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Abstract

The fundamental goal of prosthesis is to achieve optimal levels of performance and enhance the quality of life of amputees.
Socket type prostheses have been widely employed despite their known drawbacks. More recently, the advent of osse-
ointegrated prostheses have demonstrated potential to be a better alternative to socket prosthesis eliminating most of the
drawbacks of the latter. However, both socket and osseointegrated limb prostheses are prone to superficial infections during
use. Infection prone skin lesions from frictional rubbing of the socket against the soft tissue are a known problem of socket
type prosthesis. Osseointegration, on the other hand, results in an open wound at the implant-stump interface. The integra-
tion of infection sensors in prostheses to detect and prevent infections is proposed to enhance quality of life of amputees.
Pathogenic volatiles having been identified to be a potent stimulus, this paper reviews the current techniques in the field
of infection sensing, specifically focusing on identifying portable and flexible sensors with potential to be integrated into
prosthesis designs. Various sensor architectures including but not limited to sensors fabricated from conducting polymers,
carbon polymer composites, metal oxide semiconductors, metal organic frameworks, hydrogels and synthetic oligomers
are reviewed. The challenges and their potential integration pathways that can enhance the possibilities of integrating these

sensors into prosthesis designs are analysed.
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1 Introduction

Prosthetic devices date back thousands of years and they
have been in use with varying levels of success since their
inception [1, 2]. The advancements in the field of robotics
and healthcare have revolutionized the field of prosthesis
in recent years and are continuing to improve the quality of
life for amputees [3—6]. The constantly increasing research
interests on these prosthetic devices can be attributed to the
need for further improvement of the functionality and safety
of these devices.

The functionality of these devices could be measured
through a measure of their everyday performance levels. The
close replicability of the full range of motion (RoM) and
amputee specific design with appropriate parameters such as
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physical dimensions and mass can be construed as a measure
of the biomechanical performance of the prosthetic device.
Apart from mechanical functionality of prosthetic device,
the second main measure of the goodness of a prosthetic
is the comfort level they can provide to the amputee. This
encompasses the goodness of fit and the extent of seamless
integration to the residual limb of the amputee with minimal
tissue damage.

The functionality improvement in prosthetics has been
constantly evolving in parallel with innovative technologies.
From sixteenth-century, the increasing use of mechanisms
and gears have resulted in replacement of single link pros-
thesis [7] to a multilink prosthesis [8] and in more recent
times, with the advent of information age and microelec-
tromechanical systems (MEMS), the ability to integrate
complicated controllers and sensors to the prosthetics [5,
6] has resulted in improved functionality. Furthermore, in
the late twentieth-century, the advancements in 3D printing
technology have enabled fabrication of numerous prosthesis
designs that were deemed complex for traditional fabrication
methods [9-13].
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1.1 Limb prosthesis

Socket prosthesis has been the dominant form of prosthesis
since the early days of prosthetics [1, 8] and is still to date
the widely prescribed form of prosthesis. With the increase
in computational capabilities, socket prosthesis design has
been optimized through finite element models [14, 15].
Improvements in wireless communications technology
and the onset of Internet of Things have further enabled
prosthetic manufacturers and researchers to embed various
sensors capable of measuring prosthetic loads [16—-18], the
RoM/gait of the patients [19-21] and in some cases even
provide sensory feedback to the patients [22]. Despite the
various improvements to the socket prosthesis designs over
time, studies of periodic surveys of amputees who have been
prescribed socket type prosthesis [23, 24] clearly indicate
that despite their long established history as a prosthetic
device, they are extremely uncomfortable.

Socket based prosthesis essentially wrap around the resid-
ual limb of an amputee as schematically shown in Fig. la.
This constant contact between the socket and the soft tissue
combined with the movement-induced shearing between
the socket surface and the residual limb, the load-induced
changes in frictional forces on the soft tissue and slippage
of socket have been commonly reported as causality for dis-
comfort. These factors not only induce discomfort to the
amputees, but have also been reported to be a contributing
factor for various ailments such as but not limited to edema,
skin irritation, cysts and blisters as reviewed by Lyon et al.,
Levy et al., and Meulenbelt et al. [25-27]. These compli-
cations when left unchecked can result in infection of the
socket-tissue interface areas making use of socket prosthesis
impossible until the infection is treated and the skin compli-
cation is healed.

The introduction of osseointegration process in the
early 1950s and a pioneering surgical procedure of osse-
ointegrated dental implants by Branemark demonstrating

osseointegration as a technique for rehabilitations, have led
way to a far better and more functional alternative to tradi-
tional prosthetics [28]. While over 800,000 patients have
undergone dental osseointegration, since 1965, with long-
term success rates [29] and over 2000 published medical
articles, strong basis for this surgical procedure has been
laid out. Following this, more recently this surgical proce-
dure administered for upper and lower limb amputees. A
schematic of a typical osseointegrated implant is shown in
Fig. 1b. With the implant being in contact directly with the
bone tissue, the microcirculation of the bone around the load
carrying implant provides a much stronger musculoskeletal
level integration. As shown in Fig. 1b, the titanium implant
acts as a direct extension of the residual bone and would
thus enable far greater mechanical loading with minimal
discomfort for the patient. This transcutaneous implant
architecture has demonstrated far greater comfort levels
and patient satisfaction (95%) over traditional socket type
prostheses [30, 31]. In a study carried out by Meent et al.
[32] on the walking ability of amputees with prosthetics,
the patients with osseointegrated prosthesis were capable
of walking 44% faster and 27% longer than patients with
socketed prosthetics. Despite being a newer medical proce-
dure, the average osseointegrated prosthesis medical cost,
according to Haggstrom et al. [33] is approximately €500/
year lesser than socket prostheses.

Osseointegrated prosthesis having been demonstrated to
be far superior to that of socketed prostheses, is not free of
drawbacks. The transcutaneous architecture of the prosthe-
sis demands a surgical procedure for the insertion of the
titanium implant into the residual bone. This results in an
open wound at the implant-stump interface. While success-
ful healing of this wound can result in a complete and strong
osseointegration, any incomplete healing of this wound
might result in repeat surgery and in some cases even com-
plete removal of the titanium structure. Clinical reviews con-
ducted following osseointegration process clearly indicate
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the main reason behind unsuccessful osseointegration as
tabulated in Table 1.

The main complication associated with osseointegrated
implants was clearly infections (both superficial and deep
infections). Deep implant infections are typically a result of
nosocomial (hospital environment related) pathogens that
can attach on to the implant or the open wound during surgi-
cal procedure. Superficial infections however can be picked
up by the patient both while in the hospital and from exter-
nal sources following the surgical procedure. The superficial
infections when left unchecked can spread and manifest as
deep implant infections. Branemark et al. [35] in his recent
study reported that among 11 patients with deep implant
infections, the infection-impaired bone-implant bonding
resulted in an early loosening of the implant. While non-
infectious complications due to improper loading and insuf-
ficient rehabilitation associated with this relatively newer
surgical procedure are fairly low (< 10%), the primary cause
of repeat surgeries and implant removal could be associated
to infectious complications.

