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sensitive, and highly reliable detection of 
target analytes. These advances have been 
carried out in two different aspects. On 
one hand, the development of innovative 
bioreceptors, as the use of antibodies has 
been followed by the outbreaking gen-
eration of synthetic oligonucleotides—
aptamers—with high binding affinity and 
selectivity for a specific target. And on the 
other hand, the improvement of sensing 
techniques—mainly electrochemical and 
optical techniques—with the introduction 
of new elements increasing signal detec-
tion, such as metallic layers, nanoparticles, 
signal probes, and molecular capping. Fur-
thermore, the introduction of nanoporous 
anodic alumina (NAA) substrates for the 
development of high-performance sensing 
platforms has been a wake-up call for the 
development of extraordinary sensitivity 
biosensing systems.

This review is aimed at compiling 
and summarizing the most important 
advances of NAA biosensors based on 
antibody–antigen interaction (immu-

nosensors) and complementary oligonucleotides binding. 
Besides NAA there exist many different approaches to the 
design and application of oligonucleotides and antibodies  
(in what is commonly referred to as affinity sensors) on the 
basis of many other materials such as conducting polymers,[1,2] 
surface-plasmon resonance (SPR) in thin metallic surfaces 
and localized surface-plasmon resonance (LSPR) in gold 
nanoparticle-based systems.[3,4] In the present situation of the 
COVID-19 pandemic, several reviews extensively survey the  
different viruses that have historically caused pandemics and 
the strategies to design and apply affinity biosensors for its 
detection and diagnostic,[5] and also there exist other useful 
reviews devoted to describe the efforts on the different tech-
niques used for the generation of a detectable signal upon 
the reaction of the affinity molecules.[6] Biosensors have been 
object of several recent reviews, but they are not focused on 
NAA and most of them evaluate only a specific detection 
method, i.e., electrochemical sensors,[7–10] optical sensors,[11–13] 
fluorescence sensors,[14–16] among others. In fact, there is a lack 
of recent review articles devoted to the application of NAA in 
the design of affinity biosensors.

In contrast, in this review, we focus for the first time on NAA 
sensors for the diagnosis and screening of diseases using the 
two more promising and versatile bioreceptors: antibodies and 
oligonucleotides. We present a more analytical target-related 
perspective and evaluate in depth all the successful detection 
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1. Introduction

The development of sensors for the detection and quantification 
of bioelements has been object of study for decades. Early detec-
tion of disease indicators increases the chances for a successful 
treatment and recovery, and an adequate and personalized med-
ical therapy depends on its continuous monitoring. However, 
the current techniques can be time-consuming and usually 
demand specialized personnel and expensive and sophisti-
cated equipment. Recently, increasingly complex techniques 
have been developed to achieve a simpler, faster, easier, more 
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methods for the development of selective and ultrasensitive 
biosensors. First, we introduce a brief description of the NAA 
structure and fabrication process as well as its functionalization 
capabilities. Second, the most relevant and recent biosensing 
systems developed for the detection and monitoring of disease-
related bioelements are described in detail, specially focusing 
on their sensing principles, performances, and applications. 
We also highlight in the most recent trends in ultrasensitive 
detection for each of these sensing principles. Third, a clas-
sification of biosensors according to the target analyte is pre-
sented. Finally, we conclude this review with a general overview 
and future perspectives of this exciting and promising research 
field.

2. Fundamentals of NAA Biosensors

2.1. Fabrication and Technology of NAA

Nanoporous anodic alumina (NAA) (also denominated in lit-
erature porous anodic alumina (PAA) or simply porous alu-
mina (PA)) is a material obtained from the electrochemical 
oxidation of aluminum in acidic electrolytes in the appropriate 
conditions.[17,18] Electrochemical etching of aluminum is a well-
established industrial process since the beginning of twentieth 
century to provide aluminum with a protective corrosion-
resistant oxide layer. In such applications, the obtained oxide 
layer is compact, hence it is usually designated as a barrier 
layer. However, in strongly acidic electrolytes at specific concen-
tration and anodization voltage ranges the oxide layer develops 
pores that grow perpendicular to the aluminum surface.

The most used acids are sulfuric, phosphoric, and oxalic, 
although many more have been demonstrated such as malonic, 
tartaric, citric, malic, and even chromic.[19,20] The basic struc-
ture of the porous oxide layer is depicted in Figure 1. The 
pores grow from a bulk aluminum surface and in a hexagonal 
arrangement where each pore has its own hexagonal cell. The 
pores are surrounded by vertical compact oxide walls and a thin 
compact oxide layer is also found between the pore interior 
and the remaining aluminum. This compact layer is generally 
called a barrier layer. The main geometric characteristics are 
also depicted on the figure: pore diameter, interpore distance, 
wall thickness, barrier later thickness, and the total porous 
oxide layer thickness.

Different theories have been formulated to explain the for-
mation mechanisms of the porous oxide instead of a compact 
oxide. The commonly accepted mechanism is depicted in 
Figure 2. The figure depicts the electrochemical cell where the 
aluminum is used as the anode, while an inert material such 
as platinum or graphite are used as cathode and a constant 
anodization potential is applied. In the first stage, a compact 
oxide layer (barrier layer) grows, increasing the resistance of 
the electric circuit and producing a drop in current density. The 
growth of the oxide is driven by the electric field in the bar-
rier layer: the applied anodization potential decays mainly at 
the oxide, which means that the electric field is very intense. 
Since the layer is permeable to ions, such an electric field 
drives oxygen ions from the electrolyte to the oxide–aluminum 
interface creating new oxide. When this oxide becomes thick 
enough the flow of ions is reduced, and a stabilization of the 
current is observed in a second stage of the growth. Since the 
formed oxide thickness is not uniform, electric field is more 
intense at the sites where thickness is smaller. This promotes 
further oxide growth with a concentration of the ion currents at 
those sites. Such increased currents result in a local tempera-
ture increase, promoting oxide dissolution at the oxide–elec-
trolyte interface. These sites become pore nucleation points. 
In the fourth stage, pores grow steadily with an equilibrium 
between field-assisted oxide generation rate at the oxide–alu-
minum interface and heat-assisted oxide dissolution at the 
oxide–electrolyte interface.

This growth mechanism implies that interpore distance is 
mainly proportional to anodization voltage,[22–24] as illustrated 
in Figure 3, with weaker dependence on other parameters such 
as acid concentration and electrolyte temperature. This makes 
also pore diameter, pore wall thickness, and specially barrier 
layer thickness proportional to anodization voltage. Pore diam-
eter can then be enlarged by chemical etching usually with a 
phosphoric acid solution of relatively high concentration and at 
temperatures between 60 °C and 90 °C.[25,26]

Figure 1.  Basic structure of NAA with the characteristic geometrical 
dimensions. Reproduced with permission.[19] Copyright 2008, Wiley-VCH.

Figure 2.  Electrochemical setup and formation mechanism of nano-
porous anodic alumina for constant anodization voltage. In phase I, a 
compact oxide layer is formed, then in phase II oxide thickness inhomo-
geneities create high electric field regions, which in phase III promote 
the localized growth of pores that reach a steady growth in phase IV. 
Reproduced with permission.[21] Copyright 2013, Elsevier.
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One of the main breakthroughs in the preparation of NAA 
was achieved with the two-step anodization method.[27] Pore 
nucleation sites at the start of anodization happen randomly 
on the surface, but since the porous oxide represents an expan-
sion of the original aluminum stress appears at the oxide–metal 
interface. The stress is minimized by a self-arrangement of 
the pores into a hexagonal pattern. The method proposed by 
Masuda and Fukuda consisted of a two-step anodization where 
the first step is conducted for as long as necessary to obtain 
the self-arrangement, typically about 24 h. Then, this oxide is 
dissolved leaving a honeycomb pattern of dome-shaped pits on 
the aluminum that serves as nucleation sites for the second 
anodization step. Interesting studies on the mechanisms for 
the self-arrangement have been published.[28,29] Ordering of the 
pores in a single step has also been obtained by prepatterning 
the aluminum surface by different methods such as nanoim-
print lithography,[30] nanosphere lithography,[31] or optical inter-
ference lithography.[32]

The knowledge of the basic formation mechanisms of 
NAA has led to further development of the technology 
aiming at structuring the pore geometry with a view to the 
possible applications. By reducing the anodization voltage by 
a factor 2, interpore distance tends to reduce in the same 
factor leading to a doubling of the number of the pores, 
accomplished by a branching of the pores.[33,34] This pore 
branching strategy has been also applied to remove the bar-
rier layer between the bottom of the pores and the remaining 
aluminum substrate, thus providing electric contact with the 
pore interiors.[35–37]

