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Abstract
Since the first emergence of influenza viruses, they have caused the flu seasonally worldwide. Precise detection of influenza 
viruses is required to prevent the spreading of the disease. Herein, we developed an optical biosensor using peptide-immo-
bilized nanopillar structures for the label-free detection of influenza viruses. The spin-on-glass nanopillar structures were 
fabricated by nanoimprint lithography. A sialic acid-mimic peptide, which can specifically bind to hemagglutinin on the 
surface of the influenza virus, was immobilized onto the nanopillars via polymerized dopamine. The constructed nanopillar 
sensor enabled us to detect influenza A viruses in the range of 103–105 plaque-forming units through simple measurements 
of reflectance. Our findings suggest that biomimetic modification of nanopillar structures can be an alternative method for 
the immunodiagnosis of influenza viruses.
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1  Introduction

The flu is one of the most common infectious diseases 
caused by influenza viruses [1, 2]. As influenza viruses cir-
culate year-round with high infectivity, rapid and precise 
diagnosis of influenza viruses is important to prevent the 
spreading of infectious diseases [3–5]. For the detection of 
influenza viruses, traditional cell culture and polymerase 
chain reaction methods have been employed [6, 7]. Although 
these approaches are precise and powerful, they are unsuit-
able for rapid point-of-care diagnosis because they are time-
consuming, require complicated equipment, and involve 
labor-intensive processes [6, 7]. Rapid immunoassays have 
also been widely used for the quick diagnosis of influ-
enza virus-infected patients [8–10]. More recently, several 
advanced mechanical, electrical, and optical immunosensing 
approaches have been developed and have contributed to 
the sensitive, selective, and label-free detection of infectious 
factors [11–13]. Among these approaches, simple optical 
biosensors based on nanostructures have attracted attention 
because of their rapidity and sensitivity and because they do 
not require direct contact [14–17].

Nanopillar structures composed of a periodic arrange-
ment of regularly shaped materials on a substrate have 
attracted increasing attention as optical sensing materials 
because they can interact with light via diffractive grating 
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or reflection [18–21]. In addition, nanopillar structures can 
be fabricated by nanoimprint lithography, a two-dimensional 
nanostructure manufacturing technique that enables simple, 
low-cost, and high-throughput production [22–26]. Based on 
the excellent properties of nanopillar structures, Charlton 
et al. developed optical field-enhanced silicon nanopillars 
for the detection of DNA [27]. Lee et al. reported a local-
ized surface plasmon resonance nanopillar biosensor pre-
pared by nanoimprint lithography [28]. An SU-8 nanopillar 
array-based optical biosensor was also developed for the 
label-free detection of bovine serum albumin [18]. Various 
nanopillar-based optical biosensors have been developed, 
but a nanopillar-based biosensor for infectious viruses has 
not yet been developed.

Herein, we present a nanopillar-based optical biosensor 
for the detection of influenza A viruses via biomimetic sur-
face functionalization of polymerized dopamine (PDA) and 
sialic acid-mimic peptide (SA-peptide). PDA, a well-known 
universal biomimetic adhesive, was coated onto the surfaces 
of the nanopillar structures [29–31]. The SA-peptide, a 
receptor developed against the hemagglutinin (HA) of influ-
enza viruses from phage-displayed random peptide librar-
ies, was conjugated to the PDA-coated nanopillar structures 
[32–36]. We characterized the process of the biomimetic 
surface functionalization of nanopillar structures by X-ray 
photoelectron spectroscopy (XPS) and contact angle meas-
urements. Importantly, we found that the reflectance of the 
nanopillar structure was correlated with the binding of influ-
enza viruses. Consequently, the SA-peptide-functionalized 
nanopillar structure can be used for the detection of influenza 
A viruses through the simple measurement of reflectance. 
The reflectance of the nanopillar biosensor changed with 
increasing concentration of the virus, enabling the detection 
of influenza viruses in the range of 103–105 plaque-forming 
units (PFUs). Moreover, it was verified that the developed 
nanopillar biosensor uniquely identified influenza A viruses. 
We anticipate that the biomimetic nanopillar-based optical 
biosensor can be a simple alternative method for influenza 
virus detection.