1.2 Infectious complications

Infection related complications being a commonplace in
both the traditional socket prostheses and the more recent
osseointegrated prosthesis, it becomes critical to address this
issue to ensure these prostheses are more robust, reliable
and safe. The pathogens (mostly bacteria and in some cases
viruses) are present even in cleaner and hygienic hospitals in
developed countries [37]. It was identified that most nosoco-
mial bacteria and viruses can survive on inactive surfaces for
months together and can be a source of transmission unless
the surface is regularly disinfected [38]. A complete and
thorough disinfection is not possible and furthermore, the
threat of antimicrobial resistant bacteria [39] further com-
plicates this issue. Biofilm formation on implants have also
been identified to be the most devastating complication and
the review by Gbejuade et al., clearly outlines the formation
of biofilms and their effect on a successful joint arthroplasty
[40]. Among 39 patients studied, it was identified that over
40% of the patients showed signs of Staphylococcus aureus
(S. aureus) infections with 25% of the patients showing
signs of Coagulase-Negative Staphylococci infections. The

remaining patients exhibited signs of various Streptococci
strains, Enterococcus faecalis, Escherichia coli (E. coli) and
Pseudomonas aeruginosa infections at the implant-stump
interface with several patients were identified to be infected
with more than one bacterial species [40]. Superficial infec-
tions, if identified in early stages can be easily cured, but
deep implant infections if present poses a more serious
threat.

The implant during the surgical procedure is not com-
pletely isolated from any air-borne or contact-transferred
pathogenic contaminants. Their instantaneous adhesion onto
the titanium surface has been identified as the most critical
step for introducing pathogens into the soft tissue of the
amputee [41]. With the release of such findings, novel self-
sterilizing coatings such as those created by Ohko et al. [42]
and antibacterial coatings [43], especially those that specifi-
cally prevent S. aureus adhesion to implants [44] have been
developed and implemented. Furthermore, to deter deep
implant infections, antibiotic pellets are also placed before
the wound is sutured during the surgical procedure. After
released from surgical care, any presence of infection and
lack of detection of early stage infections can lead to propa-
gation of infection into the implant-stump interface. Patient
carelessness and oversight on medication could be attributed
as a major source of superficial infections and further com-
plications resulting from these infections.

From sensors that can accurately monitor the pressure
levels exerted on the prosthesis to sensors that can monitor
the structural health, the prosthesis industry would greatly
benefit from a novel sensor that can accurately identify the
early stage infections irrespective of the species of pathogen
present. Detection of pathogen is however not a simplis-
tic procedure. Traditional approach for infection diagnosis
is through periodic physical swab sample collection. The
patient is required to visit the hospital to provide a cotton
swab sample from the open wound. This swab sample is
then cultured on a nutrient medium which might take any-
where between 24 and 48 h depending upon the potency
of pathogens present. As the sample collection and culture
preparation locations are usually not at the same place, the
contamination of swab sample during the transit or handling
process can result in false positives. This process has already
been deemed too slow and ineffective in most cases when the

Table 1 Complications from follow up studies on patients with osseointegrated prosthesis

Clinical review Referenced articles

plications rate (%)

Average skin infections/com-

Implant loosening/
fracture rate

Average repeat
surgeries rate

Average
implant
removal rate

Meent et al. [32] 36
Branemark et al. [34, 35] 55
Aschoff et al. [30, 31, 36] 46

4% - 8%
2%17% 60% 9%
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culture’s nutrient medium may not support multiplication of
certain bacterial species. Hence, alternative approaches have
also been established such as use of enzyme immunoassays
[45], polymerase chain reactions [46] and ligase chain reac-
tion assays [47]. While these approaches have been demon-
strated to be more effective in diagnosing bacterial presence,
the number of steps involved in identifying the strain such
as selection of primer sequences for effective amplification
of the sampled DNA and in assay preparation increases
the complexity of the process. Any wrong selection of the
primer sequence or the contamination introduction can again
result in false positives. Even when carefully controlled,
these approaches still make use of chemical assays. The use
of such assays makes it extremely difficult for integration
into prosthesis designs. Hence, an alternative approach to
detecting bacterial presence is needed.

2 Infection sensing through olfaction

As ways of determining wound infections, albeit only the
late stages of infections, the Greek and the Chinese, as early
as 2000 BCE, have used olfaction or ‘smell’. An infected
wound smells vastly different (in most cases pungent smell-
ing) than that of a healthy wound which was used as an
indicator of infection presence [48]. Pathogens, being a
basic lifeform, metabolize nutrients for survival. The nutri-
ent metabolism results in the release of metabolites from
pathogens. These metabolites are in essence volatile organic
compounds (VOCs) that emanate from the wound surface.
This ancient method of infection diagnosis has been long
discarded, as this approach is only suitable for later stages of
infections only when significant number of bacterial colony
forming units (CFUs) were present. Recently the advance-
ment in gas chromatography and mass spectrometry (GC/
MS) techniques have been demonstrated to be capable of
sampling broad range of volatiles released from bacterial
colonies with high sensitivity and accuracy.

Increasing interest in exploiting the volatile analysis tech-
nique to detect pathogen presence is evident from increasing
number of research articles published in the field of breath
research focussing on capturing and analysing breath vola-
tiles [49-51]. Zhu et al. [51] have demonstrated the ability
of volatile analysis technique to distinguish Pseudomonas
aeruginosa infection from S. aureus infection in mice mod-
els from sampling their exhaled breath. While these research
articles demonstrate the viability of using volatiles to iden-
tify pathogen presence, the use of solid phase micro extrac-
tion for sampling volatiles restricts the range and detection
limits. Furthermore, the forced induction of volatiles into
the sampling instrument for analysis make these approaches
unsuitable for sampling volatiles directly from open-wounds.
In these lines, our recent work makes use of a more recently
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developed sampling technique called stir-bar sorptive extrac-
tion (SBSE) [52]. This technique allows sampling of vola-
tiles released from a static substrate with minimal need for
forced induction. The large sorptive volume of the sampling
media allowed identification of the chemical composition
of the volatiles released from E. coli. Over 145 different
volatile compounds with trace elements down to picomolar
concentrations were identified [52]. Further work on four
different bacterial species paved way for the development
of a database of bacterial volatiles, demonstrating the abil-
ity to use the unique volatile biomarkers as an indicator for
the presence of particular species of bacteria. With volatile
biomarkers having been identified and established in being
capable of providing information on not only the species of
the pathogen but differentiate between strains of a particular
pathogenic species [50], the potential for using these volatile
biomarkers as a sensing stimulus is promising.