Pore diameter modulation can be accomplished in many 
ways. First studies employed voltage pulses alternating 
between the mild and the hard anodization regimes.[23,38] 
Later, it was demonstrated that a continuous modulation of 
the applied anodization voltage within the mild anodization 
regime can lead to a modulation of the pores. Such modu-
lation provides the nanostructures with optical properties. 
When periodic anodization voltage modulations are applied 
Distributed Bragg Reflectors are obtained.[39–42] On the 
other hand, with periodic variation of the anodization cur-
rent the pore modulation is continuous and rugate filters 
(also denominated gradient-index filters in the literature) 

are obtained.[43–45] NAA specular reflection oscillations can 
be controlled at will by designing the pore geometry, making 
possible to develop NAA Fabry-Pérot interferometers for 
smart optical biosensing.[46]

Other strategies for pore diameter modulation consist of 
alternating different steps of anodization and pore widening 
or oxide annealing. With subsequent cycles of anodization 
and pore widening nanofunnels with any desired geometry 
can be obtained, as long as the diameter decreases with 
depth.[47,48] In addition, intermediate annealing steps pro-
duce changes in the structural crystalline properties of the 
aluminum oxide that cause a change in the pore widening 
rate. By including such annealings between the anodization 
and the pore widening steps are included, inverted nano-
funnel structures can be achieved.[49–51] Interesting 3D NAA 
networks with controlled geometry are obtained with the 
use of voltage pulses under mild anodization regime and 
thermal-acidic conditions.[52] Hierarchical NAA substrates 
with different geometric characteristics are obtained by using 
an asymmetric two-step anodization process.[53] Different 
growth regimes (mild and hard), several types of acid elec-
trolytes (phosphoric, oxalic, and sulfuric) and acid electro-
lyte concentrations, and a range of voltage ratio between the 
second and the first step of the anodization process are com-
bined in a controlled way to obtain wide range of hierarchical 
morphologies.

2.2. Functionalization of NAA

The as-produced NAA has a wealth of interesting mechan-
ical, chemical and optical properties, however it is the 
modification of its surface properties that enables to widely 
enlarge the scope of applications. Such modification is 
commonly denominated functionalization and can be clas-
sified into two main categories: wet chemical or gas-phase 
methods. Almost all these methods take advantage of the 
high density of hydroxyl groups present on the aluminum 
oxide because of its preparation process, which can be fur-
ther increased by boiling samples in oxygen peroxide. An 
extensive review of functionalization techniques can be 
found in the literature.[21]

One of the most applied surface functionalization tech-
niques in solution is the formation of a self-assembled-
monolayer (SAM) of a silane. There exist many silanes such 
as the 3-aminopropyl-triethoxysilane (APTES) or the pen-
tafluorophenyldimethylpropylchlorosilane (PFPTES), which 
then can be used to graft other polymers, drugs, or biomol-
ecules.[54–56] This modification can also be combined with 
other gas-phase routes to provide further optical properties[57] 
or dual functionalization.[58] Another highly relevant func-
tionalization route is the layer-by-layer (LBL) deposition of 
polyelectrolytes. This method permits to tune surface proper-
ties such as delta potential or electric charge,[59] pore geom-
etry,[60] pore contents such as drugs[61,62] or nanoparticles.[63] 
Other functionalization routes have also been applied such as 
electrochemical,[35,36,64–67] gas-phase with thermal vapor depo-
sition,[57,58,68,69] atomic layer deposition (ALD),[70,71] or chemical 
vapor deposition (CVD).[72–75]

Figure 3.  Plot of experimentally obtained interpore distances versus ano-
dization voltage for different experimental conditions.
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2.3. Classification of NAA Biosensors Based on the Bioreceptor

2.3.1. Immunosensors (Antibody–Antigen Interaction)

Immunosensors are high-affinity devices based on the spe-
cific and strong interaction between an immobilized antibody 
and an antigen (analyte).[10] Antibodies are “Y” shape proteins, 
formed by two heavy and two light polypeptidic chains con-
nected by disulfide bonds, that belong to the immunoglobu-
lins, a family of globular proteins.[76] Antibodies are naturally 
produced by the immune system as a response to infections 
caused by viruses, bacteria, fungi, etc., and present a high 
specific non-covalent interaction with antigens.[77,78] For this 
reason, antibodies are important biorecognition elements used 
to target specific analytes for almost four decades.

Immunosensors can be either nonlabeled/direct or labeled/
indirect. In nonlabeled/direct immunosensors, the development 
of the antigen–antibody complex (immunocomplex) produces 
physical changes that are directly detected by the transducer 
(Figure 4a). In these sensors, the antibody is immobilized on the 
functionalized NAA substrate to form a sensing device. The sur-
face characteristics of the NAA–antibody template must be sensi-
tive enough to detect the immunocomplex formation. The antigen 
(analyte) to be detected is deposited on this template and bounds 
to the complementary antibody from the immunocomplex.[79] This 
formation alters the physical properties of the surface, such as 
the optical response, the electrode potential, the transmembrane 
potential, etc.[80] The principal limitations of nonlabeled immu-
nosensors are the requirements for presenting sufficiently high 
selectivity and physical properties changes.[79] By contrast, labeled 
/indirect immunosensors use a detectable label (an enzyme or flu-
orescent molecule), being the immunocomplex sensitively deter-
mined through the measurement of the label (Figure 4b).[81–83,8]

2.3.2. Oligonucleotide-Based Sensors

Another important, outstanding and more recent type of bio-
sensors are based on the oligonucleotic functionalization of 

NAA. Oligonucleotides are short, single- or double-stranded 
DNA or RNA molecules[84] that can bind to a wide variety of 
elements (small organic molecules, proteins, or cells)[85–89] with 
high selectivity, specificity, and affinity, even higher to those of 
antibodies.

Generally, oligonucleotide-based sensors use synthesized 
nucleic acid sequences—called aptamers—as biorecognition 
element.[90] Aptamers are considered chemical antibodies[91] 
and are designed to specifically bind selected target molecules. 
In fact, the name aptamer derives from the Latin word “aptus” 
that means “fit.” Aptamers are obtained with an in vitro gen-
eration process called systemic evolution of ligands by EXpo-
nential enrichment (SELEX).[92–94] This generation process 
produces an aptamer with high binding affinity and selectivity 
for an specific target. These interesting properties of aptamers 
make them ideal for therapeutic use and for the production of 
ultrasensitive systems to detect a number of different analytes.

Aptamers present many advantages over antibodies for their 
use in biosensors. Aptamers are produced in vitro therefore they 
can be reproduced with high accuracy, can be modified easily, 
large-scale production is possible and their diversity is very high 
in comparison to antibodies. Besides, they have easy mainte-
nance as they have a long-term storage at normal conditions 
and, contrary to antibodies, their denaturation process is revers-
ible. Furthermore, aptamers are much smaller than antibodies, 
which is important for two reasons: on the one hand, they can 
access protein epitopes that antibodies cannot access;[95,96] and 
on the other, the amount of the immobilized target element on 
NAA for this type of sensor is higher than that for an immu-
nosensor in the same surface area, which results in a linear 
response range wider than that of an immunosensor.[97]

2.3.3. Others

Although the scope of this review is NAA biosensors based on 
antibodies and oligonucleotides, other biorecognition elements 
can be used.

Figure 4.  Schematic of the interaction steps for nonlabeled/direct (left) and labeled/indirect immunosensors (right). For labeled/direct immunosen-
sors, the label is generally a fluorescent molecule that can be easily detectable with fluorescence microscopy or confocal microscopy.
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Peptides are one of these biorecognition elements as they 
bind to several target analytes like proteins, nucleic acids, bac-
teria, enzymes, or antibodies. Similarly to proteins, peptides are 
formed by a chain of amino acids, therefore it is possible for 
peptides with a specific sequence to substitute proteins in bio-
logical analysis. Peptides with specific sequences can selectively 
interact with the target analyte, being suitable for the develop-
ment of biosensors.

Enzymes have also been used as components in biological 
analysis and fabrication of novel biosensors. Enzymes are 
common biocatalysts and the working principle of the biosen-
sors developed with them depends on the catalytic reaction and 
the binding capability for the target analyte detection. However, 
the enzyme structure is extremely sensitive, which complicates 
the use of enzymes for high sensitivity and stability sensors.

3. Classification of the Health Monitoring NAA 
Biosensors Based on the Detection Method
Several types of detection methods based on the transduction 
mechanism are used for the development of NAA biosensors. 
Some of them are used both for immuno- and oligonucleotide-
based monitoring and others are characteristic of one of them.

