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Abstract

A simple sensor for viral particles based on ionic conductivity through anodized alumina 

membranes was demonstrated using MS2 bacteriophage as an example. A facile two-point 

measuring scheme is geared toward realization using a computer’s sound card input/output 

capabilities suitable for a fast and inexpensive point of care testing. The lowest detection 

concentration down to ~7 pfu/mL and a large dynamic range up to ~2000 pfu/mL were obtained 

due to physical optimization that included proper length and diameter for the pores, removing the 

oxide layer at the electrode, as well as the chemical optimization of covalent binding of antibodies 

to the pore’s walls.
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There has been great interest in recent years in the development of biosensors based on the 

utilization of nanopores. Various realizations of such sensors employ different mechanisms 

of detection, from optical1–3 to electrical,4–24 in the form of single pores or multiple pores 

(i.e., nanoporous membranes). Most of these detection schemes typically have the nanopore 

walls equipped with ligands responsible for specific binding of the specific analytes.

The electrical detection schemes have been typically realized in the form of electrochemical 

sensors, where the signal from redox species is measured using a potentiostat,5 but more 

simple detection approaches based on measurements of ac or dc ionic current have also been 

demonstrated.6–17 The pulsed resistance method employing a single pore and detecting the 

dc current changes has been vastly improved in recent years, especially in the field of DNA 

sequencing,6–9 but its application to other bioanalytes is not obvious and the requirement for 

sophisticated devices needed for fast time detection makes it not very cost-effective.

Techniques where nanopores are equipped with specific ligands (or antibodies) are currently 

more suitable to broad applications. In this approach, two mechanisms are responsible for 

the change of ionic current, the long-range electrostatic interactions (surface charge effect) 

and the steric hindrance (volume exclusion effect).6–21 Depending on the analyte to be 

detected, one of these effects can be enhanced by selecting appropriate conditions. In very 

small diameter nanopores, steric hindrance induced by the captured analyte molecules of the 

comparable size causes an increase in ionic resistance proportional to the excluded volume 

of the nanopores and further enhanced by the possible decrease of ionic mobility.17–21 The 

equilibrium concentration of ions inside these pores may be affected by the charges on the 

nanopores’ walls, but it is insignificant if the electrolyte concentration is high. If the 

electrolyte concentration is low and the surface charge is nonzero, the concentration of 

counterions in the pores may exceed the ion concentration in the outside solution due to the 

electrical neutrality requirement. The surface charge change brought by the analyte 

molecules attached to the ligands on the walls under such conditions can be used for their 

detection.6,11–15 The effect can be further controlled by adjusting the pH of the electrolyte.
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Among the different methods of preparing nanopore arrays or nanoporous membranes, 

fabrication by anodization of aluminum or titanium is one of the most convenient methods 

as it does not require a cleanroom or any lithographic techniques. Anodized aluminum oxide 

(AAO) membranes can be fabricated with controllable pore length and diameter by proper 

choice of the anodization voltage, the type of electrolyte, the time of anodization, and post 

treatment. The pore walls can be chemically modified to incorporate the desired ligands to 

be used for binding of specific bioanalytes.16–22 Sensors based on AAO membranes have 

previously been used for detection of small molecules and ions,22 DNA,2–4,10,11,17 

proteins,1,2,16,18–21 and viruses.23,24

We suggest that this platform is particularly suited for the detection of viruses and can be 

developed into a fast and inexpensive point-of-care test.

Viruses are infectious agents of small size and simple composition and vary in diameter 

from 20 nm to 250–400 nm with distinctive shapes. These dimensions are in the range of 

what can be easily manufactured in AAO membranes. The predominant shapes of viruses 

are of two kinds: rods/filaments and spheres, which are actually 20-sided (icosahedral) 

polygons. The larger and more-complex viruses, however, combine both filamentous and 

polygonal shapes.

