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Abstract: Rapid and reliable diagnosis of infectious diseases caused by pathogens, and timely
initiation of appropriate treatment are critical determinants to promote optimal clinical outcomes and
general public health. Conventional in vitro diagnostics for infectious diseases are time-consuming
and require centralized laboratories, experienced personnel and bulky equipment. Recent advances in
electrochemical affinity biosensors have demonstrated to surpass conventional standards in regards to
time, simplicity, accuracy and cost in this field. The tremendous potential offered by electrochemical
affinity biosensors to detect on-site infectious pathogens at clinically relevant levels in scarcely treated
body fluids is clearly stated in this review. The development and application of selected examples
using different specific receptors, assay formats and electrochemical approaches focusing on the
determination of specific circulating biomarkers of different molecular (genetic, regulatory and
functional) levels associated with bacterial and viral pathogens are critically discussed. Existing
challenges still to be addressed and future directions in this rapidly advancing and highly interesting
field are also briefly pointed out.

Keywords: electrochemical affinity biosensors; bacteria; viruses; immunosensors; nucleic acid-based
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1. Introduction

Pathogen infections are responsible for thousands of deaths and an enormous burden of morbidity
worldwide. Therefore, they are considered as major concern for global health. Despite the availability
of antibiotics and antiviral therapies, bacterial and viral infections are often misdiagnosed or diagnosed
with an unacceptable delay [1]. Therefore, the accurate and early identification of patients requiring
treatment using simple, fast and affordable diagnostic tests is a very important issue for effective
treatment and control. In addition, the possibility of a reliable diagnosis of these infections in a
minimally invasive way should allow targeting of anti-infective therapy more effectively, while
significantly reducing the number of unnecessary procedure-associated complications.

The diagnosis of a patient is usually performed by an authorized person in a quick manner,
paying attention to the symptoms of the patient and particular prevalence of infections at the time
and location. In addition, since the concentration of the infectious pathogen is not accurately known,
an antibiotic is sometimes unnecessarily administered or done at inappropriate doses. Therefore,
in order to allow the application of therapy in an early and efficient way using doses correlated with
the actual status of the infection, the development of simple and inexpensive methodologies, able
to be easily translated to point-of-care testing (POCT), are highly demanded to determine the target
infectious pathogen in an accurate and selective way [2–5].
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Conventional tests employing cell culture, and serological tests last from two days up to two
weeks, and therefore are not suited for fast detection. Moreover, some viruses are hard or impossible
to cultivate [5]. On the other hand, molecular tests, such as reverse transcription-polymerase chain
reaction (RT-PCR), and enzyme-linked immunosorbent assay (ELISA) are sensitive and rapid, but they
are expensive, complicated to implement and require specialized equipment and trained users.
Accordingly, with the aim of reducing the social and economic costs, the development of rapid
diagnostic tests with high throughput and the possibility of multiple target detection, accuracy (in terms
of specificity and sensitivity), ease of use, affordability and suitability for on-site use in the field is
an important research subject. Such requirements are met by portable stand-alone electrochemical
molecular biosensors. A molecular biosensor is a device that uses specific biochemical reactions
mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to detect chemical
compounds usually by electrical, thermal or optical signals [6]. Electrochemical molecular biosensors
are able to facilitate rapid detection and diagnosis at the POC, which make them particularly useful
for an early and unequivocal diagnosis, and to prevent further disease spread [1,7].

2. Infectious Pathogens: Bacteria and Viruses

Pathogens are microorganisms that cause infectious disease. Bacteria and viruses are the main
pathogens. Bacteria release toxins, and viruses damage cells. White blood cells destroy pathogens by
ingestion or producing antibodies against them and antitoxins to neutralise toxins. In vaccination,
pathogens are introduced into the body in a weakened form which causes the body to produce enough
white blood cells to protect itself against the pathogens and not get diseased. Antibiotics are effective
against non-resistant bacteria, but not against viruses.

The efficient control of the spread of disease and the improvement of patient outcomes are directly
related to the early, rapid and reliable detection of infectious pathogens. In fact, it has been reported
that patient survival diminishes about 8% every hour a blood infection is not properly treated [4,8].
Moreover, the fast identification of the cause of an infection plays a determinant role in controlling
antibiotic resistance rates and optimizing antibiotic administration. Since the analyses of bacteria and
viruses are performed in different body fluids, and the concentration levels of the infectious pathogens
depend remarkably on the type of biofluid to be analyzed, developed methods should consider these
differences to implement reliable determination [4].

The diagnosis and evaluation of viral infections are mostly based on the detection of specific
nucleic acid sequences of the target virus. In this context, it is important to note that levels of
blood-borne viruses are typically ~106 infectious units (IUs) per mL of blood, which corresponds to a
femtomolar concentration of viral RNA [4]. For instance, Dengue and Zika are viruses transmitted by
mosquitos that cause tropical diseases [9]. The levels at which dengue viral RNA can be detected in
biological samples (blood, saliva or urine) are between 103 and 106 copies per milliliter [10–12]. In the
case of Zika, the corresponding levels range from 102–105 copies per milliliter in plasma or urine [13].
However, these are one thousand times higher in semen, which gives an idea of the capacity for sexual
transmission of this infection [14]. Flavivirus influenza loads are typically 106–109 in aspirate samples
and as low as 103 viral particles mL−1 in throat and nasal swabs [4,15–17].

Regarding bacterial infections, the unequivocal identification of a wide variety of Gram-positive
and Gram-negative bacteria including Escherichia coli, Staphylococcus aureus and Klebsiella, along with
drug-resistant strains in the bloodstream of an infected patient are challenging applications, since the
presence of as few as 1–10 colony-forming units (cfus) of bacteria in a milliliter of blood are enough
to cause a life-threatening infection [18]. If an rRNA is used as a target, it should be present at a
copy number up to 103 or 104 which corresponds to detect a subfemtomolar concentration of RNA
in the sample with an overwhelming excess of non-target RNA. This constitutes a big challenge for
implementing direct detection methods and the main reason why molecular-level analysis is typically
performed after bacterial culture enrichment [4].
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Regarding tuberculosis (TB), it is important to highlight the increase in this type of drug-resistant
infection in places where access to clinical trials is difficult. In this case, the usual sample is sputum, in
which the levels are elevated (107–108 cells per milliliter) [19,20], although it is a viscous sample whose
analysis offers a high difficulty [5].

Escherichia coli, Staphylococcus saprophyticus, Klebsiella pneumoniae, Proteus mirabilis and Pseudomonas
aeruginosa are the main pathogens causing urinary tract infections (UTIs). Methods for rapid and
sensitive detection of these bacteria are required because of the increasing emergence of resistance
to drugs from these common infections, which extend to second and third line antibiotics [21]. UTIs
are usually detected in urine which is considered positive if it contains more than 105 cfu mL−1 [22].
Importantly, the low concentrations of other potential interfering substances present in this sample,
compared with other types of biological samples [4], means the specificity of methods for UTIs
detection are not cruicial.

3. Conventional Methods for the Determination of Infectious Pathogens

In order to diagnose common infectious diseases, various steps should be performed. Firstly,
biological samples should be collected and transported from the point where they are taken to the
laboratory. Then, samples are processed, analyzed by applying the appropriate protocols, and the
results reported. These steps, which must be performed by qualified personnel, usually take several
days, and the results are communicated to the patient by the clinician. The delay in notifying the results
to make further decisions is one of the disadvantages of this procedure. It has been demonstrated that
these shortcomings become more evident in places with few health resources and have led, for example,
to the reckless use of antimicrobials [4].

Gold-standard techniques for bacterial and viral infections diagnostics include microscopy,
plating and culturing methods, nucleic acid-based techniques and immunological assays. Among
them, immunological or molecular-based assays including DNA hybridization and polymerase chain
reaction (PCR) methods should be highlighted. Immunological assays rely on the specificity of the
antigen–antibody recognition and are suitable for the detection of a whole range of agents affecting
global health. In particular, ELISAs, which are approved by regulatory agencies and commercially
available, are the most common methods used for virus-specific antigens determination. However,
they are time-consuming and multistage, provide relatively low sensitivity, may produce false negative
results and their performance depends strongly on operator skills [4,5,7,23,24].

Nucleic acid-based detection may be more specific and sensitive than immunological methods.
It is based on the detection, by performing efficient hybridization with complementary oligonucleotides,
of DNA or RNA sequences characteristic of the target pathogen which allow unequivocal identification.
In general, these specific DNA and RNA sequences are the preferred targets for infectious disease
testing, as they directly correspond to the presence of an active infection [4]. Hybridization assays
prove to be especially powerful in the rapid and sensitive detection of synthetic short oligonucleotides.
However, when faced with genomic DNA or total RNA, the length and complexity of the target,
together with the sample media, limit their application. Even in the cases where hybridization assays
show high enough analytical sensitivity to detect very low amounts of DNA and RNA, sample
pretreatment to restrict the size of the target is usually required to allow an efficient hybridization.
A useful option is to couple the hybridization assays with amplification methods, which contribute to
both specifically amplify the target and restrict its size [25]. Indeed, this high sensitivity made nucleic
acid amplification widely used for the detection of pathogen infections. Despite these advantages,
these detection methods are still relatively complex, technically demanding and costly, and require
centralized laboratories, trained personnel and bulky specialized equipment with regular maintenance
or reliable electric supply, and therefore costly and not available in all countries and settings [1,5].

