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 Development of portable biosensors has broad applications in environmental 
monitoring, clinical diagnosis, public health, and homeland security. There is an 
unmet need for pathogen detection at the point-of-care (POC) using a fast, sensitive, 
inexpensive, and easy-to-use method that does not require complex infrastructure and 
well-trained technicians. For instance, detection of Human Immunodefi ciency Virus 
(HIV-1) at acute infection stage has been challenging, since current antibody-based 
POC technologies are not effective due to low concentration of antibodies. In this 
study, we demonstrated for the fi rst time a label-free electrical sensing method that 
can detect lysed viruses, i.e. viral nano-lysate, through impedance analysis, offering 
an alternative technology to the antibody-based methods such as dipsticks and 
Enzyme-linked Immunosorbent Assay (ELISA). The presented method is a broadly 
applicable platform technology that can potentially be adapted to detect multiple 
pathogens utilizing impedance spectroscopy for other infectious diseases including 
herpes, infl uenza, hepatitis, pox, malaria, and tuberculosis. The presented method 
offers a rapid and portable tool that can be used as a detection technology at the 
POC in resource-constrained settings, as well as hospital and primary care settings. 
  1. Introduction 

 Rapid, inexpensive, and early detection of infectious virus 

diseases is an urgent unmet need with diverse applications 

ranging from clinical diagnosis, public health, and homeland 
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security. Among these applications, human immunodefi ciency 

virus (HIV-1) diagnostics in resource-constrained settings 

plays a critical role to provide appropriate and timely care 

to patients. More than 95% of deaths due to infectious dis-

eases such as malaria, acquired immune defi ciency syndrome 
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     Figure  1 .     3D schematic of the electrical sensing system and fl uorescent images of captured HIV-1 (a) 3D Schematic of viral capture and detection 
using magnetic beads conjugated with anti-gp120 antibodies (Biotin) and label-free electrical sensing of viral lysate. Streptavidin-coated magnetic 
beads were conjugated with anti-gp120 antibodies (Biotin). Samples were washed 4 times with 20% glycerol in grade water to remove electrically 
conductive DPBS. Captured viruses were then lysed using 1% Triton X-100 in grade water. The viral nano-lysate samples were used for impedance 
analysis by the microfl uidic device with two rail electrodes. (b) Bright-fi eld and fl uorescent-fi eld images of GFP tagged captured viruses fi xed with 
4% paraformaldehyde attached to magnetic beads were superimposed. White arrow points out the GFP tagged HIV-1 captured on a magnetic bead. 
(c) Corresponding bright-fi eld image of the captured and fi xed GFP tagged HIV-1 on the magnetic beads shown in Figure 1b. White arrow points out 
the corresponding magnetic bead shown in Figure 1b in bright-fi eld.  
(AIDS), and tuberculosis (TB) have been reported to occur in 

developing countries. [  1  ,  2  ,  3  ,  4  ,  39  ]  A signifi cant ratio (67%) of the 

33.3 million HIV-1 infected population live in sub-Saharan 

Africa. [  5  ,  6  ]  In addition, mother-to-child transmission (MTCT) 

remains the primary cause of AIDS in children in developing 

countries, with approximately 1500 children infected per 

day. [  7  ]  The total medicare costs for HIV/AIDS care spent in 

2008 was $11.6 billion. Despite the medicare costs, there is 

still high worldwide mortality rate due to late diagnosis of 

AIDS (2.5 million deaths in 2011). [  8  ]  There are 1.2 million 

HIV infected people in the US, 20% of which are not aware 

of their HIV status. [  9  ]  Further, 72% of the HIV infected 

population in the US is not suppressed with antiretroviral 

drugs. [  9  ]  These statistics clearly highlight the urgent demand 

for rapid, inexpensive, and simple screening tests to identify 

infected individuals for HIV/AIDS treatment. However, cur-

rent HIV-1 diagnostics such as lateral fl ow assays, including 

dipsticks or enzyme immunoassays (ELISA), and OraQuick 

HIV test kit lack the capability to detect acute HIV-1 infec-

tion even at high HIV-1 viral load. [  10  ,  11  ]  Antibodies against 

HIV-1 begin to appear 3 to 8 weeks after HIV-1 infection. 

Detecting persons with acute HIV-1 infection is crucial since 

viral replication and shedding occur in this stage before 

detectable HIV-1 antibodies appear. [  12  ,  13  ]  Persons with 

acute HIV-1 infection are unaware of their disease and there-

fore contribute substantially to HIV-1 transmission. [  14  ,  15  ]  Cur-

rent point-of-care (POC) HIV-1 detection methods target 

antibodies against HIV-1 generated after infection. Regard-

less of the sensitivity of these immunoassay methods, there 

is a period of HIV-1 infection (acute HIV-1), during which 

infected persons have false negative test results. At this stage, 
2554 www.small-journal.com © 2013 Wiley-VCH Ve
there is maximum viral replication and shedding (10 6 -10 8  

copies/mL). [  16  ]  Hence, nucleic acid testing (NAT) represents 

the state-of-the-art technologies for HIV-1 detection. Despite 

the sensitivity and specifi city, this technology cannot be 

implemented at the POC due to prohibitive cost and demand 

for skilled operators. [  5  ]  Thus, there is an immediate need for 

an easy to use, portable, and inexpensive diagnostic tool for 

acute HIV-1 detection (seroconversion and asymptomatic 

stages [  5  ] ) at the POC. 

