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Abstract 

 

We prepared a nanopatterned polymer film of polydimethylsiloxane (PDMS via virus 

imprinting. The imprinted surface exhibited nanoscale cavities with the mean size of 120±4 nm. 

These cavities demonstrated the ability to preferentially capture a target virus from an aqueous 

suspension of ultralow volume (5 µL) after only 1 minute of contact. Two inactivated viruses 

with similar shape, Influenza A (HK68) and Newcastle Disease Virus (NDV), were employed as 

model pathogens. The polymer film, which was first imprinted with HK68 and exposed 

sequentially to suspensions containing fluorescently labeled NDV and HK68, was able to 

preferentially bind HK68 at a capture ratio of 1:8.0. When we reversed the procedure and 

imprinted with NDV, the capture ratio was 1:7.6. These results were obtained within 20 minutes 

of static exposure. The suspensions contained viruses at concentrations close to those occurring 

physiologically in influenza infections. The limit of detection was approximately 8 fM. 

Production of virus-imprinted films can be readily scaled to large quantities and yields a 

disposable, simple-to-use device that allows for rapid detection of viruses.  
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1. Introduction 
 

 Viral diseases consistently rank as a leading cause of death worldwide.
1
 Ability to control 

the spread of infections and minimize fatalities depends directly on the accuracy and speed of 

viral pathogen identification. For certain diseases, such as influenza, much effort has been 

devoted to the development of fast detection tools, such as rapid influenza diagnostic tests. These 

tests are based on viral nucleoprotein antigen recognition; and while they are rapid (usually 

taking less than 30 min), they lack sensitivity and the ability to distinguish between different 

viral strains.
2,3

 Diagnosis of other viral diseases often relies solely on laboratory methods, such 

as virus isolation by cell culture or polymerase chain reaction (PCR) assays. These methods take 

far too long for real-time monitoring of pathogens and are costly and labor-intensive.
4-6

 Thus, an 

urgent need exists for a general tool that can detect viral pathogens at the point of care, rapidly, 

selectively, and at low cost.
4,7  

In this study, we have developed a method for producing robust 

nanopatterened polymer films that can rapidly and selectively capture and detect target viruses 

from a low-volume liquid sample without employing any flow-focusing or mass sensing devices. 

We adopted the principles of cell imprinting, which can be explained as a template-assisted 

assembly of functional groups on the surface of a polymer for recognition of structural and 

chemical features of target cells.
8-11

 We employed nanometric viral templates to produce virus 

imprinted polymers (VIPs). 
 

Previously, it was shown that virus-imprinted silica particles can selectively capture 

icosahedral plant viruses from 120 µL of aqueous sample with a viral concentration of 65 pM.
12 

Rod-shaped plant virus was preferentially captured by imprinted crosslinked poly(allylamine 

hydrochloride) hydrogels, and this system reached a capture ratio of about 2:1 target to non-

target plant virus.
13

 A follow-up study showed an increased selectivity of an optimized imprinted 
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poly(allylamine hydrochloride) toward the target virus (ratio about 7.8:1) when the polymer was 

immersed into 0.1 mg/ml suspension of either virus and centrifuged for 6 hours, and the 

conditions were further optimized.
14,15

 Another study reported the formation of polymer-based 

acrylamide nanoparticles imprinted with waterborne bacteriophages and coupled to a surface 

plasmon resonance biosensor.  This device was able to bind the bacteriophage from a 100 µL 

sample with viral concentrations of 0.33 - 27 pM .
16

 Finally, much recent attention was devoted 

to coupling VIPs with quartz crystal microbalance (QCM) sensors for high sensitivity and 

selectivity.
17-19

 Imprinted acrylamide polymers spin-coated on QCM electrodes were able to 

distinguish between different subtypes of Influenza A. Typical experiments were conducted by 

flowing 75 µL of viral suspension at a concentration of 2 x 10
7
 particles per mL (33 fM) through 

the QCM cell, while the absolute limit of measurement was about 10
5
 particles per mL (0.17 

fM).
18

 Although coupling virus imprinting with the QCM enables high sensitivity, it also relies 

on accessibility of the microbalance and often requires sophisticated polymer preparation to 

ensure that the imprinting material is rigid enough to maintain the quality factor of resonance.  

In our study, a low-cost tool for selective viral detection was developed without 

employing any mass sensing or flow-focusing devices. Polydimethylsiloxane (PDMS), an 

inexpensive, commercially available polymer,
 
served as the thin film for imprinting and enabled 

rapid capture of viral pathogens in minute sample volumes.
9
 We employed as model pathogens 

Influenza A H3N2 (HK68), which was responsible for the 1968-1969 pandemic flu outbreak, 

and a morphologically similar virus strain, Newcastle Disease Virus (NDV).
20 

 For safety reasons, 

both strains were inactivated prior to use.   