2 � Materials and Methods

2.1 � Materials

Dopamine chloride (C9H11NO2·HCl), Tris–HCl buffer 
(pH 8.5), dimethyl sulfoxide (C2H6OS), and ethanolamine 
(C2H7NO) were purchased from Sigma–Aldrich (USA). SA-
peptide (Fmoc-ARLSPTMVHPNGAQP-NH2) and control 
peptide (Fmoc-CDDYYYGFGCNKFCRPR-NH2) were 
purchased from PEPTRON Corp. (Korea). Influenza virus 
type A H1N1 (A/California/07/2009, pandemic H1N1), 
H3N2 (A/Brisbane/10/2007, seasonal H3N2), H5N2 (A/

aquatic birds/Korea/W351/2008, avian H5N2), and influ-
enza virus type B (IFVB) (B/Victoria/Brisbane/60/2008) 
were provided by the Bio Nano Health Guard Research 
Center (H-GUARD) of Korea. The viral titer of the stock 
was determined in Madin-Darby canine kidney cells via a 
plaque assay.

2.2 � Fabrication of Nanopillar Structures

Nanopillar structures were fabricated by nanoimprint lithog-
raphy (Fig. 1). In detail, a 4-inch silicon wafer was cleaned 
with a plasma asher for 10 min and spin-coated with IC1-500 
spin-on-glass (SOG) (Futurrex, Inc., USA) at 3000 rpm for 
30 s. The hole-patterned silicon stamp (diameter of 150 nm, 
depth of 300 nm, and gap width of 450 nm) was pressed on 
the SOG-coated wafer at 2000 kgf cm−2 at 150 °C for 10 min 
using an ANT-6HO2 UV/thermal nanoimprint lithography 
system (KIMM, Korea). Next, the whole stamp was detached 
from the wafer to obtain nanopillar structures on the wafer.

2.3 � Surface Functionalization of Nanopillar 
Structures

The nanopillar structures were immersed in a dopamine 
solution (2.0 mg mL−1 in 1 × 10–3 M Tris–HCl buffer, pH 
8.5) for 2 h at 25 °C, washed with deionized (DI) water, 
and dried with argon gas. Next, SA-peptide or control pep-
tide (1.0 mg mL−1 in DI water, 50 µL) was dropped onto 
the PDA-coated nanopillar structures at 25 °C. After 2 h, 
the structures were washed with DI water and dried with 
argon gas. The peptide-functionalized nanopillar structures 
were blocked with ethanolamine (1 × 10–3 M, 200 µL, pH 9), 
washed with DI water, and dried with argon gas.

2.4 � Detection of Influenza Viruses Using Nanopillar

To detect influenza viruses, the peptide-functionalized nano-
pillar structures were incubated with 20 µL of a viral solu-
tion for 1 h at 37 °C. After the nanopillar structures were 
washed with DI water, the reflectance was measured.

2.5 � Instrumentation

Scanning electron microscopy (SEM) images were obtained 
with Quanta 250 FEG (FEI, USA) at an acceleration voltage 
of 10 kV. Reflectance was measured using a spectrometer 
(FLAME-S; Ocean Optics, USA). Contact angle was meas-
ured with Phoenix 300 Plus (SEO Co., Ltd, Korea). XPS was 
obtained using PHI 5000 Versa Probe (Ulvac-PHI, Japan).
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3 � Results and Discussion

The nanopillar structures used in this work were fabri-
cated by nanoimprint lithography. Briefly, the SOG sol 
was deposited on the Si substrate by a spinning tech-
nique. A nanostructure template was formed by the 

sol–gel transition of the SOG. After the imprinting of a 
hole-patterned stamp, pillar-shaped nanostructures were 
obtained on the substrate. To characterize the fabricated 
nanopillar structures, we observed their morphology by 
SEM. As shown in Fig. 2a and b, the SOG was uniformly 
patterned on the Si substrate with a diameter of 150 nm, 
a height of 300 nm, and a gap width of 450 nm. Note that 

Fig. 1   Schematic illustration of the fabrication procedure of SOG nanopillar structures

Fig. 2   SEM images of nanopil-
lar structures from the a top 
view and b side view. c Reflec-
tance spectrum of nanopillar 
structures. d Reflectance shift 
as a function of PDA polym-
erization time. Data represent 
average plus standard deviation 
from three measurements
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the nanopillar structures were constructed on a wafer scale 
with high reproducibility. Previously, it was reported that 
the nanopillar structures have interesting photonic crystal-
like properties in terms of light reflectance and diffraction, 
which can be altered by surface modification and interac-
tion with molecules [18, 37]. The constructed nanopil-
lar structures also exhibited distinct peaks in the visible 
region (Fig. 2c). As these peaks can be determined by the 
refractive index near the nanopillar structures, we adopted 
the nanopillar structures as a label-free optical biosensing 
platform. Figure 2d is the reflectance shift of nanopillar 
structures depending on PDA polymerization time. The 
refractive index increased as increasing the thickness of 
PDA [29, 38], resulting in the reflectance shift of the nano-
pillar structure. This suggests that the nanopillar structure 
can be utilized in the detection of the virus.