In this sense, electrochemical biosensors coupled to inexpensive field-portable and programmable
battery-operated instrumentation offer exciting alternatives as rapid and cost-effective analytical
strategies easy to be handled by unskilled personnel.
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This review, through selected examples, aims to demonstrate that electrochemical affinity
biosensors (mainly ADN- and immunosensors) offer considerable promise for obtaining reliable
information about infectious diseases caused by bacterial and viral pathogens in a fast, simple, cheap
and minimally invasive manner. Only these methods focus on the determination of circulating
biomarkers and have demonstrated applicability in the analysis of biofluids (mainly blood, serum,
saliva, urine, sputum and pleural fluid). They are discussed and classified regarding the type of
pathogen determined, bacteria or viruses. Main bottlenecks and future research directions involved
are also pointed out at the end of the article.

4. Electrochemical Affinity Biosensing of Infectious Pathogens in Liquid Biopsies

Electrochemical biosensors have emerged as reliable molecular sensing devices suitable for
the detection of pathogens in liquid biopsies. Short assay time, simple handling, low cost, small
sample requirement, possibility of multiplexing and miniaturization and good performance in
complex samples with minimal pre-treatments justify their increasing growing and suitability for POC
applications [7,21].

The incorporation of a wide variety of nanomaterials with large surface area, abundant binding
sites and unique catalytic activity, conductivity and biocompatibility, have led to the development of
electrochemical affinity biosensors which meet the requirements for infectious pathogen determination
in biofluids at the required levels [26,27]. These nanomaterial-based electroanalytical bioplatforms
have demonstrated enhanced sensitivity, selectivity, minimal interferences from biological matrices and
prolonged stability. Nanomaterials such as CNTs and AuNPs have been used as electrode modifiers
and advanced labels. Moreover, electrodes modified with tetrahedral surface DNA nanostructures
have been reported in an electrochemical immunosensing strategy for S. pneumoniae determination [28].

The main bioreceptors used in the construction of electrochemical affinity biosensors for infectious
pathogens include specific single-stranded (ss) oligonucleotide, peptide sequences and antibodies.

The required sensitivity is achieved, in many cases, by coupling of nucleic acid-based
biosensors with different nucleic acid amplification strategies, ranging from the conventional PCR,
of limited use in centralized laboratories, to more recent and attractive alternatives involving
isothermal amplification strategies. Isothermal amplification strategies involve either the use of
strand displacement polymerases combined with especially designed primers or probes, as is the
case in loop-mediated amplification (LAMP) and rolling-circle amplification (RCA), or mimicking
in vivo DNA replication utilizing helicases for DNA unwinding (HDA). Indeed, the false positives
(arising from primer-dependent artifacts and non-specific amplification) of these simplest isothermal
amplification strategies are overcome by their coupling with electrochemical nucleic acid sensors
due to the additional selectivity provided by the fully complementary specific probe oligonucleotide
immobilized onto the electrode surface. Hybridization chain reaction (HCR), an isothermal and
enzyme-free amplification strategy, has been used along electrochemical DNA sensors for the detection
of bacterial infections. The use of isothermal amplification strategies reduces the cost and amplification
time without sacrificing sensitivity, and can be carried out in clinical specimens because they exhibit
good tolerance to the most common PCR inhibitors [29]. Interestingly, without the need for complex
control systems of temperature [30], their integration into portable and cheaper devices to perform
analysis in low-resource settings or at the point-of-need is greatly simplified. At this point, it is worth
to mention that very recently the Lobo-Castañón’s research group has reported, for the first time,
the use of on-surface helicase-dependent amplification at ITO surfaces to quantify electrochemically
very small amounts of genomic DNA extracted from Salmonella [31]. Attractive electrochemical nucleic
acid sensors have been reported so far for non-invasive bacterial infections detection coupled with
PCR [32–34], HDA [25,31,34], RPA [35] and HCR [36].

Electrochemical biosensors described to date for bacterial infections [28,32–35,37–45] comprise
a rather limited number of immunosensors using antibodies able to detect the whole bacteria
(Streptococcus pseudopneumoniae, Escherichia coli and Vibrio cholerae) [36–38] or specific surface bacterial
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proteins (PspA peptide) [28], and a wide variety of nucleic acid sensors targeting specific bacterial
genes used along with different nucleic acid and signal amplification strategies [32–35,39–45].

Regarding viral infection determination [46–59], electrochemical biosensing approaches have
been focused mainly on the detection of:

(i) the whole virus such as human enterovirus 71 [55];
(ii) specific viral proteins (p24 from HIV [46–49] and NS1 from Dengue [54]);
(iii) autoantibodies against specific viral antigens (pseudorabies virus [50], HIV-1 and HIV-2 [51,56]

and hemagglutinin, HA, from avian influenza virus H5N1 [52,53]) and
(iv) characteristic DNA sequences (Dengue virus serotype 3, DENV-3, [57] and high-risk human

papillomavirus, hrHPV, strains HPV-16 and HPV-18 [58]).

The reported methods imply the development of immunosensors for the detection of specific
viral proteins and intact virus, DNA sensors for targeting characteristic DNA sequences and biosensor
involving the immobilization of the specific viral antigens or peptides for the determination of the
humoral immune response against viral infections.

The following sections show that electrochemical affinity biosensors are emerging technologies
suitable for the detection of bacterial and viral infections in a non-invasive way through
the determination of the whole pathogen, pathogen specific biomolecules, such as surface
proteins/antigens or antibodies against them, nucleic acids or virulence factors.

4.1. Minimally Invasive Electrochemical Biosensing of Bacterial Pathogens

A disposable amperometric magnetoimmunosensor, using Protein A-modified magnetic
microbeads and gold screen-printed electrodes (Au/SPE), was developed for the selective
determination of Streptococcus pneumoniae [37]. A sandwich configuration using the same antibody for
capture and detection (in this case conjugated with HRP) was employed. MBs bearing the sandwich
immunocomplexes were magnetically captured on the surface of tetrathiafulvalene (TTF)-modified
Au/SPE and the amperometric signal measured at −0.15 V vs. the silver pseudoreference electrode
of the Au/SPE in the presence of H2O2 was used as transduction signal. A LOD of 3.0 × 103 cfus
without pre-enrichment steps was accomplished in 3.5 h from sampling to measurement. The LOD
was calculated according to the 3 × sb/m criterion where sb was the standard deviation of the blank
and m was the analytical sensitivity. The usefulness of the method was proved by analyzing undiluted
human urine samples inoculated with the target bacteria.

Gayathri et al. [38] developed an electrochemical immunosensor for the detection of uropathogenic
Escherichia coli (UPEC) using as scaffold a glassy carbon electrode (GCE) modified with a thionine
dye immobilized chitosan/functionalized-MWCNT composite (GCE/f-MWCNT-Chit@Th) (Figure 1).
The bacteria were covalently immobilized on this surface and labeled with a primary antibody and an
HRP-tagged secondary antibody. By monitoring the H2O2 reduction reaction using cyclic voltammetry,
the immunosensor showed excellent linearity between 102 and 109 cfus mL−1, which is a range of
practical interest to detect urinary bacterial infections. The immunosensor also exhibited a successful
specificity towards other bacteria and applicability to the analysis of spiked raw urine samples.

