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Abstract

:

Since the first attempts to mimic the human nose with artificial devices, a variety of sensors have been developed, ranging from simple inorganic and organic gas detectors to biosensing elements incorporating proteins of the biological olfactory system. In order to design a device able to mimic the human nose, two major issues still need to be addressed regarding the complexity of olfactory coding and the extreme sensitivity of the biological system. So far, only 50 of the approximately 300–400 functioning olfactory receptors have been de-orphanized, still a long way from breaking the human olfactory code. On the other hand, the exceptional sensitivity of the human nose is based on amplification mechanisms difficult to reproduce with electronic circuits, and perhaps novel approaches are required to address this issue. Here, we review the recent literature on chemical sensing both in biological systems and artificial devices, and try to establish the state-of-the-art towards the design of an electronic nose.
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1. Introduction


Parallel to our progress in understanding olfaction at the physiological level, attempts have been proposed to model our olfactory system with artificial devices. At about the same time as biochemical research was applied to olfaction with the discovery of odorant-binding proteins [1,2,3], the first attempt to mimic the human nose with an array of metal oxide-gas sensors was proposed [4].



Since then, a rapidly increasing number of publications have been exploring the possibility of measuring odours with artificial devices. The designed systems range from individual gas sensors to complex arrays, incorporating inorganic, organic and biological sensing elements into electronic, optical and other types of devices [5,6,7]. However, after nearly four decades, despite the large amount of information currently available on the biochemical mechanisms of odour perception, and the tremendous advances in electronics and computing, we are still very far from designing a general-purpose instrument able to analyse complex mixtures of gases in the way the human nose does. As a result, reliable instruments for general use are not yet available neither for industrial applications nor for research uses. Nevertheless, when we look at specific problems and focused approaches, a large variety of solutions are being proposed, tailored to selected applications in the fields of food quality, environmental monitoring and clinical diagnostics [8,9,10,11,12,13].



In this review, starting from our knowledge of the olfactory system, we shall try and identify which elements are most important for an artificial nose and what kind of strategies we can learn from physiology to meet our technological problems. Within such a perspective, we shall then analyse current solutions adopted so far for chemical analysis in the gas phase and summarise the state-of-the-art on gas sensing technologies. Finally, returning to the physiological olfactory system, we shall discuss what is still needed in terms of information and to what extent the biological system can be adapted to electronic devices, suggesting future trends in artificial smell detection and identification.




2. Information from the Olfactory System


When we plan to assemble an instrument for odour discrimination and recognition, using the approach of the human nose—what we would call an artificial nose—we are confronted with at least three major types of challenges: complexity of the olfactory code, limited knowledge of the biological system and the high sensitivity of the human nose. In the following sections, we shall appreciate the exceptional variety of natural odours and the complexity of the physiological olfactory system; we shall discover how largely ignorant we are of the functioning of our nose and the complexity of the olfactory code; we shall realise that in terms of analytical instruments we are still very far from attaining the sensitivity of the human nose, let alone that of an insect antenna.



2.1. Complexity of the Olfactory Code


Perhaps the characteristic best describing the olfactory system is its complexity. This complexity, which prevented its study until recently, can be appreciated at different levels of information and processing. At the chemical level, the molecules in the gas phase, representing the olfactory stimuli, come in a very large variety of structures; moreover, natural odours are almost always produced by complex mixtures of chemicals, where both composition and relative concentrations are important to define the right odour character, but even simple stimuli, composed of a single type of molecules, are difficult to describe and quantify [14,15]. When we try to establish relationships between chemical structure and odour, we discover that several different parameters contribute to the odour character. Unlike colours or sounds, both related to a single variable (the wavelength), odours depend on nature and position of functional groups, but also on size and shape of the molecule. This last property, in particular, is difficult to define in quantitative terms. In fact, molecules can be linear or branched chains, rings from flat to almost spherical, and the occurrence of groups and side chains can greatly affect the overall shape of the structure. Moreover, often geometrical isomers and sometimes even enantiomers present different odours. The examples reported in Figure 1 help to illustrate such concepts.