3.1. Voltammetric Sensing

Voltametric sensing is the most widely used detection method 
for biological analytes. It is a category of electrochemical bio-
sensing as its operating principle relies on the detection of 
an electrochemical signal, concretely the current is measured 
as the potential varies. Voltammetric sensors have been used 
for the detection of oncomarkers, viruses, bacteria, and DNA 
recognition as they exhibit high sensitivity, selectivity, and capa-
bility of detection.[83]

In NAA-based voltammetric sensors, an NAA membrane is 
the base of the sensing platform, the pores of which are used as 
artificial nanochannels with a similar structure and ion trans-
mission characteristics to biological ion channels. Besides, 
these NAA ion channels can be easily functionalized with 
biorecognition molecules and provide a confined environment 
with signal amplification, ideal for biological detection. For vol-
tammetric measurements, the functionalized NAA membrane 
is placed in the middle of two cells containing the same volume 
and concentration of electrolyte solution (Figure 5). The Ag/
AgCl electrodes are used to record the I−U curve under bias in 
linear scan voltage mode. This detection method has demon-
strated extraordinary selectivity and sensitivity at picomolar and 
femtomolar levels[98] in macromolecule target detection when 
attaching aptamers or antibodies to the nanopores of the NAA 
membrane. The confined space in the nanopores highly influ-
ences on the mass transfer across these nanochannels when 
the target analyte interacts with the biorecognition element. 
The biorecognition element–target analyte union produces an 
immunoreaction inside the pores of the NAA membranes that 
allows the formation of immunocomplexes. These immuno-
complexes produce a partial blocking effect inside the pores 
and influence the diffusion of electroactive species inside them 

resulting in a decrease in the voltammetric signal of [Fe(CN)6]4− 
oxidation to [Fe(CN)6]3−. As a result, the voltammetric peak 
current corresponding to the oxidation of [Fe(CN)6]4− to 
[Fe(CN)6]3−is used as the detection signal.[99] However, the 
biorecognition event produces a moderate occupancy/blocking 
of the nanochannels. To increase this occupancy and therefore 
to enhance the sensitivity of the detection platforms, the use 
of nanoparticles has been introduced. Nanoparticles are small 
enough to enter into the nanopores and produce an additional 
blocking effect to the biorecognition event.

A simple bare NAA membrane with antibody attaching has 
been reported to be a rapid and high sensitivity and selectivity 
platform for analyte detection. It has been used for the detection 
of bacterial hyaluronidase in Staphylococcus aureus bacteria,[100] 
Escherichia coli bacteria,[101] dengue virus,[102] West Nile virus,[103] 
and exosomes,[104] by attaching one or two antibodies to the 
NAA substrate. Instead of antibodies, aptamers have also been 
immobilized on this very simple sensing platform consisting of 
an NAA membrane frequently sputtered with gold, for example 
for the detection of listeria monocytogenes bacteria,[105] potas-
sium and adenosine triphosphate,[106] lead,[107] and thrombin,[99] 
although aptamer-based voltammetric sensors generally use 
additional elements for signal enhancement, like nanoparticles. 
Despite the great importance of NAA pore diameter in voltam-
metric sensors, the number of works that analyze the influ-
ence of the pore size on the detection efficiency is very small. 
Zhou et  al.[105] evaluate the efficiency of the detection system 
for Listeria monocytogenes bacteria for NAA pore diameters 20, 
100, and 200 nm, deducing that 20 nm is the best diameter for 
the optimal performance of the sensor because of its higher 
specific area, and therefore the higher density of aptamer. 
This same work also evaluates the specificity of the developed 
sensor for Listeria monocytogenes with the additional presence 
of Staphylococcus aureus or Escherichia coli. Yu et  al.[106] also 

Figure 5.  Schematic of the generic detection system and principle for 
NAA-based voltammetric sensors.
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fabricate NAA sensing substrates with different pore diameters 
(25, 55, and 90  nm) to design their potassium and adenosine 
triphosphate detector with the most efficient response. In this 
case, 25 nm diameter was deduced to be the most suitable size 
for their detection system. Finally, Chen et al.[107] evaluate their 
detection experiments for 20, 50, 100, and 200  nm nanochan-
nels, being the 20 nm diameter nanochannels the ones with the 
best detection response. The results presented by these authors 
clearly indicate that the diameter of the nanochannels is really 
decisive for the quality and sensitivity of the resulting sensing 
devices, and that narrower pore sizes optimize the performance 
of voltammetric immunosensors.

The sensitivity of the voltammetric systems has been demon-
strated to be improved with the use of nanoparticles with diame-
ters small enough to enter inside the NAA pores for a more effi-
cient blocking. An interesting application of voltammetry with 
nanoparticles is reported by Jiang et al.[108] for the detection of 
microRNAs (miRNAs), important for early cancer diagnosis.[109] 
A bivalent recognition using SiO2 nanoparticles produces the 
blocking of the NAA pores and therefore the amplification of the 
signal. The bivalent recognition is performed with two oligonu-
cleotides that individually contain the complementary sequence 
for opposite ends of the target miRNA. One oligonucleotide is 
attached to the NAA pores and the other is linked to the nano-
particles. A detection limit of 31 × 10–18 m is reported. However, 
SiO2 is not the most extended material for voltammetry nano-
particles. Gold is the commonly used material for these nano-
particles, due to its easy functionalization characteristics. Gold 
nanoparticles (AuNP) have been used in aptamer-based sensing 
platforms for the detection of DNA[110] and thrombin.[111] Figure 6 
clearly indicates the sensing principle with the use of AuNP.

Interestingly, NAA nanochannel diameters used in voltam-
metric systems with nanoparticles are required to be considerably 
wider than that for traditional voltammetric systems. As explained 

before, traditional voltammetric systems are demonstrated to 
optimize their performance with nanochannels diameters mostly 
around 20 nm [100,104–107] and reaching exceptionally 50 nm.[99,102] 
On the contrary, when using nanoparticles for sensitivity improve-
ment, the diameter of the NAA pores generally used is around 
200 nm[108,110,111] as the nanoparticles are needed to enter inside the 
nanochannels and partially block them for signal amplification.

The enhanced response of the biosensors using AuNPs is 
improved by depositing silver onto the surface of the AuNP in 
the work of Escosura-Muñiz and Merkoçi[112] for the detection 
of cancer biomarkers. Pan et al.[98] developed an aptamer-based 
biosensor for the femtomolar detection of Mucin 1, an epithe-
lial cancer marker. Different from other works, the aptamer 
is immobilized onto the AuNP and the AuNPs do not enter 
inside the pores, they are subsequently deposited on the NAA 
membrane. A multilayer deposition of aptamer-modified gold 
nanoparticles on the NAA membrane produces an increase of 
the signal and improves de sensitivity of the biosensor with a 
limit of detection of 0.0364 fg mL−1 (0.0025 × 10–18 m).

A gold layer deposited on the NAA membrane instead of 
AuNPs has been used by Rajeev et al.[113] for a sensitive and rapid 
detection of Flightless I (Flii) protein, a biomarker of wound 
chronicity. In this work, different NAA pore diameters (45, 65, 
and 100 nm) were evaluated for the efficiently binding of Flii con-
jugate to the bioreceptors within the nanochannels. The highest 
sensitivity was demonstrated for 65 nm pores. The same research 
group detected this same biomarker introducing magnetic nano-
particles as signal enhancers for the sensing platform.[114]

3.2. Impedimetric Sensing

Impedimetric sensors are another type of electrochemical 
sensors based in this case on electrochemical impedance 

Figure 6.  Thrombin detection process in a voltammetric NAA-based sensor using AuNAP. Reproduced with permission.[111] Copyright 2013, Elsevier.
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spectroscopy (EIS), a technique that applies a small amplitude 
alternating current signal over a wide range of frequencies to 
measure the impedance characteristics of a cell. The setup for 
EIS measurements is very similar to that for voltammetric sen-
sors but in this case electrical impedance is the monitoring 
signal proportional to analyte recognition activity.[115,7]

Impedance measurements are the most widely used for the 
monitoring of antibody–antigen interactions. Escherichia coli 
bacteria are the most detected target analyte.[116–119] An ultra-
sensitive E. coli immunosensor has been presented by Chan 
et al.,[119] using magnetic beads to enhance the sensitivity of the 
NAA platform. The E. coli conjugated magnetic beads are con-
centrated in a small region of the antibody immobilized NAA 
membrane with a magnet (Figure 7), producing a long inter-
action time and a high concentration of bacteria on the NAA 
membrane that enhances the sensitivity of the sensor (LOD 10 
CFU mL–1).

Other bacteria like Staphylococcus[118] or Salmonella,[120] 
inflammatory and cardiovascular biomarkers like C-reactive 
protein and myeloperoxidase),[121] viruses like Dengue,[122] and 
allergens like histamine[123] have also been detected by immo-
bilizing antibodies onto NAA membranes. The study of the 
Salmonella bacteria immobilization on NAA membranes[120] is 
also extended to evaluate the bacterial response to antibiotics, 
concretely to enrofloxacin and ampicillin, with a concentration 
of 0.1 × 10–9 m. For the detection of histamine Ye et al.[123] also 
used magnetic nanoparticles for signal amplification.