3 Volatile biomarker sensing

Volatile biomarkers, while being a potent stimulus for sig-
nalling infection presence and identifying infection type
(both pathogenic species and strain), the research so far on
sampling and analysing these volatiles has been reliant upon
highly expensive and bulky GC/MS instruments that would
take up the size of a small sized car. Though researches in
developing lab-on-chip MS [53] and MEMS GC columns
[54] have been underway, they have been limited to liquid
phase separation with a noticeable loss of resolution due
to miniaturization. The results from a MS instrument as
detailed in [52] still demand further data analysis, to iden-
tify individual fragments of the component ions and com-
pound identification from the spectral data by matching
them against an existing database with specific software.
To extract the resolution and accuracy of such a bulky setup
and automating the compound identification process towards
integrating them into a prosthetic device is far from achiev-
able at present. Hence, alternative means of identifying
these volatiles is necessary. The following sections analyse
the suitability of potential volatiles/gas sensing functional
materials that demonstrate potential for miniaturization and
integration into future prosthetic designs. While a gamut
of gas sensing techniques are available, owing to the target
application’s demands, this review only focusses on funda-
mental sensing techniques, materials and processes used
that would allow potential integration into future prosthetic
designs. In these lines, only sensing techniques that can
be realized in the form of flexible/elastic architecture with
intention of embedding the potential sensing architecture
into a fabric/elastic bandage that wraps around the osse-
ointegrated prosthesis-residual limb interface for detecting
infection are reviewed.
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3.1 Electronic noses

The term electronic nose or simply E-nose, coined in the
1980s, represents an instrument that contains a heterogene-
ous array of electrochemical sensors with partial specificity
and a pattern recognition system [55]. Electrochemical gas
sensors produce a change in their electrical activity (change
in conductivity) upon exposure to certain gases. These
gas molecules bind to the functional chemical compound
(sensing material) which may be purely sorptive (surface
adsorption) or a combination of adsorption with physical
absorption or through chemisorption (chemical reaction
induced binding). The selection of the functional material
will depend on the mode of binding preferred.

Binding of target gas molecules through chemisorption is
only used in applications where high selectivity is preferred
which is a necessity in infection sensors. This selectivity
would ensure change in electrochemical response of the
functional material only in the presence of the target volatile
biomarker. For instance, the presence of indole (CgH;N) in
the wound volatiles is a positive indicator for the presence of
E. coli infection. Any chemical capable of a strong reaction
to indole would thus be an ideal functional material/sens-
ing element in an E-nose for E.coli infection detection. The
most sensitive reagent used in laboratory tests that reacts
with dissolved indole is p-dimethylaminocinnamaldehyde
[56]. However, the use of this reagent as a freestanding
electrochemical sensor capable of reacting with indole in
gaseous phase is not possible. Moreover, chemical reaction
of such reagents with indole molecule is an irreversible reac-
tion. Hence, any E-nose based on such chemisorption-based
mechanism cannot be implemented as a reusable sensing
device to detect pathogens in future prosthetic devices. Phys-
isorption and weak chemisorption based E-noses, which typ-
ically use metal oxide semiconductors (MOx), conducting

polymers (CPs) and carbon based composites are seeing a
strong growth. Their sensing mechanism and their poten-
tial for use in infection sensing is analysed in the upcoming
sections.

3.1.1 Metal oxide semiconductor (MOXx)

This type of functional material is the most widely used
sensing element in E-nose applications. It demonstrates high
levels of sensitivity to various organic vapours with a fast
response time. Having a simpler chemical composition as
opposed to other functional materials used in E-nose appli-
cations, MOX sensors have a stable lifetime and are read-
ily available commercially with little to no further chemi-
cal processing needed. The operating principles of metal
oxide semiconductors are schematically represented as in
Fig. 2a and commercially available MOx based gas sen-
sors are shown in Fig. 2b. The metal oxides have a large
band gap due to a wide space-charge region with oxygen
ions surrounding the metallic core in case of an n-type
MOx. The ionosorbed oxygen (O,) restricts electron flow
among the metal oxides. However, at temperatures greater
than 150 °C (in some cases even higher temperatures up
to 300 °C is required [57]), it becomes ionosorbed as O~.
This ionosorbed oxygen can easily combine with a reducing
gas (n-type MOx—typical examples include tin oxide, zinc
oxide or iron oxides) which would allow a release of free
electron into the space-charge region as shown in Fig. 2a.
Thus, in the presence of a reducing gas and at an operating
temperature above 150 °C, the excess electrons released into
the space-charge region deplete this potential barrier allow-
ing increased conductivity. The similar process is reversed
in case of p-type semiconductors usually comprising oxides
of nickel or cobalt where the hole transfer occurs in presence
of oxidizing gases. This increased conductivity is measured

Fig.2 a Schematic representa-
tion of conduction mechanism
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as a decrease in resistance by the accompanying electronics
to read out rapid and sensitive detection of the analyte gases.

The reversible mechanism at lower temperatures allows
rapid desorption of the reducing/oxidizing gases from the
surface of the metal oxide semiconductors. While surface
adsorption of the gases has been identified to be highly

sensitive, research into further improving their sensitivity
through converting bulk MOx into nanostructured particles
has also been underway. Table 2 summarizes various highly
sensitive MOx based gas sensors with improved selectiv-
ity, through use of catalysts or hybrid mixtures that have
been published. However, owing to the extremely large

Table 2 Metal oxide semiconductor based gas sensors and their operating parameters