To cope with such complex and diverse variety of chemical structures, the human olfactory nose is equipped with more than 300 receptors [16,17,18,19,20]. Such a large number of sensors represent an additional level of complexity, although still inadequate when compared with the thousands of different molecules present in the environment and the millions of possible combinations. To discriminate between millions of odours with only few hundred sensors, the strategy used by the nose is that of the combinatorial code, where each receptor is sensitive at different levels to a variety of chemicals, while each odorant can stimulate to different extents several receptors [21,22]. Reproducing such complex system in an artificial device poses high challenges. The colour vision works on the same principle, but being much simpler (three basic elements instead of 300), its reproduction in artificial devices did not pose major problems, and cameras and optical detectors able to analyse colours with high accuracy have been in use for long time. On the other hand, the auditory system uses thousands of receptors, each tuned to a single wavelength, but such apparent complexity is balanced by the fact that sounds are recognised on the basis of a single variable, the wavelength, just like colours. As a result, microphones can accurately reproduce any type of sound and have been in common use for many decades. By contrast, chemical recognition is based on multidimensional measurements, whose parameters are difficult to define [14,15].



There is also complexity at the processing level. The responses of the 300 olfactory receptors generate in the olfactory bulbs unique odour pictures, that can be actually visualised using fluorescence dyes and imaging systems [23]. Such pictures, however, are further processed in the brain and integrated with inputs from other sensory modalities, as well as compared with memories of past experience [24,25]. Finally, the smell produces a sensation that becomes expressed through verbal description, behavioural responses and emotions. Although now we know a great deal on how peripheral olfactory signals are integrated at the level of the olfactory bulbs, we are still very ignorant on the complex neural network through which these messages reach other regions of the brain and what kind of processing they undergo before being consciously perceived.




2.2. Knowledge of the Biological System


The basic type of knowledge essential for modelling the human nose can be regarded as the olfactory code. In analogy with the colour code, we can define the olfactory code as the list of elementary odours that can be combined to produce the innumerable different sensations we experience every day. These odours could be represented by chemical structures, each one being the best ligand for each olfactory receptor. Therefore, breaking the olfactory code corresponds to deciphering the specificity of each of our 300 olfactory receptors.



The first attempt to systematically break the olfactory code was reported by John Amoore, who applied the study of specific anosmias to this task [26,27,28]. The phenomenon of specific anosmia, first discovered by Guillot [29] and extensively described by Le Magnen [30] is the inability of some subjects of the human population to detect one or more odours. It is equivalent to colour blindness (or daltonism) and is related to the absence or the malfunctioning of one or more olfactory receptors. However, unlike daltonism, specific anosmia is much more frequent in the human population. Moreover, the occurrence of such defects can be very high, depending on the type of smell. As an example, anosmia to the urinous odour 5α-androst-16-en-3-one affects almost half of the human population [31]. Based on a compilation of specific anosmias identified in the human population, Amoore proposed a list of about 30 basic odorants, to be regarded as “primary odours” [27].



Much later, Linda Buck and Richard Axel, using the tools of molecular biology, discovered a very large gene family coding for several hundreds of olfactory receptors in genomes of mammals [32]. In the human genome a total of 857 OR genes have been found. More than half of them are pseudogenes, leaving 391 potentially functional receptors [20,33], thus increasing by more than one order of magnitude the first prediction of Amoore on the number of primary odours.



A parallel type of information comes from recent transcriptome projects aimed at identifying RNA sequences encoding olfactory receptors and actually present in the nose [33,34]. From such studies we learn two important facts: (1) the expression of olfactory receptors at the RNA level can be highly variable between genes; (2) the repertoire of olfactory genes in the human nose is different between individuals, providing a molecular evidence to the phenomenon of specific anosmias observed earlier in the human population.



A profiling study [34], performed on 26 human subjects, revealed that only 90 OR genes were expressed in the noses of all 26 individuals, while 140 additional genes were found in half of the subjects, the total number of genes identified in all 26 subjects being 343. For a first simplified model of the human nose, we can assume an olfactory code based on 90 ORs, while a better approach could include the additional genes detected in half of the subject analysed reaching a total of 230 ORs. The high percentage of OR genes present only in a part of the human population provides an idea on the wide occurrence of specific anosmias. At the same time, it is difficult to define a set of genes typically expressed in the average human individual, in order to list the basic odours that an artificial nose should be able to smell.