 In this study, we have successfully isolated, enriched, 

and detected viruses by a micro-electromechanical sys-

tems (MEMS) device that utilizes impedance analysis of 

viral nano-lysates using HIV-1 and its multiple subtypes as 

a model system. To the best of our knowledge, there is no 

accurate, inexpensive, and POC HIV-1 detection method to 

diagnose the disease at the early stage of HIV-1 infection 

(3-8 weeks). [  10  ,  11  ]  This label-free electrical sensing method is 

the fi rst demonstration of viral detection utilizing viral nano-

lysate at virus concentrations that occur at the acute stage of 

HIV-1 infection (10 6 -10 8  copies/mL) [  16  ]  in a rapid, simple, and 

inexpensive fashion.   

 2. Results 

 To develop a label-free electronic biosensor for pathogen 

detection, we investigated the impedance spectroscopy 

response of viral nano-lysate of multiple HIV-1 subtypes. 

 Figure    1  a schematically represents the mechanism of the 

sensing platform. The virus capture mechanism in the pre-

sented method was validated using fl uorescent and scanning 
rlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 15, 2553–2563
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     Figure  2 .     Washing step evaluation of magnetic beads to remove the electrically conductive solution (DPBS) from the samples with streptavidin-
coated magnetic beads using 20% glycerol in grade water. Impedance magnitude (a) and phase (b) of the supernatant solution after each wash 
was measured at 1000 Hz and 1 V. “ ∗ ” indicates statistically signifi cant impedance magnitude change compared to all other groups. Statistical 
assessment on the results was performed using ANOVA with Tukey posthoc test for multiple comparisons. Statistical signifi cance threshold was 
set at 0.05, p < 0.05. Error bars represent standard error of the mean (n  =  3). No signifi cant difference between the impedance magnitude measured 
after the 4 th  wash and the impedance magnitude measured after 5 th , 6 th , and 7 th  washes was observed (n  =  3, p < 0.05). Based on these results, 
4 washes were adequate to fully remove the electrically conductive DPBS from the magnetic bead solution, eliminating a potential conductive 
bias.  
electron microscopy (SEM) imaging of green fl uorescent 

protein (GFP) tagged HIV-1 captured by streptavidin-coated 

magnetic beads conjugated with anti-gp120 antibody 

(Figure  1 b,c, and Supporting Information Figures S1,S2).  

 To detect HIV-1 particles through impedance analysis of 

viral nano-lysate, we evaluated the washing step to achieve 

robust and repeatable measurements with a high signal 

to noise ratio. Control samples were streptavidin-coated 

magnetic beads suspended in Dulbecco’s phosphate buff-

ered saline (DPBS, 1X). Samples were washed up to seven 

times using 20% glycerol in grade water repeating the same 

washing procedure, and the impedance for each sample was 

measured at 1000 Hz and 1 V ( Figure    2  ). The impedance 

magnitude change of the samples after each washing step was 

maximal at 1000 Hz. Thus, this frequency, i.e. 1000 Hz, was 

selected as the frequency to monitor the impedance magni-

tude to evaluate the washing steps. The impedance magni-

tude (Figure  2 a) and phase (Figure  2 b) measured after the 

fi rst three washes were statistically different from impedance 

magnitude measured after the 4 th , 5 th , 6 th , and 7 th  wash (n  =  

3, p < 0.05) (Figure  2 ). However, there was no signifi cant dif-

ference between the impedance magnitude (Figure  2 a) and 

phase (Figure  2 b) measured after the 4 th  wash and those 

measured after 5 th , 6 th , and 7 th  washes (n  =  3, p > 0.05). Based 

on these results, 4 washes were adequate to fully remove the 

electrically conductive DPBS from the magnetic bead solu-

tion, eliminating a potential conductive bias. These results 

show that washing 4 times with an electrically low conduc-

tive solution (20% glycerol) removes electrically conductive 

solutions from the sample thus enabling the electrical sensing 

signal due to the viral lysate. It addresses a key point in the 

system design given that biological fl uids are electrically 

conductive.  

 To evaluate the effect of antibody conjugation onto mag-

netic beads, the impedance magnitude and phase of samples 

with streptavidin-coated magnetic beads and magnetic beads 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 15, 2553–2563
conjugated with anti-gp120 antibodies in 1% Triton X-100 

were measured ( Figure    3  ). Compared to unmodifi ed mag-

netic beads, the impedance magnitude of the samples with 

conjugated magnetic beads in 1% Triton X-100 is higher at 

frequencies ranging from 100 Hz to 10 000 Hz (Figure  3 a). 

The antibodies are considered nonconductive if they are 

incapable of passing along electrons which occurs when the 

amino acid R groups for the amino acids are not charged. [  44  ]  

Looking at a mouse derived antibody for HIV-1 (National 

Center of Biotechnology Information, ncbi.nlm.nih.gov) 

under acidic conditions in 1% Triton-X 100 (pH ∼ 3.7), there 

are only 20 ionized amino acids out of 200 per each L-chain 

and H-chain of the protein. Even though the antibody pos-

sesses some charged groups, these portions may not be steri-

cally accessible making the protein a poor charge carrier. 

Therefore, the presence of antibodies on the beads would not 

be able to effi ciently pass along electrons, and we observed 

an increase in impedance as observed in Figure  3 a,b.  