Sensing Gas MOx type Sensing temperature Detection Limits Response Time References
Acetone CdoO 300 <20 ppm 3s [58]
Fe,0; + Pt/Pd/RuO, 300 0.1-20 ppm 3s [58]
Butane Zn0O (Al, In, Ga) 200-350 2-1000 ppm 2 min [59]
Ga,0;+Sn0, 500-950 100 ppm 1 min [61]
Methane Ga,0;+ Sn0O, 500-950 10,000 ppm 1 min [61]
Chlorine In,0; +Fe,04 250-500 0.1-5 ppm 2 min [62]
Carbon monoxide CuO/ZnO 200400 4000 ppm 1.5 min [63]
Bi,O;+Sn0O, 200-350 < 500 ppm 80-90 s [64]
SnO, 200-500 1-100 ppm 1 min [65]
SnO, 131-313 1-20 ppm lh [66]
SnO, 25-400 200-3000 ppm 1 min [67]
SnO, 200420 50420 ppm 5 ms [68]
Ethanol CuO 350 1-1000 ppm - [70]
Ga,05 +Rh, Ru, Ir 540-800 25-50 ppm 1 min [71]
ZnO +Sn0O, 20 0.1-5 ppm - [72]
Fe,0;4Sn0, 170-340 10-1000 ppm - [73]
TiO, 200-400 400-2000 ppm 3 min [74]
TiO, +Pt/Nb 300-500 500-1250 ppm 5 min [75]
Hydrogen Sulphide CeO,+Sn0O, 10-125 5-25 ppm 30s [76]
CuO +Sn0O, 100 5-100 ppm 60-140 s [77]
SnO, 300-350 0-9 ppm - [78]
ZnO + Sb,05 200-400 0.01-40 ppm 15 min [79]
Humidity (Water vapour) Ta,05 400-450 45-100% RH 40 ms [80]
LPG ZnGa,0, 200-400 500 ppm 1 min [81]
Methanol TiO, 200-400 100-500 ppm 3 min [74]
Ammonia Cr,0;+TiO, 200-500 10,000 ppm 2-5 min [82]
CoO, 27 1-200 ppm 2-4 min [83]
MoO, 450 3-400 ppm 1 min [84]
Nitrous oxides SnO, 131-313 0.01-0.25 ppm lh [66]
SnO, 300-350 0-9 ppm - [78]
SnO, 200-420 1-2 ppm 5 ms [68]
SnO, - 100 ppb - [85]
SnO, 100-350 5-800 ppb 30 min [86]
CoO +1n,04 125 100 ppm 4 min [87]
Ozone In,05+Fe,04 300-550 10-300 ppb 2 min [88]
Petrol SnO, 20-320 1500 ppm - [89]
Propane In,0; 350 1000 ppm 1.5 min [60]
ZnO 300 0-8000 ppm - [90]
Propanol TiO, 200400 400-200 ppm 3 min [74]
Trimethyl amine SnO, 290 10-300 ppm 12's [91]
In,04 300-640 - - [69]
Xylene SnO, - 10-100 ppm 10s [92]
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number of published research on MOXx sensors, this list is
not exhaustive.

From Table 2, it can be observed that the most commonly
sensed gases are carbon monoxide (CO) [63—68] and nitrous
oxides (NO, NO,, NO,) [66, 68, 78, 85, 86] which are fairly
small molecule gases. MOx based sensors for slightly more
complex molecules such as Xylene [92], trimethylamine [69,
91] are not that common. While sensitivities down to 5 ppb
for some gases have been realized with MOx sensors, the
selectivity of this sensing architecture is poor. As observed
from the table, the similar fabricated tin oxide (SnO,) based
sensors show a wide range of response to gases such as
butane [61], carbon monoxide [64-68], ethanol [72, 73],
ammonia, nitrous oxides at similar operating temperatures
but with relatively varying response times. Being capable
of synthesizing into nanostructured crystalline materials for
integration in MEMS devices for improved sensitivity and
lower operating temperatures with very low power consump-
tion, as demonstrated by Bhattacharyya et al. [93], these
devices show a huge potential for integration into many
devices.

3.1.2 Conducting polymers

Conducting polymers are relatively newer functional materi-
als compared to MOx that have been employed as gas sen-
sors since early 80s [94]. As opposed to MOx based gas
sensors that operate at high temperatures, CPs have demon-
strated better response to target analytes at room tempera-
tures with improved sensitivities and shorter response times.
With good mechanical properties and artificial synthesis
process to control the electrical properties, CPs have in some
cases demonstrated better and more tuneable response than
those which can be obtained from traditional MOx based
sensors. These conducting polymers are long chain poly-
mers with alternating single (¢) and double (6—x) bonds.
The alternating structure with loosely bonded = electrons
that can shift between the bonds as shown in Fig. 3, results in
the formation of delocalized = electrons clouds which make
them intrinsically conducting.

Through doping and functionalization processes, the
behaviour of the conducting polymer can be chemically con-
trolled better than MOX. Synthesis techniques of conduct-
ing polymers have been vastly improved from early electro-
chemical deposition processes, such as those demonstrated
by Lu et al. [95], to highly controlled three-dimensional
patterning down to microstructure levels as demonstrated
by us previously [96, 97], which allow fabrication of more
complex sensor architectures using these functional materi-
als. CPs such as polyaniline (PAni), polythiophenes (PTh)
and polypyrrole (PPy) are the most widely researched CPs
owing to their excellent electromechanical properties. Upon
exposure to similarly reducing or oxidizing gases, similar

Delocalization
of the 7 bonds

n

. Weak
© -bond

L Strong

-bond > Carbon »~ T -electron

cloud

Fig.3 Above: PAni’s structure’s alternating double and single bonds
showing delocalization induced movement of the m-bond electrons.
Below: 3D representation of a m-electron cloud as a result of delo-
calization

to MOx based sensors, the change in the electrical response
of these functional materials have been successfully read
out to sense and quantify the volatile concentration. Table 3
summarizes some of the developed CP gas sensors and their
characteristic properties for sensing gases.

Although CP gas sensors have quicker response-times
sensors with noticeably better sensitivities, the recovery
following removal of the gases takes a much longer time
compared to MOx sensors, which have similar adsorption
and desorption rates. All laboratory results of the recovery
following exposure to gases are measured by flushing the
sensing element with an inert gas such as argon or helium
[98-109]. This is to ensure the complete removal of residual
sensed gas not only from the chamber but from the CP sens-
ing element as well. Repeatable exposure to the same gases
has also been observed to induce permanent irreversible
reaction of the gas to the CP [110].

3.1.3 Carbon nanomaterial and carbon composites

Among carbon based nanomaterials, the most widely
researched materials for their gas sensing properties are
carbon black (CB), carbon nanofibers (CNF), carbon nano-
tubes (CNT) both single-walled (SWCNT) and multi-walled
(MWCNT) and graphene (Gp). These nanomaterials are typ-
ically used in a composite matrix, except for CNTs, which
are sometimes used in form of composites, electrospun fibres
[111] or as freestanding forests, either in their pristine form
or as functionalized/decorated with other nanoparticles
[112]. CB and CNF in the form of CB/polymer and CNF/
polymer composites have also been demonstrated for gas
sensing applications. A schematic representation of the sens-
ing mechanism CB/polymer composites is shown in Fig. 4a.
A predetermined amount of CB dispersed into an insulat-
ing polymer matrix is laid out as thin films. The CB’s mass
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Table 3 Conducting polyr_ner Gas Sensed Functional CP  Detection limits  Response time  Recovery time  References
based gas sensors and their
operating parameters Acetone PTh 200-300 ppm 3-5 min 3-5 min [98]
Ammonia PAni 50 ppb 1-5 min 3h [99]
PPy 38-290 ppm 20s 15 min [100]
Carbon monoxide PAni 10 ppm 5s 7s [101]
PAni 60 ppm 245 36s [102]
Carbon dioxide PPy 100-700 ppm 210-270s 25-30 min [103]
Hydrochloric acid PAni 200 ppb 6s 10s [104]
Hydrogen Sulphide  PAni 10 ppm 1.1 min [105]
Methanol PAni 1 ppm 2-20s 2-15s [106]
Nitrous oxides PPy 20 ppm <5s 4-5 min [107]
PTh 4 ppm < 1 min 10 min [108]
PAni 500 ppb 30s 65 s [102]
Toluene PTh 20 ppm 3-5 min 3-5 min [98]
Water vapour PAni 25400 ppm 3-10s 3-10s [109]
(a) Carbon black particles (b) . J\ I
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Fig.4 a CB/polymer composite gas sensor swelling under gas flow increasing sensor resistance. b MOx coated electrospun CNT for gas sensing