2. Experimental 

 

2.1 Materials 
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 UV-inactivated HK68 particles and UV-inactivated NDV particles (two batches each: 

unlabeled virus and virus labeled with DiO, 3,3′-dioctadecyloxacarbocyanine perchlorate) were 

obtained from Gray Box Biology LLC, (New York, NY). Polydimethylsiloxane (PDMS) was 

obtained from Momentive Performance Materials, Dowd & Guild (San Ramon, CA). All other 

chemicals were purchased in analytical or higher grade from Sigma-Aldrich (St. Louis, MO) or 

VWR International (Visalia, CA). 

2.2 Confirmation of Virus Particle Size and Concentration  

 Prior to experimentation it was necessary to establish a framework for consistently 

measuring the interactions between the VIP and the two types of virus particles. Viral titers are 

traditionally determined using plaque-based assays, and reported as plaque forming units per ml 

(pfu/ml).  However, for this study, it was preferable to express the concentrations in terms of free 

particles per mL. The concentrations of HK68 and NDV suspensions, respectively, were 

normalized to particles/mL and later to molarities via dynamic light scattering (DLS) using a 

Nano-ZS90 Zetasizer (Malvern, U.K.). For the purposes of this study, we established that 1 pfu 

of NDV is equivalent to approximately 6.7 particles/nL. The sizes of HK68 and NDV particles 

were also confirmed via DLS. All measurements were made in triplicate. 

2.3 Calibration of Fluorescence Intensities 

 A calibration curve was built to relate fluorescence intensities produced by DiO-labeled 

HK68 and NDV to virus concentrations. This step is crucial because we measured virus capture 

via fluorescence microscopy (iXon+ electron-multiplying CCD camera at linear mode from 

Andor Technology, U.K. and Andor Solis imaging software) and must account for the possibility 

that the two viral strains have different fluorescence yields. We confirmed that fluorescence 
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intensities correlate with virus concentration and exhibit linearity at concentrations in the range 

of 10
6
-10

9
 particles/mL.  

2.4 Characterization of HK68 

 HK68 virus suspension was imaged using transmission electron microscopy (TEM) with 

a JEM-1400 TEM (Jeol, Japan) at 120 kV and a Gatan Orius digital camera. Prior to imaging, the 

suspension was contrast-stained for 15 min with an aqueous solution of uranyl acetate 1 wt%. 

Formvar- and carbon-coated copper glow discharged grids (300-400 mesh) were used.  

2.5 Template Preparation 

 A 2 µL suspension of the UV-inactivated HK68 virus particles (approximately 10
9
 

particles/mL) was applied to the surfaces of precleaned polystyrene microscope slides and kept 

at 60 °C for 2 hr. The locations of the virus smears were labeled with a permanent marker; 

excess material on the surfaces was removed by rinsing the substrate with DI water. The 

substrate was dried at 60 °C for 10 min before being used as a template. The NDV template is 

prepared in a similar manner.  

2.6 Stamp Fabrication
11 

 We have developed this nanopatterning procedure based on the polymer imprinting 

protocol developed in our previous work.
8
 In short, we weighed the PDMS monomer and 

crosslinker (curing agent) in a 10:1 ratio and mixed them manually. This mixture was then 

degassed in a vacuum desiccator until no bubbles were visible and was subsequently cured in an 

80 °C oven for 30 min. Once the PDMS hardened, it was cut into squares with a side length of 

about 0.5 inch. These squares served as the base for the thin film used for imprinting. The thin 

film was prepared by diluting the PDMS curing mixture using cyclohexane in a 2:1 ratio. This 

solution was spincoated onto the square base (30 s at 1500 rpm, using WS-650-23 Spin Coater, 
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Laurell Technologies, PA). While stamp fabrication conventionally uses glass as the base for the 

imprinted polymer, we chose to use PDMS as the base and thin film because of its flexibility and 

ease of preparation. Both the template and PDMS prepolymer were exposed to 60 °C for 15 min, 

after which the template stamp was pressed into the prepolymer and left to cure at 37 °C for 24 

hr. The template was then removed, and any remaining virus particles were washed away with an 

excess of water. The VIP was characterized via atomic force microscopy (AFM) with a scanning 

probe microscope (XE-70, Park Systems, CA) under noncontact AFM (tapping) mode, using 

etched silicon cantilevers (resonance frequency ~300 kHz, with medium low tip oscillation 

damping ~15%) and a scan rate of 0.2 Hz and XEI software. AFM images were analyzed with 

ImageJ software (National Institutes of Health). 