 The impedance magnitudes of 1% Triton X-100, magnetic 

beads, and conjugated beads were measured at 1000 Hz as 

shown in Figure  3 a. This frequency falls within the steady-

state range for the impedance magnitude and is utilized to 

calculate the maximum impedance magnitude shift. The 

steady-state frequency range is where the impedance magni-

tude change is almot negligible (100–10 000 Hz). The imped-

ance magnitudes of 1% Triton X-100, streptavidin-coated 

magnetic beads in 1% Triton X-100, and magnetic beads con-

jugated with anti-gp120 antibody in 1% Triton X-100 were 

observed to be 2.72  ±  0.03 M Ω , 2.85  ±  0.03 M Ω , and 3.05  ±  

0.02 M Ω , respectively (Figure  3 b). Statistical analysis showed 

that the impedance magnitude of magnetic beads conjugated 

with biotinylated anti-gp120 antibodies in 1% Triton X-100 

and unmodifi ed streptavidin-coated magnetic beads in 1% 

Triton X-100 were signifi cantly different compared to the 

impedance magnitude of 1% Triton X-100 (Figure  3 b) (n  =  

6, p < 0.05). The impedance phase of each sample (1% Triton 
2555www.small-journal.comH & Co. KGaA, Weinheim
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     Figure  3 .     Evaluation of the impedance magnitude and phase change of streptavidin-coated magnetic beads in 1% Triton X-100 before and after 
anti-gp120 antibody conjugation. The impedance spectrum of the impedance magnitude (a) and phase (c) was measured and recorded over a 
range of frequencies from 100 Hz to 1 MHz. The impedance magnitude (b), and phase (d) of 1% Triton X-100, streptavidin-coated magnetic beads, 
and magnetic beads conjugated with anti-gp120 antibody in 1% Triton X-100 at 1000 Hz and 1 V were measured. Statistical signifi cance threshold 
was set at 0.05. Brackets connecting individual groups indicate statistically signifi cant peak shift (n = 6). Error bars represent standard error of the 
mean.  
X-100, streptavidin-coated magnetic beads, and magnetic 

beads conjugated with anti-gp120 antibody) was also meas-

ured at frequencies between 100 Hz and 1 MHz (Figures  3 c 

and d). The impedance phase of the samples at 1000 Hz and 

1 V is shown in Figure  3 d. We observed that statistically there 

was no signifi cant difference between the impedance phase 

of 1% Triton X-100, streptavidin-coated magnetic beads, and 

magnetic beads conjugated with anti-gp120 antibody in 1% 

Triton X-100 at 1000 Hz and 1 V (Figure  3 d) (n  =  6, p > 0.05). 

We also observed that the incubation time of magnetic beads 

in 1% Triton X-100 does not have any signifi cant effect on 

the impedance measurements (Supporting Information 

Figure S3). 

 Consistently repeatable impedance magnitude was 

observed for HIV-1 nano-lysate samples in 1% Triton X-100. 

The impedance magnitude of the lysed HIV-1 samples is 

lower at frequencies below 10 000 Hz (in the steady-state 

range) compared to the impedance magnitude of control 

samples ( Figure    4  a). The drop in magnitude occurs in the 

presence of viruses, indicating that this change can be utilized 

for detection of viruses. The impedance phase (Figure  4 b) of 

the HIV-1 nano-lysate samples was not statistically different 
2556 www.small-journal.com © 2013 Wiley-VCH V
compared to the impedance phase of the control samples for 

frequencies below 1000 Hz. These magnitudes begin to differ-

entiate just before 1000 Hz (n  =  6, p > 0.05). Maximum imped-

ance magnitude shift occurs in the frequency range of 100 Hz 

and 10 000 Hz and the maximum impedance phase shift 

occurs at frequencies between 1000 Hz and 1 MHz. There-

fore, all the data was collected from the range of 100 Hz to 

1 MHz.  

 Based on the results represented in Figure  4 , impedance 

magnitude was selected as the detection signal and frequen-

cies between 100 Hz and 10 000 Hz were used for detection 

where maximum impedance magnitude shift occurred. The 

impedance magnitude of the viral nano-lysate samples of 

HIV-1 subtypes (A, B, C, D, E, G, and panel) was measured 

at 1000 Hz and 1V where maximum impedance magnitude 

shift occurred (Figure  4 a). Control samples were strepta-

vidin-coated magnetic beads conjugated with biotinylated 

anti-gp120 antibodies diluted in DPBS without viruses. To 

measure the impedance change, the samples were washed 

four times with 20% glycerol as described in the method sec-

tion and were resuspended in 1% Triton X-100. The imped-

ance magnitudes of the control samples and lysed HIV-1 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 15, 2553–2563
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     Figure  4 .     Average impedance magnitude (a) and phase (b) spectra over a range of frequencies between 100 Hz and 1MHz for HIV-1 subtypes A, B, 
C, D, E, G, and a panel of HIV-1 subtypes (A, B, C, D, and circulating recombinant forms, CRF01_AE and CRF02_AG). Control samples were prepared 
by mixing streptavidin-coated magnetic beads conjugated with anti-gp120 antibodies in DPBS without HIV-1. The test and control samples were 
washed with 20% glycerol (4x) and resuspended in 1% Triton X-100. The viral loads of 1.74  ×  10 8 , 1.2  ×  10 8 , 1.17  ×  10 8 , 2.9  ×  10 8 , 8.39  ×  10 8 , 
6.53  ×  10 8 , and 1.49  ×  10 9  copies/mL were measured for subtypes A, B, C, D, E, G, and the panel, respectively.  
subtypes A, B, C, D, E, G, and panel were 3.05  ±  0.02 M Ω , 

1.75  ±  0.26 M Ω , 1.8  ±  0.18 M Ω , 1.62  ±  0.21 M Ω , 1.68  ±  0.1 M Ω , 

2  ±  0.22 M Ω , 1.88  ±  0.23 M Ω , 1.84  ±  0.1 M Ω  at 1000 Hz and 

1 V, respectively (Figure  4 a). 

 The antibody-virus bond does not have any signifi cant 

effect on the impedance spectroscopy. We did not observe 

impedance change in samples with streptavidin coated mag-

netic beads conjugated with anti-gp120 antibodies in 20% 

glycerol and samples with HIV-1 captured and fi xed on con-

jugated magnetic beads in 20% glycerol (Supporting Infor-

mation Figure S4). 