fraction would characterize the electrical properties of the
film, which is defined by percolation theory [113]. The target
volatile determines the chemical composition of the insulat-
ing polymer matrix as the polymer matrix needs to swell
in presence of the target volatiles. Once the CB/polymer
composite sensor is synthesized, in presence of the target
volatile the polymer matrix swells. This increases the anti-
particle distances between the conductive CB particles thus
increasing their tunnelling resistance as shown in Fig. 4a.
Using an array of swelling polymers composed of
vinylated phenols, styrene—co-alcohols, acrylates and bis-
phenols, Lonergan et al. [114] demonstrated that the CB/
polymer composites were capable of responding to a wide
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range of volatile organic compounds among which the
characteristic response of individual CB/polymers to tolu-
ene, methanol, 2-propanol, hexane, ethyl acetate, ethanol,
chloroform, benzene and acetone were analysed. As the
insulating polymers in the composites swell differently to
different volatiles, the consolidated responses were identi-
fied through principal component analysis [114]. Once the
CB/polymer sensing array elements were characterized, to
identify the type of volatile present, a simple cross refer-
ence to the previously established principal component
space is carried out. However, the macromolecular move-
ment of the CB within the matrix results in rearrangement
of this conductive filler within the polymer matrix thus
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inducing a steady signal drift upon consecutive swelling
and shrinking process.

With relatively low sensitivity of CB/polymer compos-
ites (in few parts per thousand ranges), research into CNF/
polymers based sensors synthesized in a similar fashion were
carried out [115, 116]. While pristine CNF/polymer gas sen-
sors show stable performance due to increased resistance to
macroscopic movement of the high-aspect ratio fibres [115],
works by Zhang et al. [117] and Lee et al. [118] demonstrate
use of metal and metal oxide decorated CNFs fabricated
through electrospinning technique to further improve the
sensitivity of their gas sensors. A schematic representation
of this sensing architecture is shown in Fig. 4b. ZnO and
SnO, decorated electrospun CNFs were directly depos-
ited as thin films without the need for an insulating matrix.
This allowed direct contact of the target volatiles to these
functional materials. Dimethyl methyl phosphonate were
detected down to 0.1 ppb using this sensor [118].

Numerous SWCNT and MWCNT based gas sensors have
also been developed alongside CB and CNF based sen-
sors. Earliest research using SWCNTSs as gas sensors, that
are capable of responding to nitrous oxide and ammonia
vapours, was carried out by Tan et al. [119]. By fabricat-
ing a transistor like architecture using the vapour sensitive
SWCNT as the transistor base layer, Kong et al. [120] dem-
onstrated increase in conductance by nearly a factor of 10
upon exposure to 200 ppm NO, gas. Upon exposure to 1%
NH3 in Argon, the conductance of sensor nearly dropped
to zero. The turn on time upon exposure to NO, was less
than 5 s while the turn off time upon exposure to NH; was
about 3 min. While Palladium (Pd) functionalized CNT gas
sensors showed high sensitivities to hydrogen [121], CNT’s
decorated with metals such as but not limited to Zn, Cr, Pt,
Rh demonstrated improved sensitivities to CO, NO2 meth-
ane and hydrogen sulphide and benzene. Rh-CNT gas sen-
sors were fabricated by Leghrib et al. [122] for detecting
benzene vapours. The Rh-CNT gas sensors were exposed to
benzene as low as 50 ppb with a sensor response time of less
than a minute. To remove the benzene from the Rh-CNT,
the setup was heated to 150 °C and this resulted in a nearly
instantaneous drop in resistance. For successive exposure
to benzene vapours, the Rh-CNT sensor was required to be
brought to room temperature, which took over 10 min [122].

Gp based gas sensors are relatively new with the first
reported use being as late as 2007 compared to other carbon
nanoparticles [123]. Similar to performance levels of CNT
gas sensors, Gp gas sensors also required reheating follow-
ing sensing of target gases. With doping and nanoparticle
decoration to enhance carbon nanoparticle properties hav-
ing already been demonstrated in the field of CNF and CNT
based sensing applications, boron or sulphur doped Gp were
identified in silico to be capable of detecting nitric oxides
[124]. With further research into reduced graphene oxide

(rGp0O), Pd nanoparticle decorated rGpO sensors were fab-
ricated by Li et al. [125] using chemical vapour deposited
Gp sheets as the contact material for the Pd-rGpO sheets.
The demonstrated sensor showed high levels of sensitivity
(2420 ppb) to NO gas with 50 min response and 45 min of
recovery time.

3.2 Metal organic frameworks and covalent organic
frameworks

Metal organic frameworks (MOFs) and covalent organic
frameworks (COFs) are a new class of functional materi-
als that have diverse assembly of building units similar to
zeolites [126]. Research into MOFs has exploded since their
inception owing to their high-density storage capabilities
of gases like H, and CH,. MOFs are in essence a highly
structured (2D and 3D) and nanoporous network of polya-
tomic metallic clusters linked together by polytopic link-
ers [127-129]. Numerous reviews published on this class
of functional material [130, 131] exploring their possible
applications as gas storage media in transportation and
chemical processing plants and a large database on various
MOFs indicate their extremely selective and robust gas stor-
age capabilities.