2.7 Virus Capture 

  The imprinted surface was tested for its ability to selectively reincorporate the target 

virus, which was labeled with DiO for detection purposes. The HK68 suspension was diluted 

with DI water in a 1:20 ratio (approximately 5 x 10
7
 particles/mL). The virus suspension was 

applied by simply dropping an ultralow volume of the suspension (5 µL) onto the imprinted 

surface of the polymer using a micropipette. After 15 min of static exposure, the imprinted 

polymer was rinsed with DI water to ensure that unattached virus particles were removed. The 

imprinted surface of the polymer was then inspected with fluorescence microscopy. 

2.8 Exposure Time 

 The effect of time of exposure to the target virus on virus capture was tested following 

the procedure in 2.7. Exposure times tested were 1 min, 2 min, 3 min, 4 min, 5 min, 10 min, 20 

min, 45 min, 1 hr, and 2 hr.  
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2.9 Sensitivity 

 The suspension with the target virus was progressively diluted with DI water. The most 

dilute suspension was 1:200. Imprinted polymers were exposed to 5 µL of the diluted 

suspensions for 20 min.  

2.10 Selectivity 

 Imprinted polymers produced with HK68 were exposed to an undiluted suspension of 

DiO-labeled NDV (approximately 6.7 x 10
7
 particles/mL) for 1, 5, and 20 min; conversely,  

imprinted polymers produced with NDV were exposed to an undiluted suspension of DiO-

labeled HK68 (1 x 10
9
 particles/mL) for the same time intervals.  

3. Results and Discussion 

3.1. Characterization of Viral Suspensions 

We first characterized the HK68 virus suspension via TEM and observed spherical 

morphology with typical glycoprotein spikes protruding from the particle surface (Figure 1). 

DLS measurements of both strains confirmed the size of HK68 as 119±52 nm and the size of 

NDV as 176±16 nm, in line with literature on virus morphology, while the larger size 

distribution range observed for HK68 may suggest some aggregation.
18,21-25 
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3.2. Polymer Film Nanopatterning 

 VIPs were successfully produced from PDMS thin films based on the optimized protocol 

using viruses as nanometric imprinting templates (Figure 2).
 9

 The template containing the target 

virus was pressed into a PDMS prepolymer; and after the polymer cured, the template and excess 

virus particles were removed, leaving behind in the polymer cavities complementary in shape 

and exhibiting a specific affinity for the target virus. 

 

 

 

 

 

 

Figure 1: TEM image of HK68 virus particle with spherical morphology. The inset presents 

a typical DLS measurement. 
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HK68 was the first target virus used in nanopatterning. AFM images confirmed the presence of 

nanometric cavities complementary to the shape of the virus on the PDMS film, with good 

surface coverage (Figure 3). The mean size of the cavities was 120±4 nm, while their maximum 

and minimum dimensions were 320 nm and 47 nm, respectively. The polymer surface seemed to 

be patterned by a monolayer of virus particles, although about one in every twenty cavities was 

deeper. It is noteworthy that UV-inactivated HK68 virus was used for the imprinting process, 

obviating the use of hazardous live pathogens in large-scale production of VIPs.
4 

A 

B 

Figure 2: Schematic representation of PDMS film nanopatterning with viruses showing (A) 

production and  (B) capture. 
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3.3. Virus Capture  

 

Virus capture was tested using DiO-labeled virus samples to facilitate identification by a 

fluorescence microscope. Fluorescence intensity of 2000 counts was recorded after only 1 

minute of exposing the VIP to 5 µL of virus sample. This signal was about ten times higher than 

that of the control (nonimprinted PDMS film exposed to the same virus sample), indicating the 

presence of DiO-labeled viruses captured in the cavities of the polymer.  

We investigated the influence of exposing the VIP to the virus sample for various time 

intervals.  We found that VIPs were effective in capturing the target virus with only 1 min of 

exposure and that fluorescence intensity values steadily increased with time before plateauing at 

about 45 min of exposure (Figure 4).  

Figure 3: AFM images of PDMS surface nanopatterned with HK68 (target virus). The 

insert is at a magnification of 4x.  
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The results suggest that while detection is possible almost immediately, the optimal time 

of static exposure would be around 20 min. Exposing the VIP to any virus for longer than 20 min 

would increase the chance of nonspecific interaction of particles and would not satisfy clinical 

needs of efficiency.
2
 In terms of real-time disease monitoring, the VIP presents a significant  

improvement on the laboratory gold standard method for the specific detection of Influenza A: 

rRT-PCR assay, which takes about 2.5 hr.
26

  

Having thus established 20 min as the optimal time of exposure, we identified the lowest 

concentrations threshold for virus capture. The minimal virus capture perceivable by 

fluorescence microscopy was at the virus concentration of 8 fM in a 5 µL sample. This virus 

concentration is within the range physiologically found in saliva or nasal washes of subjects 

infected with Influenza A.
27

 In addition, the ultralow volume of the sample required for the 

analysis enables reaching several orders of magnitude higher sensitivity by simply pre-
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Figure 4: Change in virus capture across various times of exposure. Error bars 

represent one standard deviation of three fluorescent measurements. 
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concentrating the specimen. Preconcentration by moisture evaporation is feasible under field 

conditions and should take no more than a few minutes.  