These figures give us a first idea on the complexity of the olfactory code. However, we might find in the end that the number of primary odours can be further reduced, when we account for the redundancy of the olfactory code. In fact, looking at the 50 human ORs which have been “deorphanised”, i.e., for which ligands have been identified, we often find two or three ORs tuned to the same molecular structures. This can be easily appreciated from the phylogenetic tree of Figure 2, where these 50 ORs are reported together with the structures of their best ligands. The redundancy observed for several of them probably represents a measure to ensure that in spite of random mutations that might switch off some receptors, we would still be able to detect some important odours. The lesson to learn, in this case, is that redundancy of sensors tuned to the same smells can be useful in an artificial nose to cope with the expected deterioration and poisoning of sensing elements exposed all the time to the environment.




2.3. Sensitivity


One of the great challenges in reproducing the functioning of biological noses is to match their exceptional sensitivity. Even the human nose, whose performance if far below that of an insect antenna, can detect volatile molecules at concentrations lower than any analytical instrument. The sensitivity to odours is usually reported as “olfactory threshold”, that is the minimum concentration that an average individual is able to detect. Often olfactory thresholds are referred to concentrations of the odorant in water and span several orders of magnitude across different volatile compounds. Excluding very weak odorants, such as hydrocarbons, lower alcohols and long-chain fatty acids, odours can be perceived by humans in solutions containing from some ppm (parts per million or mg/L) to few ppt (parts per trillion or ng/L), spanning six orders of magnitude.



Such a wide range of potencies across different molecular structures suggests that only few volatile compounds are able to fully and efficiently activate their corresponding olfactory receptors, while the majority of odorants are moderate to poor ligands for the available set of ORs and therefore require higher concentrations to switch-on a receptor. This observation may indicate a back door to the breaking of the olfactory code. As a first crude approach, we can take the strongest odorants as those best fitting single ORs and suggest them as candidates for “primary odours”. We cannot exclude, however, that for some types of odours higher thresholds may depend on receptors, which are not finely tuned to one or few molecular structures, but rather respond to a class of chemicals. Figure 3 reports some typical examples of odorants with very low olfactory thresholds [28,31,35,36,37,38,39,40,41,42,43,44,45,46,47,48].



The actual number of molecules reaching the nose is difficult to evaluate, depending on the air/water partition coefficient, the temperature, the air flow and other parameters, but certainly is a very small fraction of those contained in the sniff bottle. However, for the strongest odorants, such as 2-isobutyl-3-methoxypyrazine or geosmin (detected in water solution at concentrations around 10 pM), we can estimate that few picograms are enough to be perceived by the human nose. Incidentally, we can observe that insects are much more sensitive to odours, in particular to pheromones. It has been estimated that about 1000 molecules hitting the antenna of the silkmoth Bombyx mori are enough to elicit a behavioural response to bombykol, the specific sex pheromone [49,50,51]. For most odorants, however, human olfactory thresholds are much higher with detection limits in the order of nanograms. Such values compare well with the performance of most mass spectrometers, which are the most sensitive analytical instruments. However, mass spectrometers are bulky, expensive and complex equipment, and, unlike the olfactory system, need a separation step before performing the analysis.



Therefore, we should better compare the sensitivity of the biological nose with those of electronic instruments currently used as gas detectors. These will be described in the next section, but we can anticipate that their detection limits are orders of magnitude higher than that of the human nose. Unless we improve the sensitivity by at least 3–5 orders of magnitude, we cannot adopt currently available devices for the analysis in real time of odours in the food industry or in the environment. This problem has represented so far a major bottleneck and is going to be one of the main concerns in building an artificial nose. Electronic amplifiers can improve the signals, but up to a certain extent, because the noise, intrinsic to any type of measurement, will be amplified by the same factor.



A new approach therefore is needed, and again we can get inspiration form nature, although at present technical difficulties need also to be overcome. In the biological olfactory system amplification is obtained by the use of an enzymatic cascade through a G-protein and the action of adenylate cyclase [52,53]. This mechanism is equivalent to an electronic amplifier and represent only part of the solution. To amplify the signal and at the same time reduce the noise, in the physiological system the output from several hundreds peripheral olfactory neurons converge to a single glomerulus in the olfactory bulb [16,54]. It would be tempting to connect a large number of identical gas sensors in parallel to achieve a similar result, but the current technology does not enable us to fabricate identical sensors, as the neurons in our nose.