The controlled nanoporous structure makes MOFs
extremely selective to a particular chemical, a feature that
has been exploited for use as chemical sensors. When
chromophores (a colour producing atom/group) are used as
linkers for the metallic clusters during the synthesis of MOF,
upon exposure to a sorptive fluid, a solvatochormic (in case
of liquids)/vapochromic (in case of gases) shift occurs which
can be used as an indicator for the presence of the sorptive
fluid. Lu et al. have synthesized a Cu-MOF containing 3, 6-di
(pyridine-4-yl)-1, 2, 4, 5-tetrazine as the polytopic linker
which can produce a solvatochormic shift in the visible spec-
trum when exposed to different organic compounds [132].
Upon exposure to acetonitrile, the synthesized MOF appears
as bright red while exposure to trichloromethane results in
absorption of all wavelengths of the visible spectrum except
dark green. Among various sensing approaches using MOF
under the presence of a sorptive fluid as reviewed by Kreno
et al., [133], the most idealistic form of implementation of
these MOF sensors in sensing pathogenic biomarkers can
be through use of micro-cantilever structures (MCLs) as
demonstrated by Lee et al. [134]. These MCLs comprises
an extremely thin coating of a suitable MOF (MOF selection
depends on the target volatile to be sensed) on a MCL with
highly sensitive piezoresistive elements patterned using pho-
tolithography techniques. During sorption of target gases,
the changes in unit cell dimensions result in a large tensile
and compressive stress on the cantilever and this change in
stress is measured by the piezoresistive element as schemati-
cally represented in Fig. 5.
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Similar to MOFs, COFs are made up of porous crystal-
line polymers that are linked together via covalent bonds.
The ability to synthesize these COFs akin to MOFs with
relatively higher mechanical and thermal stability due to
strong covalent bonds makes this material more attrac-
tive than MOFs [135]. With all the advantages of MOFs,
COFs have also been increasingly synthesized since first
reported in 2005. A detailed review of various COFs with
their chemical structures and properties has been carried
out by Ding and Wang [136] and Feng et al. [137].

It is only as recent as the early 2010s that the potential
of these COFs as a sensing element has been reported. The
first potential use of COFs as a sensing element for 2, 4,
6-trinitrophenol (TNP) was proposed and identified by Das
et al. [138]. Using TfpBDH covalent organic nanosheets,
the group was able to visualize a complete shift in the
spectral emission of the pristine nanosheet turning it
from a bright blue sheet to a dark bluish grey sheet upon
exposure to TNP [138]. This process was identified to be
reversible upon exposure to triethylamine. The colour shift
occuring within 36 ns when exposed to TNP indicated
extremely fast response times. With the group focusing
primarily on COF synthesis, only a part of their research
was on using the synthesized COF as a TNP sensor.

A more detailed research on using COFs as a sensor
was carried out by Li et al. [139] for detecting copper
ions (Cu?*). Solvothermally synthesized COF-JLU3 was
used as the sensing COF with fluorescence shift based
visual detection upon exposure to Cu>* ions. The lumines-
cence spectra of COF-JLU3 suspension in tetrahydrofuran
changes shows the peak intensity at 601 nm drop from 100
a.u (normalized intensity) down to 10 a.u in the presence
of Cu?* ions. The selectivity of COF-LJU3 to Cu®* ions
were verified by testing and measuring their intensity shift
with other metallic ions such as lead, silver, potassium,
sodium ions. While most of the tested ions showed only
less than 20% drop in the normalized luminous intensity,
the COF-JLU3 also demonstrated up to 60% drop in pres-
ence of nickel, iron and cobalt ions.
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Ding et al. [140] used COF-LZUS to develop fluores-
cent COFs specifically for sensing and removal of mercury
ions (Hg2+). The COF-LZUS8 was functionalized with thio-
ether group for improving the selective detection and fac-
ile removal of Hg?*. The thio ether group was used as the
Hg?* receptor and the porous structure of the framework for
real-time detection. With high levels of reported sensitivity
(spectral shift occurs at concentrations as small as 3.3 uM
with 90% drop at 33.3 uM) and excellent selectivity (less
than 15% spectral intensity drop to all other metallic ions
tested [140]) the fluorescent COFs enabled easy visibility
of the COFs real-time response. This research highlights the
construction of functionalized COFs that can further open up
these functional materials to a wider range of applications.

3.3 Hydrogels and hydrogel composites

Hydrogels are highly hydrophilic polymeric structures that
upon exposure to water can swell by absorbing the water
until an equilibrium state is attained. Hydrogels are them-
selves not a singular polymeric compound but a generalized
term that encompasses all hydrophilic swell-able polymeric
networks [141]. Their chemical characteristics have made
them an ideal candidate for use as sensing materials and
we focus on research that has been carried out using these
materials as chemical sensors.

Using a MCL type architecture, pH sensitive poly (vinyl
alcohol)/poly (acrylic acid) (PVA/PAA) hydrogels have been
used to sense chemicals with pH levels of 7 (neutral) and 1
(strong acid) [142]. A 50 um thick PVA/PAA hydrogel layer
was deposited on a MCL with a piezoresistive bridge net-
work fabricated using photolithography. Upon exposure to
a fluid with a low pH, the hydrogel shrinks rapidly inducing
a shift of the mass of the hydrogel film on the MCL. This
resulting drop in output voltage is picked up by the electron-
ics as a presence of strong acid. The extent of shrinkage
depends on the strength of the acid that has been calibrated
against the output voltage of the sensor demonstrating a
hydrogel based pH sensor with a sensitivity of 15 mV/pH.
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Trinh et al. [143] further analysed the behaviour of these
hydrogels under varying pH conditions in silico. Similar
research with bilayer cantilevers with hydrogels coated
on either side was also demonstrated to detect pH changes
[142].

Gas sensing with hydrogels has also been demonstrated
by modifying the hydrogel with gas sensitive fluorescent
dyes [144, 145]. Using 4-amino, 5-methylamino, 2’, 7'-dif-
luorofluorescein within a polyethylene glycol hydrogel,
Zguris J et al. [145] were able to demonstrate fluorescence
shift upon exposure to NO. The use of fluorescent dye did
not affect the molecular structure of the hydrogel. It allowed
the shift of colour within the hydrogel even at exposure lim-
its as small as 0.5 uM. Exploiting this bio-inert character of
hydrogels, the use of sodium bicarbonate in a pH-sensitive
hydrogel sensor allowed sensing of CO, gas directly without
dissolution in fluids as demonstrated by Herber et al. [146].

Efforts to bring together multiple sensing elements have
been demonstrated by Bai et al. [147] where graphene oxides
(GpO)/CP composites based hydrogels were developed.
These hybrid hydrogels were prepared by in situ chemical
polymerization in aqueous dispersions of GpO sheets. Three
different conducting polymers namely PAni, PPy and poly
(3, 4-ethylenedioxythiophene) (PEDOT) grafted with GpO
based hydrogels were synthesized with GpO/PPy based
hydrogels demonstrating high sensitivity to ammonia gas
at concentrations down to 800 ppm. The sensor was fabri-
cated by using the hydrogel film in-between two conductive
electrodes as a chemoresistor and demonstrated response
times less than 10s. While the recovery rate after removal of
ammonia is not detailed, the high electrical conductivity due
the presence of GpO and CPs within the hydrogel, and the
bio-inert nature of hydrogel demonstrates huge potential for
use of these hybrid composite hydrogels as an electroactive
material in biomedical applications.