Aptamer-based impedimetric sensors have also been devel-
oped more recently. An ultrasensitive impedimetric system 
conjugating an NAA membrane with AuNPs was developed by 
Ye et al. for the detection of E. coli (LOD of 100 × 10–12 m).[124] 
The same system was used by Peinetti et  al. for the moni-
toring of Adenosine monophosphate (a molecule involved 
in different neural processes in the brain like sleep, arousal, 
and locomotion),[125] and DNA strands.[126] The immobiliza-
tion of DNA on aptamer-modified NAA membranes was 
also monitored by Wu et  al.[127] and Ye et  al.[128] The selec-
tivity of impedimetric platforms is demonstrated in the study 
of Gosai et  al.[129] where α-thrombin is detected with a LOD 
10 × 10–12 m with the interfering presence of a high concen-
tration (500 × 10–6 m) of human albumin serum. Aptasensors 
for Dengue virus detection have also been developed using 
aptamers for the biorecognition.[130,131] The work reported 
by Deng et  al.[130] detects the target Dengue DNA for a con-
centration range of 10−12 to 10−6 m. The same NAA platform 
was used for the detection of Legionella pneumophila DNA, 
achieving a detection limit of 3.1 × 10−13 m for the working 
range of a 10−13 to 10−6 m.[132]

The NAA substrates reported for impedimetric detection 
present a wide variety of pore sizes, although wide diameter 
pores (>100  nm) are generally used.[118,120,122,123,130] Ye et  al.[124] 
study the effect of the NAA pore size on the quality and sen-
sitivity of their E. coli detection system. Pore diameters of 20, 
50, and 100  nm are evaluated, being the100 nm pore sensor 
the one with the lowest limit of detection and highest detection 
sensitivity. In this work, gold nanoparticles are used for signal 
amplification, therefore the good efficiency is attributed to the 
major quantity of nanoparticles entering into the NAA pores.

3.3. Fluorescence Spectroscopy Detection

Fluorescence spectroscopy is an optical and traditional method 
widely used for developing sensing systems. To better under-
stand the principles of this detection method, we have to under-
stand the concepts involved. Luminescence is the phenomenon 
by which light is produced through excitation, with no tem-
perature increase. Fluorescence is defined as “a short-lived type 
of luminescence created by electromagnetic excitation which 
is generated when a substance absorbs light energy at a short 
(higher energy) wavelength and then emits light energy at a 
longer (lower energy) wavelength.”[14]

For fluorescence detection, a fluorescent reporter (fluoro-
phore) is generally used. A fluorophore is a molecule that can 
display fluorescence. Fluorophores are characterized by their 
absorbance and emission spectrum. The specific wavelength 
at which fluorophores present an efficient absorption of energy 
is the peak absorbance. And the peak emission is the specific 
wavelength at which they most efficiently emit the energy. The 
wavelength range for the peak absorbance is shorter than that 
for the peak emission, and both of them conform the definition 
of the fluorophore.

In single fluorescence event detection, when the target ana-
lyte binds to the functionalized NAA substrate, their interac-
tion produces a change in the fluorescence emitted by the 
fluorophore, that can be observed or measured by fluorescence 
microscopy or confocal scanning laser microscopy.

Several strategies in single fluorescence detection are 
reported using NAA as the detection platform.[133–135] NAA fluo-
rescence immunosensors have been developed for the detec-
tion and quantification of immunoglobulins.[134,135] Also, a 
high sensitive platform for the detection of galectins—an excel-
lent biomarker for tumor diagnostics and monitoring—was 
developed by Hattum et  al.[136] Specific antibodies selective to 
galectin-1 and galectin-9 were immobilized onto the NAA sub-
strate (Figure 8a). Subsequently, galectins were captured from 

Figure 7.  Impedimetric immunosensor process using magnetic nanoparticles. Adapted with permission.[119] Copyright 2013, Elsevier.
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cell lysate and bound by the general ligand, which was then 
visualized by a fluorescently labeled antibiotin antibody. This 
system allowed the detection of galectin quantities with a LOD 
of 4 ng in E. coli-spiked cell lysates.

NAA is also used for developing fluorescence sensing plat-
forms using aptamers. Fan et  al. proposed an aptasensor for 
the real-time monitoring of DNA hybridization.[137] In this case, 
the NAA layer and its aluminum base are used as a waveguide 
(Figure  8b). Biotinylated dT22 was used as the probe strand, 
with a complementary target DNA strand of dA15 and a non-
complementary target strand of dT15. The target strands dA15 
and dT15 were labeled with a fluorophore and the hybridi-
zation process was measured based on the time-dependent 
fluorescence signal.

Fluorescence is also the detection method reported in the 
aptasensor developed by Aramesh et  al.[138] A NAA mem-
brane with a coating of diamond-like carbon is used here for 
the development of a sensor for highly sensitive and selective 

detection of cancer oncomarker RAK I, a common 21-mer bio-
marker in patients with prostate, breast, and gynecological 
cancer.

Another type of fluorescence-based biosensors is developed 
using two fluorophores instead of a single one. This is the case 
of the NAA aptasensor developed for the detection of the Ebola 
virus.[139] This system was designed based on the principle of 
Förster resonance energy transfer (FRET) that involves a donor 
and an acceptor fluorophore pair (Figure 9). In this work, 
BaGdF5:Yb/Er upconversion nanoparticles (UCNPs) were con-
jugated to oligonucleotide probes and deposited on the NAA 
membrane. In parallel, AuNP were linked to target Ebola virus 
oligonucleotide. The hybridization process between the Ebola 
target and the probe oligonucleotides causes close proximity of 
UCNPs and the AuNP (donor and acceptor) on the NAA mem-
brane. The use of NAA membranes for this donor and acceptor 
reaction improves the detection limit from picomolar to femto-
molar levels.

Figure 8.  A) Fluorescence detection process of exosomes. Adapted with permission.[136] Copyright 2013, Elsevier. B) Schematic of a waveguide 
aptasensor. Adapted with permission.[137] Copyright 2014, AIP Publishing.

Figure 9.  Donor–acceptor reaction for the detection of Ebola virus. Reproduced with permission.[139] Copyright 2016, American Chemical Society.
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In general, the NAA substrates used for fluorescence 
detection present pore diameters in the range from 150 to 
200 nm.[133–135,138]

3.3.1. Molecular Gate Based Sensing

Although in molecular gate-based biosensors the detection 
method evaluates the light emission from a fluorophore, this 
innovative type of aptamer-based biosensors deserves a sepa-
rate explanation from the ones presented in the fluorescence 
sensing section.

The difference here resides in the biorecognition process, 
completely different from the rest of fluorescence spectroscopy 
detectors. In molecular gate-based sensors, an NAA support 
is loaded with a fluorescent reporter (generally rhodamine B), 
then the pores are capped with an aptamer-based gating mecha-
nism so that the fluorophore is released by the presence of the 
target analyte (Figure 10).

These gated sensor systems have been recently developed 
by the research group of Martínez-Máñez using NAA as mate-
rial support.[140–143] Although the concept of gated materials 
was introduced some years before, especially for developing 
drug delivery systems,[144–146] the few sensing applications 
reported used mesoporous silica nanoparticles as base mate-
rial.[147–149] NAA substrates have the same reservoir advantages 
than mesoporous silica but do not present the important dis-
advantages of nanoparticles: difficult handling, harmful if 
inhaled or deposited on skin, and nonuniform suspensions 
that make it difficult to develop highly reproducible sensing 
systems. Besides, NAA is biocompatible, with easy function-
alization and handling properties and its pores are perfect 
nanocontainers with high load capacity. A special characteristic 
of the NAA substrates used for molecular-gated detection sys-
tems is their pore diameter, extremely small, from 5 to 8 nm. 
No other sensing principle uses pore diameters lower than 
20 nm. The reason for these exceptional narrow NAA channels 
is basically the detection principle: the pores are capped with 

oligonucleotide sequences and therefore their entrance must 
be minimized.

The gated NAA sensing system developed by the group of 
Martínez-Máñez was first applied to the successful detection of 
cocaine.[140] The NAA support was capped with a specific oligo-
nucleotide sequence capable of recognizing cocaine. With the 
presence of an aqueous solution of cocaine, the rhodamine B 
loaded inside the NAA pores was released. The selectivity of the 
system, with a LOD of 5 × 10−7 m, was assessed using heroin 
and morphine drugs. The real applicability of the NAA sensing 
support was also evaluated in a competitive matrix, such as 
saliva. The NAA support developed for the gated sensing was 
stable, did not degrade in aqueous solutions, and could be cal-
cined and reused several times, reducing the cost of the sensing 
process.