A sandwich electrochemical immunosensor for rapid detection of pneumococcal surface protein
A (PspA) peptide was proposed by immobilizing the capture antibody onto a gold electrode
nanostructured with a DNA tetrahedron (DNATH) and using the same antibody conjugated with
ferrocene (FeC-Ab) as a detector (see Figure 2) [28]. The concentration of the antigen is followed by
measuring the increase in the square wave voltammetric (SWV) signal corresponding to the oxidation
of Fc in the FeC-AbC. This DNA nanostructured-immunosensor demonstrated feasibility to perform
the determination using both purified PspA peptide and Streptococcus pneumoniae lysates with linear
ranges of 0–8 ng mL−1 and 5–100 cfus mL−1, and LODs (S/N = 3) of 0.218 ng mL−1 and 0.093 cfu mL−1,
respectively. The immunosensor also demonstrated applicability to the determination in uncultured
samples obtained from the upper respiratory tract, mouth and axilla of the same individual.
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Figure 2. Schematic illustration of the construction of the DNA tetrahedron (DNATH)-based
electrochemical immunosensor using a ferrocene-conjugated detector antibody for PspA peptide
determination: (1) assembling of DNATH onto the electrode surface; (2) covalent immobilization
of antibody with upright orientation; (3) blocking step with BSA; (4) incubation with antigen,
and (5) labeling of the antigen with FeC-antibody and electrochemical detection. Reprinted from [28]
with permission.
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Li et al. [36] developed an electrochemical strategy using multifunctional nanoconjugates for
sensitive simultaneous detection of Escherichia coli O157:H7 and Vibrio cholerae O1. The method utilized
the specific immune recognition of different pathogenic bacteria by multifunctional nanoconjugates
and subsequent signal amplification. The biotinylated specific capture antibodies for Escherichia coli
O157:H7 and Vibrio cholerae O1 were attached to streptavidin-coated magnetic beads. The detection
antibodies were labeled with exponentially large amounts of signal indicators (CdS and PbS
nanoparticles)-labeled signal probes via C60@AuNPs as nanocarriers and HCR amplification (Figure 3).
Enhanced differential pulse voltammetric responses were proportional to the concentration of
Escherichia coli O157:H7 and Vibrio cholerae O1 from 5 × 101 to 1 × 106 cfus mL−1, and allowed
achieving LODs (3 × sb/m) of 39 and 32 cfus mL−1, respectively. The feasibility of the method to
measure the concentration of both pathogenic bacteria in a single run was demonstrated by analysis in
human stool and water samples providing results in agreement with the plate count method.
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monolayer of a thiolated specific DNA capture probe, mercaptohexanol (MCH) and dithiothreitol 
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Figure 3. Schematic display of the electrochemical biosensor developed for the simultaneous
detection of Escherichia coli O157:H7 and Vibrio cholerae O1. Schematic diagram of the simultaneous
electrochemical system (a); preparation of the bioconjugate- and nanoparticle-labeled antibodies (b);
schematic diagram of the immunoassay on magnetic beads (c). Abbreviations: Ab(O157) or Ab(O1),
antibodies for Escherichia coli O157:H7 or Vibrio cholerae O1; Bio-Ab, biotinylated antibodies; H1–4,
hairpin nucleotide for HCR reaction; MB@SA, streptavidin-coated magnetic beads; NI1–2, nucleotide
initiator; SP1–2, signal probe. Reprinted and adapted from [36] with permission.

Wu et al. [39] developed a very sensitive electrochemical DNA sensor for the specific determination
of Escherichia coli 16S ribosomal RNA (rRNA). The biosensor consisted of a 16-Au electrode array prepared
by photolithography, and modified with a ternary self-assembled monolayer of a thiolated specific
DNA capture probe, mercaptohexanol (MCH) and dithiothreitol (DTT). Using a sandwich hybridization
format with a fluorescein (FITC)-modified detector probe labeled in a final step with antiFITC-HRP
Fab fragments and chronoamperometric detection using the H2O2/3,3′,5,5′-tetramethylbenzidine (TMB)
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system, the method allowed remarkably low LODs down to 40 zmol of synthetic target and only 1 cfu
Escherichia coli per sensor in 45 min. The usefulness of this bioplatform was demonstrated by analyzing 18
real uropathogenic clinical isolates, showing 100% sensitivity and specificity.

A rapid antimicrobial susceptibility test (AST) that combines phenotypic culture of bacterial
pathogens in physiological samples and electrochemical genotypic molecular detection was developed
by Liu et al. [40] by targeting bacterial 16S rRNA, and using a very similar approach and
the same chronoamperometric transduction in the presence of TMB/H2O2, but immobilizing a
biotinylated-specific capture probe onto the same Au electrode array pre-coated with an alkanethiol
SAM and streptavidin (Figure 4a). The authors demonstrated the use of alternating current (AC)
electrokinetic fluid motion and Joule heating-induced temperature elevation to enhance the sensor
signal and minimize the matrix effect. Under the optimized electrokinetic conditions, direct detection
of bacterial pathogens in blood culture without prior purification, sample preparation and nucleic
acid extraction steps was claimed (Figure 4b). The applicability of the electrokinetic-enhanced
biosensing platform was checked through the rapid determination of the antibiotic resistance
profiles of Escherichia coli clinical isolates in blood cultures. The same authors developed
a multiplexed electrochemical biosensor for bloodstream infection diagnosis by detecting the
species-specific sequences of the 16S rRNA of bacteria including Staphylococcus aureus, Escherichia coli,
Pseudomonas aeruginosa and Proteus mirabilis in physiological samples without pre-amplification [41].
In this case, the DNA sensing platform was prepared using a ternary layer composed of thiolated
capture probe, hexanedithiol (HDT) and MCH. The feasibility of this multiplexed biosensor for
diagnosis of a bloodstream infection was demonstrated by identifying bacterial clinical isolates in
spiked whole blood samples, providing results with 100% agreement with microbiological analysis.
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A rapid urine test for detection of urogenital Schistosomiasis was developed by Mach et al. [42]
using a similar approach. In this case the Schistosoma haematobium 16S rRNA was sandwiched between
a specific thiolated DNA capture probe self-assembled onto a gold electrode and a FITC-labeled
detector probe. The hybridization reaction was monitored upon incubation with a HRP-conjugated
anti-FITC antibody by chronoamperometry using TMB/H2O2 . The DNA sensor allowed the detection
of 0.53 ng mL−1 total RNA isolated from Schistosoma haematobium egg and ~30 Schistosoma haematobium
eggs per mL of human urine.

A disposable amperometric DNA sensor involving the use of MBs and asymmetric polymerase
chain reaction (aPCR) was developed for the detection of Streptococcus pneumoniae by targeting a specific
region of the pneumococcal lytA gene [32]. In this approach, commercial Strep-MBs modified with
a specific biotinylated DNA probe were used as microcarriers to selective capture the predominantly
235-base ss-amplicon generated by direct aPCR (daPCR) from bacterial cultures. The biotinylated duplexes
captured at the Strep-MBs were labeled with a Strep-HRP polymer to perform amperometric detection
upon adding H2O2 at TTF-Au/SPEs (Figure 5). The method allowed obtaining LODs (3 × sb/m) of
5.1 nM (20-mer synthetic target DNA) and 1.1 nM (ss-aPCR amplicon), as well as obtaining daPCR
amplicons with as few as 2 cfus of Streptococcus pneumoniae. The methodology permitted discrimination
between Streptococcus pneumoniae and closely related streptococci, such as Streptococcus mitis, and between
blood and urine samples non-inoculated and inoculated at 103 cfus mL−1 of the target bacteria. Three
years later, the same authors demonstrated the successful validation of the developed DNA sensor with
109 clinical samples obtained from skin, abscesses, sputum, purulence, blood, swabs taken from throat,
ear or conjunctiva, nasal, tracheal or bronchial aspirates, pleural fluid and bronchoalveolar washes [33].
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Figure 5. Schematic display of the amperometric DNA sensor developed for Streptococcus pneumoniae
determination in connection with MBs and aPCR by targeting a specific fragment of lytA gene coding
sequence. Reprinted from [33] with permission.

Yamanaka et al. [43] designed an electrochemical strategy to determine Porphyromonas gingivalis
(a bacterium causing periodontal disease) by mixing bisbenzimidazole trihydrochloride used as
electrochemical intercalator with the amplicons obtained by direct PCR. The peak current of the
indicator, measured by linear sweep voltammetry, decreased in the presence of amplicons over the
100–104 cell range due to slower diffusion of the indicator after intercalation into the amplified DNA.
The analysis of saliva samples demonstrated that the determination of the obtained dPCR reflected
clearly the periodontal disease degree.

Thiruppathiraja et al. [44] developed a DNA biosensor for Mycobacterium sp. detection by sandwiching
the target genomic DNA between a specific probe immobilized on a ITO electrode modified with a



Sensors 2017, 17, 2533 10 of 21

(3-aminopropyl)trimethoxysilane SAM and detector probe/alkaline phosphatase (AP)-dually labeled
AuNPs for amplification purposes (Figure 6). Through DPV determination of the para-nitrophenol
generated by AP hydrolysis of para-nitrophenol phosphate, this method allowed a LOD of 1.25 ng mL−1

genomic DNA to be achieved and was successfully applied to the determination of clinical sputum samples.
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Figure 6. Schematic display of the electrochemical DNA biosensor developed for Mycobacterium sp.
determination using an indium tin oxide (ITO) electrode modified with a specific capture probe and
AuNPs dually labeled with detector probe and AP. Reprinted from [44] with permission.

Lobo-Castañón´s group also described a very interesting electrochemical DNA sensing strategy
for Mycobacterium tuberculosis determination by combining the use of MBs and chronoamperometric
detection at SPCEs with asymmetric helicase-dependent DNA amplification (aHDA) [25]. The method
involved the immobilization of the biotinylated ss-amplicon (an 84-base-long ss-DNA fragment of the
insertion sequence IS6110 characteristic of Mycobacterium tuberculosis) onto the surface of Strep-MBs,
its hybridization with an FITC-detector probe and further labeling with an HRP-conjugated antiFITC
antibody (Figure 7). The electrochemical transduction was performed by chronoamperometry using the
H2O2/TMB system upon magnetically capturing the modified MBs onto the SPCE surface. The method
allowed obtaining a wide linear range (1 aM-1 fM) and a LOD of 0.5 aM for the synthetic target DNA in
less than 4 h. One year later, the same group [34] compared the performance of this method with that
achieved by using aPCR (see Figure 7). They demonstrated the same dynamic range (between 30 and
3000 copies) and similar LODs (3× sb/m) of 0.4 aM (aPCR) and 0.5 aM (aHDA) with both amplification
approaches. These results demonstrated the HDA method was a viable and simpler alternative to PCR,
since the fact of not requiring a thermocycler permits it to be adapted easily to a broad range of settings.
This electrochemical DNA sensor coupled with both amplification strategies showed successful results
in the detection of Mycobacterium tuberculosis in sputum, urine and pleural fluid samples.