 We modeled the impedance spectrum of the device using 

the equivalent electronic circuit model shown in  Figure    5  a, 

and used MATLAB to determine the parameter values 
© 2013 Wiley-VCH Verlag Gmb

     Figure  5 .     Electronic circuit model of the microfl uidic device with corresp
(a) The equivalent circuit used for extracting different electrical parameter
(R sol  of the viral lysate). R dl , R sol , and R sys  are the resistance of double
and impedance analyzer), respectively. Z w  is the warburg impedance an
respectively. Impedance magnitude and phase spectra fi ts between th
subtype A lysate are shown in Figure  5 b and c, respectively.  
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by minimizing the respective error between the experi-

mental data and the proposed model. The errors were cal-

culated by subtracting the theoretical impedance from the 

experimental.   

Figure  5 a shows the electronic circuit model of the micro-

fl uidic system in this work. Experimental data and the simu-

lated impedance magnitude (Figure  5 b) and phase (Figure  5 c) 

spectrum for samples with and without viral nano-lysates 

(HIV-1 Subtype A, 1.74  ×  10 8  copies/mL) were presented 

in Figure  5 b and c. The close match between the theoretical 

simulation and the measured results demonstrates the accu-

racy of the chosen model. The experimental data was com-

pared to the simulated results using a two-tailed paired t-test. 

The statistical analysis showed no signifi cant deviation from 
2557www.small-journal.comH & Co. KGaA, Weinheim
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 layer, the solution (viral nano-lysate), and the external system (wires 
d C sol  and C dl  are the capacitance of the solution and the double layer, 
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     Figure  6 .     Normalized impedance magnitude shift of HIV-1 lysate and repeatability evaluation. (a) Evaluation of impedance magnitude change 
caused by lysed HIV-1 subtypes (subtypes A, B, C, D, E, and G) at the stock concentrations as well as a panel of HIV-1 subtypes (A, B, C, D, and 
circulating recombinant forms, CRF01_AE and CRF02_AG). Impedance magnitude measured at 1000Hz and 1 V. The impedance magnitude shift of 
samples after viral lysis was normalized with respect to the impedance magnitude of the control samples. Control samples were the supernatant 
of the streptavidin-coated magnetic beads conjugated with anti-gp120 antibodies (Biotin) in 1% Triton X-100. “ ∗ ” indicates statistically signifi cant 
impedance magnitude change compared to all other groups. Statistical assessment on the results was performed using ANOVA with Tukey posthoc 
test for multiple comparisons. Statistical signifi cance threshold was set at 0.05, p < 0.05. Error bars represent standard error of the mean (n  =  6). 
(b) Repeatability of the measured impedance magnitude for HIV-1 subtypes A, B, C, D, E, and G as well as a panel of HIV-1 subtypes (A, B, C, D, 
and circulating recombinant forms, CRF01_AE and CRF02_AG). The viral loads of 1.74  ×  10 8 , 1.2  ×  10 8 , 1.17  ×  10 8 , 2.9  ×  10 8 , 8.39  ×  10 8 , 6.53  ×  
10 8 , and 1.49  ×  10 9  copies/mL were measured for subtypes A, B, C, D, E, G, and the panel, respectively.  
experimental and theoretical values with a threshold of 1%. 

The values for the electrical parameters in the microsystem 

for all the HIV-1 subtypes (A, B, C, D, E, G, and panel) were 

calculated through multiple iterations using the theoretical 

electronic circuit model (Table S1). These theoretical and 

experimental results confi rm that the solution resistance (R s ) 

is the primary factor in the impedance shift between samples 

of viral lysates. 

 Impedance magnitude change measurements were ana-

lyzed by normalizing the impedance magnitude of the viral 

nano-lysate samples with respect to the impedance mag-

nitude of the control samples ( Figure    6  a). Control samples 

were the supernatant of the streptavidin-coated magnetic 

beads conjugated with anti-gp120 antibodies in 1% Triton 

X-100. Normalized impedance magnitude shifts were meas-

ured and calculated at 1000 Hz where maximum impedance 

magnitude change occurred (Figure  4 a). These results show 

that the impedance magnitude shift of the lysed HIV-1 sam-

ples was signifi cantly different compared to the impedance 

magnitude of the control samples (Figure  6 a) (n  =  6, p < 0.05). 

The statistical analysis also indicates that that there was no 

signifi cant difference between the normalized impedance 

magnitude shift for different HIV-1 subtypes A, B, C, D, E, G, 

and panel (Figure  6 a) (n  =  6, p > 0.05). Therefore, the system 

performance was independent of the HIV-1 subtypes. HIV-1 

lysates of subtypes A, B, C, D, E, G, and panel samples spiked 

in DPBS resulted in signifi cantly greater shift than control 

samples (n  =  6, p < 0.05) with 42.7%, 41.2%, 47%, 44.8%, 34%, 

38%, and 40% of normalized impedance magnitude shift, 

respectively (Figure  6 a). These results also showed compa-

rable repeatability values in multiple HIV-1 subtypes. The 

repeatability of the presented electrical sensing technology 

was evaluated based upon the following repeatability para-

meter defi nition:
8 www.small-journal.com © 2013 Wiley-VCH V
 

Repeatability

=
I.M. change mean + standard error of measurement 

I.M.change mean × 100

    

 where  I.M.  is the impedance magnitude of the measured 

signal. The repeatability parameter was calculated and 

plotted for the measured impedance magnitude change of 

each HIV-1 subtype and control samples (Figure  6 b). The 

repeatability parameter for the control, subtypes A, B, C, D, 

E, G, and panel were 94%, 81%, 86%, 86%, 89%, 84%, 81%, 

and 92%, respectively (Figure  6 b). 

