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SUMMARY

Herpes simplex virus type 2 (HSV-2) infection, which is almost exclusively sexually transmitted, 

causes genital herpes. Although this lifelong and incurable infection is extremely widespread, 
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currently there is no readily available diagnostic device that accurately detects HSV-2 antigens to 

a satisfactory degree. Here, we report an ultrasensitive electrochemical device that detects HSV-2 

antigens within 9 min and costs just $1 (USD) to manufacture. The electrochemical biosensor 

is biofunctionalized with the human cellular receptor nectin-1 and detects the glycoprotein gD2, 

which is present within the HSV-2 viral envelope. The performance of the device is tested in a 

guinea pig model that mimics human biofluids, yielding 88.9% sensitivity, 100.0% specificity, and 

95.0% accuracy under these conditions, with a limit of detection of 0.019 fg mL−1 for gD2 protein 

and 0.057 PFU mL−1 for titered viral samples. Importantly, no cross-reactions with other viruses 

were detected, indicating the adequate robustness and selectivity of the sensor. Our low-cost 

technology could facilitate more frequent testing for HSV-2.

Graphical Abstract

Here, de Lima and Ferreira et al. describe an electrochemical biosensor capable of detecting 

herpes simplex virus type 2 antigens within 9 min. This low-cost diagnostic test presents excellent 

analytical performance on animal samples.

INTRODUCTION

Both types of herpes simplex virus (HSV), HSV-1 and HSV-2, are prevalent in humans 

and cause neonatal infections.1 Furthermore, these viruses can establish lifelong latency in 

the sensory neuronal ganglia. Subsequent reactivation of latent virus may cause significant 

health problems and result in viral transmission to healthy individuals. HSV-1, also known 

as oral herpes, infects the lips, mouth, eyes, and brain; while HSV-2, also known as genital 

herpes, is associated mainly with genital infections.2

The World Health Organization (WHO) recently estimated the global prevalence of HSV-1 

in individuals aged 0–49 years to be 66.6%, or more than 3.7 billion people who have 

been infected by HSV-1.1 Additionally, the WHO estimates the global prevalence of HSV-2, 

which is transmitted almost exclusively through sexual contact, to include 13.2% of the 

world’s population, or 491.6 million people aged 15–49 years. The attachment of the virus 
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to the cell surface initially involves two glycoproteins on the HSV envelope, glycoprotein 

C (gC), and to a lesser extent, glycoprotein B (gB).3–5 Glycoprotein D (gD), found within 

the viral envelope, then binds to host cell receptors, initiating a sequence of events that 

allows HSV to fuse with the host’s cell plasma membrane.6 Studies of the binding of gD 

to cell surface receptors have led to an understanding of the interaction between human cell 

receptors and HSV.5,7–9

Despite the prevalence of HSV-2 infections, there are currently no rapid tests available to 

detect this infectious agent. Historically, viral culturing has been the main test used for HSV 

detection in the clinic.10 However, recently, molecular methods such as polymerase chain 

reaction (PCR) have been widely used in clinical practice due to their increased sensitivity 

and selectivity compared to viral culture.10,11 Currently, there are very few FDA-cleared 

molecular tests available for HSV detection. Examples include PCR-based MultiCode-RTx 

kit, ProbeTec HSV Qx test, and IsoAmp HSV assay with sensitivity and selectivity 

ranging from 92.4% to 98.4% and 83.7% to 97.0%, respectively. Other commercial 

serological methods such as immunoblot, ELISA, western blotting, and chemiluminescence 

immunoassay have also been used to detect HSV.12–14 However, immunoassays rely on the 

availability of HSV antibodies, and thus, the sensitivity of these tests is influenced by the 

amount of time since the infection. Indeed, immunoassays display the highest sensitivity 

when performed at least 21 days after the initial infection and may improve if performed 

more than 40 days after the primary infection,11 thus clearly hindering early HSV diagnosis. 

In addition, these diagnostic methods are time-consuming, costly, and laborious, requiring 

highly trained staff and sophisticated laboratory infrastructure.

Rapid and accessible diagnostic technologies could improve the management of HSV 

infections, particularly in low-resource settings and in labor and delivery wards.2,15–17 In 

fact, several portable devices have been reported as alternative methods for the diagnosis 

of HSV, and electrochemical detection methods are attractive for developing such devices. 

Electrochemical detection has adequate sensitivity and selectivity and can be associated with 

accessible and portable instrumentation.18 Generally, these portable diagnostic devices are 

DNA-based biosensors aiming to detect viral genetic material.18 Detecting viral DNA or 

RNA present in biofluids can lead to base-pairing mismatches and hybridization problems 

that compromise the selectivity of the tests. Moreover, these methods commonly require 

preconcentration or amplification protocols to achieve the desired sensitivity, decreasing the 

ability to conduct rapid, frequent, and inexpensive tests.18

Rapid and accessible diagnostic technologies constitute promising approaches to help 

manage HSV-2 infections. Here, we describe an impedimetric biosensor for the rapid, 

ultrasensitive detection of HSV-2 (Figure 1A). Instead of traditional genosensors and 

serological tests, we report the use of nectin-1 as a cellular receptor19 for the development 

of an accurate electrochemical diagnostic for HSV-2. Our simple technology uses carbon 

screen-printed electrodes functionalized with the conductive polymer polyethyleneimine 

(PEI), the bioreceptor nectin-1, and a chitosan semipermeable membrane (Figure 1B). In 

order to develop a sensitive and robust rapid test, in our study, we carefully evaluated each 

functionalization step, investigating the optimal strategy to biofunctionalize the working 

electrode. Under optimal conditions, our device detected the virus within 9 min (sample 
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incubation + analysis), displayed a limit of detection (LOD) of 0.057 plaque-forming units 

(PFU) mL−1, and presented 88.9% sensitivity, 100% specificity, and 95% accuracy when 

tested on 20 pre-clinical samples from the guinea pig vaginal canal (11 negative samples and 

9 positive samples).