3. An Artificial Nose


To model the olfactory system with an artificial device, we can identify three steps in the process of translating chemical information encoded in volatile molecules into measurable parameters describing odour quality and concentration.



	
An array of gas sensors, able to interact with volatile molecules and produce some sort of signal (electrical, optical, etc.) suitable to be amplified and processed.



	
An amplifier to cope with the very low concentrations associated with odours.



	
A pattern recognition software for recognizing specific response profiles associated with different odours.






In the following sections we shall discuss current technologies applied to the fabrication of gas sensors, focusing on biosensors for odours based on binding proteins. Instead, aspects related to signal amplification and pattern recognition are outside the scope of the present review.



3.1. Detecting the Signals


Chemical sensors to be used in an artificial nose should respond to odours using the same strategy adopted by the human nose. To clarify this concept, we can break it into a number of more specific and focused questions:




	
Type of sensing elements. Obviously we can adopt sensors very different in their nature from olfactory receptors (they do not even have to be proteins), as far as they discriminate between different molecules on the same basis adopted by the biological systems; we know that, apart from few exceptions, stereochemical parameters are more important than functional groups, therefore our sensors should discriminate on the basis of size and shape; as an example, it is important that 1-octanol and 3-octanol, which smell floral and mushroom, respectively, should be clearly discriminated, while the latter should be rated as similar to 3-octanone, which also smells mushroom.



	
Number of sensing elements. Mammals use several hundreds of different receptors, and humans in particular just over 300; are they really required, when with only three optical sensors we can discriminate millions of colours? The answer lies in the different performances of colour vision and olfaction. While with our nose we can pick-up single specific olfactory notes in a complex odour (just think of how we can detect with our nose the ingredients present in foods by inhaling their volatiles without separating the components), the three colours mix in our brain and we only perceive the final result. Such feature of olfaction is very important when it comes to smell some off-odour in our food among a variety of different good flavours, but is much more important in other animals, whose life depends on a correct functioning of their sense of smell: the gazelle can detect the smell of the lion, and vice versa, among a large number of environmental odours; likewise, an insect can recognise the sex pheromone released by the female of its own species among dozen of similar odours produced by other insects. On the other hand, the auditory system is equipped with thousands of sensors, each tuned to a very narrow part of the spectrum, thus enabling us to understand a conversation against an intense background of different sounds.



	
The question of the code. Physiological noses detect and discriminate between a very large number of odorants using a combinatorial approach, which is based on a certain code. Just like the letters of the alphabet, used to form thousands of different words, elementary signals generated by each olfactory receptor combine into a complex odour picture. Now, the question is whether we are bound to use the same code as the natural one when designing an electronic nose. The answer is complex and depends on what sort of an instrument we aim to achieve. For a faithful of reproduction of the human nose, probably we have to use chemical sensors with more or less the selectivity of the natural olfactory receptors. In other words, we can better use the same code, but not necessarily. Our olfactory receptors are rather broadly tuned and cover with their sensitivity most of the spectrum of chemical structures within certain size limits: therefore, we could also adopt sensing elements whose individual response spectra are different from those of the natural receptors, provided that the all set of sensors covers the same area of chemical structures detected by the human nose. To make a simple analogy with colour vision, an instrument for measuring the colour could be made with three sensors not necessarily tuned to the same wavelength of our three rhodopsins, as long as the set of the three sensors covers all the interval from 400 to 800 nm.








We can conclude that we need a large number of sensors, likely of the order of 100 or more, with broad overlapping specificities, and discriminating odorants on the same strategies adopted by the human nose; but we are not bound to adopt the same code. However, a knowledge of the human olfactory code is still essential when choosing the sensing elements. Table 1 summarizes the main characteristics of biological noses and artificial chemosensors mimicking the coding and discrimination of the human olfactory system.



Once agreed upon the fact that we do not need to incorporate our olfactory receptors into artificial sensors for odours, we can discuss the criteria for selecting the most appropriate materials. Once again, the choice depends on the applications of our electronic nose.