 We further evaluated the specifi city of the electrical 

sensing platform in the presence of another virus, where 

Epstein Barr Virus (EBV) was chosen as a model virus. 

Impedance magnitude and phase spectra of samples with 

HIV-1 subtype B, EBV, and mixture of HIV-1 and EBV were 

measured over a range of frequencies between 100 Hz and 

1 MHz ( Figure    7  a,b). The impedance magnitude and phase 

spectra of the EBV samples did not change with respect to 

the control samples without viruses. However, the impedance 

magnitude spectra for HIV-1 as well as mixture of HIV and 

EBV samples were signifi cantly below the impedance mag-

nitude spectra of the control samples. Figure  7 c shows the 

impedance magnitude of the samples used in Figure  7 a, b 

at single frequency of 1000 Hz and 1 V. 1000 Hz was in the 

frequency range where the maximum impedance magnitude 

change was observed. The normalized impedance magni-

tude change due to viral lysate of control, HIV-1, EBV, and 

mixture of HIV and EBV samples were shown in Figure  7 d. 

The impedance magnitude shift was measured at 1000 Hz 

frequency. The impedance magnitude shift of the EBV sam-

ples was not statistically different compared to the control 

samples without viruses. However, the impedance magnitude 
erlag GmbH & Co. KGaA, Weinheim small 2013, 9, No. 15, 2553–2563
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     Figure  7 .     Specifi city evaluation of the electrical sensing platform. Average impedance magnitude (a) and phase (b) spectra over a range of 
frequencies between 100 Hz and 1MHz for HIV-1 subtype B, EBV, and the mixture of HIV-1 and EBV. Control samples were prepared by mixing 
streptavidin-coated magnetic beads conjugated with anti-gp120 antibodies in DPBS without viruses. (c) Impedance magnitude of the samples at 
1,000 Hz and 1 V. (d) Evaluation of impedance magnitude change caused by lysed HIV-1 subtype B, EBV, and mixture of HIV-1 and EBV. Impedance 
magnitude measured at 1,000 Hz and 1 V. The impedance magnitude shift of samples after viral lysis was normalized with respect to the impedance 
magnitude of the control samples. Statistical signifi cance threshold was set at 0.05, p < 0.05. The viral loads of HIV-1 subtype B and EBV were 1.2  ×  
10 8  and 1.9  ×  10 8  copies/mL, respectively. The viral load of sample with mixture of HIV and EBV was 1.6  ×  10 8  copies/mL. Error bars represent 
standard error of the mean (n  =  3). Brackets connecting individual groups indicate statistically signifi cant impedance magnitude and impedance 
magnitude shift.  
shift of HIV-1 and mixture of HIV and EBV samples were 

signifi cantly higher than control samples. These results show 

that the electrical sensing platform can specifi cally detect 

HIV using the anti-gp120 antibody surface chemistry.  

 We were also able to improve the sensitivity of the micro-

chip and detect samples with viral load of 10 6  copies/mL by 

increasing the sample volume of HIV up to 5 mL (Fig. S5). The 

impedance magnitude (Fig. S5a) and impedance magnitude 

shift (Fig. S5b) of HIV subtype C lysate samples were signifi -

cantly different compared to control samples (n  =  3, p  <  0.05).   

 3. Discussion and Conclusion 

 Technical approaches for HIV-1 diagnosis in the developed 

world utilizing Immunoglobulin G (IgG), IgG/p24, DNA, 

RNA, or reverse-transcriptase activity biomarkers are time 

consuming and require sophisticated laboratory infrastruc-

tures, and consequently are not compatible with resource-

constrained settings. [  5  ,  17  ]  We presented a method to capture 

and detect viruses using impedance spectroscopy of viral 

nano-lysate in a microfl uidic chip. Facile microfabrication 

of electrodes using photolithography and integration of 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 15, 2553–2563
microelectrodes into multi-array or microprocessor-controlled 

diagnostic tools establish electrochemical sensing and imped-

ance measurement as a promising and powerful technology. 

Microfl uidic-based electrical measurements on mamma-

lian cells through Coulter counting, [  18  ]  impedance spectros-

copy, [  19  ]  capacitance, [  20  ]  and dielectrophoresis (DEP) [  21  ,  40  ,  41  ]  

have provided means of probing cellular concentration, size, 

membrane capacitance, cytoplasmic conductivity and permit-

tivity. [  22  ]  The electrical data recorded by electrical sensing 

techniques can be used to distinguish cells without using fl uo-

rescent markers. [  23  ]  Impedance change in a biosensor can be 

due to binding of target molecules to receptors, [  24  ]  conduc-

tivity change of the medium by growth of cells, [  25  ]  capturing 

bacteria cells with DEP, [  26  ,  27  ]  and conductivity change due to 

ion concentration. [  28  ,  29  ]  There have been successful efforts to 

utilize electrical sensing using carbon nanotubes to detect a 

single virus, [  30  ]  however, current designs only detect viruses 

that pass by and these systems are not adaptable for the POC 

in resource-constrained settings. In addition, magnetic particles 

have been used to capture viral particles, although, separating 

nanoparticles with or without captured viruses is challenging 

for the counting step, especially for POC applications. [  31  ]  
2559www.small-journal.comH & Co. KGaA, Weinheim
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 The presented label-free electrical sensing technology 

provides a novel, rapid, simple, and inexpensive virus detec-

tion method that directly targets intact viruses and then 

detects them by viral nano-lysate impedance spectroscopy. 