García et al. developed an impedimetric DNA sensor for Leishmania infantum selective
determination [45] by immobilizing a specific DNA probe onto a gold electrode previously coated with
a layer of 3-mercaptopropyltrimethoxysilane on a polyaniline matrix containing AuNPs (PANIAuNPs)
(Figure 8). By monitoring the hybridization using EIS in the presence of Fe(CN)6

3−/4−, this sensor was
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able to determine different concentrations of Leishmania infantum genomic DNA (1–4 ng mL−1) and to
analyze contaminated canine serum samples.Sensors 2017, 17, 2533  11 of 21 
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Figure 8. Schematic display of the DNA impedimetric sensor developed for Leishmania infantum
determination using a gold electrode modified with PANIAuNPs: (1) modification of a gold electrode
with PANIAuNPs and immobilization of L. infantum primer and (2) hybridization with complementary
target and impedimetric detection. Inset: reagents used for the preparation of PANIAuNPs. Reprinted
from [45] with permission.
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Another interesting methodology for the determination of Leishmania DNA was proposed by
combining the use of isothermal recombinase polymerase amplification (RPA), primers labeled with
MBs and AuNPs and chronoamperometric detection at SPCEs (Figure 9) [35]. The double-labeled
amplicons were magnetically captured onto the SPCE, and the electrocatalytic activity of the AuNPs
towards the hydrogen evolution reaction measured by chronoamperometry. The method exhibited a
linear relationship between the current measured and the logarithm of parasite concentration in the
range of 0.5–500 parasites mL−1 of blood, a LOD (S = B + 3σ) of 0.8 parasites mL−1 of blood and clear
discrimination between healthy and infected dogs’ blood samples.
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Figure 9. Scheme of the electrochemical method developed to determine Leishmania DNA by combining
RPA and primers labeled with AuNPs and MBs comprising the following steps: DNA extraction from
the blood sample (a), isothermal RPA using AuNPs and MBs labeled primers (b), magnetic capture of
the MB and AuNPs dually labeled amplicons on the SPCE (c) and chronoamperometric detection of
the hydrogen evolution reaction by the AuNPs (d). Reprinted from [35] with permission.

4.2. Minimally Invasive Electrochemical Biosensing of Viral Pathogens

Ning et al. [46] developed a label-free amperometric immunosensor for rapid determination of
HIV p24 protein using magnetic bioconjugates of a specific antibody and Fe3O4 (core)/Au (shell)
nanoparticles-coated multiwalled carbon nanotubes, which were magnetically captured on the surface of
N,N′′-bis-(2-hydroxy-methylene)-o-phenylenediamine copper (CuRb)-modified SPCEs. The DPV cathodic
current arising from the reduction of H2O2 catalyzed by CuRb decreased linearly with the HIV p24 protein
concentration in the 0.6–160 µg L−1 range. The immunosensor provided a LOD (3σ) of 0.32 µg L−1 and
results in agreement with the ELISA methodology in the analysis of HIV patients’ serum samples.

Gan et al. developed another amperometric immunosensor for the determination of HIV
p24 by immobilizing the capture antibody onto a gold electrode modified with poly(L-lysine) and
mercaptosuccinic acid stabilized Fe3O4(core)/gold(shell) nanoparticles multilayer films [47]. The DPV
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response corresponding to the electron transfer inhibition of [Fe(CN)6]3−/4− in the presence of antigen
allowed a wide detection range (0.1–100.0 ng mL−1), a LOD (S/N = 3) of 0.05 ng mL−1 and successful
applicability to the determination in human serum specimens.

Another sandwich immunosensor for HIV p24 protein involved an HRP-labeled detector
antibody [48] and electroplating of AuNPs onto a GCE surface by chronoamperometry to enhance the
conductivity of the electrode and facilitate the immobilization of a large amount of capture antibodies
while keeping their biological activity. Using DPV in the presence of H2O2 and hydroquinone (HQ),
the immunosensor showed a linear relationship with the concentration of HIV p24 protein between 0.01
and 100 ng mL−1, and a LOD (3σ) of 0.008 ng mL−1. Interestingly, the method provided a sensitivity
two orders of magnitude larger for standard solutions and comparable results in the analysis of serum
samples compared to the standard ELISA method.

Gan et al. [49] proposed another electrochemical sandwich immunosensor for p24 antigen by
immobilizing the capture antibody on silicon dioxide-coated magnetic Fe3O4 nanoparticles, and using
a detector antibody immobilized on gold nanocolloids and a novel copolymer of an EnVision regent
(EV, a dextrin amine skeleton anchoring more than 100 molecules of HRP and 15 molecules of antiIgG)
as signal tag. The DPV signal obtained with the system HQ/H2O2 was monitored after magnetically
capturing the MNPs–immunocomplexes on the SPCE surface. The immunosensor offered a linear
concentration range of 0.001–10.00 ng mL−1, which is a 1000 times higher sensitivity than the ELISA
method, a LOD of 0.5 pg mL−1 and successful applicability for the analysis of spiked serum samples.

A MBs-based electrochemical immunosensor for pseudorabies virus (PRV) antibody detection
was proposed by Li et al. [50]. In this approach, MBs were modified with PRV antigen and used for
selective capture of the specific antibodies in swine serum, which were labeled in a further step with a
secondary antibody modified with AuNPs. After magnetic capture of the immunocomplex-coated
MBs and electro-oxidation of the AuNPs to produce AuCl4−, the electrochemical detection was carried
out by DPV measuring the reduction current of gold. The DPV signal was linear with the standard PRV
antibody positive serum dilution over the 1:1000–1:250 range, and the LOD (S/N = 3) was estimated as
1:1000. The applicability of the immunosensor was evaluated through the analysis of 52 swine serum
samples, providing results in agreement with those obtained using a standard ELISA kit.

Bhimji et al. [51] developed a simple electrochemical immunoassay for the detection of HIV-1
and HIV-2 antibodies by attaching covalently specific HIV-1 and HIV-2 antigenic peptides to a SU-8
substrate, a negative epoxy-based photoresist originally developed at IBM Research and ideal to be
functionalized with biomolecules without any pretreatment due to the presence of exposed epoxy groups.
The captured HIV antibodies were labeled with an AP-conjugated secondary antibody and the oxidation
of p-aminophenol generated by hydrolysis of p-aminophenyl phosphate by AP was measured by DPV.
Linearity in the response was found over a wide concentration range (0.001–1 µg mL−1) with LODs
of 1 ng mL−1 (6.7 pM) for both HIV-1 and HIV-2 antibodies. The LODs were calculated as follows:
LoD = LoB + 1.645(SDlow concentration sample), where LoB = mean blank + 1.645(SDblank). The clinical
applicability of the method was demonstrated by analyzing HIV patient clinical samples.

An integrated immunosensor for detection of antibodies against hemagglutinin (HA) from avian
influenza virus H5N1 was developed by Jarocka et al. [52]. The method involved immunorecognition
of the recombinant His-tagged HA (His6-H5 HA) by anti-His IgG monoclonal antibody previously
immobilized through its Fc region onto ProtA-modified GCE. By measuring the decrease of the Cu(II)
redox processes after target antibodies binding using Osteryoung square-wave voltammetry (OSWV),
this immunosensor displayed a linear range of 4–20 pg mL−1, a LOD (3.3× sb/m) of 2.1 pg mL−1 and a
104 times better sensitivity than the ELISA methodology. Determinations in hen sera samples provided
results in agreement with the conventional ELISA methodology. Interestingly, the immunosensor was
able to discriminate between sera of non-vaccinated and vaccinated chickens against the target virus.
The same authors also developed another strategy for the detection of the same anti-HA antibodies
by oriented immobilization of the recombinant His-tagged HA onto a mixed layer containing the
thiol derivative of dipyrromethene (DPM) with Cu(II) ions complexed (DPM–Cu(II) complex) and
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4-mercapto-1-butanol [53]. The antigen–antibody binding was followed by square-wave voltammetry,
allowing a LOD (3.3 × sb/m) of 2.4 pg mL−1 and a dynamic range of 4.0–100.0 pg mL−1. In addition,
the method was applied to the detection of antibodies in hen sera from individuals vaccinated and
non-vaccinated against the avian influenza virus type H5N1, providing a sensitivity 20–200 times
better than the ELISA methodology.