MS2 bacteriophages are single-stranded RNA viruses that infect E. coli, a Gram-negative 

bacteria, often used in molecular biology.25,26 It is a model virus that can be used to mimic 

other harmful viruses with similar physical structure and properties. The most commonly 

used methods for detection and identification of viruses are virus culture, polymerase chain 

reaction (PCR), and enzyme-linked immunosorbent assay (ELISA). These methods are 

complicated and time-consuming.27–29 Recently developed electrochemical methods hold 

much promise due to their low cost, scalability, low power consumption, and good 

sensitivity. Electrochemical impedance spectroscopy (EIS) is one of such electrochemical 

detection schemes, which relies on the surface properties of electrodes altered upon binding 

of a biological analyte. It has been applied for virus detection using flat electrodes30–34 and 

AAO membranes.23,24 Unfortunately, in these studies no clear understanding of the 

detection mechanism was offered.

Here we elucidate the main features of an AAO-based sensor for viruses and demonstrate 

through the example of detection of MS2 bacteriophage how such optimization can lead to 

the lowest detection ~7 pfu/mL with good sensitivity and specificity. The proposed low-cost 

label-free sensor is simple in production and operation (does not require a potentiostat), 

which makes it highly suitable for the development of point-of-care applications.

The details on sample preparation are given in the Supporting Information (sections 1–3). 

Briefly, high-purity Al sheets were anodized in 3 wt % oxalic acid at 4 °C with 60 V DC for 

315 min to produce alumina nanoporous membrane using the so-called “two-step” method. 

It resulted in an almost hexagonal periodic arrangement of the pores with 73 ± 14 nm 

diameter and 30 µm length, as shown in Figures S2–S4. Etching in 5% phosphoric acid at 

room temperature for 50 min partially dissolved the oxide layer at the bottom of the pores 

and also widened the pores to a diameter of 97 ± 17 nm. The membranes remained on the Al 
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sheet that provided the necessary support for direct mounting in the cell while serving as an 

electrode. In the alternative approach, the anodization was finished by thinning the alumina 

barrier layer with stepwise lowering of the current (electroetching; see Figure S1).

To make a sensor for MS2, each anodized membrane was modified by covalent attachment 

of MS2-phage polyclonal antibody, as illustrated in Scheme S1, and assembled into a cell 

made of 1-cm-thick Teflon or PDMS with a 5 mm hole on top of the membrane electrode 

(see Figure S5). The impedance measurements were performed in the two-electrode 

configuration using a CH Instruments 700C potentiostat with the second electrode being a 

1.3 mm Pt on top of and in close contact with the membrane. The impedance spectra were 

measured at room temperature with no DC bias under 10 mV of AC potential within the 

frequency range of 1 Hz to 100 kHz using 1× PBS buffer (pH 7.4). The MS2-bacteriophage 

binding assays were performed in the assembled cell by placing 60 µL of the desired 

concentration of MS2 (or Qβ) in PBS onto the membrane for 1 h followed by replacing the 

solution with 1× PBS.

The proposed technique for convenient and accurate detection of various viruses is 

illustrated here on a representative bacteriophage, MS2, and is based on the volume 

exclusion mechanism, i.e., increase in the ionic pore resistance due to specific binding of the 

analyte virus on the pore walls. The optimized design has to address a few important 

parameters. First, the pores have to be sufficiently long to make their AC ionic resistance 

detectable. To illustrate the effect let us consider Figure 1 with the Bode plot (the impedance 

as a function of frequency). The cartoon inset represents the elements contributing to the 

impedance. Each pore is open on one side to solution and is terminated on the other side by 

an oxide barrier on top of the aluminum electrode. Since the detection is performed in the 

two electrode scheme, the counter electrode is similarly important. Typically we use a 

platinum counter electrode touching the pore entrance but, alternatively, two identical 

membranes can be used as the electrodes. The equivalent circuit is represented by the oxide 

barrier part given by the (practically infinite) resistance, Rox, in series with its capacitance, 

Cox, which are connected to similar elements for the pores, Rpore and Cpore. The circuit is 

terminated with the resistance of the solution between the membrane and the counter 

electrode, Rsol. The latter is recognizable only at the highest frequencies and can be ignored. 