RESULTS AND DISCUSSION

Development and performance of the HSV-2 biosensor

In our study, we used electrochemical impedance spectroscopy (EIS) for the transduction 

of the biosensor response, i.e., the selective binding between the nectin-1 bioreceptor 

immobilized on the electrode surface and the gD2 glycoproteins from HSV-2. The binding 

between nectin-1 and gD2 changes the interfacial electron transfer kinetics between 

ferricyanide/ferrocyanide (i.e., the redox probe used) and the electrode. The altered kinetics, 

in turn, can be detected by monitoring the increase in resistance to charge transfer (RCT), 

indicating a positive diagnostic result for HSV-2 infection (Figure 1A), similar to the 

previous work.20 We carefully studied each functionalization step to generate a reliable, 

ultrasensitive, and robust biosensor that presents original functional materials for HSV-2 

diagnosis (Figure 1B). The RCT values were extracted by application of the Randles 

equivalent electrical circuit.21

All data from the optimization studies and analytical curves were plotted using the 

normalized RCT response, as defined by the following equation:

Normalized RCT = Z − Z0
Z0

,

(Equation 1)

where Z is the RCT value obtained after incubating the electrode surface with gD2 or 

HSV-2 samples, and Z0 is the RCT value of the analytical blank solution (i.e., phosphate 

buffer saline [PBS] or Dulbecco’s Modified Eagle Medium [DMEM] with 5% fetal bovine 

serum [FBS]). The normalization process of RCT corrects variations in the sensor response, 

which may be caused by analyst operation and temperature fluctuations when testing. Thus, 

normalization facilitates the eventual use of the sensor at decentralized testing sites.20

Initially, to generate a robust and sensitive biosensor, two strategies were evaluated to 

modify the working electrode (WE) and enable the anchoring of the nectin-1 bioreceptor. 

In the first approach, the WE surface was coated with glutaraldehyde (GA), a dialdehyde 

widely used to anchor biomolecules through their N-terminal groups22; for the second 

approach, the WE was modified with PEI, a conductive polymer containing amino 

functional groups enabling the attachment of biomolecules through their carboxylic acid 

and ester groups.23,24 Using GA as a modifier did not provide significant discrimination of 

the analytical signal (RCT) at the concentrations of gD2 tested (10−12–10−9 g mL−1, Figure 

2A). This result can be explained by the partial obstruction, or steric effect on the active 

sites, present in the domain of the receptor when this immobilization strategy was used, 

which may have hindered the effective interaction with the viral particle. This hypothesis 

was confirmed by our observation that the PEI modification allowed detection of the binding 
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interactions between nectin-1 and gD2, yielding the high sensitivity seen in the analytical 

curve (Figure 2A). The binding of the C terminus of nectin-1 to the PEI-modified surface 

left the –NH groups of the former free for gD2 to interact with.6

We next optimized the main fabrication, modification, and functionalization steps of the 

biosensor using PEI. First, the WE was modified with 4.0 µL of 1.0 mg mL−1 PEI 

solution, by drop-casting, and incubated for 60 min at 37°C. This procedure generates –NH 

functional groups on the carbon electrode surface.25–27 Then, 4.6 mL of 0.13 mg mL−1 of 

the nectin-1 receptor, containing a mixture of 25.0 mmol L−1 N-(3-dimethylaminopropyl)-

N-ethylcarbodiimide hydrochloride (EDC) + 50.0 mmol L−1 N-hydroxysuccinimide (NHS), 

was deposited on the surface of the PEI-modified WE, and the biosensor was incubated 

for 30 min at 37°C. The carboxyl groups on nectin-1, when exposed to EDC-NHS, are 

activated to form a stable ester, which undergoes a nucleophilic addition with the amino 

groups on the PEI-modified WE, such that a stable amide bond is formed between the 

PEI-modified carbon electrode and nectin-1.23 Subsequently, the remaining unmodified 

sites of the electrode surface were blocked with 4.0 µL of a 1.0% (m/v) bovine serum 

albumin (BSA) solution. In the last step, 4.0 µL of 0.5% (m/v) chitosan was dropped 

on the surface of the nectin-1-modified WE. Chitosan is a polyelectrolyte semipermeable 

membrane that presents several advantages as a coating material in the development of 

biosensors, such as permeability, biocompatibility, hydrophilicity, and the presence of –NH2 

and –OH functional groups that enable immobilization of biomolecules through covalent 

binding or electrostatic interactions. In addition, chitosan forms hydrogel films that provide 

differential mass transport with preconcentration of some ions and organic molecules, as 

well as protective features to the transducer/receptor surface, conferring robustness to the 