In addition to cocaine, this gated NAA detection system 
has been successfully used for the monitoring of bacteria 
(Staphylococcus aureus,[150] mycoplasma,[143]]) fungus (Candida 
auris,[141] Candida albicans,[142] Pneumocystis pneumonia[151]), bio-
markers,[152,153] and allergenic proteins.[154]

3.4. Reflectometric Interference Spectroscopy (RIfS) Detection

Reflectometric interference spectroscopy (RIfS) is an optical 
sensing technique based on the white-light interference in thin 
films.[155] NAA is a very advantageous nanostructured material 
for RIfS detection as its reflectance spectrum presents oscil-
lations with well-defined peaks generated by the Fabry–Pérot 
effect[156] and a very high surface area for capturing analytes. 
These interesting characteristics of NAA are the basis of high 
sensitivity RIfS-based sensors.[157]

The detection principle of RIfS sensors is based on the 
refractive index variation, i.e., the effective refractive index of 
the NAA substrate is modified by the binding of the target 
analyte.[158] A typical RIfS set-up for the detection of target 
analytes is presented in Figure 11. The NAA substrate is gen-
erally placed in a flow system. The fluid with the dissolved 

Figure 10.  Schematic of the molecular gate sensing process: the NAA pores are initially loaded with a fluorophore and blocked with an aptamer or 
other oligonucleotide, the so called molecular gate (left). With the presence of the target analyte, the molecular gate interacts with the target, leaves 
the pores open and then the fluorophore is released (right).
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target analyte is pumped through the cell, and when in contact 
with the adequately functionalized NAA pores, interacts and 
the binding of the analyte to the walls and surface of the NAA 
pores produces a variation of the NAA effective refractive index 
(neff). The binding event is monitored in real time and in situ 
using a white light source directly illuminating the NAA layer. 
The reflection spectrum of this light from the NAA layer fol-
lows a thin-film interference spectral pattern, generated by the 
light reflecting from the fluid–NAA and the NAA–aluminum 
interfaces. The wavelengths of the spectral fringe maxima in 
the interference spectrum meets the Fabry–Perot relationship:

λ = =2 EOTeffm n L 	 (1)

where λ is the wavelength of the spectral fringe maximum of 
order m, neff is the effective refractive index of the NAA layer, 
L is the pore length, and EOT is the effective optical thickness.

The Fourier transform of the reflectance spectrum is a single 
peak whose x-axis position corresponds to the EOT of the NAA 
layer.[159]

In the last decade, the performance of RIfS systems as a 
sensing platform has improved and its use has considerably 
increased for performing highly sensitive, rapid-response, 
label-free, qualitative, and quantitative detection of several bio-
elements like amino acid molecules,[160] environment moni-
toring, and drug release.[161] The NAA substrates used for 
RIfS detection have pore diameters in the range from 30 to 
70 nm.[68,162–168]

NAA-RIfS technology has been used by Rajeev et  al.[162] to 
develop an immunosensor for the detection of tumor necrosis 
factor-alpha (TNF-α), a proinflammatory cytokine important to 
wound healing. The detection substrate consisted of an NAA 
layer (different pore diameters were assessed) sputter-coated 
with a thin layer of Pt and chemically functionalized via silani-
zation for the covalent bound of anti-human TNF-α antibody 

on the pores surface (Figure 12a). The selective binding of the 
protein was monitored in real time with the evaluation of the 
EOT change (Figure  12b). A linear response of the detection 
system with a limit of detection of 0.13 µg mL–1 is reported.

Another NAA-based immunosensor was reported by 
Kumeria et  al.[163] for the detection of circulating tumor cells, 
specially important for monitoring the treatment of cancer 
during the initial stages of metastatic disease.[169,170] The NAA 
substrate was gold-capped and functionalized with a bioti-
nylated anti-EpCAM antibody. Their results demonstrate the 
direct detection in less than 5 min of cancer cells concentrations 
between 1000 and 100.000 cells mL–1 in PBS buffer solution and 
in diluted blood samples.

RIFS technology has also been applied for the development 
of aptamer-based sensors. Pol et  al.[68] developed an aptamer-
based sensor with an NAA-RIfS system. In this work, thrombin 
binding aptamer was immobilized onto the inner surface of 
NAA pores (5  µm depth and 30  nm pore diameter) through 
streptavidin–biotin interaction. The NAA-RIfS system demon-
strated the high specificity and capacity to detect thrombin in 
the × 10–6 m range with a limit of detection of 7.2 × 10–9 m and a 
sensitivity of 45.5 nm µM–1.

More recently, aptamer-based detection with NAA-RIfS sys-
tems has been used for the monitoring of other harmful sub-
stances in blood. One of them is salicylic acid (SA), whose 
concentrations can cause health problems like urticaria, angi-
oedema, rhinitis, and asthma to hypersensitive people.[171] In the 
study of Chen et al.,[172] five different aptamers for SA are devel-
oped and their binding capability is assessed. The biosensor 
developed presented a detection limit of 0.1 × 10–6 m of SA in 
buffer, significantly lower than the antibody-based detection 
reported.[173] Another is the work developed by Feng et  al.[164] 
that detects theophylline (TP), a drug used for the treatment of 
respiratory diseases that must be quickly and regularly moni-
tored in current clinical practice since it becomes toxic at high 

Figure 11.  A) Optical system and detection principle schematic for RIfS detection. The principle is represented for NAA substrates showing the interac-
tion of the light reflection on the surface and bottom of the NAA pores. B) RIfS spectrum measured by Pol et al. with this RIfS-NAA platform used to 
detect different levels of thrombin. The measured reflectance spectrum before (red) and after (blue) the thrombin binding to the NAA pores are math-
ematically processed (FFT) quantitatively indicating the thrombin concentration by the ΔEOT value. Adapted with permission.[68] Copyright 2019, MDPI.
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concentrations and can be lethal or lead to permanent neu-
rological damage.[174] NAA-based RIFS spectroscopy has also 
been used for the accurate determination in real time of DNA 
hybridization[165] its melting temperature (Tm).[166]

In addition to all the mentioned applications, a NAA-RIFs 
innovative strategy for sensitivity enhancement has been 
developed by introducing some differences in the analysis of 
the interferometric reflectance spectrum.[167,168,175,176] Similarly 
to the traditional RIfS, the reflectance spectrum is measured 
with a fiber optic spectrometer and presents well-defined 
peaks generated by the Fabry–Pérot effect. However, the inten-
sity and the area of one peak of the spectrum are evaluated for 
detection, instead of the traditional variation of the EOT. The 
reason for this is the use of a signal probe, usually methylene 
blue (MB), that has demonstrated high ability to interact with 
DNA.[177,178] The MB probe increases the photonic response of 
the traditional system during the aptamer–target interaction 
resulting in high analytical performance sensors. This innova-
tive method is developed by Tabrizi et al. for the detection of 
Salmonella-specific DNA fragment.[167] In this work, a single-
strand DNA (ssDNAsal) probe that presents high affinity to 
Salmonella-specific DNA fragment was attached to the NAA 
surface (Figure 13). The interaction of different concentrations 
of Salmonella-specific DNA fragment with the DNA probe is 
detected with a shift of the interference spectrum, but the 
subsequent intercalation of MB into the complex produces 
not only a higher shift of the interference spectrum but also 
a very significant variation of the reflected light intensity. 
The authors report a limit of detection of 0.01  × 10–9 m for 
the concentration range 0.25–50.0 × 10–9 m. The selectivity of 
the sensor was assessed with the use of Staphylococcus aureus-
specific DNA fragment and Escherichia coli-specific DNA 
fragment.

A similar method is used for the detection of amyloid β oli-
gomers, Alzheimer’s disease biomarkers.[168] In this case, the 
aptamer was first attached to the NAA pores walls, and then 
methylene blue (MB) was immobilized into the aptamer as the 
photo-probe, generating the MB/G-quadruplex complex. In 
contact with the Aβ oligomers, the MB/quadruplex complex 
broke and MB was released from the sensing substrate. A good 
response to the concentration of Aβ oligomers in the range of 
0.5–50.0 µg × mL−1 and a detection limit of 0.02 µg × mL−1 (at 
3σ/S) is reported for this sensing structure.

3.5. Localized Surface Plasmon Resonance (LSPR)

Interest in surface plasmon resonance (SPR) biosensors for 
real-time and in situ monitoring of analyte–receptor binding 
has grown exponentially since the first publications in the sev-
enties. In SPR systems, surface plasmons are generated from 
an evanescent electromagnetic wave, which is produced by a 
light beam focused on the surface of a prism coated with a thin 
metallic film.[179]

Similarly, but more affordable and accessible than SPR, 
localized surface plasmon resonance (LSPR) has been used for 
the development of label-free high sensitivity biosensors. Tra-
ditional SPR uses a continuous gold film, while LSPR is pro-
duced by metal nanoparticles, usually silver and gold. For LSPR 
less complex equipment is necessary as no prism is required. 
In LSPR, a powerful resonance absorbance peak is produced in 
the visible range of light. For detection, the position of this peak 
is analyzed, being quite sensitive to the local refractive index 
around the particle.