This technology utilizes the immobilization of highly specifi c 

anti-viral antibodies on the streptavidin-coated magnetic 

beads for selective/specifi c capture and detection of nano-

lysate from intact viruses. Virus lysing step releases ions and 

charged molecules of the virus into a non-ionic background 

solution, which consequently changes the impedance spec-

trum of the sample. This method requires multiple sample 

washings to remove electrical conductive media. However, 

the washing volume is very small (100  μ L), hence, the mul-

tiple washing steps can be automated as shown in methods 

utilized earlier. [  32  ]  

 The impedance spectroscopy results revealed that the 

maximum impedance magnitude shift occurred in frequen-

cies between 100 Hz and 10 000 Hz. Thus, the bulk conduct-

ance of the sample can be evaluated in seconds by measuring 

the impedance magnitude of the viral nano-lysate at a single 

frequency (e.g. 1000 Hz) in the frequency range of 100 Hz to 

1 MHz. Except for polymerase chain reaction (PCR), which is 

time consuming, requires expensive equipment, utilizes many 

reagents and must be performed by skilled technicians, there 

is no accurate POC HIV-1 detection method to diagnose the 

HIV-1 disease at acute stage. [  10  ]  This is due to very low con-

centration of antibodies at the acute satge, which is beyond 

the detection limit of the current antibody-based POC detec-

tion technologies. 

 The label-free electrical sensing method presented in 

this paper is the fi rst demonstration of viral detection using 

impedance spectroscopy of viral nano-lysate in a rapid, 

simple, and inexpensive fashion. The high viral replication and 

shedding occur at the early stage of HIV-1 (10 6 –10 8  copies/

mL) [  16  ]  where antibody concentration is not detectable with 

the current POC technologies. A dynamic range of viral con-

centrations between 10 6  to 10 9  copies/mL was detected in our 

experimental results representing the ability of our platform 

to detect HIV-1 at clinically relevant viral concentrations that 

appear at the acute stage of the disease (3 to 8 weeks after 

infection). The electrical sensing of the nano-lysate dem-

onstrated the capability to directly detect viral pathogens 

simply by impedance-based read-outs, suggesting a promising 

alternative to traditional PCR or optic-based assays. The total 

cost of the reagents (antibodies and streptavidin-coated mag-

netic beads) and fabrication of the MEMS device without 

considering the labor or commercialization scale-up costs is 

less than $2 which makes this label-free electrical detection 

method an affordable tool at the POC. Our results represent 

that the electrical sensing platform offers a highly selective 

and sensitive detection method for acute HIV-1 diagnostics. 

 Utilizing pathogen nano-lysate electrical fi ngerprint in 

an electronic read-out as a powerful and sensitive detection 

signal could potentially open exciting avenues in creating 

practical POC diagnostic tools for infectious diseases. We 

expect that these results would create a positive impact on 

the pathogen sensing fi eld for use as threat agent detection 

or rapid infectious disease diagnosis. There are a number of 

steps that needs to be taken in investigating the applicability 
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beyond viral agents to bacterial and fungal pathogens. This 

label-free electrical sensing method of pathogen detection 

using impedance spectroscopy of pathogen lysate is poten-

tially applicable for the detection of other viral or bacterial 

particles in infectious diseases with well-described biomar-

kers including herpes, infl uenza, hepatitis, pox, malaria, and 

tuberculosis. The label-free electrical sensing technology can 

potentially provide tools and methods for direct multiple 

pathogen detection using electrical fi ngerprint of viral lysate. 

Finally, signifi cantly enhanced sensing can be potentially 

attainable by decreasing the sensor size down to nanoscale.   

 4. Experimental Section 

  Reagents : HyPure Molecular Biology Grade Water was pur-
chased from Fisher Scientifi c (Agawam, MA). Ethanol (200 proof) 
was purchased from Sigma Aldrich (Sheboygan, WI). Biotinylated 
polyclonal goat anti-gp120 antibody (4 mg/mL) was purchased 
from Abcam (Cambridge, MA). Bovin Serum Albumin (BSA, 10%), 
Triton X-100 (100%), and glycerol (100%) were bought from 
Sigma-Aldrich (St Louis, MO). Dulbecco’s Phosphate Buffered 
Saline (DPBS, 1X) was obtained from Life Technologies (Grand 
Island, NY).  

 Microchip Fabrication Using MEMS Fabrication Techniques : 
The microchip for impedance analysis was fabricated out of pyrex 
wafers (University Wafers, Cambridge, MA), polymethylmetacrylate 
(PMMA), and double sided adhesive fi lm (DSA). The gold electrodes 
were patterned on the pyrex wafer. The microfl uidic channels and 
inlet/outlet for the device were fabricated from DSA and PMMA, 
respectively. Pyrex wafers were fi rst cleaned by spraying acetone 
(5 s) and isopropanol (1 s) on a spinner at 2000 rpm. Hexameth-
yldisilazane (HMDS) (MicroChem Corp., Newton, MA) was spun on 
the substrate at 3000 rpm for 1 minute. MicroChem Lift-Off-Resist 
3A (LOR3A) was then spun onto the substrate at an initial speed of 
500 rpm for 5 s and then ramped up at 1000 rpm/s to 3000 rpm. 
The fi nal spin speed was maintained for 40 s and then ramped 
down at 1000 rpm/s. The substrate was then placed on a hot plate 
to bake the resist at 180  ° C for 4 min. The second photoresist 
(Shipley 1805, S1805) was spun onto the substrate at 4000 rpm for 
40 s and baked on a hot plate at 115  ° C for 1 min. S1805 photore-
sist was exposed with UV light (50 mJ/cm 2  at 405 nm). The baked 
photoresist was then developed using CD-26 resist developer for 
75 s. The substrate with the developed photoresist was cleaned 
with an oxygen plasma system at 75 W RF, 20 second etching time, 
and 40 SCCM O 2  fl ow rate. Ti/Au electrodes (10 nm/100 nm) were 
evaporated on the pyrex wafer using Denton E-beam evaporator. 
The photoresists were then removed using remover-PG at 80  ° C. 
The width and spacing of the electrodes were 500  μ m and 2 mm, 
respectively. 