biosensors.28–31

After selecting PEI as the optimal immobilization strategy for nectin-1, we evaluated 

the use of two types of permeable membranes, namely Nafion and chitosan. Analytical 

curves ranging from 1 × 10−12 to 1 × 10−10 g mL−1 of gD2 in 0.1 mol L−1 of PBS 

(pH = 7.4) were constructed. Experiments were performed in triplicate to compare three 

strategies: (1) without a permeable membrane, (2) with 0.5% Nafion, and (3) with 0.5% 

chitosan (Figure 2B). According to these results, the electrochemical biosensor modified 

with chitosan 0.5% (m/v) presented a sensitivity of 0.222, which is 1.6-fold higher than 

the biosensor without any semipermeable membrane (sensitivity of 0.138) and 2.74-fold 

higher than the biosensor with Nafion (sensitivity of 0.081). The increase in sensitivity is 

associated with the preconcentration features of the glycoprotein gD2 during the incubation 

period, which is trapped close to the bioreceptor, enabling a larger number of binding events 

and enhancing the detectability of our method (Figure 2B). In addition, the positive charges 

displayed by chitosan in the acidic medium can preconcentrate [Fe(CN)6]3–/4–, i.e., the 

anionic redox probe, into the polymeric layer, enhancing the electrochemical response.32,33 

Given these results, we studied the proportion of chitosan on the modified biosensor since 

it directly impacts membrane thickness. Our experiments revealed that 0.5% (m/v) of 

chitosan provided the highest impedimetric responses and analytical sensitivity since higher 

concentrations provided lower detectability (Figure 2C). Thus, 0.5% (m/v) of chitosan was 

selected for further studies.
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Subsequently, we evaluated the optimal incubation time of either gD2 or viral samples with 

the surface of the biosensor to obtain the optimal compromise between analytical frequency 

and sensitivity for HSV-2 detection. The optimization was based on the analytical sensitivity 

(slope) parameter obtained by analytical curves, determined in triplicate, at concentrations of 

gD2 ranging from 10−12 to 10−10 g mL−1 (Figure 2D). By balancing detection ability with 

the sensitivity values of the dose-response curves while maintaining a short testing time, we 

selected 5 min as the optimal incubation time. These results demonstrate the rapid binding 

kinetics between gD2 and the immobilized nectin-1 on the electrode surface, underscoring 

the efficiency of our functionalized biosensor architecture.

Electrochemical characterization of the biosensor

For each functionalization step (Figure 3A), the electrochemical behavior was characterized 

by cyclic voltammetry (CV) and EIS (Figures 3B and 3C, respectively). CV (Figure 3B) and 

Nyquist (Figure 3C) plots show that the bare carbon electrode (black line) presented poorly 

defined redox processes with peak currents (ip) of 133.1 ± 2.5 μA and RCT of 549.4 ± 24.6 

Ω. The electrochemical performance of the sensor was enhanced by modifying the carbon 

electrode surface with PEI (red line), as well-defined and intense (251.71 ± 3.17 μA) current 

peaks were observed for the redox probe with an RCT value of 11.1 ± 1.2 Ω. These results 

were expected, given the high charge transfer generated by the π-electrons of the conductive 

PEI membrane.34 Next, nectin-1 was anchored to the electrode surface using the EDC-NHS 

approach (blue line). The receptor was first immobilized through an amide bond between the 

amine group from the PEI and the carboxyl groups from nectin-1.35 This step led to a small 

increase in the RCT value, to 17.6 ± 2.1 Ω, and a slight decrease of the ip, to 247.15 ± 2.56 

μA (blue line). Any nonspecific sites of the electrode were blocked by using 1.0% (m/v) 

BSA solution, resulting in an RCT of 26.3 ± 1.2 Ω and ip of 231.2 ± 3.9 μA (magenta line) 

due to the introduction of a nonconductive layer on the surface of the electrode. Finally, the 

electrode surface was modified with a 0.5% (m/v) chitosan permeable membrane to enhance 

the robustness and sensitivity of the biosensor. This step increased the RCT to 47.5 ± 4.0 Ω 
and decreased the ip to 222.0 ± 3.3 μA (green line).

Analytical performance of the biosensor

EIS was used to quantify free gD2 and HSV-2 virus in 0.1 mol L−1 PBS (pH = 7.4). 

Dose-response curves were built with our previously optimized experimental conditions 

(i.e., 1 mg mL−1 PEI, 0.5% chitosan, and 5 min of incubation time), and the analytical 

results were normalized according to Equation 1. Figure 4A illustrates Nyquist plots for 

increased concentrations of gD2 ranging from 0.1 fg mL−1 to 10.0 ng mL−1 in 0.1 mol L−1 

PBS (pH = 7.4). A linear correlation was observed over the entire range of concentrations 

evaluated (0.1 fg mL−1 to 10.0 ng mL−1 gD2), when plotted as a logarithm function (Figure 

4B), with a determination coefficient R2 of 0.997. The LOD and limit of quantification 

(LOQ) were calculated as 0.019 fg mL−1 and 0.089 fg mL−1 gD2, respectively. We also 

built an analytical curve for a titered HSV-2 sample at concentrations, in a DMEM medium, 

ranging from 1 × 100 to 1 × 107 PFU mL−1 (Figure 4C). A linear correlation was observed 

in the concentration range from 1 × 100 PFU mL−1 to 1 × 105 PFU mL−1 with an R2 

= 0.999 (Figure 4D). LOD and LOQ were calculated as 0.057 PFU mL−1 and 0.210 

PFU mL−1 HSV-2, respectively. Three different biosensors were used per experiment, and 
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concentrations were depicted as the logarithmic function of the dose used for gD2 and 

HSV-2. The four-parameter logistic curve (Figure S1),36 a method that assesses binding 

interactions and kinetics,22,37 was used to determine the LOD and LOQ values.