In the present study, virus capture is achieved using only static exposure to a virus 

suspension.  It is anticipated that the sensitivity might be further improved by increasing the 

contact of virus particles with the imprinted surface, such as using flow or other means, like 

centrifugation, to press the virus particles against the VIP. It is noteworthy that fluorescence is 

just one means of detecting the captured virus. Virus particles already incorporated into cavities 

on the polymer can be visualized by staining with dyes specific to viral coat proteins or attaching 

fluorescent antibodies. Both of these procedures can be performed easily in field conditions. 

Thus, it is envisioned that VIP platforms can be designed to work in the field without the 

availability of electricity and to meet the World Health Organization guidelines.
28

   

3.4 Selectivity 

 We confirmed the ability of the VIP to capture only the target virus by exposing the VIP 

imprinted with HK68 to a concentrated sample of NDV and vice versa. The two viruses have a 

similar shape (spherical morphology, although pleomorphism can occur) and size, but differ in 

their surface components. Glycoproteins protrude from the surface of both viruses but with 

different densities.
21-25

 The surface of HK68 is covered primarily with hemagglutinin and 

neuraminidase glycoproteins, while the surface of NDV contains the fusion glycoprotein and 

hemagglutinin-neuraminidase glycoprotein.
29,30

 The difference in surface composition accounts 

for the ability of the VIP to distinguish between the two viruses. The PDMS kit utilized in VIP 

production contains a mixture of PDMS oligomers with vinyl groups, cross-linkers of 

polysiloxanes with vinyl and hydrogen groups, and a low amount of additional components 

including octamethylcyclotetrasiloxane, benzene, toluene and ethylbenzene.
10

 All these 
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ingredients contain functional groups that can form specific interactions with the template virus 

during the curing process and assume the most thermodynamically favorable orientation for 

these specific interactions. As the polymer is further cured, the position of the functional groups 

in the nanopatterned region becomes fixed. The virus particle template is removed, but the 

resultant cavity continues to select the target virus. We observed that the polymer film, which 

was first nanopatterned with HK68 and exposed sequentially to suspensions containing 

fluorescently labeled NDV and HK68, was able to preferentially capture HK68 after just 1 min at 

a capture ratio of about 1:6.7± 0.1  (Figure 5). A capture ratio of 1:8.0 ± 0.4 was obtained after 

20 min, which was previously established as the optimal exposure time (Figure 5). When the 

nanopatterning protocol was reversed and the VIP was imprinted with NDV, the ratio of capture 

of HK68 to NDV was 1:7.6 ± 0.4 with 20 min. It is likely that, because NDV particles are 

slightly larger than HK68 particles, it is somewhat easier for HK68 particles to be 

nonspecifically incorporated into the VIP produced for NDV due to the Brownian motion.
17,18

 

Nevertheless, the high selectivity ratio of the VIP is maintained. This offers further evidence that 

chemically specific recognition of the virus by the imprinted surface of the VIP is the dominant 

mechanism for virus capture as opposed to simple physical shape selection.
10  
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We acknowledge that biological samples such as saliva are more complex than those 

used in this study. Future work will be conducted with saliva samples obtained from a 

statistically significant number of individuals to confirm selectivity in physiological fluids.  

4. Conclusions  

We have found that PDMS thin films can be successfully imprinted with viruses, creating 

nanometric cavities on the polymer surface. These cavities, which are complementary in size and 

shape to the template virus, enable selective detection of the virus in suspension. We suggest that 

virus imprinted polymers (VIPs) may have distinct advantages over other alternatives for viral 

detection based on their ability to capture selectively viruses from ultralow volumes of liquid 

samples (5 µL),  their good sensitivity achieved without any mass sensing or flow-focusing 

devices (virus detection limit of 8 fM), and their rapid response (1 min). Furthermore, the 

0

500

1000

1500

2000

2500

3000

3500

1 5 20

F
lu

o
re

sc
e

n
ce

 I
n

te
n

si
ty

 (
C

o
u

n
ts

)

Time (min)

NDV

HK68

Figure 5.  Comparison of virus capture of HK68 and NDV by the VIP imprinted with HK68 over the 

same times of exposure. Error bars represent one standard deviation of three fluorescence 

measurements. 
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excellent ability of the VIPs to distinguish between two virus strains similar in size and shape 

offers evidence for the feasibility of using VIPs as a point-of-care diagnostic tool. The imprinting 

protocol developed for the two viral strains, HK68 and NDV, can likely be generalized and 

adapted to other enveloped viral strains.  
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