 Using the Versa LASER Platform (Universal Laser Systems Inc., 
VLS2.3,Scottsdale, AZ), microchannels (11 mm  ×  4 mm) were cut 
on DSA and inlet/outlets (0.55 mm) were cut on PMMA sheets. [  33  ,  42  ]  
To cut the 3 mm PMMA, power, scan speed, pulse per inch rate, 
and height of the laser were set to 83 W, 6 mm/s, 500 pulses/inch, 
and 0.125 inches, respectively. To cut the 50  μ m thick DSA, power, 
scan speed, pulse repulsion rate, and height of the laser were set 
to 10 W, 6 mm/s, 500 pulses/inch, and 0.05 inches, respectively. 
One of the protective layers of the DSA fi lm was peeled off and 
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manually attached to one side of the PMMA sheet. The other side 
of the DSA fi lm was attached to the pyrex wafer with the microfab-
ricated two rail gold electrodes (Figure  1 a). 

  Magnetic Beads/Antibody Conjugation : 1  μ m diameter strepta-
vidin-coated magnetic beads (Thermo Scientifi c, Rockford, IL) were 
fi rst diluted in DPBS by 1:10 (v/v). The beads were washed three 
times with DPBS (1.5 mL) and resuspended with DPBS in a micro-
centrifuge tube. All washing steps were performed using a BioMag 
multistep magnetic separator (Polyscience Inc., Warrington, PA) to 
effectively remove the supernatant from the beads. Biotinylated 
anti-gp120 antibodies (15  μ g/mL) were directly added to the mag-
netic beads solution and conjugation occurred on a rotator (30 rpm) 
at 4  ° C for 2 h. After antibody conjugation, the solution was washed 
three times with DPBS to remove unbound antibodies. 

  HIV-1 Capture Utilizing Conjugated Magnetic Beads : Following 
the antibody conjugation, various HIV-1 subtypes (A, B, C, D, E, G, 
and panel) at the concentrations of 1.74  ×  10 8  (subtype A), 1.2  ×  
10 8  (subtype B), 1.17  ×  10 8  (subtype C), 2.9  ×  10 8  (subtype D), 
8.39  ×  10 8  (subtype E), 6.53  ×  10 8  (subtype G), and 1.48  ×  10 9  
(panel) copies/mL in cultured media were mixed with the strepta-
vidin-coated magnetic beads conjugated with anti-gp120 anti-
bodies (Figure  1 a). Previously, we have shown that anti-gp120 
antibody can selectively capture HIV-1. [  43  ]  The samples were incu-
bated at room temperature on a rotator (15 rpm) for half an hour. 
Control samples were prepared by adding viral-free DPBS solution 
into the streptavidin-coated magnetic beads conjugated with anti-
gp120 antibodies. 

  Magnetic Beads Washing Step Evaluation : 100  μ L of strepta-
vidin-coated magnetic beads (1 mg/mL) was washed three times 
with DPBS and resuspended in 1 mL DPBS. The beads were then 
washed with grade water (100  μ L) seven times and the impedance 
magnitude and phase of the supernatant after each wash step was 
recorded at 1 V and 1000 Hz using the microfl uidic device. 

  Magnetic Bead Incubation in 1% Triton X-100 : Streptavidin-
coated magnetic beads and magnetic beads conjugated with 
anti-gp120 antibodies were washed four times with 20% glycerol 
in grade water. The samples were then resuspended in 1% Triton 
X-100 and incubated for 1, 5, 10, 20, and 30 min. The superna-
tant of the samples were collected after each incubation time for 
impedance measurement. 

  Viral Lysis Using 1% Triton X-100 : HIV-1 samples mixed with 
anti-gp120 antibody conjugated magnetic beads were washed four 
times with 20% glycerol (diluted in grade water) to remove electri-
cally conductive media. During each washing step, samples were 
placed on the magnetic stand to completely remove the superna-
tant. 1% Triton-X 100 (diluted in grade water) was added to each 
sample and incubated for 5 minutes to lyse the virus and bring 
membrane phospholipids and proteins, capsid proteins, intracel-
lular ions, retroviral enzymes, and nucleic acids into solution. 1% 
Triton-X 100 breaks down the lipid bilayer and compromises the 
virus capsid allowing interaction of viral RNA. [  34  ,  35  ]  

  Impedance Measurement : A small volume of viral lysate 
sample (10  μ L) was injected into the two rail electrode microfl uidic 
device and the impedance and phase spectrum were measured 
and recorded for frequencies ranging between 100 Hz and 1 MHz 
at 1 V (Figure  1 a). 