Collectively, these experiments highlight the excellent sensitivity displayed by our biosensor, 

which we anticipate can provide an early diagnosis of HSV-2 infection in human clinical 

samples. Another advantage that our biosensor has for diagnostic purposes is its short testing 

time, i.e., 9 min, consisting of a 5-min incubation of the sample on the electrode surface and 

an additional 4 min for the EIS measurements of both the analytical blank and the sample of 

interest.

In comparison to other methods reported in the literature (Table 1), our method is the 

first report, to the best of our knowledge, of the use of nectin-1 as a bioreceptor to detect 

the viral glycoprotein gD2 instead of genosensor technology using genetic material for 

the recognition of HSV. In addition, our sensor presents the fastest testing time, with a 

very low LOD and a large interval concentration range to detect HSV-2. Furthermore, our 

device can be produced inexpensively. Considering the cost of nectin-1 ($800/mg), the 

final cost to assemble each HSV biosensor was exactly $1.00 (USD): $0.12 for electrode 

fabrication + $0.40 for all the chemicals used in the functionalization step (PEI + EDC 

+ NHS + BSA + chitosan) + $0.48 for nectin-1. Because our biosensor is low-cost, 

its production is potentially highly scalable. Potential disadvantages of our method for 

point-of-care applications are primarily related to the use of a potentiostat that requires 

some expertise to use, the need for a redox probe solution to obtain the electrochemical 

response used for diagnostic purposes, and the specific software needed to interpret the 

results. Altogether, these disadvantages may limit the use of our current setup in testing sites 

where a trained person ideally would perform the test using multiplexed equipment with 

implemented routine analysis for frequent testing.

We also studied the effect on the biosensor’s electrochemical response of adjusting the 

pH of the medium to a pH that is close to physiological conditions (Figure S2). DMEM 

medium was used to dilute the titered virus samples, and each pH value was adjusted to 

the range of 7.1–7.7 and tested using the optimized protocol previously described. When 

the pH of DMEM was 7.1, the biosensor exhibited a high detectability and a sensitivity 

of 0.212 ± 0.008. At pH 7.4, sensitivity increased to 0.263 ± 0.003. Finally, when the pH 

of DMEM was 7.7, the analytical sensitivity of the biosensor decreased (0.207 ± 0.008). 

These data can be explained by conformational changes of the biomolecules induced by 

differences in pH that, in turn, affect the binding of gD2 to the nectin-1 receptor. These 

results indicate the importance of adjusting the pH of biofluids for diagnostic purposes, 

for example, by using a buffered medium, since genital samples are usually acidic.6,51 

Our results are consistent with previous studies evaluating the effect of pH changes on the 

interaction between gD2 and the nectin-1 receptor, which found that the alkalinity of the 

medium changed the proximity between the viral bilayer and the host cell membrane, likely 

affecting the interaction between nectin-1 and gD2. These changes influence the ability of 

the virus to fuse with and infect the cells.6,51
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Reproducibility and stability assays

To verify the reproducibility of the proposed method, i.e., to assess whether different batches 

of biosensors performed similarly, we evaluated six biosensors from different fabrication 

rounds using the same optimized protocol. Briefly, the RCT measures were recorded by EIS 

using 5 mmol L−1 [Fe(CN)6]3−/4− after incubating the biosensor with 1 × 10−9 g mL−1 of 

gD2 prepared in 0.1 mol L−1 of PBS (pH = 7.4) (Figure S3). A relative standard deviation 

(RSD) of 5.12% was obtained, indicating excellent reproducibility of our manufacturing 

and biofunctionalization protocol. The experiments were carried out by incubating 10 μL of 

sample diluted in 0.1 mol L−1 PBS (pH = 7.4) for 5 min before recording each measurement.

The stability of the electrochemical biosensor, stored in sealed Petri plates at various 

temperatures (−20°C, 4°C, and 25°C), was evaluated over 7 days. Analytical curves were 

built at concentrations ranging from 1 × 10−12 g mL−1 to 1 × 10−9 g mL−1 gD2 in 0.1 

mol L−1 PBS, pH 7.4 (Figure S4). The biosensors did not exhibit stability when stored 

at room temperature overnight. When stored at −20°C, on the other hand, the biosensors 

were stable for up to 72 h, but after 120 h, the sensitivity decreased to 48% of the initial 

value. The freezing of the biosensor for prolonged periods may modify the structuring of 

the functionalized surface, changing its ability to recognize the virus, i.e., the sensitivity. In 

this regard, electrodes stored at 4°C, the intermediary condition tested, were stable for 120h 

(5 days). The mean sensitivity of the device decreased after 7 days, displaying only 40% of 

the initial performance of the device. These results demonstrate that our biosensor has better 

stability if it is refrigerated at 4°C; thus, refrigeration would be a convenient way to store our 

devices for decentralized applications.