3.2. The Question of the Environment


A basic distinction can be made on the environment in which our sensors should operate. Both in natural system and in artificial devices, temperature and humidity are of great importance, particularly when using proteins as sensing elements. Strange enough, to smell air-borne molecules we use a system whose components work in a water environment and would become inactivated if dried. When animals emerged from an aqueous to a terrestrial life, this was probably one of the greatest challenges they had to face. Olfaction is vital to most animal species and the first terrestrial species needed to smell the new environment to survive. Vertebrates keep their olfactory receptors within a moist environment with the help of a mucus made of large glycoproteins [55]. This solution works well in a living organism, where the elements of the system are continuously replaced, but would pose technical difficulties in an artificial device. Moreover, a layer of a hydrogel to keep the right humidity around the proteins of a biosensor, mimicking the biological mucus, could slow down the diffusion of odorant molecules towards the sensing elements, and, even worse, away from them, thus creating serious problems for the regeneration of the device. In nature, apart from a flow of mucus continuously washing the olfactory epithelium, there are active mechanisms of interrupting the signal and regenerating the receptors [56,57].



The choice of the materials for our sensing elements is related to that of the environment. Proteins, such as receptors and soluble binding proteins, would provide the best selectivity for odorants, but require an aqueous medium. On the other hand, solid state sensors, such as those based on semiconducting organic materials do not provide, at the present state-of-the-art, a satisfactory capacity of discriminating between volatiles of similar structure but different odours. In the next section we shall compare the performance of different types of gas sensors and evaluate advantages and problems related to each kind of material.





4. Types and Performance of Gas Sensors


4.1. Metal Oxides


We focus here on metal oxides and conducting polymers as chemical sensors, representing the most frequently used platforms in gas sensing devices. The first materials adopted for gas detection were the so-called MOS (metal oxide sensor) constituted of pellets of metal oxides, such as zinc, tin, nickel, but also other transition metals, whose electrical resistance changes when in contact with organic compounds in the gas phase. More recently, graphene-based materials have been added to this family of gas detectors [58]. These sensors are simple, cheap and robust. However, they present two main problems: (a) they have very limited selectivity and respond with similar intensities to most, although not to all, volatiles; still, a rudimentary version of an “artificial nose” was built with three such sensors [4], although the main value of that first work was to prove the feasibility of detecting and discriminating smells; (b) the other disadvantage is more of technical nature and is their very slow regeneration, as they have to be heated at 300 °C to bring the response back to base line. These sensors are still used as smoke alarms or to detect leaking of cooking gas in homes.




4.2. Conducting Polymers


Organic conducting polymers represented a great step forward to improve selectivity. As in the case of MOS, electrical resistance is the parameter measured in response to odours. Large variations have been observed, depending on the polymer and the odorants. Perhaps the highest sensitivity has been recorded using polypyrrole and ammonia [59,60,61,62]. But the great advantage with these materials is the possibility of changing their spectra of response by modifying their chemical structure. The skeleton can be represented by chains of identical units of pyrrole, thiophene, aniline and other aromatic units, but could also contain more than one basic ring connected in different ways along the chain. Moreover, and most interestingly, the monomer can be chemically modified in a large number of possibilities, each giving rise to a different polymer. For instance, polymers analogous to polypyrrole have been prepared starting from derivatives of pyrrole bearing different groups attached to the nitrogen atoms, form alkyl chains of different lengths, aromatic rings and functional groups, such as a hydroxy, a carbonyl, a carboxylic acid or an amine [63]. These groups are similar to those found in proteins, although the linear structure of conducting polymers does not allow the formation of a binding cavities, as in proteins. Consequently, the selectivity of conducting polymers and other organic materials, although being much better than that of MOS, is still very broad.



In some cases, however, discrimination between homologous compounds of the same chemical class, such as the series of linear alcohols, has been achieved with such materials, but the mechanisms behind are not well understood [61]. Basically, we assume that a ligand with a functional group very likely should establish the strongest interaction between its functional group and the charges located along the backbone of the polymer. In polypyrrole, there is on the average a positive charge every four pyrrole units. Such interaction can be modulated by groups attached to the backbone of the polymer, which could make the accession to the charged atoms easier or more difficult, according to the structures of these groups and those of the odorants. For example, in some cases there could be steric hindrance preventing the odorant molecule from reaching the polymer backbone. In other cases, the groups attached to the polymer main chain might facilitate the approaching of the odorant by establishing weak types of interaction.