  Modeling of Impedance Spectrum : The impedance spec-
trum measured with the microfl uidic device was modeled by the 
equivalent electronic circuit shown in Figure  5 a, where C s  and R s  
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 15, 2553–2563
are the solution capacitance and resistance, respectively. R sys  is 
the internal resistance of the measuring device, R  dl   is the charge 
transfer resistance (the resistance of electron fl ow between the 
electrode and electrolyte or double layer resistance), C dl  is the 
double layer capacitance (conductance formed between the elec-
trode and electrolyte), and Z W  is the Warburg impedance (accounts 
for diffusion of electrolytes to the electrode). The Warburg imped-
ance is given by: [  36  ,  37  ] 

  Z w = (1− j)σ√
ω    

where  j =
√−1, ω    is the frequency, and  σ  is the Warburg coeffi -

cient that is determined experimentally. The chosen model is the 
simplest depiction that most closely fi ts our experimental data. 

  HIV-1 Virus Preparation and Quantifi cation : HIV-1 subtypes A, 
B, C, D, E, G, and a panel of HIV-1 subtypes (consisting of A, B, C, 
D, and circulating recombinant forms, CRF01_AE and CRF02_AG) 
(catalogue number 11259) were obtained from NIH under AIDS 
Research and Reference Reagent Program and cultured in periph-
eral blood mononuclear cells (PBMCs). These HIV-1 subtypes were 
isolated from clinical samples, which were collected from the 
United States and Uganda. The international panel of HIV-1 virus 
isolates representing six major globally prevalent strains of geneti-
cally and biologically characterized HIV-1 isolates [  38  ]  consists of 
virus mixture of subtypes A, B, C, D, and circulating recombinant 
forms, CRF01_AE and CRF02_AG isolated from chronically infected 
individuals subtype. Virus stocks of each HIV-1 subtype were cul-
tured using a standard co-culture protocol. PBMCs from HIV-1 
negative donors were extracted by Ficoll Hypaque density gradient 
centrifugation (Histopaque 1077 Sigma H8889). After three-day 
PHA stimulation (0.25  μ g/mL), donor PBMCs were co-cultured 
with PBMCs extracted from HIV-1 positive patients. Cultures were 
maintained in R20/IL-2 (100 U/mL): RPMI-1640 (Cellgro Mediatech 
10-040-CV) implemented with L-glutamine (300 mg/mL), 20% heat 
inactivated fetal bovine serum (FBS; Gemini), penicillin (50 U/mL), 
streptomycin (50  μ g/mL), HEPES buffer (10 mM), and recombinant 
human interleukin-2 (100 U/mL, Roche). The culture was incu-
bated at 37  ° C in a humidifi ed 5% CO 2  atmosphere. Culture super-
natants were exchanged bi-weekly and replaced by fresh medium. 
Three-day PHA stimulated donor PBMCs were added once a week. 
Supernatants were collected and tested for 24 levels (Perkin Elmer, 
NEK050b). Cultures were terminated when p24 levels reached at 
least 20 ng/mL in cell-free supernatant. Virus supernatants were 
stored at −80  ° C for future testing. Further, the viral load of the 
supernatant was measured using Roche-COBAS AmpliPrep/COBAS 
TaqMan HIV-1 Test, v2.0 system at the microbiology laboratory 
at the Brigham and Women’s Hospital. The viral loads of 1.74  ×  
10 8 , 1.2  ×  10 8 , 1.17  ×  10 8 , 2.9  ×  10 8 , 8.39  ×  10 8 , 6.53  ×  10 8 , and 
1.49  ×  10 9  copies/mL were measured for subtypes A, B, C, D, E, G, 
and the panel, respectively. 

  Specifi city Validation Using Epstein-Barr Virus (EBV) : HIV-1 
subtype B at viral load of 1.2  ×  10 8 , and Epstein-Barr Virus 
(EBV, Human Herpesvirus 4, HHV-4) at viral load of 1.90  ×  10 8  
copies/mL, and mixture of HIV-1 and EBV at viral load of 1.55  ×  
10 8  copies/mL were mixed with the streptavidin-coated magnetic 
beads conjugated with anti-gp120 antibodies. EBV was chosen as 
a model virus to evaluate the specifi city of the platform. EBV was 
purchased from Advanced Biotechnologies Inc. (Columbia, MD) at 
stock concentration of 1.9  ×  10 10  virus particles/mL. The samples 
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were incubated at room temperature on a rotator (15 rpm) for half 
an hour. Control samples were prepared by adding viral-free DPBS 
solution into the streptavidin-coated magnetic beads conjugated 
with anti-gp120 antibodies. 

  Large Volume (5 mL) HIV Sample Preparation for Improving 
Sensitivity : Anti-gp120 conjugated magnetic beads (100  μ L) were 
mixed with DPBS-diluted HIV-1 (subtype C, 1.17  ×  10 6  copies/mL) 
in cultured media to produce a high sample volume (5 mL). It is 
noteworthy to mention that the number of magnetic beads used 
to capture viruses in the large volume samples (5 mL) was the 
same as what was used for small samples (100  μ L). The samples 
were incubated at room temperature on a rotator (15 rpm) for one 
hour, compared to half an hour incubation time for samll samples 
(100  μ L), to ensure effective capture of virus onto the magnetic 
beads. Control samples were prepared by adding viral-free DPBS 
solution into the streptavidin-coated magnetic beads conjugated 
with anti-gp120 antibodies. 

  Statistical Analysis : The experimental results were analyzed 
using Analysis of Variance (ANOVA) with Tukey’s post-hoc test for 
multiple comparisons with statistical signifi cance threshold set at 
0.05 (n  =  3 to 6, p < 0.05). Statistical analyses were performed with 
Minitab software (V14, Minitab Inc., State College, PA, USA).   
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