Both antigen–antibody and aptamer–target molecule interac-
tions can be rapidly and cost-effectively monitored with LSPR, 
a technique that has been successfully used for label-free and 
quantitative detection in clinical, environmental, and food  
analysis applications.[158,180]

For LSPR, gold-capped NAA substrates have been success-
fully used for high sensitivity and specific monitoring of the 
bioreceptor–target analyte interaction. Furthermore, an increase 
of the sensitivity for LSPR-NAA biosensors has been achieved 
by using a combination of LSPR technique with interferometry 
in the relative reflected intensity (RRI) spectrum. One of these 
LSPR-interferometry immunosensors is reported by Yeom 
et al.[181] for a real-time detection of the human C-reactive pro-
tein (CRP), a blood serum marker for infections and inflam-
matory processes. The detection substrate consists of a NAA 
layer, with 1  µm length pores, covered by e-beam evaporation 
with a 5 nm thick Ni layer and a 15 nm thick Au layer. Then, 
the CRP antibody is immobilized on its surface to conform the 
sensor chip. The CRP antigen dilution flows on this substrate 
in a controlled way with a flow chamber and a micropump. The 
monitoring is performed using a white-light source emerging 
from an optical fiber bundle to perpendicularly illuminate the 
substrate. The reflected light is collected by the detection fiber 
probe with the same bundle and measured with a spectrometer. 

Figure 12.  NAA-RIfS immunosensor for the detection of TNF-α. A) Surface modification of the NAA substrate. B) Sensing response. Adapted with 
permission.[162] Copyright 2018, Elsevier.
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The wavelength range analyzed was 680 to 730  nm. With the 
antigen-antibody binding, changes in the refractive index of 
the substrate are induced, which are detected as changes of 
its reflectivity. This sensor chip system is reported to present a 
high selectivity, and sensitivity of ≈1 fg mL–1.

Another type of immunosensor LSPR-based was devel-
oped by Lv et  al.[183] for the detection of exosomes, novel bio-
markers for the monitoring and prediction cancer diseases.[184] 
In this case, NAA is used as a template for fabricating the 
polymer nanostructured gold-capped substrates. This same pro-
cess is followed for the LSPR immunodetection of cell inter-
leukin-6 from immune cells in real samples[185] and human 
immunoglobulins.[186,187]

Kim et  al. developed a very similar detection system but 
using aptamers for performing the label-free monitoring of 
DNA–protein interactions, DNA–DNA hybridizations, and 
ligand–receptor interactions.[182] A sandwich-type binding assay 

between two different aptamers and thrombin is reported with 
an estimated limit of detection of 1  × 10–9 m (Figure 14b).[182] 
This same research group had previously developed this optical 
system for the detection of synthetic target DNA detection with a 
10 × 10–12 m detection limit[188] and also for the detection of CRP 
protein using in this case an antibody instead of an aptamer.[189]

The higher efficiency inmuno and oligonucleotide-based 
sensors using LSPR technique are built on NAA substrates 
with pore diameters of approximately 60 nm. [181,182,186,188,189]

4. NAA Biosensors Detection Targets
4.1. Immunosensors Detection Targets

Several types of targets have been object of study of the health 
care immunosensors. Table 1 summarizes all the targets and 
detection methods explained in this section.

Figure 14.  LSPR-based aptasensor for the detection of thrombin. Adapted with permission.[182] Copyright 2008, Elsevier.

Figure 13.  Innovative RIfS-based detection process using NAA substrates for the detection of Salmonella. A) Schematic of the pore surface function-
alization and target binding. In this case, MB is used at the final step as signal probe. B) Interferometric reflectance spectrum obtained before (black) 
and after (red) the target binding to the pores. Adapted with permission.[167] Copyright 2020, Elsevier.
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4.1.1. Viruses

Dengue virus, spread out by the mosquito Aedes aegypti, causes 
the infectious tropical disease dengue fever, which worldwide 
affects almost 400 million people every year.[190] A rapid and 
reliable detection of Dengue virus is urgently required to facili-
tate a fast sanitary response and to prevent epidemics. Dengue 
virus has been detected using NAA substrate platforms with 
Anti dengue serotype 2 antibody by voltammetry[102] and imped-
imetric spectroscopy.[122]

Another virus transmitted by a mosquito is the West Nile 
virus. The infection caused by this virus can cause in some 
people inflammation of the spinal cord or brain. In the work 
of Nguyen et  al., this virus is detected using anti-WNV-DIII 
immunoglobulin M (IgM) as the biorecognition probe with vol-
tametric detection technique.[103]

4.1.2. Bacteria

Escherichia coli is a bacterium commonly found in the lower 
intestine. Although some strains of E. coli can cause mild 
effects, some others can produce hemolytic uremic syndrome 
(HUS) resulting in death, especially in children. The detec-
tion of this bacterium has been one of the most pursued 
objectives in the development of immunosensors, being imped-
imetric spectroscopy the most frequently applied detection 
method.[116–119] Voltammetric detection has also been used for 
E. coli sensing.[101]

Staphylococcus aureus is also detected by impedimetric 
sensing.[118] Among the different types of Staphylococcus, Staph-
ylococcus aureus is the most dangerous of all. Often causes skin 
infections, but it can cause pneumonia, heart valve infections, 
and bone infections.

Table 1.  Target analytes for immunosensors.

Target analyte Detection method Pore diameter LOD Medium Refs.

Virus Dengue Impedimetric Conical from 10–30 to 
70–120 nm

1 pfu mL–1 PBS [122]

Dengue Voltammetric 50–100 nm 1 pfu mL–1 PBS [102]

West Nile virus Voltammetry 70 nm 4 pg mL–1 Blood serum [103]

Bacteria Salmonella Impedimetric 200 nm – PBS [120]

E. coli Impedimetric 60 nm 10 E. coli cells/0.173 
cm2 area

PBS [116]

100 nm 10 cfu mL-1  
83.7 cfu mL–1

PBS  
whole milk

[117]

20 nm 10 cfu mL–1 PBS [119]

E. coli Voltammetric – 22 cfu mL–1 PBS [101]

Staphylococcus aureus 
and E. coli

Impedimetric 100 nm 100 cfu mL–1 PBS [118]

Bacterial hyaluronidases 
(HYAL)

Voltammetric 20 nm 64 UI mL–1 (17.3 U mg–1) PBS and culture [100]

Cancer biomarkers Galectin proteins Fluorescence – 160 ng mL–1 E. coli-spiked cell lysates [136]

Exosomes LSPR 100 nm 1 ng mL–1 PBS [183]

Exosomes Voltammetric 25 nm 7.3 × 103 particles mL–1 PBS and plasma [104]

CA15-3 Voltammetry 200 nm 52 U mL–1 Blood [112]

Tumor cells RIfS 32 ± 3 nm <1000 cells mL–1  
10 000 cells mL–1

PBS  
blood

[163]

Tumor necrosis biomarker TNF-α RIfS 55 ± 3 nm 0.13 µg mL–1  
1.5 µg mL–1

PBS  
simulated wound fluid

[162]

Humoral and cellular inflammatory 
biomarker

C-reactive protein LSPR 50 nm 60 nm 1 fg mL–1  
1 pg mL–1

Tris–HCl  
PBS

[181]
[189]

Inflammatory biomarker Interleukin-6 LSPR 120 nm 10 ng mL–1 – [185]

Inflammatory and cardiovascular 
biomarker

C-reactive protein (CRP) 
and myeloperoxidase 

(MPO)

Impedimetric 40 nm 1 pg mL–1 Isotonic buffer and 
human serum

[121]

Immune system biomarker Immunoglobulin LSPR 40–65 nm
–

1 ng mL–1

10 ng µL–1

PBS
–

[186]
[187]

Immunoglobulins Fluorescence 200 nm
200 nm

0.02 ng mL–1

0.1 mg mL–1

Fetal bovine serum
PBS

[134]
[135]

Wound chronicity biomarker Flightless I (Flii) protein Voltammetric 65 nm
200 nm

1.01 µg mL-1

0.5 ng mL-1

In vitro wound model
PBS

[113]
[114]

Allergen Histamine Impedimetric 100 nm 3 × 10-9m PBS [123]
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Gram-positive bacteria like Streptococcus, Staphylococcus, 
Streptomyces, or Clostridium bacteria among others use Bacte-
rial hyaluronidases (HYAL) as a virulence factor to destroy the 
polysaccharide that holds human cells together, and facilitate 
the pathogens to spread through the body tissues.[191] The quan-
tification of this bioelement therefore has attracted the interest 
of Escosura-Muniz et al. for the development of a voltammetric 
biosensor.[100]