Darwish et al. [54] developed a sensitive label-free electrochemical immunosensor for the
unstructured protein NS1 (a Dengue virus biomarker) determination. The immunosensing scaffold
consisted of an ITO electrode modified with aryl-diazonium-cation-derived zwitterionic antifouling
molecules (4-sulfophenyl, 4-trimethylammoniophenyl and 1,4-phenylenediamine) capture antibodies
and AuNPs (Figure 10). This immunosensor, is based on measuring the increase in the electron transfer
resistance after antigen binding by electrochemical impedance spectroscopy (EIS) in the presence of
Fe(CN)6

3−/Fe(CN)6
4−. It exhibited a wide detection range of 5–4000 ng mL−1 and feasibility to detect

the target antigen in serum specimens from Dengue virus infected patients.
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been reported [55]. The EV71 virions from the sample were selectively captured on a specific 
monoclonal antibody-modified AuNPs-coated ITO electrode, and labeled with magnetic nanobeads 
modified with the detector antibody and HRP (Figure 11). By chronoamperometric monitoring of 
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Figure 10. Schematic display of the electrochemical immunosensor involving the use of zwitterionic
antifouling molecules, AuNPs and capture antibodies for direct detection of the Dengue Virus NS1
biomarker: (1) electrodeposition of aryldiazonium cations on the ITO electrode; (2) electrodeposition of
AuNPs; (3) electrodeposition of aryldiazonium cations onto AuNPs; (4) covalent immobilization of NS1
antibody and (5) antigen recognition and electrochemical detection. Reprinted from [54] with permission.

Very recently, an electrochemical immunosensor for the detection of human enterovirus 71
(EV71), the major pathogen causing hand, foot and mouth disease (HFMD) among children, has been
reported [55]. The EV71 virions from the sample were selectively captured on a specific monoclonal
antibody-modified AuNPs-coated ITO electrode, and labeled with magnetic nanobeads modified with
the detector antibody and HRP (Figure 11). By chronoamperometric monitoring of the reduction
of oxidized TMB in the presence of H2O2, a LOD (S = B + 3σ) of 0.01 ng mL−1 was achieved.
The immunosensor demonstrated successful applicability to the analysis of serum samples providing
results in agreement with those obtained by reverse transcription-polymerase chain reaction (RT-PCR).



Sensors 2017, 17, 2533 15 of 21
Sensors 2017, 17, 2533  15 of 21 

 

 
Figure 11. (A) Schematic illustration of the preparation of monoclonal antibody-modified 
AuNPs/ITO electrodes by electrochemical deposition of AuNPs followed by assembling of a mixed 
SAM and covalent immobilization of the capture antibody; (B) electrochemical immunosensing for 
EV71 detection by recognition of the antigen and its further labeling with magnetic nanobeads  
dually-labeled with HRP and TMB as the redox mediator. Reprinted from [55] with permission.  

McQuistan et al. [56] developed an electrochemical peptide-based sensor for HIV antibodies by 
self-assembling a specific thiolated peptide labeled with methylene blue (MB) and short thiolated 
DNAs on gold electrodes (Figure 12). The recognition of the HIV antibody limited the probe 
mobility, and the MB reduction peak measured by alternating current voltammetry decreased. This 
platform demonstrated excellent antifouling properties due to the short DNA diluents, a LOD of  
1 nM and promising applicability for the determination of the antibodies in spiked 10%  
saliva samples.  

 
Figure 12. Electrochemical determination of HIV antibodies at a gold electrode modified with a 
thiolated specific peptide and short DNAs as diluents. Reprinted from [56] with permission. 

Figure 11. (A) Schematic illustration of the preparation of monoclonal antibody-modified AuNPs/ITO
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detection by recognition of the antigen and its further labeling with magnetic nanobeads dually-labeled
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McQuistan et al. [56] developed an electrochemical peptide-based sensor for HIV antibodies by
self-assembling a specific thiolated peptide labeled with methylene blue (MB) and short thiolated
DNAs on gold electrodes (Figure 12). The recognition of the HIV antibody limited the probe mobility,
and the MB reduction peak measured by alternating current voltammetry decreased. This platform
demonstrated excellent antifouling properties due to the short DNA diluents, a LOD of 1 nM and
promising applicability for the determination of the antibodies in spiked 10% saliva samples.
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A sensitive and selective label-free electrochemical DNA biosensor for the detection of specific
dengue virus serotype 3 (DENV-3) sequences was developed by adsorbing a 22-nts DNA probe on
a pencil graphite electrode (PGE) [57]. Measurement of the electrochemical oxidation of guanine by
DPV allowed a linear range between 10 and 100 nM, a LOD (3 × sb/m) of 3.09 nM and successful
performance in serum samples.

Bartosik et al. [58] proposed a MBs-based approach for the detection of DNA sequences from
high-risk human papillomavirus (hrHPV) strains (HPV-16 and HPV-18) using a sandwich hybridization
format, where target HPV DNA is captured using the specific DNA capture probe-modified MBs and
sandwiched with a digoxigenin-labeled detector probe. The resulting sandwich duplexes were further
labeled with an antidigoxigenin-HRP antibody, and upon magnetic capture of the resulting modified
MBs, chronoamperometric detection was performed at a screen-printed 8-carbon electrodes array
using the H2O2/HQ system. The method exhibited a linear range of 1 pM to 1 nM, a LOD (S = B + 3σ)
of 1 pM, selective discrimination between HPV-16 and HPV-18 strains and feasible application to
the analysis of both cancer cell lines and real patient cervical brush smears, providing results which
correlated well with standard methods.

Very recently, a highly sensitive impedimetric biosensor for detecting human norovirus has been
proposed by assembling a thiolated affinity peptide on a gold electrode [59]. The impedimetric peptide
sensor showed a wide linear concentration range (101–107 copies mL−1) and LODs of 99.8 nM for
recombinant noroviral capsid proteins and 7.8 copies mL−1 for real norovirus from diarrheal patients.
The feasibility to perform the determination in fetal bovine serum was also demonstrated.

5. General Considerations, Challenges and Future Prospects

Inappropriate antimicrobial use, proliferation of multidrug-resistant pathogens, emergence of
new infectious agents and ease of rapid disease dissemination due to overpopulation and globalization
are among the major challenges for management of infectious diseases. Within this context, timely
diagnosis and initiation of targeted antimicrobial treatment are essential for clinical management of
infectious diseases in a successful way [2].

Current diagnosis of clinically relevant infectious diseases caused by bacterial and viral pathogens
relies on a variety of laboratory-based tests which include microscopy, culture, immunoassays
and nucleic-acid amplification. These in vitro diagnostics methods, while widely used, have
well-recognized shortcomings. While culture has a significant time delay, microscopy lacks sensitivity
in many clinical scenarios. Immunoassays, such as ELISA, are highly sensitive, but labor intensive and
challenging to implement for multiplexing detection. Nucleic-acid amplification tests, such as PCR,
although offering molecular specificity, require complex sample preparation, are susceptible to false
positive results and are difficult to integrate in easy-to-use devices for on-site detection [2].

Nowadays, healthcare systems are pursuing the development of cheap, rapid, non-invasive,
portable and user-friendly tools able to provide multiple results from a single sample, even in remote
settings, in order to improve patient diagnosis, treatment, monitoring and management [1].

In this sense, electrochemical biosensors provide an easy-to-use, sensitive and inexpensive
technology, with the ability to identify pathogens rapidly and predict effective treatment using
minimally invasive approaches. Other advantages include small volume manipulation (less reagents
and lower cost), easy and rapid experimental protocols, low energy consumption, portability,
high-throughput, multiplexing ability, reasonable cost and easy tailoring for the needs of low- and
middle-income countries. Most of these electrochemical biosensors are superior in comparison with
the traditional methods. They have a comparable or better sensitivity and selectivity, with no need for
longer and complex protocols or very expensive equipment. Rapid development of nanotechnology,
which has opened a new way for construction of biosensors with even better features, is moving this
field quickly toward its destination.

The methods highlighted in this review involve the use of a wide variety of bioreceptors, assay
formats and electrochemical techniques used in the development of electrochemical affinity sensors
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for detection of infectious bacteria and virus. Thee reported methods have been implemented
using integrated or MBs-based formats, conventional or screen-printed electrodes and with and
without labels.

Regarding infectious bacteria, although a few sandwich immunosensors have been developed
for the determination of whole bacteria or specific surface bacterial proteins, most of the highlighted
methods make use of nucleic acid-based biosensors targeting bacterial 16S rRNA and specific regions
of characteristic genes. In these methods, the achievement of the required sensitivity led to the
use of gold scaffolds modified with multicomponent SAMs involving thiolated capture probes or
nanostructured with DNATH or the coupling with conventional (PCR) and isothermal (HDA and
RPA) nucleic acid amplification strategies. Conversely, most of the approaches reported for the
detection of infectious viruses (considerably less numerous than those described for bacteria) utilize
electrochemical immunosensors to detect viral-specific proteins or autoantibodies against them. Less
frequently, immunosensors for whole virions and DNA sensors for the detection of specific sequences
have also been proposed.