For the construction of the nanopillar-based optical bio-
sensor, the surfaces of the nanopillar structures were bio-
mimetically modified by PDA and SA-peptide sequentially 
(Fig. 3a). First, the nanopillar structures were incubated in 
a dopamine solution and washed. Dopamine, an adhesive 
molecule secreted by mussels, is a compound of catechol 
(1,2-dihydroxybenzene) and a primary amine functional 
group [29, 31]. It is well known that PDA-coated surfaces 
can be formed by simply immersing substrates in an aqueous 
solution of dopamine at pH 8.5 [30, 39–42]. Next, SA-pep-
tide was immobilized onto the PDA-coated nanopillar struc-
tures via Michael addition or Schiff base reaction between 
the N-terminus of the peptide and PDA [43]. In general, 
influenza viral infection is initiated by the binding of HA 
to cell surface receptors containing sialic acid. Therefore, 
the SA-peptide can be a bioreceptor for influenza viruses 
through hydrogen bonding or hydrophobic interactions 

between HA and sialic acid [32]. Following SA-peptide 
immobilization, the nanopillar structures were blocked by 
ethanolamine to prevent nonspecific binding. This surface 
functionalization process is a simple and rapid way of immo-
bilizing bioreceptors on a nanostructured surface without 
chemical linkers, suggesting the potential to interface several 
types of biomolecules with nanostructures routinely.

To verify the surface functionalization of the nanopillar 
structures, contact angle measurements, reflectance spectro-
photometry, and XPS analyses were performed. Figure 3b 
shows the water contact angle measurements for bare, 
PDA-coated, SA-peptide-immobilized, and ethanolamine-
blocked nanopillar structures. The wettability of the nano-
pillar structures changed from hydrophobic to hydrophilic 
after PDA coating because of the dihydroxyl groups of PDA. 
The average contact angle was 112.85 ± 4.03° on the bare 
nanopillar structures and 41.52 ± 0.87° on the PDA-coated 
nanopillar structures. After SA-peptide immobilization and 
ethanolamine blocking, the contact angles were further 
decreased to 40.51 ± 0.91° and 36.44 ± 2.42°, respectively. 
This indicated that PDA was successfully deposited onto the 
nanopillar structures and formed stable conjugation with the 
SA-peptide. The reflectance spectra of bare, PDA-coated, 
SA-peptide-immobilized, and ethanolamine-blocked nano-
pillar structures were also obtained (Fig. 3c). Compared with 
the bare nanopillar structures, the reflectance spectrum of 
the PDA-coated nanopillar was red-shifted to 7.00 ± 1.4 nm. 
However, the reflectance spectra of the SA-peptide-immo-
bilized and ethanolamine-blocked nanopillar structures 
were barely changed (0.65 ± 1.80 nm for SA-peptide and 
-0.77 ± 2.37 nm for ethanolamine) compared with the PDA-
coated nanopillar structures. This is attributed to the PDA 
deposition on the nanopillar structures, which increased 

Fig. 3   a Schematic illustra-
tion of biomimetic surface 
functionalization procedure 
of nanopillar structures via 
PDA and SA-peptide. b Water 
contact angle and c reflectance 
spectra of bare, PDA-coated, 
SA-peptide-immobilized, and 
ethanolamine-blocked nanopil-
lar structures. Water contact 
angle data represent average 
plus standard deviation from 
three measurements
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the refractive index from 1.42–1.43 (SOG) to 1.55 (PDA). 
Moreover, small molecules such as SA-peptide and ethan-
olamine were less effective in altering the refractive index 
of the nanopillar structures.

To analyze the atomic composition of the nanopillar 
structures, XPS was carried out. As shown in Table 1, the 
nitrogen content increased from 0.46% to 6.99% after PDA 
coating. The nitrogen and oxygen content further increased 
to 7.57% and 26.62%, respectively, after SA-peptide immo-
bilization. The composition of carbon increased to 67.00% 
after the blocking process because of the primary alcohol. 
The XPS results indicated that the nanopillar structures 
were successfully functionalized by PDA, SA-peptide, and 
ethanolamine. PDA is used not only for the surface modi-
fication of nanopillar structures but also for the immobili-
zation of the SA-peptide by acting as a double-sided tape. 
In our experiment, biomimetic nanopillar structures were 
fabricated by PDA coating and SA-peptide immobilization, 
allowing us to detect influenza A viruses.

