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Such capabilities would bypass the requirement for cell cul-

ture models, provide a rapid, label-free readout, and also aid 

the development of the emerging class of virucidal agents 

which inactivate virus particles. Virus analytes are typically 

present in low concentrations, which further motivates the 

development of highly sensitive and selective platforms.  

 Nanoplasmonic sensors based on metallic nanoparticles 

or nanoholes demonstrate signifi cant potential to address this 

capability gap. [ 10–13 ]  When incident light excites conduction 

band electrons in a metallic nanostructure, a surface plasmon 

resonance (SPR) can be generated which gives rise to tightly 

confi ned optical fi elds that can be utilized in biosensing. [ 14 ]  

Sensing benefi ts include short and tunable evanescent fi eld 

decay length, high sensitivity, and simple optical confi gura-

tion. [ 15 ]  Among different nanostructures, periodic nanohole 

arrays exhibit particularly intense resonances at specifi c 

wavelengths based on extraordinary optical transmission. [ 16 ]  

Depending on the array dimensions (e.g., nanohole shape, 

size, and periodicity), there are a series of extinction maxi-

mums (suppressed transmission) and minimums (enhanced 

transmission) associated with different plasmon modes. [ 17 ]  

If an analyte binds to the surface of the plasmonic nano-

structure, then there will be a spectral shift due to changes 

in the local refractive index, and this shift can be tracked by 

monitoring transmission peaks [ 18 ]  or the minimum. [ 19 ]  There 

has been extensive development of nanohole SPR applica-

tions for molecular binding analysis, including biotin-strepta-

vidin, [ 20 ]  antibody-lipid, [ 21 ]  DNA hybridization, [ 22 ]  membrane 

protein, [ 23 ]  and protein-glycan [ 24,25 ]  interactions as well as 

protein biomarker detection. [ 25 ]  Extending this line of work, 

detection of viruses and exosomes has also been reported. 

Yanik et al. introduced a protocol to detect viruses in bio-

logical media based on virus binding to antibody-functional-

ized porous nanoholes. [ 26 ]  Im et al. recently demonstrated the 

molecular profi ling of exosomes by measuring the binding 

of exosomes to a multiplexed nanohole array functionalized 

with different antibody markers. [ 27 ]  So far, biosensing appli-

cations for periodic nanohole arrays have strictly focused on 

binding detection, and other biosensing possibilities such as 

analysis of conformational changes [ 28 ]  and structural trans-

formations [ 29 ]  remain to be explored. Taking into account 

the high sensitivity of the periodic nanohole array along 

with versatile sensing possibilities (e.g., fl ow-through con-

fi guration, [ 30–33 ]  high-throughput measurements, [ 34,35 ]  and 

compatibility with other surface-sensitive measurement tech-

niques [ 36 ] ), there is compelling motivation to explore new DOI: 10.1002/smll.201501914
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  Viruses, exosomes, and other microvesicles exemplify the rich 

diversity of nanoscale, phospholipid membrane-enclosed par-

ticulates which are found in nature. [ 1,2 ]  The aforementioned 

biological materials hold broad clinical signifi cance as the 

culprits and markers of numerous medical illnesses. [ 3 ]  Of 

particular interest are enveloped viruses, which are a leading 

cause of worldwide morbidity and mortality and include the 

HIV, infl uenza, and dengue viruses among many more. There 

is enormous interest in the development of molecular detec-

tion and characterization tools for viral infection diagnosis 

as well as for antiviral drug evaluation. [ 4 ]  Indeed, the emer-

gence of drug-resistant virus strains is a growing problem 

and new classes of antiviral drugs are urgently needed. [ 5 ]  

Conventional methods for virus evaluation and pharmaceu-

tical drug analysis focus on cell infectivity readouts whereby 

a drug is evaluated on the basis of treating or preventing 

virus infection. [ 6 ]  Because almost all antiviral drugs on the 

market inhibit viral genome replication or boost the host cell 

immune response, the conventional methods have generally 

proven suffi cient for antiviral drug evaluation. [ 7 ]  However, 

there are important shortcomings, including long incubation 

times and diffi culties to establish effi cient cell culture models 

for certain viruses. [ 8 ]  Surface-based measurement platforms 

offer a promising alternative in order to directly monitor the 

interactions between virus particles and drug candidates. [ 9 ]  
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applications for periodic nanohole arrays, especially in the 

context of virucidal drug evaluation. 