4.1.3. Biomarkers

Among the many biomarkers detected in the development of 
biosensors, cancer biomarkers are the most studied due to their 
great impact on the health of the world population. Cancer is 
the second leading cause of death in the world. It causes 10 mil-
lion deaths every year. Approximately one out of six deaths in 
the world is due to this disease. Galectins are excellent targets 
for tumor diagnostics and medical prognostic purposes. Several 
types of galectins are detected by fluorescence in ref. [136] with 
a LOD of 4  ng in E. coli-spiked cell lysates. Exosomes, mem-
brane-bound extracellular vesicles present in biological fluids 
constitute novel biomarkers for the monitoring and predic-
tion of cancer diseases. Voltammetry and LSPR are the detec-
tion methods used in refs. [104] and [183], respectively, for their 
successful detection. Cancer biomarker CA15-3 spiked in blood 
samples is detected by voltammetry.[112] CA15-3 is a glycopro-
tein mainly used to study patients with breast cancer. RIfS has 
been the detection method for the biorecognition of circulating 
tumor cells, concretely pancreatic cancer cells, with the use of 
anti-EpCAM antibody.[163]

Biomarkers for other diseases have also been detection 
target of biosensors. Tumor necrosis factor-alpha (TNF-α) is a 
proinflammatory cytokine important to wound healing. Rajeev 
et al. used RIfS method for its detection.[162] C-reactive protein 
(CRP) is a humoral and inflammatory biomarker whose con-
centration in serum increases dramatically during infections 
or tissue damage. Impedimmetric detection[121] and LSPR[181,189] 
have been the two methods used for the development of 
immunosensors. Other inflammatory proteins like myeloper-
oxidase—important for identifying patient risk to cardiovas-
cular disease -, and interleukin-6 protein—marker of immune 
system activation, autoimmune disorders, and cardiovascular 
diseases—have been quantified using impedimmetry[121] and 
LSPR,[185] respectively. Immunoglobulins are immune systems 
biomarkers, they are part of the adaptive immune response, in 
what is known as a specific humoral response. They constitute a 
highly effective defense against pathogens, by recognizing and 
binding to particular antigens, and by helping in their destruc-
tion. They have been detected using LSPR[186,187] and fluores-
cence[134,135] techniques. Wound chronicity biomarker Flightless 
I, a negative regulator of wound healing present at high level in 
chronic, nonhealing wounds is detected by voltammetry.[113,114]

4.1.4. Allergens

Histamine can produce allergic reactions such as hypoten-
sion, flushing, diarrhea, vomiting, and headaches. Although 

the symptoms may be different depending on every person, 
high levels of histamine can cause sneeze, tear up, or itch. 
Impedimmetry is the detection method used in ref. [123] for its 
monitoring.

4.2. Oligonucleotide-Based Detection Targets

Several types of targets have been object of study of the health 
care oligonucleotide-based sensors. Table 2 summarizes all the 
targets and detection methods explained in this section.

4.2.1. Viruses

Dengue virus (already explained in Section 5.1.) has been 
detected by impedimetric sensing in the works of Deng and 
Toh[130] and Rai et al.[131]

Ebola virus disease, formerly called Ebola hemorrhagic fever, 
is a serious and very often mortal disease in humans. This 
virus is transmitted to humans by wild animals and spreads in 
human populations by person-to-person transmission. Ebola 
virus disease outbreaks have a fatality rate of approximately 
50%. A biosensor for the monitoring of this virus has been 
developed using fluorescence detection.[139]

4.2.2. Bacteria

Escherichia coli and Staphylococcus aureus are two types of bac-
teria detected using both aptamers and antibodies as biorecog-
nition elements. E. coli has been detected by impedimetric 
spectroscopy[124] and an ultrasensitive biosensor has been devel-
oped with molecular gates for Staphylococcus aureus.[150]

Salmonella, listeria, and legionella are bacteria that generally 
enter the body through food routes seriously affecting human 
health, even with moral consequences. Current detection 
methods require long time-consuming processes that delay 
the medical prognosis and therefore the beginning of medi-
cation, causing deterioration of health. Oligonucleotide-based 
sensors are a rapid and reliable alternative to current diag-
nosis methods. Salmonella is detected by RIfS,[167] legionella is 
detected by impedimetric spectroscopy,[132] and voltammetry is 
used for listeria monitoring.[105]

Mycoplasma is a bacteria immune to common antibiotics 
and related to important pathologies such as pneumonia, 
rheumatoid arthritis, cancer, and non-gonococcal urogenital 
diseases, among others. A molecular gate-based system is 
developed by Pla et al. for its aptamer-based detection.[143]

4.2.3. Fungus

The genus Candida comprises a series of phenotypically sim-
ilar but genetically distant yeasts that produce fungal infec-
tions of varying degrees of severity. Candida albicans is the 
most common invasive fungal disease, that in extreme cases 
can cause peritonitis and intraabdominal abscesses. Candida 
auris is an emerging multidrug-resistant yeast that causes 
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Table 2.  Target analytes for oligonucleotide-based sensors.

Target analyte Detection method Pore diameter LOD Medium Refs.

Virus Ebola Fluorescence – 7 × 10–12 m Human serum [139]

Dengue Impedimetric 20, 200 nm
–

2.7 × 10–12 m
9.55 × 10–12 m

Tris buffer
Tris buffer

[130]
[131]

Bacteria Salmonella RIfS 50 nm 0.01 × 10–9m PBS [167]

Listeria monocytogenes Voltammetry 20 nm 100 CFU mL–1 KCl [105]

Legionella Impedimetric 10–150 nm 0.31 × 10–12m Tris buffer [132]

E. coli Impedimetric 100 nm 11 × 10–12 m – [124]

Staphylococcus aureus Molecular gate 5 nm 2 CFU mL–1

5 CFU mL–1

PBS
blood

[150]

Mycoplasma Molecular gate 8 nm 20 DNA copies mL–1 Tris buffer [143]

Fungus Pneumocystis jirovecii Molecular gate 5 nm 1 nm Tris hybridization buffer, bronchoalveolar 
lavage, nasopharyngeal aspirates, and sputum

[151]

Candida albicans Molecular gate 5 nm 6 CFU mL–1 Tris hybridization buffer and human serum [142]

Candida Auris Molecular gate 7.5 nm 8 CFU mL–1 Tris hybridization buffer and cerebrospinal fluid [141]

Cancer biomarkers Circulating microRNA 
miR-99-5p

Molecular gate 5 nm 0.5 × 10–9 m Tris hybridization buffer and human plasma [153]

8-oxo-7,8-dihydro-2’-de-
oxyguanosine

Molecular gate 5 nm 1 × 10–9 m
50 × 10–9 m
1 × 10–9 m

Tris hybridization buffer  
urine  

human serum

[152]

RAK I Fluorescence 150 nm – Water and blood [138]

miR-21 Voltammetry 200 nm 31 × 10–18 m PBS and human serum [108]

Mucin1 Voltammetry ≈30 nm 0.0364 fg mL–1 KCl [98]

Coagulation and cancer 
biomarker

Thrombin LSPR 60 nm 1 × 10–9 m PBS [182]

Thrombin Impedimetric 20 nm 10 × 10–12 m PBS [129]

Thrombin Voltammetry 50 nm
200 nm

1 × 10–12 m
1 nm mL–1

1.8 ng mL–1

PBS
PBS

Blood

[99]
[111]

Thrombin RIfS 60 nm 7.2 × 10–9 m PBS [68]

Angiocardiopathy 
& hypoglycaemia 
biomarker

Adenosine triphosphate 
(ATP) and potassium 

(K)

Voltammetry 25 nm 5 × 10–6 m (ATP) and 
0.4 × 10–6 m (K)

Tris buffer [106]

Neural and brain 
biomarker

Adenosine 
monophosphate

Impedimetric 11 nm 10 × 10–9 m HEPES buffer [125]

Alzheimer’s disease 
biomarkers

Amyloid β RIfS 54 nm 0.02 µg mL–1 PBS [168]

Drug Cocaine Molecular gate 8 nm 0.5 × 10–6 m
63 × 10–6 m

Hybridization buffer  
saliva

[140]

Theophylline RIfS 10, 50 nm 0.05 × 10–6 m PBS [164]

Allergen Gliadin (Gluten) Molecular gate 5 nm 100 µg kg–1  
250 µg kg–1

Tris buffer  
Mijo extracts

[154]

Salicylic acid RIfS – 0.1 × 10–6 m Buffer [172]

Toxic Lead Voltammetry 20 nm 0.1 × 10–9 m Tris–HCl [107]

DNA sensing DNA Fluorescence 32 nm 20 × 10–12 m PBS [137]

DNA RIfS 60 nm
70 nm

–
–

–
Tris buffer

[165]
[166]

DNA LSPR 60 nm 10 × 10–12m PBS [188]

DNA Voltammetry Conical from 
20 to 200 nm

1 × 10–12m PBS [110]

DNA Impedimetric –
120 nm
100 nm

100 × 10–12 m
12.5 × 10–9 m
50 × 10–12 m

Tris buffer
PBS
PBS

[126]
[127]
[128]
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serious invasive infections and high mortality, it is extremely 
dangerous and its detection and control are challenging to pre-
vent transmission. Both species have been detected with ultra-
sensitive molecular gate-based sensing platforms developed 
by the research group of Martínez-Máñez using appropriate 
aptamers.[141,142] The same sensing system has been also used 
for the detection of Pneumocystis jirovecii,[151] the fungus that 
produces the Pneumocystis pneumonia disease and that can be 
easily disseminated from person to person producing asympto-
matic or severe infections.