Detection of HSV-2 in a pre-clinical animal model

Next, we assessed the ability of our biosensor to detect HSV-2 in 20 pre-clinical samples. 

We tested blindly, in triplicate (n = 3), 9 HSV-2-positive and 11 HSV-2-negative biofluid 

samples collected from the vagina of guinea pigs at the University of Pennsylvania (Figure 

5). All samples were heat-inactivated (56°C for 1 h) prior to the electrochemical analysis. 

All samples were obtained from guinea pigs that had been infected 2 days earlier with 

HSV-2 or that were uninfected. The biosensor performance is dependent on the cutoff 

used to discriminate positive and negative samples. A low cutoff can enable the detection 

of low viral loads but may lead to false positive results. On the other hand, high cutoff 

values avoid false positive results but limit the detectability of the method, i.e., lead to 

false negative results.52 For diagnostic purposes, we set the cutoff value of our biosensor 

as [(Z − Z0)/Z0] > 0.22 to identify a positive HSV-2 result and [(Z − Z0)/Z0] < 0.22 

for negative samples. The cutoff value was based on the analytical signal obtained for 

the lowest quantity of titered virus analyzed (Figure 4D). Our biosensor achieved 88.9% 

sensitivity, 100% specificity, and 95% accuracy for the set of 20 samples evaluated, i.e., 

our biosensor correctly diagnosed 19/20 samples tested. However, increasing the number 

of clinical samples could impact the sensitivity, specificity, and accuracy of the proposed 

method. We note a response variation between the proposed method and the titrated method 

for sample analyses (Figure 5). This is likely due to the heat inactivation process prior to 

performing the electrochemical measurements, since heat inactivation induces viral lysis, 

generating different amounts of free gD2 or cell fragments containing gD2 that can interact 
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with the nectin-1 present on the surface of the WE. In addition, the heating step needs to be 

carefully performed to avoid denaturation of the glycoproteins, i.e., structural alterations on 

viral proteins (gD2).53 Thus, these points prevent an exact correlation between the titrated 

method and our approach. However, based on the data obtained, we consider that the high 

diagnostic accuracy (95%) observed for the 20 samples tested suggests that our selective 

biosensor approach is excellent at detecting HSV-2 viral particles in complex samples and 

thus constitutes a promising alternative to standard methods.

Cross-reactivity experiments

We performed cross-reactivity experiments to rule out any potential off-target effects of 

our nectin-1-modified electrode with viruses other than HSV. Selectivity was studied for 

five viruses: H1N1 (A/California/2009), influenza B (B/Colorado), influenza A H3N2, 

MHV-mouse hepatitis virus, and SARS-CoV-2. All experiments were performed using the 

same optimized conditions as those used for HSV-2 detection. No significant cross-reactivity 

was detected with any of the viruses tested, as revealed by a relative RCT percentage of up 

to 12%, which is lower than the cutoff value of 22% established for a positive diagnosis 

of HSV-2 infection in biofluid samples (Figure S5). These results, associated with the 

selectivity observed in the analysis of pre-clinical samples (guinea pig vaginal biofluids) 

in which no false positives were detected, highlight the robustness and selectivity of our 

biosensor. However, the glycoprotein D proteins from HSV-1 and HSV-2 have a high degree 

of identity, and both viruses can enter the cell through gD binding to the nectin-1 receptor, 

which could result in the detection of HSV-1 if that virus were present in genital biofluid 

or the clinical sample tested. Our device can be advantageous to diagnose both HSV-1 

and HSV-2 infections. A relevant scenario for the use of such a testing device could be 

in pregnant women in labor before childbirth if the presence of either HSV-1 or HSV-2 is 

suspected. Such a diagnosis can help prevent the newborn from acquiring neonatal herpes 

from an infected mother.

In summary, we have developed an electrochemical biosensor for the ultrasensitive detection 

of HSV-2 antigen, using nectin-1 as the receptor. In fact, this is the first electrochemical 

approach that uses nectin-1 as a recognition element instead of the well-established DNA-

based strategy. Our approach is substantially less complex than DNA-based methods as 

the analytical steps do not require amplification or hybridization. With this device, the 

detection of viral antigen requires only minimal amounts of sample (10 μL). The biosensor 

can be prepared in less than 3 h, and when stored at 4°C, it remains stable for at least 

5 days. Furthermore, the process of detection takes only 9 min. The sample is incubated 

on the electrode surface for the first 5 min, and the analytical blank and the sample are 

measured by EIS within 4 min. Our simple manufacturing and biofunctionalization method 

provides a biosensor with reproducible (RSD = 5.12%) and excellent analytical features for 

detecting HSV-2 (LODs of 0.019 fg mL−1 for free gD2 in PBS medium and 0.057 PFU 

mL−1 for titered virus in DMEM). Collectively, our method provides an excellent alternative 

for HSV diagnosis since it does not require the amplification and hybridization steps that 

are commonly used in DNA-based methods. Its low cost ($1.00 USD test) and speed of 

detection can allow frequent tests for screening of the population, mainly in resource-limited 

settings and labor and delivery wards. In our analysis of 20 guinea pig vaginal biofluid 
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samples, the biosensor accurately detected 8/9 HSV-2 positive samples and 11/11 negative 

samples, achieving 88.9% sensitivity, 100% specificity, and 95% accuracy. In conclusion, 

we present an inexpensive, rapid, and accurate technology for diagnosing HSV-2 antigen in 

relevant biological samples.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact—C.F.N. is the lead contact; e-mail address: cfuente@upenn.edu.