 The goal of this study is to develop a plasmonic nanohole 

sensor for capturing virus-like particles and evaluating viru-

cidal drug candidates. To initiate the study, the size distribu-

tion of dengue virus particles before and after treatment with 

a virucidal drug candidate was measured by nanoparticle 

tracking analysis. Based on the measured virus size distri-

bution, a periodic nanohole array platform was fabricated 

with suitable nanohole dimensions (e.g., diameter, height) 

to host viruses and virus-like particles. A surface function-

alization strategy was utilized in order to passively and selec-

tively immobilize cholesterol-enriched model virus particles 

only inside the nanoholes, and not in the space between the 

nanoholes. Scanning electron microscopy (SEM) verifi ed that 

single particles were immobilized only within the functional-

ized nanoholes. Based on this platform, a series of nanohole-

based SPR biosensing experiments were conducted which 

demonstrate that a low surface coverage of particles only 

inside the functionalized nanoholes signifi cantly improves 

nanoplasmonic sensing performance over nonfunctionalized 

nanoholes. The sensing approach enables highly sensitive 

and specifi c detection of virucidal peptide-induced particle 

rupture. Spectral analysis of the three measured transmis-

sion peaks further gives insight into the measurement sensi-

tivity of the various plasmon modes. In addition, the fi ndings 

outline a new method to functionalize the sidewalls of gold 

nanoholes with supported lipid bilayer membranes. 

 Our study is inspired by the virucidal activity of an 

amphipathic, α-helical (AH) peptide which is known to 

rupture lipid vesicles and exhibits virucidal activity against 

many kinds of enveloped viruses [ 37–39 ]  ( Scheme    1  ). Due to 

the increasing resistance of many medically important viruses 

to conventional antiviral drugs, the AH peptide is an attrac-

tive drug candidate with a novel mechanism of action based 

on lipid membrane solubilization. [ 40 ]  Importantly, the lipid 

envelope surrounding certain viruses is derived from human 

cell membranes and not encoded in the mutation-prone viral 

genome. Hence, the lipid envelope is an attractive drug target 

because there is a very high barrier to the emergence of 

drug-resistant virus strains. [ 41 ]  The AH peptide also preferen-

tially targets highly curved membranes with nanometer-scale 

radii of curvature, offering a basis for therapeutic selec-

tivity against viruses. [ 37 ]  In order to defi ne a suitable geom-

etry for the nanohole sensor platform, we fi rst characterize 

dengue virus particles (type 2, New Guinea C strain) using 

nanoparticle tracking analysis. [ 42 ]  Optical images visualize 

the elastic scattering of individual virus particles in solution 

and demonstrate that AH peptide treatment causes the dis-

solution of virus particles. It was determined that the virus 

particles are initially around 137 nm diameter. After treat-

ment with AH peptide at 37 °C for 1 h, virus particle deg-

radation due to the lipid–peptide interaction was observed 

leading to the formation of approximately 50 nm particles, 

with a marked reduction in the measured particle concen-

tration. Based on these observations, we designed a periodic 
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 Scheme 1.    Rupture of dengue virus particles by AH peptide. (Top) Optical micrographs (20×) obtained with nanoparticle tracking analysis visualize 
the elastic light scattering caused by individual dengue virus particles in solution. Inset shows the tracking assignment of an individual virus 
particle. Upon AH peptide treatment, there is a marked decrease in the size and number concentration of nanoscale particulates. Note that the 
two micrographs were obtained under the same intensity gain. (Bottom, left) Quantitative particle size and concentration measurements of dengue 
virus particles before (red) and after (blue) treatment with 26 µ M  AH peptide. (Bottom, right) Schematic of periodic gold nanohole array which was 
designed in order to selectively capture lipid vesicles and virus particles inside the nanoholes. The 1 × 1 cm gold nanohole array was formed on a 
glass substrate by the template-stripping method, and there is an optical adhesive layer between the gold and glass.
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nanohole array with appropriate size dimensions in order to 

selectively immobilize single virus particles inside the nano-

holes. This approach enables functional analysis of virus par-

ticles, including interactions with antibodies and virucidal 

agents. Here, we focus on the development of the plasmonic 

nanohole sensor platform with cholesterol-enriched model 

virus particles [ 43,44 ]  in order to evaluate the virucidal activity 

of the AH peptide drug candidate.   