The remaining three elements, Cox, Rpore, and Cpore, define the appearance of the Bode plot 

for absolute impedance, |Z(ν)|, as a function of frequency, ν, as well as the phase shift, 

which is not shown. Each of the capacitances are responsible for the 1/ν varying parts (i.e., 

the negative slope −1 in the log−log plot) in the low and high frequency ranges, while Rpore 

is responsible for the horizontal portion (where the phase is also close to zero). In order to 

measure the changes in this resistance effectively, the two capacitances have to be 

significantly different, by orders of magnitude. That can be achieved by increasing the pore 

length and by minimizing the impedance of the oxide layer. We achieved the latter by 

etching in 5% phosphoric acid that leads to almost uniform removal of the oxide layer 

throughout the whole length of the pores and thus narrowing the oxide barrier and 

simultaneous pore widening. The latter simultaneously slightly decreases the pore 

resistance, Rpore, and the inverse capacitance, 1/Cpore. The 30-µm-long pores, together with 

narrowing the oxide layer, provided sufficient enough contrast between Cpore and Cox for 

easy detection of Rpore. In the alternative approach, the etching was performed 
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electrochemically, which did not affect the pore diameter and only minimized the oxide 

layer.

The second part of optimization involves the pore diameter. The ionic resistance increases 

proportionally to the excluded volume (presuming that the diffusion coefficient of the ions 

does not change) and thus the pores’ diameter, D, needs to be close to the size of the targeted 

analyte,35,36 MS2 bacteriophage in our case, which has an almost spherical shape with 

diameter d ~ 27 nm.37 At the same time, if the pore diameter is too close to that of the 

analyte and does not satisfy the condition

(1)

the analyte binding at the pore entrance would block access to the remaining portion of the 

pores (see inset in Figure 1A). For that reason, we chose the larger pore diameter of ~97 nm 

which better matches the condition of eq 1 for MS2. The antibodies attached to walls also 

have finite size (from ~5 to ~12 nm, in different directions) and one has to take it into 

account for correct estimation of the free pore diameter, D. The separation by size of viruses 

can be an additional tool for amplifying the sensitivity of such sensors. Figure 1 illustrates 

that a more efficient removal of the oxide layer in the 73 nm pores led to a smaller capacitive 

impedance, but the pore resistance was larger than for 97 nm pores of the same length. More 

importantly, for the sensor based on the smaller diameter pores (73 nm) the condition of eq 1 

were not satisfied and the observed membrane pore resistance change due to MS2 binding 

was smaller almost by a factor 3. The fact that the ratio is not much greater is caused by the 

viral particles’ spreading through the pores well beyond the entrance despite the formal 

failure of eq 1. One obvious reason for that is a broad variation of the pore diameters; 

indeed, it is 73 ± 14 nm, which in some places is greater than 2d. A slow binding rate of the 

viral particles with the surface antibodies can also accommodate intrusion of particles 

beyond the entrance.

It is important for a sensor to be specific to the desired analyte and have a low response to 

other viruses. As seen in Figure 2, our sensor equipped with MS2 antibodies has negligible 

response to another bacteriophage of a similar size, Qβ. The relative resistance change for 

nontargeted phage is smaller by a factor of ~15. The nonzero effect is due to nonspecific 

binding of the viral particles and can be likely improved by using more effective ligands, 

rather than polyclonal antibodies. Another possibility of a false reading can arise in mixed 

samples from physical trapping of the nontargeted viral particles inside the pores by targeted 

viral particles attached to walls. This undesired effect, again, can be eliminated by using 

larger pores, e.g., 97 nm, where such entrapment is minimal.

The nature of the volume exclusion effect is such that it should not be affected by the charge 

on the analyte species or the concentration of ions in the electrolyte or by pH. The 

competitive surface charge effect4,6–15 is most strongly present at low electrolyte 

concentrations. Thus, in our detection scheme a sufficiently high electrolyte concentration 

was used, ~0.15 M (1× PBS). As shown in SI Figure S6, the effect of pH under such 

conditions is indeed minimal. As Figures 1 and 2 demonstrate, the AAO-based ionic 
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resistance sensor with 97-nm-diameter pores shows a significant resistive response for MS2 

phage. The impedance measured at 9.6 kHz is primarily due to the membrane pore 

resistance (a plateau in Figure 1) which changes almost perfectly logarithmically in the 

concentration range of 10–2000 pfu/mL of MS2. Note that all the measurements in Figures 1 

and 2 were performed in the two-point measuring scheme.