More recently, Wu et al. [148] have developed a high
performance CO, and NO, sensor with three-dimensional
functionalized rGpO based hydrogels using molecular

self-assembly in presence of hydroquinone. The group com-
pared functionalized and non-functionalized rGpO based
hydrogels and determined that functionalized rGpO exhib-
its comparatively faster recovery times (10 min) and lower
detection limits (NO, at 200 ppb and CO, at 20 ppm). The
works by Bai et al. [147] and Wu et al. [148], demonstrate
that hybrid sensor designs using multiple functional materi-
als can alleviate the drawbacks of either functional material
allowing better sensing architectures to be realized.

3.4 Synthetic oligomers

Single stranded deoxyribose/ribonucleic acids (ssDNA/
ssRNA), or more commonly, aptamers, are specifically iso-
lated strands from a large chemically synthesized oligonu-
cleotide library on the basis of their affinity to a specific
target molecule [149, 150]. When an aptamer is required
for a specific target molecule, a process called systemic
evolution of ligands by exponential enrichment or SELEX
is used, where the target molecule in a suitable solvent is
introduced into a large library (in the order of 12-15) of
oligonucleotides. The single strands, which have the high-
est affinity to the target molecule, bind to the introduced
target molecule. The unbound ssDNA are washed away and
the bound ssDNA are enriched through polymerase chain
reaction (PCR) amplification and purification as shown
in Fig. 6a. The process is repeated until only ssDNA with
the highest affinity to the target molecule remains. As the
SELEX process can be tailored to suit a wide range of mole-
cules and with techniques such as flu-mag-SELEX [151] and
other non-SELEX based aptamer selection techniques [152],
the target molecule range has been widely extended. These
biomaterials are capable of completely folding around their
target molecule at suitable pH conditions and can reverse
the folding process to release the target molecule at certain
pH as shown in Fig. 6b or by reversing the electric potential.

The synthesis of these aptamers tailored to a specific tar-
get molecule introduces extremely high selectivity and their
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intrinsically high sensitivities (with molecular level folding)
make these synthetic materials as a highly potent chemical
sensor. Their high levels of biocompatibility have already
been utilized in synthesis of automated drug delivery devices
in vivo [153-155]. For instance, Huang et al. [155], have
demonstrated conjugation of anti-tumour drugs to target the
antibodies by attaching the drugs to an aptamer designed for
targeting tumour cells. Sgc8 aptamer [156], was truncated to
form Sgc8c [155] to specifically target the protein, tyrosine
kinase 7. This protein is specifically expressed in lympho-
blastoids having the T cell acute lymphoblastic leukaemia.
Fluorescein conjugated antitumor drug, doxorubicin (DOX),
was conjugated to the Sgc8c aptamer and exposed to the
T-cells in assays and the activity of the aptamer was moni-
tored. It was observed that the aptamer prevents release of
DOX at non-specific sites but unconjugated the drug only
upon binding to the target T-cell, thus releasing the drug
at T-cell specific sites. Apart from targeted drug delivery
applications, aptamers are also starting to see increasing use
as an electrochemical sensor for sensing complex proteins
to small molecules and ions. Wang et al. [157] have demon-
strated the use of aptamers for detecting the enzyme, throm-
bin at concentrations as low as 0.1 nM. Folate receptors were
detected at 0.77 ng/mL by He et al. [158]. Metallic ions such
as potassium ions, silver ions and mercury ions have been
detected using aptamers down to 100 uM, 5 nM and 0.5 nM
respectively [159-161].

While aptamers have exhibited excellent stability and
selectivity in liquid phase medium, use of ssDNA to detect
gas phase medium was demonstrated by Staii and Johnson
[162]. ssDNAs can effectively bind to the target molecule
in the same medium selected from the oligonucleotide
library. However, by decorating these ssDNA on SWCNT,
the researchers managed to demonstrate acceptable levels
of response from ssDNA decorated SWCNT to various
gases (the schematic of the senor setup is shown in Fig. 7).
By passing propionic acid vapours at 150 ppm, over bare
and ssDNA decorated SWCNT based sensors the research-
ers observed over 8% variation in the current transfer ratio

Fig.7 Device architecture of
ssDNA decorated SWCNT gas
sensors

Source electrode \
’\

Silica layer

Silicon wafer (gate)
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[162]. A stronger response was however observed upon
the sensor being exposed to trimethylamine when a differ-
ence of 30% in current transfer ratio was observed between
the bare and ssDNA decorated SWCNT indicated a bet-
ter selectivity towards trimethylamine. While the reported
response indicates a severe drop in selectivity and sensitiv-
ity of ssDNAs while operating in air, the research promises
potential for future improvement in in-air volatile sensing
capabilities of ssDNAs.

As a means of infection sensing, aptamers have also
been demonstrated to be capable of sensing E. coli and S.
aureus. The aptamers are selected from the oligonucleo-
tide libraries by using E. coli and S. aureus as the bind-
ing targets. So et al. [163] have demonstrated the use of
aptamer functionalized SWCNTs (apt-SWCNT) to screen
for presence of E. coli for eventual application in testing
food samples. Using arrays of apt-SWCNT as field effect
transistors that show a conductance decrease of more than
50% upon binding with E. coli, So et al. have been able
to demonstrate rapid detection (<20 min) of E. coli. By
using Salmonella as a control to observe the apt-SWCNT
sensor’s response in non E. coli solutions, the selectivity
of the sensor was demonstrated. A dense array of apt-
SWNCT to maximize the surface area was also proposed
towards development of a more rapid screening tool.

S. aureus Aptamer/Gp based piezoelectric sensor was
developed by Lian et al. [164] for rapid and specific detec-
tion of S. aureus. The aptamer/Gp was electrochemically
deposited onto interdigital gold electrodes that were con-
nected to a piezoelectric quartz crystal. Upon binding of
the aptamers with S. aureus, the shift in electrical param-
eters resulted in change of resonance frequency of the
quartz crystal that was used as a response for S. aureus
presence. With a short response time of 60 min, the sen-
sors demonstrated high levels of sensitivity (detection lim-
its as small as 41 CFU/mL). These aptamer sensors [163,
164] though capable of detecting E. coli and S. aureus
with high levels of selectivity and sensitivity demand the
pathogens to be in a suitable buffer.
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3.5 Insect odorant receptors

With attractive properties of using biomaterials such as
aptamers for sensing, a more recent and novel approach
involves utilizing biomaterial from living beings, in par-
ticular insects, as electrochemical sensor to explore the
possibility of biomimicking the process of ‘smell’. Insects
among many organisms possess a heightened sense of smell
[165]. The olfactory sensory neurons of the insect anten-
nae have membrane proteins acting as odorant receptors
[166]. Montage et al., have analysed these odorant receptors
expressed in cell lines and observed their sensitivity to vari-
ous compounds [167]. These odorant receptors are a family
of G protein-couple receptors, which unlike aptamers that
are capable of binding to ligands and small molecules, dis-
play extreme affinity to a range of odour molecules. Recent
research on odorant receptor grafted liposomes bound cova-
lently to gold electrodes has demonstrated to be capable
of detecting 4-ethlyguaiacol (4-EG), an odorant molecule
released from wine and beer [168]. Using odorant receptors
from the common fruit fly, Drosophila melanogaster, detec-
tion limits as low as 1aM were realized (10~'® mol/l) [168].
While the odorant receptors showed positive response to
4-EG no response was observed when exposed to E2-hexe-
nal which is also an odour compound with a leaf-like odour.