   Figure    1  a presents an SEM image of a periodic gold 

nanohole array with 160 nm hole diameter and 500 nm peri-

odicity template-stripped using optical adhesive (Norland, 

NOA 61) and a glass substrate. [ 45,46 ]  The nanohole diameter 

and array periodicity are suitable for effi cient coupling to 

plasmon modes at visible wavelengths. [ 15 ]  The top surface and 

sidewalls of the holes are gold while the bottom surface is 

cured optical adhesive. For nanohole SPR sensing, the peri-

odic nanohole array is illuminated with a tungsten-halogen 

lamp and the transmitted light from the periodic nanohole 

array is collected by an optical fi ber and sent to the spec-

trometer. The optical transmission spectrum of the nanohole 

array covered with aqueous buffer solution shows complex 

features, including multiple transmission maxima and minima 

(Figure  1 b). Because the experimental strategy is based on 

particle immobilization within the nanoholes, spectral anal-

ysis focused on the transmission peaks which are expected to 

be more sensitive to local refractive index changes inside the 

nanoholes. [ 17 ]  In the measured wavelength range, three trans-

mission peaks are observed and located around 680, 745, and 

850 nm, respectively. These peaks are identifi ed as (1,1) at the 

Au–epoxy interface, (1,0) at the Au–water interface, and (1,0) 

resonance at the Au–epoxy interface, respectively, where the 

integers represent the Bragg resonance orders. [ 47 ]  The exact 

positions of these peaks are highly sensitive to the local 

refractive index environment [ 48 ]  and time-resolved meas-

urements which follow the peak positions can monitor the 

kinetics of interfacial adsorption processes. In order to deter-

mine the bulk refractive index sensitivity of each transmission 

peak, optical transmission measurements were recorded in 

various index-calibrated water–glycerol mixtures (0–35 wt% 

glycerol). With increasing refractive index, all three transmis-

sion peaks shift toward longer wavelengths (Figure  1 c). The 

peak around 680 nm has the greatest bulk sensitivity (Peak 1: 

307 nm RIU −1 ), followed by the peak around 745 nm (Peak 

2: 221 nm RIU −1 ) and lastly the peak around 850 nm (Peak 3: 

61 nm RIU −1 ). Based on the measurement confi guration, [ 36 ]  

the minimum refractive index resolution was determined to 

be 5.5 × 10 −5  RIU by taking into account the spectral noise 

over a 1 min measurement period (1.68 × 10 −2  nm) and the 

bulk sensitivity associated with Peak 1. 

  Surface functionalization of the gold nanohole array 

was then performed in order to selectively immobilize 

the virus-like particles inside the nanoholes. The gold 
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 Figure 1.    Development of plasmonic nanohole sensor platform. a) SEM image of nonfunctionalized periodic gold nanohole array obtained at 
20 000× magnifi cation. b) Optical transmission spectra of the gold nanohole array in aqueous buffer solution (10 m M  Tris [pH 7.5] with 150 m M  
NaCl). The three transmission peaks are labeled as Peaks 1, 2, and 3, respectively. c) Spectral shift of the three transmission peaks measured in a 
series of water-glycerol mixtures (0 to 35 wt% glycerol). The bulk refractive index sensitivity (nm RIU −1 ) of each transmission peak was obtained by 
calculating the slope of the corresponding linear fi t. d) QCM-D frequency shift experiments were performed in order to measure virus-like particle 
adsorption onto mPEG-SH-functionalized gold surfaces. Surfaces were precoated with 1, 2, or 5 kDa mPEG-SH. The baseline signal was recorded 
in aqueous buffer solution, followed by 0.3 mg mL −1  virus-like particle addition at  t  = 15 min (see arrow). A buffer rinse was performed around 
 t  = 40 min (see arrow). Inset shows a control experiment that was similarly performed on a nonfunctionalized gold surface without mPEG-SH.
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surface was functionalized with thiol-terminated methoxy 

