FBS (a) and universal transport
medium (UTM), a virus culture medium (b).

4. Discussion

In the present study, we validated the sialyllactose-conjugated levan-coated gold
nanoparticles for efficient interaction with and detection of influenza A virus. First, we
conjugated 2, 3- and 2, 6-sialyllactose with levan for multivalent display of carbohydrate
moieties. Many studies have reported that 2, 6-sialyllactose has a high affinity with hu-
man influenza virus hemagglutinin and 2, 3-siallyllactose highly interacted with avian
influenza hemagglutinin. We hypothesized that sialyllactose-conjugated levan formed NPs
in aqueous solution via the amphiphilicity of levan. Therefore, the conjugates have high
multivalent glycocluster effects due to each sialyllactose, and interact with the targeted
lectin and influenza more strongly. The results showed that 2, 6-sialyllactose-conjugated
levan was more highly bound with SNL, while 2, 3-sialyllactose-conjugated levan interacted
more with MAL. Moreover, in human influenza virus and hemagglutinin, 2, 6-sialyllactose-
conjugated levan had a more effective binding ability than 2, 3-sialyllactose-modified
levan. Therefore, these results indicate that sialyllactose was successfully conjugated with
levan. Based on these results, we fabricated silalyllactose-levan-conjugated AuNPs. Gold
nanoparticles have optical and plasmonic properties that can be deployed in colorimetric
assays. When gold nanoparticles aggregate in the presence of biomolecules, their size and
color change. Therefore, gold nanoparticles were applied for the detection of biomolecules
via colorimetric assay. Levan sialyllactose plays a role as a reducing and coating agent
during the formation of gold NPs. Because of the high molecular weight and biocompati-
bility of levan, gold nanoparticles can be well dispersed in water and maintain stability for
a long time.

In the current study, the influenza virus can be detected and targeted by our system
according to the origin of influenza virus. Our system detected influenza A virus in a short
time using a simple colorimetric assay in which levan sialyllactose is conjugated to gold
nanoparticles. In the current system, it is difficult to completely separate human and avian
viruses. However, it may be possible to increase the specificity by modifying the binding
sites on each sialyllactose. The advantage of this approach is that the gold nanoparticles
can be functionalized for interaction with 2, 6 sialyllactose, dominant in human virus, or
2, 3-siallylactose found in avian virus.

The current influenza detection system, PCR, is the gold standard method; however,
it is expensive and time consuming. Our system is advantageous in that the color change
can simply be detected with the naked eye in a short time without any instrumentation.
Moreover, since the commercially available influenza rapid diagnostic kit generally detects
10#~10° TCIDs /1,1, the colorimetric assay described here is competitive [41].
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5. Conclusions

In summary, we synthesized sialyllactose-conjugated levan for efficient interactions
with and detection of influenza virus via the multivalent effect. Sialyllactose-conjugated
levan specifically interact with influenza virus. Moreover, these synthesized polymer mate-
rials can act as reducing and stabilizer for the formation of the AuNPs. Gold nanoparticles
functionalized with sialyllactose-conjugated levan were used to detect influenza virus
using a colorimetric assay with either 2, 3- or 2, 6-sialyllactose-levan-conjugated AuNDPs.
Specifically, 2, 6-sialyllactose-levan-conjugated AuNPs interacted with human influenza
virus, and 2, 3-sialyllactose-levan-conjugated AuNPs bind avian influenza virus. Our
system provides a simple and fast method for detecting influenza virus via a color change
in the colloidal functionalized AuNPs solution, and viruses with a specific origin can be
detected via ligand-receptor interactions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/chemosensors9070186/s1, Table S1: Comparison of PCR and sialyllactose levan AuNPs
method, Table S2: An overview on recently reported nanomaterial-based optical methods for the
determination of detection of influenza virus.
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