At present a large number of semiconducting materials have been synthesised and characterised, and more than 100 are commercially available [62]. However, we are still unable to design a conducting polymer with a sort of binding pocket, as in a protein, exhibiting a certain specificity to molecular structures. This does not mean that a better focused research and perhaps new strategies could lead to semiconducting materials with designed and specific binding pockets for target volatiles.




4.3. Olfactory Receptors


If OBPs can be regarded as the ideal proteins to use in electronic sensing devices, thanks to their high stability combined with easy and inexpensive production and the possibility of modifying their specificity of binding, still they do not bear close relationships to the olfactory system, at least to the human nose. In fact, OBPs of vertebrates are dedicated to pheromone detection and linked to the vomeronasal organ, a function and an organ that have disappeared in higher primates [64]. OBPs of insects, on the other hand, although many of them are tuned to plant volatiles, chemicals that we can also smell as humans, do not mirror the specificities of the human olfactory receptors.



Consequently, the ideal choice for mimicking the human nose, falls on olfactory receptors [65,66,67,68,69,70]. This choice, however, carries serious difficulties that at present state of the technology cannot be addressed. As most kinds of receptors, those of our nose are transmembrane proteins, therefore need a membrane to sit across, and are very delicate as far as their three-dimensional structure is concerned. Artificial membranes can be fabricated and are rather stable in a laboratory environment but represent a weak element when part of a commercial instrument. The expression and reconstitution of olfactory receptors is far from easy, although few of them have been successfully expressed with very low yields, in heterologous systems.



There is another problem of different nature when dealing with membrane-bound receptors. Once the odorant has entered the binding site and a signal has been produced, it is almost impossible to regenerate the receptor. The strategy that is often followed is that of having what seems like disposable sensors: the entire complex is engulfed inside the cell and its components recycled. A company claims to provide an array with all the human olfactory receptors to be used as an artificial nose. This array is disposable and can be used for a single measurement, leaving open all the questions on the reliability of such measurements.




4.4. Soluble Binding Proteins


Proteins would represent the ideal sensing elements for an electronic nose, providing the required selectivity and offering the possibility of borrowing the same proteins actually used in the olfactory system. However, as already discussed, proteins require an aqueous environment, a situation difficult to reproduce in an electronic device aimed at detecting air-borne molecules. Nevertheless, they can be adopted for sensing devices in solution, instruments that we could more appropriately call electronic tongues rather than electronic noses.



Thanks to their simple structure and high stability, odorant-binding proteins (OBPs) represent good candidates to be incorporated into sensing devices and have been successfully used to detect odorants. OBP is the common name given to two distinct families of proteins of vertebrates and insects endowed with the role of carrying hydrophobic odorants across an aqueous environment, the vertebrate nasal mucus and the insect sensillar lymph, to the membrane-bound olfactory receptors. Vertebrate OBPs contain 150–180 amino acids folded in a compact structure known as β-barrel and constituted of eight β-strands and a small α-helix [71,72,73]. Those of insects are smaller (120–140 amino acids) and folded into six α-helices domains [74,75]. Proteins of both classes present a binding cavity where molecules of odorants and pheromones can be accommodated with relatively good affinity (dissociation constants in the micromolar order). Their selectivity to hydrophobic ligands is not as high as known for olfactory receptors, but fine discrimination has been reported in several cases, such as the two enantiomers of carvone bound with different affinities by the pig OBP [76] or the panda OBP5 able to distinguish between stearic, oleic and linoleic acid, as well as isomers of oleic acid differing for the position of the double bond [77].



OBPs present several advantages if used in biosensing elements for odours. First, they can be produced in bacteria in relatively large quantities (20–40 mg/L) and easily purified by simple column chromatography. More interestingly, their compact structure grants them an exceptional stability to temperature, withstanding boiling for several minutes [78,79,80,81], to proteolytic digestion [82] and organic solvents. This characteristic is certainly useful in proteins being exposed to harsh environmental conditions.