polyethylene(glycol) (mPEG-SH), which is known to confer 

fouling resistant properties. [ 49 ]  The goal of this surface func-

tionalization scheme was to block particle adsorption on the 

top surface between gold nanoholes as well as on the side-

walls of nanoholes, thereby allowing vesicle adsorption only 

inside the nanoholes. This scheme contrasts with that recently 

reported by Im et al., which instead focused on surface func-

tionalization of the gold surface with antibody-conjugated 

PEG chains in order to capture exosomes on the nanohole 

sidewalls and on top of the gold surface. [ 27 ]  To identify the 

optimal mPEG-SH chain length for minimal virus-like par-

ticle adsorption, quartz crystal microbalance-dissipation 

(QCM-D) experiments were conducted on gold-coated sub-

strates (Figure  1 d). Each substrate was functionalized with 

1k, 2k, or 5k Da mPEG-SH chains. A baseline measurement 

signal was recorded in aqueous buffer solution and then 

addition of the virus-like particles was initiated at  t  = 10 min 

under continuous fl ow conditions. The virus-like particles had 

approximately 75 nm diameter, and the particle composition 

was 70 mol% 1,2-dioleoyl- sn -glycero-3-phosphocholine lipid 

and 30 mol% cholesterol. Upon particle adsorption onto the 

substrate, there was a decrease in the resonance frequency 

which is negatively proportional to the amount of adsorbed 

mass. [ 50 ]  At  t  = 40 min, a buffer washing step was performed 

in order to remove weakly bound adsorbate. As a control 

experiment, virus-like particle adsorption on a bare gold 

substrate led to a frequency shift of −183 Hz. By contrast, 

adsorption on the 1k mPEG-SH-functionalized gold surface 

was −7 Hz, which indicates a 96% reduction on the function-

alized surface. With increasing mPEG-SH molecular weight, 

there was a further decrease in the amount of adsorbed par-

ticles, with −2 and −1 Hz shifts for 2k and 5k Da mPEG-SH 

chains, respectively. These values indicate ≥99% blocking of 

vesicle adsorption. Taking into account comparable blocking 

properties and appreciably shorter chain length in order 

to minimize steric blocking within the nanohole, the 2k Da 

mPEG-SH chains were selected for further testing. 

 Virus-like particle adsorption onto nonfunctionalized and 

functionalized gold nanohole arrays was next investigated 

while tracking changes in the wavelength position of all three 

transmission peaks. [ 51 ]  After establishing a baseline signal in 

aqueous buffer solution, addition of virus-like particles was 

initiated at  t  = 5 min under continuous fl ow conditions and 

there was a redshift in all three peaks ( Figure    2  a). Mono-

tonic adsorption was observed and the greatest peak shift 

was recorded for Peak 2 (1.7 nm). Smaller peak shifts of 1.2 

and 0.7 nm were observed for Peaks 1 and 3, respectively. The 

peak shifts likely arise from adsorbed particles on top of the 

nanoholes as well as inside the holes. A similar experiment 

was also performed using functionalized gold nanoholes for 

which the peak shift is attributed to virus-like particles only at 

the nanohole positions (Figure  2 b). In this case, Peak 2 again 

had the greatest shift (1.0 nm) while the shifts for the other 

peaks were appreciably smaller (0.3 nm). Of note, Dahlin 

et al. previously reported that immobilization of zwitterionic 
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 Figure 2.    Selective adsorption of virus-like particles into functionalized nanoholes. Nanohole SPR experiments were performed on 
a) nonfunctionalized and b) mPEG-SH-functionalized nanohole arrays. Spectral shifts as a function of time were recorded for all three transmission 
peaks. The baseline signal corresponds to aqueous buffer solution. Then, 0.3 mg mL −1  virus-like particles were added (denoted by arrow) and the 
particle rupture process was tracked. SEM images obtained at c) 20000× and d) 40 000× magnifi cation demonstrate that single virus-like particles 
adsorbed into individual nanoholes on the mPEG-SH-functionalized nanohole array. In part (d), arrows indicate the three cases: (i) no particle in 
the nanohole; (ii) one particle partially inside the nanohole; and (iii) one particle predominately inside the nanohole. Aside from the nanohole 
positions, nonspecifi c adsorption of virus-like particles was not observed on the mPEG-SH-functionalized gold surface.
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lipid vesicles (via DNA hybridization) inside randomly dis-