Materials availability—Sensors generated in this study will be made available upon 

reasonable request.

Data and code availability—All the data generated in this study will be made available 

upon reasonable request.

Chemicals and apparatus

Analytical-grade reagents were used for the experiments. Deionized water (resistivity 

≥18 MΩ cm at 25°C) was obtained from a Milli-Q Advantage-0.10 purification system 

(Millipore). Human herpes virus entry mediator (HveC), also called human nectin-1 

(residues 31–346), and gD2 strain 333 (residues 1 to 285, gD(285t)) proteins were 

recombinantly produced by baculoviruses. Their purification from infected insect cells 

was described previously.54,55 EDC, NHS with a degree of purity ≥98%, BSA, chitosan 

(molecular weight = ~50,000 Da), PBS solution, pH = 7.4, and glutaraldehyde (25%, v/v) 

were purchased from Sigma-Aldrich. PEI was obtained from Polysciences. Carbon and 

Ag/AgCl conductive inks were obtained from Creative Materials. A six-channel MULTI 

AUTOLAB M101 potentiostat operated by the NOVA 2.1 software was used for the 

electrochemical measurements.

Electrochemical measurements

All electrochemical measurements were carried out using a mixture of 5.0 mmol L−1 

[Fe(CN)6]3− and [Fe(CN)6]4–, as a redox probe, in 0.1 mol L−1 KCl solution. All 

functionalization steps of the biosensor were characterized by EIS, which was also used 

to quantify the HSV-2 and gD2 concentrations. The frequencies used ranged from 1 × 105 

Hz to 0.1 Hz, and the open circuit potential was applied with an amplitude of 10 mV (vs. 

Ag/AgCl). For CV experiments, the potential ranged from −0.3 to 0.7 V (vs. Ag/AgCl) 

using a scan rate of 50 mV s−1.

Fabrication of electrochemical devices

The electrochemical sensors (three-electrode configuration) were manufactured by a screen-

printing technique on phenolic paper circuit board material, as a low-cost and convenient 

platform.20 Electrically conductive carbon and Ag/AgCl inks (Creative Materials, USA) 

were employed to construct the working (WE)/auxiliary (AE) and reference (RE) electrodes, 

respectively. After a curing step of 30 min at 100°C, the material was cut into 2.5 × 2.0 cm 

pieces, and their geometrical area was delimited using dielectric tape.
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Biosensor functionalization assays

To prepare the electrochemical biosensor, the nectin-1 receptor was first immobilized onto 

the WE through the drop-casting method. Briefly, 4.0 μL of 1.0 mg mL−1 PEI solution 

prepared in deionized water was gently deposited on the WE and dried for 60 min at 37°C. 

Next, 4.6 μL of 0.13 mg mL−1 nectin-1 receptor containing 25.0 mmol L−1 EDC and 50.0 

mmol L−1 of NHS solution prepared in 0.1 mol L−1 PBS (pH = 7.4) was deposited on 

the surface of the PEI-modified WE and incubated at 37°C for 30 min. Subsequently, the 

remaining unmodified zones of the WE were blocked with 4.0 μL of 1.0% (m/v) BSA 

solution prepared in deionized water, and the devices were stored for 30 min at 37°C to dry. 

This step aims to prevent nonspecific interactions of the sample with the biosensor’s surface. 

Finally, 4.0 μL of chitosan 0.5% (m/v), prepared in 2% (v/v) acetic acid, was deposited onto 

the WE. The biosensor was incubated at 37°C for 60 min and then washed with 0.1 mol L−1 

PBS (pH = 7.4) before use.

Collection of vaginal swab samples from HSV-2-infected guinea pigs

In guinea pigs, vaginal infection with HSV-2 causes a clinical disease similar to that in 

humans; this model is described in detail elsewhere.56 Briefly, female guinea pigs were 

infected intravaginally with HSV-2 MS strain (5 × 105 PFU) in a 50 μL inoculum volume. 

Mock infections were used as controls. Vaginal swabs, collected on day 2, were stored at 

−80°C in 1 mL DMEM containing heat-inactivated 5% FBS and an antibiotics/antimycotics 

cocktail.56 The samples were quantified for the replicating virus by incubating serial 10-fold 

dilutions of each of the swab samples onto Vero cells for 1 h in an incubator under 5% 

CO2 at 37°C. Dilutions of the samples were removed after 1 h and overlaid with 1.5% 

methylcellulose in DMEM supplemented with 5% FBS and incubated for 72 h in the same 

incubator. The overlay was removed, and 0.1% crystal violet in 25% methanol was added to 

the cells. Plaques were counted under the microscope and calculated as PFU mL-1.57

HSV-2 biosensing

For the HSV-2 biosensing, 10.0 μL of 0.1 mol L−1 PBS (pH = 7.4) or DMEM containing 

either gD2 or HSV-2 samples was applied to the electrochemical cell to cover the surface of 

the WE. The electrochemical cells were incubated at room temperature for 5 min, and then 

the electrochemical cell was washed with PBS (0.1 mol L−1; pH = 7.4) to remove unbound 

components. Then, the redox probe (200 μL of a 5.0 mmol L−1 [Fe(CN)6]3−/4− in 0.1 mol 

L−1 KCl solution) was used for the EIS measurements. The RCT values were calculated with 

the use of the Randles equivalent electrical circuit on the Nyquist plots. The HSV-2 samples 

were heat-inactivated (56°C for 1 h) prior to the analysis.