If one assumes for simplicity that the diffusion coefficient of ions inside the pores does not 

change much due to confinement, the maximum increase of the ionic pore resistance can be 

estimated as the excluded volume arising the bound phages. For tightly packed spheres of 

diameter d, representing our viral particles on the walls of cylindrical hole with the diameter, 

D ~ 3d, the maximum relative resistance change should be ΔR/R ~ ΔV/V ~ 0.5 (see Figures 

S7 and S8 for details), which is close to the experimental value in 97 nm pores, ~47%. The 

presumption that the diffusion coefficient of ions is not changing inside the pores is an 

oversimplification4 and, if included here, should cause the effect to exceed 50%.

The lowest detection concentration measured as an intercept for the optimal device with 97 

nm pores in Figure 2, is ~7 pfu/mL when only MS2 was used. When the 1:1 mixtures of 

MS2:Qβ were used (solid rhombs), the lowest detection concentration for MS2 grew to ~30 

pfu/mL and the signal saturated at a slightly lower value of ΔR/R ~ 43%. Both effects are 

likely due to nonspecific binding of Qβ, which gets trapped between the MS2 phages but 

washes off easily, thus the lower signal. The increase in the lowest detection by more than a 

factor of 2 can be rationalized by a higher diffusion coefficient of Qβ, which is a slightly 

smaller phage (26 nm vs 27 nm of MS2). The high concentration saturated value, ΔR/R ~ 

43%, in the mixture sample increases further to ΔR/R ~ 45% (empty rhomb) when solely 

MS2 was added. All these suggest that a multistep washing and mixing during incubation 

can further improve the sensor performance in real samples.

As illustrated in the SI (see Figure S9), this unsophisticated two-point measuring scheme for 

impedance measurements can be easily realized using a computer’s sound card input/output 

capabilities with accuracy better than 0.5%, more than necessary for accurate signal 

detection.

CONCLUSION

We have designed a simple ionic conductivity sensor for MS2 phages based on anodized 

alumina membranes and demonstrated how such sensors can be optimized for other viral 

particles. Besides the specificity of antibodies, the physical optimization includes the 

removal of the oxide layer at the electrode and identification of the proper length and 

diameter for the pores. In particular, the pore diameter has to exceed 3 times the diameter of 

analyte and the pore length has to be long enough to ensure a significant contrast between 

the capacitances of the membrane and of the residual oxide layer. The resulting sensor for 

MS2 bacteriophages has logarithmic dependence in the concentration range of 10–2000 

pfu/mL. The lowest detection concentration was ~7 pfu/mL with pure MS2 and ~30 pfu/mL 

in the 1:1 mixtures of MS2:Qβ that mimic real systems. This simple two-point measuring 

scheme can be realized using a computer’s sound card input/output capabilities which makes 

it attractive for fast and quantitative point of care testing applications.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Bode plots for sensor responses to different concentrations of MS2 bacteriophage. A. The 

sensor is based on 73 nm pores. B. The sensor is based on 97 nm pores. The arrows in both 

cases indicate the corresponding frequencies of optimal detection and the insets illustrate 

that the pores with diameter, D < 3d, are less efficient due to compromised accessibility of 

the walls to viruses with diameter d (A), while larger pores are not affected (B). The inset in 

B illustrates the effective electrical circuit diagram, where Rsol is the resistance of solution 
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above the membrane, Rpore and Cpore are the resistance and capacitance of the pores in the 

membrane, and Rox and Cox are the resistance and capacitance of the oxide layer.
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Figure 2. 
Change in the sensor’s impedance at the resistive part as a function of concentration of 

viruses (MS2 bacteriophage for squares, circles, and rhombs and Qβ bacteriophage for 

triangles). All sensors have covalently immobilized antibodies for MS2 in membranes with 

the same pore length but different pore diameters: 97 nm for squares, triangles, and rhombs 

and 73 nm for circles. Solid rhombs identify 1:1 mixtures of MS2:Qβ.
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