tributed gold nanoholes of comparable size leads to a peak 

shift of 0.3 nm for a sensor system with a 220 nm RIU −1  bulk 

sensitivity. [ 22 ]  Taken together, the results here demonstrate 

that the peak shift caused by virus-like particle adsorption is 

greater on nonfunctionalized surfaces in part because there 

are a greater number of available adsorption sites. At the 

same time, the data suggest that virus-like particles selec-

tively adsorb only at the nanohole positions on the function-

alized surfaces. Of the three evaluated spectral signatures, the 

data show that Peak 2 has the highest sensitivity to particle 

adsorption inside the nanoholes. 

  To confi rm that single virus-like particles are in fact 

immobilized inside the functionalized nanoholes, SEM exper-

iments were also performed. Virus-like particles were incu-

bated for 3 h with a functionalized nanohole array and then 

extensively rinsed with buffer solution, followed by sample 

preparation. The SEM images verifi ed that single particles 

were immobilized in nanoholes without nonspecifi c vesicle 

adsorption on the gold surface (Figure  2 c). In a 15 × 20 nano-

hole array, at least 49% of the nanoholes contained a single 

virus-like particle while the rest of the nanoholes were empty. 

Among the nanoholes with virus-like particles, 82% of the 

particles were mainly inside the nanohole while 18% of the 

particles were partially inside the nanohole and appeared 

to protrude. In the latter case, the particles were still exclu-

sively located at the nanohole positions, supporting that the 

functionalization scheme is selective as there was no particle 

adsorption onto the other regions of the substrate. Figure  2 d 

presents a magnifi ed view of the nanohole array which 

depicts all three cases: (i) no vesicle in the nanohole; (ii) one 

particle predominately on top of the nanohole; and (iii) one 

particle predominately inside the nanohole. Taken together, 

the data indicate that single virus-like particles can be immo-

bilized inside the functionalized nanoholes for biosensing 

applications. 

 Finally, we examined the AH peptide-induced rupture of 

adsorbed virus-like particles in the two nanohole confi gura-

tions. In the nonfunctionalized nanoholes, 10 µ m  AH peptide 

addition at  t  = 115 min induced a redshift in the positions of 

Peaks 1 and 2 ( Figure    3  a). The magnitude and characteris-

tics of the peak shifts were similar for both transmission 

peaks. First, there was a moderate increase in the peak posi-

tion followed by a minor decrease, which resulted in a net 

redshift. The observation is consistent with peptide binding 

to the adsorbed particles and induction of a structural trans-

formation. [ 52,53 ]  Because AH peptide-induced vesicle rupture 

can promote supported lipid bilayer formation on bare gold 

substrates, [ 54 ]  the likely scenario here is that the rupture pro-

cess leads to lipid bilayer formation on the sidewalls of the 

nonfunctionalized gold nanoholes. In turn, the lipid mass, on 

average, will be closer to the plasmonic substrate which leads 

to the redshift. [ 29 ]  By contrast, there was negligible change in 

the position of Peak 3 which supports that this transmission 

peak is more sensitive to the local refractive index around 

the rim of the nanohole rather than that inside the nanohole. 

  When 10 µ m  AH peptide was added at  t  = 120 min to the 

adsorbed virus-like particles in the functionalized nanoholes, 
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 Figure 3.    Evaluation of AH peptide-induced rupture of single virus-like particles. Nanohole SPR experiments were performed on a) nonfunctionalized 
and b) mPEG-SH-functionalized nanohole arrays. Spectral shifts as a function of time were recorded for all three transmission peaks. The baseline 
signal corresponds to adsorbed virus-like particles after an additional BSA blocking step. Then, 10 µ M  AH peptide was added (denoted by arrow) 
and the particle rupture process was tracked. SEM images obtained at c) 20 000× and d) 40 000× magnifi cation show that nearly all virus-like 
particles were ruptured on the mPEG-SH-functionalized nanohole array.
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remarkably different responses were observed (Figure  3 b). 