Reproducibility, stability, and cross-reactivity studies

Reproducibility was studied with six biosensors, each having electrodes manufactured from 

different batches. Biosensors were exposed to 1.0 ng mL−1 of gD2 and incubated for 5 min. 

The analytical signals (RCT values) obtained for these six devices were used to calculate 

the RSD. The stability of the biosensors stored at 25°C, −20°C, or 4°C was evaluated 

over 7 days by extracting the analytical sensitivity parameter from analytical curves at 

concentrations of gD2 ranging from 1 × 10−12 to 1 × 10−10 g mL−1. The cross-reactivity 
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studies used the same optimized condition as used for HSV-2 detection, with five viruses, all 

at 105 PFU mL−1 except for MHV, which was at 108 PFU mL−1: H1N1 (A/California/2009), 

influenza B (B/Colorado), H3N2, MHV-mouse hepatitis virus, and SARS-CoV-2 prepared in 

viral transport medium (VTM).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Ultrasensitive electrochemical biosensor for herpes simplex virus (HSV) detection

The biosensor enables rapid and accurate detection of HSV within minutes

The biosensor is inexpensive ($1 USD per test) compared to existing HSV detection 

methods
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Figure 1. Detection and functionalization approach of the herpes virus electrochemical biosensor
(A) Schematic representation of the HSV sensing using the electrochemical biosensor.

(B) Functionalization and optimization steps of the electrochemical biosensor. This figure 

was created in BioRender.com.
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Figure 2. Optimization studies of the herpes virus electrochemical biosensor
(A) Anchoring of nectin-1 using 25% (m/v) GA (black circles) and 1.0 mg mL−1 PEI (red 

circles). Optimal results were obtained when the substrate was modified with PEI to enable 

the anchoring of the nectin-1 receptor through the –COOH terminal group.

(B) Analytical response of the biosensor when fabricated without an additional membrane 

layer (black circles), modified with 0.5% (m/v) chitosan (red circles), and modified with 

0.5% (m/v) Nafion (blue circles). The highest sensitivity was obtained when the biosensor 

was modified with 0.5% (m/v) chitosan.

(C) Effect of chitosan concentration on biosensor sensitivity: 0.0% (black circles), 0.3% 

(m/v; red circles), 0.5% (m/v; blue circles), 0.7% (m/v; pink circles), and 1.0% (m/v; green 

circles). Chitosan at 0.5% (m/v) provided the highest detectability maintaining the lowest 

reagent-to-usage ratio; thus, this condition was selected for subsequent measurements.

(D) Incubation time experiments between gD2 and the modified electrochemical biosensor. 

Calibration curves were generated using gD2 at concentrations ranging from 1 pg mL−1 

to 0.1 ng mL−1 and incubation times ranging from 1 to 7 min. No significantly increased 

differences in the detectability of gD2 were observed for incubation periods longer than 

5 min; thus, this incubation time was selected for subsequent work. All experiments were 

carried out at room temperature in triplicate (n = 3) and obtained through calibration curves 

for gD2 at a concentration range between 1.0 pg mL−1 and 0.1 ng mL−1. The error bars 

correspond to the standard deviation. All EIS measurements were recorded at open circuit 
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potential at the frequency range of 1 3 105 Hz to 0.1 Hz and using an amplitude of 10 mV in 

the following medium: 5 mmol L−1 [Fe(CN)6]3−/4− in 0.1 mol L−1 KCl solution.
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Figure 3. Functionalization steps and electrochemical characterization of the biosensor
(A) Schematic representation of the stepwise functionalization of the electrochemical 

biosensor.

(B) CV experiments were recorded for each modification step made to the biosensor surface 

in a solution of 5.0 mmol L−1 [Fe(CN)6]3−/4− containing 0.1 mol L−1 KCl as the supporting 

electrolyte. A potential window from −0.3 V to 0.7 V and a scan rate of 50 mV s−1 were 

used.

(C) Nyquist plots were obtained using the same conditions as those shown in (A). Inset 

shows a zoomed-in view of the plots at high-frequency regions. Conditions used were 

frequency range from 1 × 105 Hz to 0.1 Hz and 10 mV amplitude. Measurements 

were performed at room temperature. The colors displayed in the CV and Nyquist plots 

correspond to each modification step outlined in (A). This figure was partially created in 

BioRender.com.

de Lima et al. Page 20

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://BioRender.com


Figure 4. Analytical curves for HSV-2 detection
(A) Nyquist plots for gD2 at concentrations ranging from 0.1 fg mL−1 to 10.0 ng mL−1 in 

0.1 mol L−1 PBS (pH = 7.4).

(B) Dose-response curve obtained from normalized RCT values extracted from Nyquist plots 

as a function of the logarithm of the gD2 concentration.