Despite the impressive research output in recent years and the promising capabilities
demonstrated by electrochemical affinity biosensors for the determination of circulating biomarkers
related tp bacterial and viral pathogens, the manufacture of commercially available systems for
real world settings is seriously lagging behind due to important issues that should be overcome.
The high levels of sensitivity and specificity attained in the selected papers must be proven with highly
heterogeneous samples representative of clinical specimens. This is especially relevant in infectious
disease diagnosis where analyte concentrations can vary from femto- to picomolar levels, highlighting
the importance of the dynamic range. The biomolecular targets can be outnumbered by a million-fold
excess of non-target species, making clinical specimen analysis challenging. Moreover, in order to
bring laboratory-based biosensor systems to market, a closer and more active collaboration among
academies, healthcare units and industries is required for the successful realization of real LOCT
devices and to address other key issues. These include careful assessment of suitability of the base
material (inexpensive, reproducible, electrochemically favorable and chemically stable) for particular
application needs, sample preparation, matrix effects, reliable clinical validation using a large number
of real patient samples, appropriate functionality independent of production and environmental
variables, long-term storage stability, multiplexing capabilities and full integration in automated and
miniaturized systems. Although the potential of electrochemical affinity biosensors to benefit POC
diagnostics has been demonstrated for decades, it is unlikely that integrated lab-on-a-chip systems, able
to directly deal with raw samples, will be on the market in the next five years. Indeed, the driving force
for commercialization fully relies on the cost–effectiveness delivered by the microfluidics technology,
which involves, apart from the cost the real clinical benefits delivered such as the development of
universal integrated systems, the ability to efficiently handle a wide variety of clinical samples such as
urine, blood and saliva for different infectious viruses or bacteria [2].

Additionally, the development and exploration of novel bioreceptors, such as bacteriophages,
artificial proteins and engineered antibodies, constitutes alternatives with improved chemical and
biological stability and binding efficiencies and the ability to be produced with ease and precise control.
Therefore, these novel bioreceptors will play a determinant role for improving the performance of the
resulting electrochemical biosensors paving the way for their commercialization.

These important and challenging issues mean that it is most likely that several years will pass
before electrochemical affinity biosensing devices may fully replace techniques currently used for the
detection and quantification of infectious pathogens in biofluids. Nevertheless, the market demand
and research trends presented in this review clearly demonstrate the eliciting considerable excitement
of the electrochemical biosensing diagnostic platforms as they promise a paradigmatic shift in the
way to conduct disease diagnosis and health monitoring in the near future. The development and
deployment of these smart biosensing systems will have a profound impact leading to more rapid
clinical decision making by providing appropriate and timely antimicrobial and antiviral treatment
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with the corresponding patient stress reduction, antibiotic-resistant infections and healthcare costs.
Moreover, constant developments in nanoinstrumentation and molecular biology, nanofabrication
and labeling methods will lead to more sensitive, accurate and rapid, handheld and user-friendly
electrochemical biosensors with multiplexing capabilities, which will find an important parcel for
non-invasive, more effective and timely POC diagnostics of infectious pathogens.

Acknowledgments: The financial support of the CTQ2015-70023-R and CTQ2015-64402-C2-1-R (Spanish
Ministerio de Economía y Competitividad Research Projects) and S2013/MT3029 (NANOAVANSENS Program
from the Comunidad de Madrid) are gratefully acknowledged.

Author Contributions: The three authors participated in the literature review and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ahmed, A.; Rushworth, J.V.; Hirst, N.A.; Millner, P.A. Biosensors for Whole-Cell Bacterial Detection.
Clin. Microbiol. Rev. 2014, 27, 631–646. [CrossRef] [PubMed]

2. Sepunaru, L.; Plowman, B.J.; Sokolov, S.V.; Young, N.P.; Compton, R.G. Rapid electrochemical detection of
single influenza viruses tagged with silver nanoparticles. Chem. Sci. 2016, 7, 3892–3899. [CrossRef]

3. Sin, M.L.Y.; Mach, K.E.; Wong, P.K.; Liao, J.C. Advances and challenges in biosensor-based diagnosis of
infectious diseases. Expert Rev. Mol. Diagn. 2014, 14, 225–244. [CrossRef] [PubMed]

4. Kelley, S.O. What Are Clinically Relevant Levels of Cellular and Biomolecular Analytes? ACS Sens. 2017, 2,
193–197. [CrossRef] [PubMed]

5. Krejcova, L.; Michalek, P.; Merlos Rodrigo, M.; Heger, Z.; Krizkova, S.; Vaculovicova, M.; Hynek, D.; Adam, V.;
Kizek, R. Nanoscale virus biosensors: State of the art. Nanobiosens. Dis. Diagn. 2015, 4, 47–66.

6. Nagel, B.; Dellweg, H.; Gierasch, L.M. Glossary for chemists of terms used in biotechnology. Pure Appl. Chem.
1992, 64, 143–168. [CrossRef]

7. Grabowska, I.; Malecka, K.; Jarocka, U.; Radecki, J.; Radecka, H. Electrochemical biosensors for detection of
avian influenza virus—Current status and future trends. Acta Biochim. Pol. 2014, 61, 471–478. [PubMed]

8. Bagshaw, S.M.; Lapinsky, S.; Dial, S.; Arabi, Y.; Dodek, P.; Wood, G.; Ellis, P.; Guzman, J.; Marshall, J.;
Parrillo, J.E.; et al. Acute Kidney Injury in Septic Shock: Clinical Outcomes and Impact of Duration of
Hypotension Prior to Initiation of Antimicrobial Therapy. Intensive Care Med. 2009, 35, 871–881. [CrossRef]
[PubMed]

9. Naze, F.; Le Roux, K.; Schuffenecker, I.; Zeller, H.; Staikowsky, F.; Grivard, P.; Michault, A.; Laurent, P.
Simultaneous Detection and Quantitation of Chikungunya, Dengue and West Nile Viruses by Multiplex
rt-PCT Assays and Dengue Virus Typing Using High Resolution Melting. J. Virol. Methods 2009, 162, 1–7.
[CrossRef] [PubMed]

10. Wang, W.K.; Chao, D.Y.; Kao, C.L.; Wu, H.C.; Liu, Y.C.; Li, C.M.; Lin, S.C.; Ho, S.T.; Huang, J.H.; King, C.C.
High Levels of Plasma Dengue Viral Load During Defervescence in Patients with Dengue Hemorrhagic
Fever: Implications for Pathogenesis. Virology 2003, 305, 330–338. [CrossRef] [PubMed]

11. Poloni, T.R.; Oliveira, A.S.; Alfonso, H.L.; Galvao, L.R.; Amarilla, A.A.; Poloni, D.F.; Figueiredo, L.T.;
Aquino, V.H. Detection of Dengue Virus in Saliva and Urine by Real Time rt-PCR. Virol. J. 2010, 7, 22.
[CrossRef] [PubMed]

12. Hue, K.D.; Tuan, T.V.; Thi, H.T.; Bich, C.T.; Anh, H.H.; Wills, B.A.; Simmons, C.P. Validation of an Internally
Controlled One-Step Real-Time Multiplex rt-PCR Assay for the Detection and Quantitation of Dengue Virus
Rna in Plasma. J. Virol. Methods 2011, 177, 168–173. [CrossRef] [PubMed]

13. Corman, V.M.; Rasche, A.; Baronti, C.; Aldabbagh, S.; Cadar, D.; Reusken, C.B.E.M.; Pas, S.D.; Goorhuis, A.;
Schinkel, J.; Molenkamp, R.; et al. Clinical Comparison, Standardization, and Optimization of Zika Virus
Molecular Detection. Bull. WHO 2016, 94, 880. [PubMed]

14. Mansuy, J.M.; Dutertre, M.; Mengelle, C.; Fourcade, C.; Marchou, B.; Delobel, P.; Izopet, J.; Martin-Blondel, G.
Zika Virus: High Infectious Viral Load in Semen, a New Sexually Transmitted Pathogen? Lancet Infect. Dis.
2016, 16, 405. [CrossRef]

http://dx.doi.org/10.1128/CMR.00120-13
http://www.ncbi.nlm.nih.gov/pubmed/24982325
http://dx.doi.org/10.1039/C6SC00412A
http://dx.doi.org/10.1586/14737159.2014.888313
http://www.ncbi.nlm.nih.gov/pubmed/24524681
http://dx.doi.org/10.1021/acssensors.6b00691
http://www.ncbi.nlm.nih.gov/pubmed/28723142
http://dx.doi.org/10.1351/pac199264010143
http://www.ncbi.nlm.nih.gov/pubmed/25180225
http://dx.doi.org/10.1007/s00134-008-1367-2
http://www.ncbi.nlm.nih.gov/pubmed/19066848
http://dx.doi.org/10.1016/j.jviromet.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19773088
http://dx.doi.org/10.1006/viro.2002.1704
http://www.ncbi.nlm.nih.gov/pubmed/12573578
http://dx.doi.org/10.1186/1743-422X-7-22
http://www.ncbi.nlm.nih.gov/pubmed/20105295
http://dx.doi.org/10.1016/j.jviromet.2011.08.002
http://www.ncbi.nlm.nih.gov/pubmed/21843553
http://www.ncbi.nlm.nih.gov/pubmed/27994281
http://dx.doi.org/10.1016/S1473-3099(16)00138-9