Initially, there was a transient 3 min period of minimal 

response followed by a signifi cant blueshift in all three peak 

positions. As with particle adsorption (cf. Figure  2 b), the 

greatest shift was again recorded for Peak 2, with a decrease 

of 0.5 nm. In addition, the shifts recorded for Peaks 1 and 

3 had similar magnitudes, with decreases around 0.2 nm. 

Hence, while Peak 1 has the greatest bulk refractive index 

sensitivity, Peak 2 was the most sensitive position to follow 

virus-like particle adsorption and peptide-induced rupture. 

In order to confi rm AH peptide-induced particle rupture in 

the functionalized nanohole array, SEM experiments were 

performed. A similar procedure was used as described above, 

albeit with two additional steps. After virus-like particle incu-

bation and rinsing, the nanoholes were again incubated in 

an AH peptide solution for 2 h, followed by another round 

of rinsing and sample preparation. Figure  3 c demonstrates 

nearly complete particle rupture (>99%) in a 9 × 12 nanohole 

array. A magnifi ed view of the nanohole array further sup-

ports this observation, with no evidence of particles in nano-

holes (Figure  3 d). To explain why there is a net blueshift in 

the nanoplasmonic response, we may recall that the sidewalls 

of functionalized nanoholes are resistant to bilayer forma-

tion, which represents an important sensing advantage over 

existing nanoparticle-based systems which report a negligible 

shift or a redshift. [ 55 ]  When a lipid vesicle or virus ruptures, 

there is a net loss of lipid mass from the nanohole which is 

consistent with the experimentally observed blueshift and 

offers a biologically relevant measurement readout. 

 Taken together, the fi ndings in this study outline a bio-

sensing scheme to immobilize and characterize single lipid 

vesicles and virus particles in functionalized nanoholes. It 

was determined that the optical transmission peaks are sensi-

tive to different regions of the sensing volume, and detailed 

characterization of the different peaks allowed us to iden-

tify optimal sensing strategies for bulk versus local refrac-

tive index sensitive measurements. Here, we explored these 

features in the context of AH peptide-induced virus-like 

particle rupture which is analogous to the peptide-mediated 

rupture of dengue virus particles as observed by nanoparticle 

tracking analysis. Like other single-vesicle surface measure-

ments, our approach has a key advantage over solution meas-

urements that vesicle-peptide interactions can be tracked 

without effects of vesicle–vesicle interactions. Furthermore, 

we observe that the functionalized nanoholes resist lipid 

bilayer formation on the sidewalls after particle rupture, 

which enables more accurate profi ling of the rupture process. 

Compared to other single particle immobilization approaches 

based on tethering randomly arranged lipid vesicles to 

biotin-functionalized surfaces, [ 56 ]  our approach is label-

free and does not require specifi c attachment chemistries. 

Instead, it relies on selective, passive adsorption based on a 

generic surface functionalization scheme, and is amenable to 

nanoscale and mesoscale biological particulates in general. 

The features of the nanohole array can be easily customized 

in order to control the size of deposited biomacromolecules. 

In future work, it would be interesting to take advantage 

of temperature-dependent nanoplasmonic biosensing [ 57 ]  in 

order to investigate the effects of virus particle conformation 

(see, e.g., Zhang et al. [ 58 ] ) on the activity of virucidal drugs. 

Going beyond particle detection and receptor–ligand interac-

tions, this study opens the door to new possibilities for nano-

hole biosensing applications involving lipid vesicles and other 

macromolecular assemblies such as viruses and exosomes.   

 Experimental Section 

  Fabrication of Periodic Nanohole Array : A Si template pat-
terned with a square array of deep circular trenches (200 nm in 
diameter, 500 nm in period, and 600 nm in depth) was fabricated 
using nanoimprint lithography (Nanonex, NX-B200) and deep 
reactive ion etching (Plasma-Therm, Apex SLR-770). A 200 nm 
thick layer of Au was then deposited on the Si template (Forrotec, 
Temescal VES 2550), creating a metal nanohole array naturally on 
top of the deep circular trench array. Finally, the Au nanohole array 
generated on the Si template was peeled off by template-stripping 
with optical epoxy (Norland, NOA 61) and transferred to a glass 
substrate. 