The structure of OBPs can also be modified with simple protocols of site-directed mutagenesis to change their affinity and selectivity to ligands and generate tailor made sensing elements for specific requirements. For example, replacing phenylalanine 88 in the pig OBP with a tryptophan obtained the effect of inserting a fluorescent probe in the binding cavity to monitor the entrance of ligands. At the same time, such replacement increased the affinity of the protein to polycyclic hydrocarbons [83], but also unexpectedly endowed the pig OBP with the capacity of discriminating between the two enantiomers of carvone [76]. Another example is given by one of the OBPs of the moth Helicoverpa armigera, GOBP2, which is tuned to the species-specific sex pheromone (Z)-11-hexadecenal and structurally related aldehydes. Replacing two or three amino acid residues in the binding pocket of the protein was enough to drastically reduce affinities to long-chain aldehydes and shift the specificity of GOBP2 to terpenoids [84]. In a similar work, a single amino acid mutation in the OBP3 of the giant panda, which binds long-chain aldehydes and several plant-derived terpenoids, narrowed the specificity of this protein to the second class of compounds [77]. Based on the wide and detailed structural information on OBPs and on the role of single amino acid residues, as learned from studies of site–directed mutagenesis, we can easily conceive the possibility of designing completely new proteins tuned to desired ligands.




4.5. Transducing Strategies


When using metal oxides or semiconducting polymers as gas sensing elements, a signal is directly produced as a change in electric resistance upon interactions with odours. But a protein, such as a receptor or a soluble binding protein, only undergoes a conformational change, that has to be converted into a signal that can be measured, amplified and processed. There are a number of alternatives to perform such step, basically falling into three categories, where changes of mass, optical signals or electric properties are measured.



Using piezoelectric quartz crystals, a change of mass can be accurately measured by monitoring its oscillation frequency. The method, called surface acoustic wave (SAW), involves immobilization of the protein the protein on the crystal and monitoring the change of frequency occurring when a ligand binds to the protein, thus increasing the mass of the sensor [85,86]. The method has been applied to odour sensing, using the bovine and the pig OBPs to monitor the presence of common volatile compounds [87]. A problem related to such technique when utilised to detect chemicals in the gas phase is caused by changes in the environmental humidity, that can be difficult to control. In some cases, a reference sensor can reduce the inaccuracy involved [87].



Optical sensors can record changes in refractive index consequent to binding of a ligand to a protein or a DNA fragment. The technique, called surface plasmon resonance (SPR) was adopted in the Biacore commercial instruments. This approach has been used to monitor binding of odorants to olfactory receptors [88,89] immobilised on a prism, with detection limits in the micromolar range. The method, however, requires the use of bulky and expensive instruments. Moreover, it provides reliable results when the ligand is a large molecule, such as a protein or DNA fragment, but is not very accurate in the case of a small organic compounds, as an odorant. A simplified system has been described, with an OBP immobilised on an optical fibre, that could lead to the fabrication of portable biosensors [90].



Electronic sensors modified with OBPs have been used in voltage, current and impedance detectors. In some recently assembled devices, field effect transistors have been modified by attaching OBPs to the gate electrode and measuring the variations in current produced in the presence of various ligands. A study of this type, using the OBP14 of the honey bee linked to reduced graphene oxide, successfully detected eugenol, the best volatile found for the same protein in solution fluorescent assays, but was insensitive to methyleugenol, thus exhibiting a finely tuned specificity [91,92]. High selectivity was also reported for the pigOBP1 immobilised on the gold gate electrode of a transistor, that was able to discriminate between the two enantiomers of carvone, again producing responses in agreement with data obtained by fluorescent binding assays [76].



Several recent papers describe the fabrication of biosensors using interdigitated electrodes coated with OBPs embedded in nitrocellulose. Such devices respond to the presence of ligands with changes in impedance [93,94,95,96].



Several terpenoids and honey bee pheromones were detected with a biosensor using Apis mellifera OBP2 [88], while the OBP2 of Bactrocera dorsalis immobilised in a similar type of device was found to respond isoamyl acetate, β-ionone and benzaldehyde [95]. The honey bee CSP3 was also used in a parallel study and reported to detect isoamyl acetate, geraniol and phenylacetaldehyde [93].