Sensors 2017, 17, 2533 19 of 21

15. Lee, N.; Chan, P.K.; Hui, D.S.; Rainer, T.H.; Wong, E.; Choi, K.W.; Lui, G.C.; Wong, B.C.; Wong, R.Y.;
Lam, W.Y.; et al. Viral Loads and Duration of Viral Shedding in Adult Patients Hospitalized with Influenza.
J. Infect. Dis. 2009, 200, 492–500. [CrossRef] [PubMed]

16. Ngaosuwankul, N.; Noisumdaeng, P.; Komolsiri, P.; Pooruk, P.; Chokephaibulkit, K.; Chotpitayasunondh, T.;
Sangsajja, C.; Chuchottaworn, C.; Farrar, J.; Puthavathana, P. Influenza a Viral Loads in Respiratory Samples
Collected from Patients Infected with Pandemic H1N1, Seasonal H1N1 and H3N2 Viruses. Virol. J. 2010, 7,
75. [CrossRef] [PubMed]

17. To, K.K.; Chan, K.H.; Li, I.W.; Tsang, T.Y.; Tse, H.; Chan, J.F.; Hung, I.F.; Lai, S.T.; Leung, C.W.;
Kwan, Y.W.; et al. Viral Load in Patients Infected with Pandemic H1N1 2009 Influenza a Virus. J. Med.
Virol. 2010, 82, 1–7. [CrossRef] [PubMed]

18. Yagupsky, P.; Nolte, F.S. Quantitative Aspects of Septicemia. Clin. Microbiol. Rev. 1990, 3, 269–279. [CrossRef]
[PubMed]

19. Blakemore, R.; Nabeta, P.; Davidow, A.L.; Vadwai, V.; Tahirli, R.; Munsamy, V.; Nicol, M.; Jones, M.;
Persing, D.H.; Hillemann, D.; et al. A Multisite Assessment of the Quantitative Capabilities of the Xpert
Mtb/Rif Assay. Am. J. Respir. Crit. Care Med. 2011, 184, 1076–1084. [CrossRef] [PubMed]

20. Honeyborne, I.; Mtafya, B.; Phillips, P.P.; Hoelscher, M.; Ntinginya, E.N.; Kohlenberg, A.; Rachow, A.;
Rojas-Ponce, G.; McHugh, T.D.; Heinrich, N. The Molecular Bacterial Load Assay Replaces Solid Culture for
Measuring Early Bactericidal Response to Antituberculosis Treatment. J. Clin. Microbiol. 2014, 52, 3064–3067.
[CrossRef] [PubMed]

21. Pan, Y.; Sonn, G.A.; Sin, M.L.Y.; Mach, K.E.; Shih, M.-C.; Gau, V.; Wong, P.K.; Liao, J.C. Electrochemical
immunosensor detection of urinary lactoferrin in clinical samples for urinary tract infection diagnosis.
Biosens. Bioelectron. 2010, 26, 649–654. [CrossRef] [PubMed]

22. Wilson, M.L.; Gaido, L. Laboratory Diagnosis of Urinary Tract Infections in Adult Patients. Clin. Infect. Dis.
2004, 38, 1150–1158. [CrossRef] [PubMed]

23. Nidzworski, D.; Pranszke, P.; Grudniewska, M.; Król, E.; Gromadzka, B. Universal biosensor for detection of
influenza virus. Biosens. Bioelectron. 2014, 59, 239–242. [CrossRef] [PubMed]

24. Radecka, H.; Radecki, J. Label-free Electrochemical Immunosensors for Viruses and Antibodies
Detection-Review. J. Mex. Chem. Soc. 2015, 59, 269–275.

25. Barreda-García, S.; González-Álvarez, M.J.; de los Santos-Álvarez, N.; Palacios-Gutiérrez, J.J.;
Miranda-Ordieres, A.J. Attomolar quantitation of Mycobacterium tuberculosis by asymmetric
helicase-dependent isothermal DNA-amplification and electrochemical detection. Biosens. Bioelectron. 2015,
68, 122–128.

26. Pinto, A.M.; Gonçalves, I.C.; Magalhães, F.D. Graphene-based materials biocompatibility: A review.
Colloids Surf. B 2013, 111, 188–202. [CrossRef] [PubMed]

27. Ronkainen, N.J.; Okon, S.L. Nanomaterial-based electrochemical immunosensors for clinically significant
biomarkers. Materials 2014, 7, 4669–4709. [CrossRef] [PubMed]

28. Wang, J.; Leong, M.C.; Leong, E.Z.W.; Kuan, W.S.; Leong, D.T. Clinically Relevant Detection of
Streptococcus pneumoniae with DNA Antibody Nanostructures. Anal. Chem. 2017, 89, 6900–6906. [CrossRef]
[PubMed]

29. Bell, J.; Bonner, A.; Cohen, D.M.; Birkhahn, R.; Yogev, R.; Triner, W.; Cohen, J.; Palavecino, E.; Selvarangan, R.
Multicenter clinical evaluation of the novel Alere i Influenza A&B isothermal nucleic acid amplification test.
J. Clin. Virol. 2014, 61, 81–86. [PubMed]

30. Li, J.; Macdonald, J. Advances in isothermal amplification: Novel strategies inspired by biological processes.
Biosens. Bioelectron. 2015, 64, 196–211. [CrossRef] [PubMed]

31. Barreda-García, S.; Miranda-Castro, R.; de los Santos Álvarez, N.; Miranda-Ordieres, A.J.; Lobo-Castañón, M.J.
Solid-phase helicase dependent amplification and electrochemical detection of Salmonella on highly stable
oligonucleotide-modified ITO electrodes. Chem. Commun. 2017, 53, 9721–9724. [CrossRef] [PubMed]

32. Campuzano, S.; Pedrero, M.; García, J.L.; García, E.; García, P.; Pingarrón, J.M. Development of amperometric
magnetogenosensors coupled to asymmetric PCR for the specific detection of Streptococcus pneumoniae.
Anal. Bioanal. Chem. 2011, 399, 2413–2420. [CrossRef] [PubMed]

33. Sotillo, A.; Pedrero, M.; de Pablos, M.; García, J.L.; García, E.; García, P.; Pingarrón, J.M.; Mingorance, J.;
Campuzano, S. Clinical evaluation of a disposable amperometric magneto-genosensor for the detection and
identification of Streptococcus pneumoniae. J. Microbiol. Meth. 2014, 103, 25–28. [CrossRef] [PubMed]

http://dx.doi.org/10.1086/600383
http://www.ncbi.nlm.nih.gov/pubmed/19591575
http://dx.doi.org/10.1186/1743-422X-7-75
http://www.ncbi.nlm.nih.gov/pubmed/20403211
http://dx.doi.org/10.1002/jmv.21664
http://www.ncbi.nlm.nih.gov/pubmed/19950247
http://dx.doi.org/10.1128/CMR.3.3.269
http://www.ncbi.nlm.nih.gov/pubmed/2200606
http://dx.doi.org/10.1164/rccm.201103-0536OC
http://www.ncbi.nlm.nih.gov/pubmed/21836139
http://dx.doi.org/10.1128/JCM.01128-14
http://www.ncbi.nlm.nih.gov/pubmed/24871215
http://dx.doi.org/10.1016/j.bios.2010.07.002
http://www.ncbi.nlm.nih.gov/pubmed/20667707
http://dx.doi.org/10.1086/383029
http://www.ncbi.nlm.nih.gov/pubmed/15095222
http://dx.doi.org/10.1016/j.bios.2014.03.050
http://www.ncbi.nlm.nih.gov/pubmed/24732601
http://dx.doi.org/10.1016/j.colsurfb.2013.05.022
http://www.ncbi.nlm.nih.gov/pubmed/23810824
http://dx.doi.org/10.3390/ma7064669
http://www.ncbi.nlm.nih.gov/pubmed/28788700
http://dx.doi.org/10.1021/acs.analchem.7b01508
http://www.ncbi.nlm.nih.gov/pubmed/28548485
http://www.ncbi.nlm.nih.gov/pubmed/24973813
http://dx.doi.org/10.1016/j.bios.2014.08.069
http://www.ncbi.nlm.nih.gov/pubmed/25218104
http://dx.doi.org/10.1039/C7CC05128J
http://www.ncbi.nlm.nih.gov/pubmed/28782763
http://dx.doi.org/10.1007/s00216-010-4645-0
http://www.ncbi.nlm.nih.gov/pubmed/21229236
http://dx.doi.org/10.1016/j.mimet.2014.04.014
http://www.ncbi.nlm.nih.gov/pubmed/24858449


Sensors 2017, 17, 2533 20 of 21

34. Barreda-García, S.; Miranda-Castro, R.; de los Santos Álvarez, N.; Miranda-Ordieres, A.J.;
Lobo-Castañón, M.J. Comparison of isothermal helicase-dependent amplification and PCR for the detection
of Mycobacterium tuberculosis by an electrochemical genomagnetic assay. Anal. Bioanal. Chem. 2016, 408,
8603–8610.