  Surface Functionalization : In order to block virus-like particle 
adsorption onto gold surfaces, a pretreatment step was carried out 
whereby thiol-terminated methoxy polyethylene(glycol) (mPEG-SH) 
(Creative PEGworks, Chapel Hill, NC) was covalently attached to the 
gold surface. First, a gold surface was rinsed with MilliQ-treated 
water and ethanol, followed by air drying and treatment with UV/
ozone cleaning (PSD-UV, Novascan Technologies Inc., IA, USA) for 
10 min. The treated gold surface was then incubated overnight in 
2 mg mL −1  mPEG-SH in 10 m M  Tris buffer solution [pH 8] and exten-
sively rinsed with water before experiment. 2 kDa mPEG-SH was 
used for all nanohole SPR experiments and 1, 2, or 5 kDa mPEG-
SH was used in the QCM-D experiments. Nonfunctionalized gold 
nanohole arrays were cleaned with water and ethanol, followed by 
air drying and treatment with UV/ozone cleaning for 5 min before 
experiment. 

  Model Virus Particle Preparation : Cholesterol-enriched model 
virus particles were prepared by the thin fi lm hydration and extru-
sion method. 1,2-dioleoyl- sn -glycero-3-phosphocholine (DOPC) 
and cholesterol (Chol; ovine wool, >98%) were purchased from 
Avanti Polar Lipids (Alabaster, AL, USA). DOPC was supplied in 
chloroform, and Chol was obtained in dry powder form and subse-
quently solubilized in chloroform with a trace amount of methanol. 
After mixing DOPC and Chol to the desired molar ratio (70 mol% 
DOPC and 30 mol% Chol), thin fi lms were prepared by fi rst drying 
the reagents in chloroform under a gentle stream of nitrogen air at 
room temperature. After overnight storage in a vacuum desiccator, 
the dried lipid fi lms were hydrated in aqueous buffer solution at a 
lipid concentration of 5 mg mL −1  and the solution was subjected 
to vortexing. The resulting multilamellar vesicles were extruded 
by using a Mini Extruder (Avanti Polar Lipids) through a polycar-
bonate membrane with 100 nm diameter pores and then again 
through a polycarbonate membrane with 50 nm diameter pores, 
and fi nally through a polycarbonate membrane with 30 nm diam-
eter pores. The resulting virus-like particle solutions were diluted 
before experiment, and were used within 3 d of preparation. The 
aqueous buffer solution used in all experiments was 150 m M  NaCl 
and 10 m M  Tris [pH 7.5]. All buffers and solutions were prepared 
with 18.2 MΩ cm MilliQ-treated water (MilliPore, Billerica, MA). 
The average diameter of the extruded particles was ≈75 nm, as 

small 2016, 12, No. 9, 1159–1166



www.MaterialsViews.com

1165© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

measured by dynamic light scattering measurements with a 90Plus 
particle size analyzer (Brookhaven Instruments, NY, USA). 

  Peptide Reagent : High purity AH peptide (>95%) was synthe-
sized by Anaspec Corporation (San Jose, CA, USA). The sequence 
of the AH peptide is H-Ser-Gly-Ser-Trp-Leu-Arg-Asp-Val-Trp-Asp-Trp-
Ile-Cys-Thr-Val-Leu-Thr-Asp-Phe-Lys-Thr-Trp-Leu-Gln-Ser-Lys-Leu-
Asp-Tyr-Lys-Asp-NH 2 . The as-supplied lyophilized form was initially 
solubilized in DMSO and then diluted in water in order to prepare 
a stock concentration of 2 mg mL −1  peptide (8% v/v DMSO). The 
exact molar concentration of peptide in solution was determined 
by standard absorbance measurements at 280 nm. For experi-
ment, the peptide stocks were diluted accordingly with aqueous 
buffer solution [10 m M  Tris (pH 7.5) and 150 m M  NaCl] and the fi nal 
DMSO concentration was less than 0.3% v/v. 