At present, there are many reports in the literature describing biosensors where an olfactory soluble protein is used as a detector element, but each one is focused on a different protein and different ligands, making a comparison of the published data almost impossible. Moreover, studies comparing the performance of a protein when immobilised in a biosensor with that of the same protein in solution are still lacking. Systematic investigations need to be performed on large numbers of ligands for each protein and dissociation constants calculated from the biosensor responses should be compared with values measured in classical ligand-binding assays.





5. Conclusions


After reviewing the information available on the physiological olfactory systems and the state-of-the-art on gas sensor technologies, we can return to our first question and ask what we still need to design an instrument capable of discriminating odours with performance similar to that of the human nose. The conclusion is that we are still far from building an artificial nose, although this represents a feasible goal in the future.



The main difficulties still come from our poor knowledge of the olfactory code, having deciphered only 50 letters of about 300 that make our smell alphabet. Such basic set of information is necessary even if it might seem as if we do not necessarily need to always use all our biological olfactory receptors as sensing elements. After having identified the best ligands for each of our 300 olfactory receptors, we can certainly reduce the total number of sensors needed, based on the apparent redundancy already observed within the 50 deorphanized ORs. It is likely that a first rudimentary version of our electronic nose could be based on less than 100 different sensors. However, it is worth noticing that redundancy, that makes the biological system more robust and reliable, also improves the performance of electronic noses [97].



Concerning the detecting elements, only proteins have so far shown a selectivity comparable to that of our ORs. However, proteins present some technical disadvantages, due to their poor stability and easy degradation in common environmental conditions. Besides, they need an aqueous environment to keep their functionality, and therefore an appropriate solution for providing an air-water interface. As proteins, OBPs present several advantages over ORs for their better stability and easy of synthesis, but we cannot exclude that our knowledge on the structure and binding modes of OBPs might enable us to design and synthesize completely artificial proteins with improved properties with respect to the biological ones.



Finally, sensitivity still represents a major issue. Currently available gas sensors work at concentrations of ligands several orders of magnitude higher than those capable of producing an odour in our nose. Classical amplifiers, on the other hand, have limits due to the intrinsic noise of electronic circuits. A novel approach to solve this problem is needed, but so far it is difficult to formulate any suggestion on the basis of available technologies.
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Figure 1. Complexity of odour coding. Smell can be only analysed in a multidimensional space, where different molecular parameters contribute to the perceived odour. The examples reported in the figure illustrate the effect of functional groups (nature and position), as well as stereochemical parameters on odour quality. Cases have been reported of enantiomer pairs smelling different, although this is not common in human olfaction. 
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Figure 2. Phylogenetic tree of the 50 human receptors so far deorphanised. Each receptor is associated with the structure of its best ligand. In several cases, two or more receptors are tuned to the same odour (indicated with same colour). Such redundancy likely insures that important odours can be detected in case some receptors become faulty of silenced. On the other hand, this observation allows us to predict that the total number of basic odours representing the olfactory code (and therefore the number of sensors required for an artificial nose) can be significantly lower than the 300–350 functional genes encoding for olfactory receptors in the human genome. 
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Figure 3. Examples of volatile compounds with extremely low olfactory thresholds for humans. Together with names and structures, odour description is reported in italics, olfactory thresholds in ppb (parts per billion) and reference in parenthesis. The olfactory threshold values are given as an indication as differences by one order of magnitude are often found between published works. Moreover, sensitivity to each specific odorant can span two orders of magnitude across the human population. 
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Table 1. Features of biological and artificial noses.
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	Feature
	Biological Noses
	Artificial Noses





	Type of sensing elements
	Membrane receptors of broad overlapping specificity
	Macromolecules with a moderate degree of specificity (OBPs, other binding proteins, DNA)



	Number of sensing elements
	About 300 in humans, up to 1000 in other mammals, around 100 in insects
	At least 100 types to mimic the discrimination and the wide range of odours detected by the human nose



	Coding strategy
	Discrimination mainly on the basis of stereochemical parameters, but in some cases also of functional groups
	Stereochemical parameters and functional groups
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