4.2.4. Biomarkers

Due to the worldwide importance of cancer, the biomarkers 
indicating an early detection of any type of this disease have 
been object of intense research. Circulating microRNAs 
(miRNAs) have emerged as potential diagnostic biomarkers. 
miRNAs are a class of RNA that can play important role in 
cellular processes. Altered levels of certain circulating miRNA 
have been associated with the early detection of cancer.[192] Con-
cretely, miR-99a-5p and miR-21 have been described as effective 
biomarkers of early breast cancer. The former is detected and 
quantified with a molecular gate-based system[153] and the latter 
with voltammetry.[108] Molecular gate-based sensing platforms 
are also used for the detection of another oncomarker, 8-oxo-
7,8-dihydro-2’-deoxyguanosine (8-oxo-dG).[152] This molecule is 
a product of oxidative stress processes over nucleophilic bases 
in DNA. High levels of 8-oxo-dG are indicative of colorectal 
tumors, digestive tumors, ovarian epithelial carcinoma, pros-
tate cancer, or chronic lymphoblastic leukemia. Fluorescence is 
the detection technique applied to the detection of RAK I,[138] a 
biomarker of prostate, breast, and gynecological cancer. Finally, 
the breast and epithelial cancer biomarker Mucin 1 is sensed 
with voltammetric techniques.[98]

Thrombin is a biomarker of several diseases. The detection 
of thrombin in blood is of great importance in clinical analysis. 
The thrombin–fibrinogen interaction is part of the physiolog-
ical process of blood clotting and altered levels of thrombin are 
associated with coagulation abnormalities, thrombosis, and 
platelet activation. Thrombin is also considered an oncomarker 
of pulmonary metastasis.[111] The great importance of thrombin 
in human health is reflected in the number of sensing sys-
tems developed for its detection. Voltammetry has been used 
by Zhao et al.[99] and de la Escosura-Muñiz et al.,[111] impedim-
etry by Gosai et al.,[129] RIfS by Pol et al.,[68] and LSPR by Kim 
et al.[182]

Adenosine monophosphate contributes to the formation of 
adenosine, involved in different neural processes in the brain 
like sleep, arousal, and locomotion. It is considered an impor-
tant brain and neural biomarker. Peinetti et al. detect and quan-
tify low levels of adenosine monophosphate by impedimetry.[125] 
On the other hand, adenosine triphosphate (ATP) is a studied 
biomarker for other types of diseases. Its abnormal levels are 
closely related to angiocardiopathy and hypoglycemia.[193] The 
work of Yu et  al.[106] presents a voltammetric sensor for the 
detection of ATP and potassium, also known for its effect on 
modifiable chronic diseases like hypertension, cardiac disease, 
diabetes (type-2), and bone health.[194]

Alzheimer’s disease is the most common type of dementia 
that affects more than 32 million people worldwide according 
to the World Health Organization. Alzheimer’s disease affects 
parts of the brain that control thought, memory, and language, 
being aging the best-known risk factor. An early diagnosis is 
crucial to start treatments and slow down its effects. Tabrizi 
et  al. develop a fluorescence biosensor with enhanced sensi-
tivity for the detection of amyloid β, an Alzheimer’s disease bio-
marker present in blood and cerebrospinal fluid.[168]

4.2.5. Drugs

Cocaine is the most commonly consumed addictive and stim-
ulant drug in the world, obtained from coca plant leaves. Its 
consumption causes a short-term intense high, immediately 
followed by intense depression, erratic, violent behavior, and 
dependence. A rapid and ultrasensitive molecular gate-based 
biosensor is developed by Ribes et al.[140] for the selective detec-
tion of cocaine in saliva.

On the contrary, theophylline is a drug used for the 
treatment of respiratory diseases such as asthma due to its 
bronchodilatory effect. However, high concentrations of theo-
phylline in blood are toxic and can be lethal or lead to perma-
nent neurological damage, being important to be quickly and 
regularly monitored in clinical practice. An ultrafast and sensi-
tive RIfS system for the detection of theophylline is developed 
by Feng et al.[164]

4.2.6. Allergens and Toxics

Gluten is a protein in wheat, barley, and rye. Millions of people 
worldwide are affected by digestive and health problems caused 
by consuming gluten. One of the more serious causes of a reac-
tion to gluten is celiac disease, an autoimmune disease affecting 
almost 1% of world population. A rapid (less than 60 min) and 
selective detector of gliadin (gluten’s soluble proteins) is devel-
oped by Pla et al. using molecular gates.[154]

Salicylates have potential disease-preventive activity; how-
ever, they can cause health problems to hypersensitive people. 
Salicylic acid is one of these salicylates most commonly used in 
clinical practice. Its current detection methods are costly, labor-
intensive, and require bulky instruments. Wang et al. develop a 
cost-effective, rapid, sensitive and simple salicylic acid detection 
system based on RIfS.[172]

Lead levels in blood are important for the detection of lead 
poisoning. Voltammetry is the detection method used by Chen 
et al. for the fast and sensitive detection of lead ions.[107]

4.2.7. DNA Sensing

The development of DNA sensors is of significant medical 
importance, as they are of great importance in infectious dis-
ease diagnosis.[195] For example, in viral infections, the genetic 
material of the virus inside an infected host can be detected 
using a complementary capture probe. The development 
of fast biosensors for cancerous mutation detection is also 
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medically important. DNA sensors have been developed with 
NAA oligonucleotide modified substrates using several detec-
tion techniques: voltammetry,[110] impedimetric sensing,[126–128] 
RIfS,[165,166] fluorescence,[137] and LSPR.[188]

5. Conclusions and Future Perspective

In this review, we have summarized the recent progress and 
key findings in the development of NAA-based sensing systems 
for the monitoring of health bioelements. NAA has demon-
strated to be a decisive platform for optical and electrochemical 
biosensors allowing the development of fast, label-free ultra-
sensing and selective devices. Especially important is the use 
of these biosensors for the detection of biomarkers, allowing an 
early diagnosis of great incidence diseases like cancer. We have 
discussed the different types and mechanisms of biosensors 
based on antibody and oligonucleotide receptors, classified for 
their detection method (voltammetry, impedance spectroscopy, 
fluorescence, RIfS, and LSPR). The initial success of immu-
nosensors for the detection of several analytes was followed by 
the appearance of synthesized nucleic acid sequences (gener-
ally called aptamers), more stable and specific than antibodies 
and produced by a simple, inexpensive, and time reduced 
process. The arrival of aptamers has revolutionized and revital-
ized the development of biosensors with increased sensitivity 
(≈1 fg mL–1) and selectivity.

Now and in the next years, antibody and oligonucleotide-
based biosensors will continue offering versatile and point-of 
care systems for the detection of viruses, bacteria, allergens, 
toxics, drugs, and several disease biomarkers, including 
many types of cancer. The results and the technology pre-
sented in this review demonstrate the important advantages 
and versatility of NAA biosensors for developing commer-
cial elements and devices for industrial application. Some 
of the presented biosensors (molecular gate sensors), with 
excellent detection properties and low production cost, have 
been worldwide patented and have current clinical applica-
tions. The maturity level and outputs of others demonstrate 
their utility and potential for real mankind healthcare. The 
great current pandemic that humanity is currently facing has 
arisen the immediate necessity of sensors with fast, reliable, 
and highly sensitivity detection of the virus incubation in 
patients. And not only for the virus expanded nowadays but 
also for other new viruses in a near or far future that is pre-
dicted to appear. In this line, NAA immune and oligonucle-
otide-based sensing platforms, with their high versatility and 
adaptability are real. feasible, and useful systems to be used 
for this purpose, being able to identify and quantify with the 
presented techniques any biological target with the adequate 
NAA surface functionalization. The main current challenges 
to be addressed are the development of alternative function-
alization processes, the finding of new disease biomarkers, 
and the development of high-affinity aptamers for specific 
bioagents recognition. The improvement and evolution of all 
these aspects will lead to excellent NAA biosensors, essential 
sensing and quantification elements for any type of disease, 
and with decisive use for clinical and point-of-care diagnosis 
and theragnostics.
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