  Quartz Crystal Microbalance-Dissipation Measurements : 
QCM-D experiments were performed on a Q-Sense E4 instrument 
(Q-Sense AB, Gothenburg, Sweden). Experimental data were col-
lected at several overtones and the changes in frequency (Δ f ) and 
energy dissipation (Δ D ) were monitored as functions of time. The 
reported measurement values are from the third overtone ( n  = 3) 
and were normalized accordingly (Δ f n    = 3 /3). All measurements 
were performed on QCM-D sensor crystals (Q-Sense AB) with gold 
surface coating. The substrates were cleaned with 1% w/w sodium 
dodecyl sulfate (SDS) solution, and then sequentially rinsed with 
water and ethanol. After gentle drying with a stream of nitrogen air, 
the crystals were subjected to oxygen plasma treatment (Harrick 
Plasma, Ithaca, NY, USA) at maximum radiofrequency for 1 min 
immediately before experiment. 

  Nanohole Surface Plasmon Resonance Measurements : Extinc-
tion measurements were performed in optical transmission mode 
using the Insplorion XNano instrument (Insplorion AB, Gothen-
burg, Sweden). Bulk refractive index sensitivity measurements 
were conducted on nonfunctionalized gold nanohole arrays by 
adding glycerol–water mixtures with increasing glycerol fractions 
(0–35 wt%) and recording the spectral shift for each transmis-
sion peak. For experiments on functionalized nanohole arrays, the 
nanoholes were precoated with mPEG-SH and the baseline signal 
was recorded in aqueous buffer solution. Then, a 0.3 mg mL −1  
virus-like particle solution was added until the adsorption process 
reached saturation. Next, 50 µ M  bovine serum albumin (BSA) was 
added in a blocking step followed by buffer rinse. Finally, 10 µ M  AH 
peptide was added in order to induce particle rupture. All reagents 
were introduced under continuous fl ow at a rate of 41.8 µL min −1  
as controlled by a peristaltic pump (Reglo Digital, Ismatec, Glatt-
brugg, Switzerland). Data processing was performed using the 
Insplorer software (Insplorion AB) and a custom MATLAB script was 
used to fi t a polynomial function to the peaks in the transmission 
spectrum in order to calculate the peak positions as a function 
of time. 

  Scanning Electron Microscopy Imaging : Functionalized gold 
nanohole arrays were incubated with 0.3 mg mL −1  virus-like par-
ticle solution for 4 h followed by extensive rinsing with MilliQ-
treated water. In some cases, there was an additional incubation 
step with 52 µ M  AH peptide, followed by another round of rinsing. 
After vesicle and/or peptide treatment was complete, the samples 
were incubated in a 2% v/v aqueous glutaraldehyde solution, 
followed by water rinsing. The samples were extensively dried, 
and then coated with a 10 nm thick layer of gold with a JFC-1600 
sputter coater (Auto Fine Coater, JEOL, Tokyo, Japan) (20 mA, 

60 sec). SEM imaging was performed using a FESEM 7600F instru-
ment (JEOL, Japan) with an acceleration voltage of 5 kV at different 
magnifi cations. 

  Nanoparticle Tracking Analysis : Nanoparticle tracking analysis 
experiments were conducted with a Nanosight LM10 instrument 
(Malvern Instruments, Malvern, UK) in order to measure the size 
distribution of dengue virus particles (type 2, New Guinea C strain) 
before and after treatment with 26 µ M  AH peptide at 37 °C for 1 h. A 
405 nm laser source was used to illuminate virus particles within the 
laser beam in order to cause Rayleigh scattering and scattered light 
from individual particles was visualized by optical microscope (20× 
magnifi cation). The time-resolved Brownian motion of individual 
particles was recorded by camera for a time period of 3 min at a rate 
of 25 frames per second, leading to calculation of the hydrodynamic 
diameter of individual particles by the 2D Stokes–Einstein equa-
tion. [ 59 ]  Video capture and data analysis parameters were controlled 
using the NTA 3.1 software program. Before experiment, the dengue 
virus specimen was propagated in C6/36 cells, irradiated with ultra-
violet light for 30 min, and supplied in DMEM culture supernatant at 
an estimated concentration of 10 5  plaque forming units µL −1 .  
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