35. De la Escosura-Muñiz, A.; Baptista-Pires, L.; Serrano, L.; Altet, L.; Francino, O.; Sánchez, A.; Merkoçi, A.
Magnetic Bead/Gold Nanoparticle Double-Labeled Primers for Electrochemical Detection of Isothermal
Amplified Leishmania DNA. Small 2016, 12, 205–213. [CrossRef] [PubMed]

36. Li, Y.; Xiong, Y.; Fang, L.; Jiang, L.; Huang, H.; Deng, J.; Liang, W.; Zheng, J. An Electrochemical Strategy
using Multifunctional Nanoconjugates for Efficient Simultaneous Detection of Escherichia Coli O157: H7 and
Vibrio cholerae O1. Theranostics 2017, 7, 935–944. [CrossRef] [PubMed]

37. Campuzano, S.; Esteban-Fernández de Ávila, B.; Yuste, J.; Pedrero, M.; García, J.L.; García, P.;
García, E.; Pingarrón, J.M. Disposable amperometric magnetoimmunosensors for the specific detection
of Streptococcus pneumoniae. Biosens. Bioelectron. 2010, 26, 1225–1230. [CrossRef] [PubMed]

38. Gayathri, C.H.; Mayuri, P.; Sankaran, K.; Kumar, A.S. An electrochemical immunosensor for efficient
detection of uropathogenic E. coli based on thionine dye immobilized chitosan/functionalized-MWCNT
modified electrode. Biosens. Bioelectron. 2016, 82, 71–77. [CrossRef] [PubMed]

39. Wu, J.; Campuzano, S.; Halford, C.; Haake, D.A.; Wang, J. Ternary surface monolayers for ultrasensitive
(zeptomole) amperometric detection of nucleic acid hybridization without signal amplification. Anal. Chem.
2010, 82, 8830–8837. [CrossRef] [PubMed]

40. Liu, T.; Lu, Y.; Gau, V.; Liao, J.C.; Wong, P.K. Rapid Antimicrobial Susceptibility Testing with Electrokinetics
Enhanced Biosensors for Diagnosis of Acute Bacterial Infections. Ann. Biomed. Eng. 2014, 42, 2314–2321.
[CrossRef] [PubMed]

41. Gao, J.; Jeffries, L.; Mach, K.E.; Craft, D.W.; Thomas, N.J.; Gau, V.; Liao, J.C.; Wong, P.K. A Multiplex
Electrochemical Biosensor for Bloodstream Infection Diagnosis. J. Lab. Autom. 2016, 1–9. [CrossRef]
[PubMed]

42. Mach, K.E.; Mohan, R.; Patel, S.; Wong, P.K.; Hsieh, M.; Liao, J.C. Development of a Biosensor-Based Rapid
Urine Test for Detection of Urogenital Schistosomiasis. PLoS Negl. Trop. Dis. 2015, 9, e0003845. [CrossRef]
[PubMed]

43. Yamanaka, K.; Sekine, S.; Uenoyama, T.; Wada, M.; Ikeuchi, T.; Saito, M.; Yamaguchi, Y.; Tamiya, E.
Quantitative detection for Porphyromonas gingivalis in tooth pocket and saliva by portable electrochemical
DNA sensor linked with PCR. Electroanalysis 2014, 26, 2686–2692. [CrossRef]

44. Thiruppathiraja, C.; Kamatchiammal, S.; Adaikkappan, P.; Santhosh, D.J.; Alagar, M. Specific detection of
Mycobacterium sp. genomic DNA using dual labeled gold nanoparticle based electrochemical biosensor.
Anal. Biochem. 2011, 417, 73–79. [CrossRef] [PubMed]

45. Garcia, M.F.K.; Andrade, C.A.S.; de Melo, C.P.; Gomes, D.S.; Silva, L.G.; Dias, R.V.; Balbino, V.Q.;
Oliveira, M.D.L. Impedimetric sensor for Leishmania infantum genome based on gold nanoparticles dispersed
in polyaniline matrix. J. Chem. Technol. Biotechnol. 2016, 91, 2810–2816. [CrossRef]

46. Ning, G.; Nai-Xing, L.; Tian-Hua, L.; Lei, Z.; Min-Jun, N. A Non-enzyme Amperometric Immunosensor
for Rapid Determination of Human Immunodeficiency Virus p24 Based on Magnetism Controlled Carbon
Nanotubes Modified Printed Electrode. Chin. J. Anal. Chem. 2010, 38, 1556–1562.

47. Gan, N.; Hou, J.; Hu, F.; Zheng, L.; Ni, M.; Cao, Y. An Amperometric Immunosensor Based on a
Polyelectrolyte/ Gold Magnetic Nanoparticle Supramolecular Assembly—Modified Electrode for the
Determination of HIV p24 in Serum. Molecules 2010, 15, 5053–5065. [CrossRef] [PubMed]

48. Zheng, L.; Jia, L.; Li, B.; Situ, B.; Liu, Q.; Wang, Q.; Gan, N. A Sandwich HIV p24 Amperometric
Immunosensor Based on a Direct Gold Electroplating-Modified Electrode. Molecules 2012, 17, 5988–6000.
[CrossRef] [PubMed]

49. Gan, N.; Du, X.; Cao, Y.; Hu, F.; Li, T.; Jiang, Q. An Ultrasensitive Electrochemical Immunosensor for HIV p24
Based on Fe3O4@SiO2 Nanomagnetic Probes and Nanogold Colloid-Labeled Enzyme–Antibody Copolymer
as Signal Tag. Materials 2013, 6, 1255–1269. [CrossRef] [PubMed]

50. Li, F.; Zhou, R.; Zhao, K.; Chen, H.; Hu, Y. Magnetic Beads-Based Electrochemical Immunosensor for
Detection of Pseudorabies Virus Antibody in Swine Serum. Talanta 2011, 87, 302–306. [CrossRef] [PubMed]

http://dx.doi.org/10.1002/smll.201502350
http://www.ncbi.nlm.nih.gov/pubmed/26578391
http://dx.doi.org/10.7150/thno.17544
http://www.ncbi.nlm.nih.gov/pubmed/28382165
http://dx.doi.org/10.1016/j.bios.2010.06.011
http://www.ncbi.nlm.nih.gov/pubmed/20615685
http://dx.doi.org/10.1016/j.bios.2016.03.062
http://www.ncbi.nlm.nih.gov/pubmed/27040944
http://dx.doi.org/10.1021/ac101474k
http://www.ncbi.nlm.nih.gov/pubmed/20883023
http://dx.doi.org/10.1007/s10439-014-1040-6
http://www.ncbi.nlm.nih.gov/pubmed/24889716
http://dx.doi.org/10.1177/2211068216651232
http://www.ncbi.nlm.nih.gov/pubmed/27226118
http://dx.doi.org/10.1371/journal.pntd.0003845
http://www.ncbi.nlm.nih.gov/pubmed/26134995
http://dx.doi.org/10.1002/elan.201400447
http://dx.doi.org/10.1016/j.ab.2011.05.034
http://www.ncbi.nlm.nih.gov/pubmed/21693099
http://dx.doi.org/10.1002/jctb.4890
http://dx.doi.org/10.3390/molecules15075053
http://www.ncbi.nlm.nih.gov/pubmed/20657408
http://dx.doi.org/10.3390/molecules17055988
http://www.ncbi.nlm.nih.gov/pubmed/22609788
http://dx.doi.org/10.3390/ma6041255
http://www.ncbi.nlm.nih.gov/pubmed/28809208
http://dx.doi.org/10.1016/j.talanta.2011.09.049
http://www.ncbi.nlm.nih.gov/pubmed/22099683


Sensors 2017, 17, 2533 21 of 21

51. Bhimji, A.; Zaragoza, A.A.; Live, L.S.; Kelley, S.O. Electrochemical Enzyme-Linked Immunosorbent Assay
Featuring Proximal Reagent Generation: Detection of Human Immunodeficiency Virus Antibodies in Clinical
Samples. Anal. Chem. 2013, 85, 6813–6819. [CrossRef] [PubMed]

52. Jarocka, U.; Sawicka, R.; Góra-Sochacka, A.; Sirko, A.; Zagórski-Ostoja, W.; Radecki, J.; Radecka, H.
Electrochemical immunosensor for detection of antibodies against influenza A virus H5N1 in hen serum.
Biosens. Bioelectron. 2014, 55, 301–306. [CrossRef] [PubMed]

53. Jarocka, U.; Sawicka, R.; Stachyra, A.; Góra-Sochacka, A.; Sirko, A.; Zagórski-Ostoja, W.; Sączyńska, V.;
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