After surface functionalization of the nanopillar struc-
tures, we performed label-free detection of influenza viruses. 
As the size of the influenza virus is 80–120 nm, the reflec-
tance of the nanopillar biosensor could be altered by captur-
ing the virus. Figure 4a shows the shift in reflectance versus 
the peptide type. When the SA-peptide was immobilized 
onto the nanopillar structures, the reflectance of the nanopil-
lars was shifted to 6.38 ± 0.53 upon detection of the influ-
enza virus (10 [5] PFU). The inset shows that the virus can 
be captured on the nanopillar biosensor. When the control 
peptide consisting of random sequences was attached to the 
nanopillars, the reflectance was shifted by 0.98 ± 0.65 nm 
upon the detection of the same virus. This clearly showed 
that influenza viruses could be detected by the SA-peptide-
immobilized nanopillar structures.

The SA-peptide selectively recognizes HA on the 
membranes of influenza type A viruses, and thus vari-
ous influenza type A viruses can be detected by the SA-
peptide-immobilized nanopillar optical biosensor [32]. 
It is important to accurately identify influenza A viruses 
because they are the only viruses known to cause flu pan-
demics [1, 44]. To examine the selectivity of the nanopillar 
biosensors, they were incubated with four types of viruses 

(H1N1, H3N2, H5N2, and IFVB, 104 PFU) and the change 
in reflectance was observed (Fig. 4b). The reflectance of the 
nanopillar biosensors was shifted only in the presence of 
influenza type A viruses (5.17 ± 1.49 nm, 4.51 ± 1.06 nm, 
and 6.36 ± 0.68 nm for H1N1, H3N2, and H5N2, respec-
tively). In the presence of IFVB, the reflectance shifted 
slightly. These observations indicate that the fabricated 
nanopillar biosensors can accurately recognize influenza 
type A viruses.

The viral dose-dependent change in the reflectance of 
the nanopillar biosensors is shown in Fig. 4c, wherein the 
reflectance peaks were shifted depending on the concentra-
tion of the influenza virus. Figure 4d shows the reflectance 
shift as a function of viral concentration, illustrating that 
the reflectance variation increased from 1.10 ± 0.19 nm to 
7.03 ± 1.70 nm as the viral concentration increased from 
103 to 105 PFU. This result demonstrates that the fabricated 
nanopillar biosensor can realize the label-free detection of 
influenza type A viruses with a detection limit of 103 PFU. 
The sensitivity of the nanopillar biosensor is comparable 
with that of photonic crystal-based label-free biosensors for 
HIV, Ebola, and Vaccinia viruses [12, 16]. Previously, sev-
eral kinds of methods have been developed for the identifi-
cation of influenza viruses including molecular diagnostics 
and immunoassays [45]. They suggested the sensitive detec-
tion of viruses at a lower concentration than 100 PFU [45]. 
Although the current method showed the detection limit of 
103 PFU, it has the advantages of simple fabrication and 
detection procedures. Also, the nanopillar biosensor pro-
vided a higher sensitivity compared with the electrochemi-
cal sensor with SA-peptide [46].

We fabricated a label-free optical biosensor based on 
nanopillar structures and SA-peptide immobilization for the 
detection of influenza viruses. This sensor has the advan-
tage of being applicable to point-of-care testing because it 
can detect the whole virus without pre-treatment [46]. In 
particular, influenza A viruses can cause devastating pub-
lic outbreaks because of the high infectiousness between 
species [47, 48]. Therefore, early detection is required to 
prevent the spreading of influenza A viruses. Although influ-
enza A viruses possess unpredictability and transmutability, 
HA is commonly found on these viruses. Consequently, the 
developed sensing platform can be used to effectively detect 
influenza A viruses.

4 � Conclusion

In summary, we developed a simple method for the detection 
of influenza viruses using nanopillar structures, PDA, and 
SA-peptides. Nanopillar structures were routinely fabricated 
by nanoimprint lithography, providing a large surface area 
and photonic crystal-like properties. PDA plays a crucial 

Table 1   Surface atomic composition of bare, PDA-coated, SA-pep-
tide-immobilized, and ethanolamine-blocked nanopillar structures

C (%) O (%) N (%)

Nanopillar 45.00 54.54 0.46
Nanopillar/PDA 69.12 23.89 6.99
Nanopillar/PDA/SA-peptide 65.81 26.62 7.57
Nanopillar/PDA/SA-peptide/etha-

nolamine
67.00 26.60 6.40
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role in the connection between the nanopillar structures 
and the SA-peptide, enabling us to successfully fabricate 
the biosensors. As the HA on influenza viruses can be rec-
ognized by the SA-peptide, influenza type A viruses can 
be detected at a low concentration of 103 PFU using the 
nanopillar biosensors. It is anticipated that nanopillar bio-
sensors will be useful for the on-site label-free detection of 
influenza viruses.
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