(C) Nyquist plots for titered HSV-2 viral solution at levels ranging from 1 × 100 PFU mL−1 

to 1 × 107 PFU mL−1.

(D) Dose-response curve obtained from normalized RCT values extracted from Nyquist 

plots as a function of the logarithm of the HSV-2 viral loads. The EIS measurements were 

performed in triplicate in 5.0 mmol L−1 [Fe(CN)6]3−/4− and a 0.1 mol L−1 KCl solution 

applying the open circuit potential at a frequency range of 1 × 105 Hz to 0.1 Hz and using 

an amplitude of 10 mV. All measurements were recorded in triplicate (n = 3), using 10 μL 

of gD2 or HSV-2 samples (from 1 × 100 PFU mL−1 to 1 × 107 PFU mL−1), and samples 

were incubated for 5 min on the biosensor surface. The error bars correspond to the standard 

deviation.

de Lima et al. Page 21

Cell Rep Phys Sci. Author manuscript; available in PMC 2024 January 18.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Detection of HSV-2 in biofluid samples from guinea pigs
Comparison of the electrochemical biosensor response (normalized RCT values) obtained 

for the cross-reactivity studies (other viruses) in VTM and the analyses of 20 guinea pig 

vagina samples in DMEM (11 HSV-2 negative and 9 HSV-2 positive) (dark gray bars) 

and quantification of the HSV-2-positive samples obtained using the conventional titrated 

method (red circles) and shown as PFU mL−1. The dotted line indicates the cutoff value of 

the normalized RCT response established to indicate whether the sample was identified as 

positive for HSV-2 by our biosensor. All electrochemical measurements were recorded in 

triplicate (n = 3), and the error bars correspond to the standard deviation.
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Table 1.

Comparison of the analytical parameters in various methods reported for the detection of herpes viruses

Method LOD Technique Target Working concentration 
range

Time 
(min)

Reference

Our method 0.057 PFU mL−1 EIS HSV-2 1 × 100 to 1 × 107 PFU mL−1 9 This work

0.019 fg mL−1 EIS gD2 0.1 fg mL−1 to 10.0 ng mL−1

PEGE and 
MDB/DNA

14.77 fmol mL−1 DPV DNA 1 to 20 μg mL−1 35a Kara et al.17

Ppy/DNA film 50.0 fmol mL−1 Conductivity DNA 2.0 to 24.0 pmol mL−1 – Tam et al.38

RPA/Au/DNA 207 copies Amperometry DNA 1 × 101 to 1 × 108 copies 35 Toldrà et al.39

Impedimetric 
immunosensor

0.66 TCID50 

mL−1
EIS BHV-1 10.0–50.0 TCID50 mL−1 10b Garcia et al.40

Biochip – Coulometric IgG – 65 Loughman et al.41

Smart cup 100 copies mL−1 LAMP DNA 1 × 100 to 1 × 103 PFU mL−1 30 Nahar et al.42

PP/DNA 0.61 copies 
mL−1

LAMP DNA 104 PFU mL−1 to 100 PFU 
mL−1

45 Narang et al.15

EPAD/Zn-Ag 
nanoblooms/DNA

97.0 copies 
mL−1

CV DNA 113–103 and 3 × 105–1×106 

copies mL−1
120c Kessler et al.43

LC/DNA 1 × 104 copies 
mL−1

PCR DNA 2 × 103 to 5 × 103 copies 
mL−1

30 Weidmann et al.2

LC/DNA 10.0 copies 
mL−1

PCR DNA – 150 Perkins et al.44

LC/DNA between 1 and 5 
copies/reaction

PCR DNA 3.5 to 36 × 108 copies mL−1 – Burrows et al.45

LC/DNA 4 copies μL−1 PCR DNA – <60 Dominguez et al.46

LC/DNA 1 copy mL−1 PCR DNA 18.0 to 35.9 Ct – Tam et al.38

LC/DNA 1.2 to 5.8 copies/
test

RT-PCR DNA – 90 Krumbholz et al.47

MultiCode – RT-PCR DNA – 240 MultiCode-RTx Herpes

-RTx HSV 1&2 Kit Simplex Virus 1 & 2 
Kit, Real-Time PCR 
Qualitative Detection 
and Typing of HSV-1 
or HSV-248

BD ProbeTec HSV 
Qx test

– RT-PCR DNA – 160 BD ProbeTec Herpes 
Simplex Viruses (HSV 
1 & 2) Qx Amplified 
DNA Assays49

IsoAmp HSV assay 34.1 copies/test HDA-LFA DNA – 90 Kim et al.50

PEGE, pencil graphite electrodes; MDB, Meldola blue; DPV, differential pulse voltammetry; LAMP, loop-mediated isothermal amplification; PP, 
polypropylene; EPAD, electrochemical paper-based analytical device; CV, cyclic voltammetry; LC, LightCycler; PCR, polymerase chain reaction; 
GE, genome equivalents; OsHV-1, ostreid herpesvirus 1; RPA, isothermal recombinase polymerase amplification; Au, gold electrode; BHV-1, 
bovine herpesvirus type 1; HDA-LFA, helicase-dependent amplification and lateral-flow analysis.

a
Testing time considering only hybridization and accumulation processes.

b
Considering only the sample incubation.

c
Considering only the hybridization step.
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