4 Conclusion and outlook

The unique electrochemical properties and the electronic
structure of novel functional materials are being constantly
improved upon and newer gas sensing capabilities are being
explored. Existing literature indicates that the implementa-
tion of these novel functional materials for sensing infections
has not been thoroughly explored with an increasing need
for further intrinsic improvements to eliminate their various
drawbacks. The unique nature of the reviewed functional

materials allows their synthesis into flexible/elastic matrices
to act as a secondary skin that wraps around the wound-
prosthesis interface. Some sensing architectures, such as
carbon nano-particle/swelling polymer based sensors and
piezoresistive cantilever MOFs sensors, though operate on
the principle of the functional material expanding and con-
tracting can still be used as a flexible secondary skin through
prior electronic calibration. Furthermore, the sensing tech-
niques and sensor architectures reviewed here allow realiza-
tion of an integrated sensor with low power requirements
(in the order of few microwatts to few milliwatts) to enable
these sensors to draw power from portable energy sources
(batteries or motion powered energy harvesters) that can be
integrated into osseointegrated prosthesis. A brief summary
of various sensing architectures reviewed and their salient
features are detailed in Table 4.

Implementing MOx in infection sensing applications
would demand sensing a very narrow range of pathogenic
volatiles, more particularly in close proximity to soft tis-
sues. However, this is hindered by their poor selectivity and
high operating temperatures. As pathogenic volatiles are an
extremely complex mixture of various commonly occurring
gases such as CO,, NOy, amongst other pathogen specific
biomarkers [49-52], the MOx sensors would be exposed to
more than one type of oxidizing/reducing gases at the same
time and the electron transfer strength of these gases can
greatly influence the gas to which MOx sensor responds to.
In such cases where competing gases are to be selectively
detected, a largely varied array with each sensing element
having unique operating temperatures for tuned selectivity
becomes necessary to be able to sense a specific pathogenic
biomarker making this functional material an unrealistic
choice for precision sensing of infection with zero false
positives.

As for CPs, the requirement of flushing the sensing ele-
ment with an inert gas after interaction with the target gas,
to ensure a faster and near complete recovery, requires

Table 4 Comparative overview of sensing architectures for potential use as pathogenic biomarker sensors

Functional material Selectivity Sensitivity Response times Operating voltages  Biocompatibility Degradability
MOx Poor 5 ppb—10 ppt 5 ms—30 min —20t020V Low Low
CP Poor 50 ppb—700 ppm <5 s (response) 10V High Medium

30 min (recovery)

Carbon nanoparticle ~ Poor 0.1 ppb—420 ppb 50 min Resistive (5 V bias  Low (CNT-carcino-  Medium
composites genic)

MOFs Good 5 ppb—40 ppm 20 s—5 min Resistive (5 V bias) Good Medium

COFs Good 2.8 pg/mL 40 ns 0.6V Good Medium

Hydrogel/hydrogel High 1-10 ppm Continual ~125mV High High
composites rise > 10 min

Synthetic oligomers ~ Extremely High 1 fM Exposure 30-60 min ~ N/A (EIS at 1.02 V) High High

Insect odorant recep-  High 1 aM (attomolar) Exposure 15 min N/A (EIS at 1.02 V) High High

tors
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additional inert gas storage media to be introduced into
portable sensors for use in remote infection sensing appli-
cations. The long-term instability and irreversibility coupled
with selectivity issues akin to MOx based sensors further
renders this functional material unsuitable for applications
demanding a high level of selective volatile sensing but the
fast response time makes certain aspects of this functional
material worth further research.

Carbon nanoparticle based gas sensors demonstrate com-
parable sensitivities and response times to that of CP based
sensors and at the same time provide long-term stability.
However, the comparatively slower relaxation times coupled
with carcinogenic nature of freestanding nanoparticles [169]
makes these functional materials less attractive for use in
biomedical applications such as infection sensing where they
would be in close proximity to humans. However, research
into the biocompatible elastomer encapsulated sensors fab-
ricated from these carbon nanoparticles demonstrate a good
fit for biomedical applications [20] making them an ideal
choice for conductive electrodes that can conform to the
prosthetic’s movements. These three most commonly used
functional materials in E-nose applications demand having
an array architecture as they suffer from low selectivity. Fur-
thermore, only research on simpler volatile compounds has
been demonstrated, demanding further improvement in this
field for detecting complex organic volatiles.

MOFs and COFs show high sensitivities and selectivity
to the target molecules with ease of chemical synthesis in
laboratory environment and their high levels of tenability
make them an ideal candidate for potential use in infectious
biomarker sensing applications. With higher thermal sta-
bility than MOFs, the more recently introduced COFs are
especially a highly promising source for future research and
application as a gas sensing media. Although sensors have
been demonstrated using the COFs for sensing ions liquid
phase, the atmospheric pressure conditions lower the amount
of target molecules adsorbed into the framework demanding
the need for higher atmospheric pressures.

While hydrogels on their own have limited potential for
gas sensing and lower stability in atmospheric conditions
with evaporation induced sensor degradation, pioneering
works by [147] and [148] demonstrate the capabilities of
combining multiple functional materials to enhance their
characteristics.

The high selectivity and sensitivity of aptamer show a
huge promise for detecting specific volatiles such as patho-
genic biomarkers. The advancements in SELEX processes
to identify aptamers for a specific molecule would allow
rapid synthesis of aptamers specific to individual patho-
genic biomarkers. By using an array of individual patho-
genic biomarker binding aptamers, an infection sensor
capable of sensing pathogens at early stages of infection
would be possible, in addition to aiding in diagnosis of the
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pathogen itself. The limitations of realization of such sen-
sors, at present, are primarily due to inability to maintain
aptamer sensors in their synthesis buffer (liquid) media
while being exposed to the target pathogenic biomarkers
as a solid-state sensing media.

With the introduction of aptamer based biomaterial sen-
sors and the more recent use of olfactory receptors from
insects, the potential for new and more effective sensors
capable of detecting infections is on the rise. The ideal
pathogenic biomarker sensors should have the selectivity of
aptamers, with sensitivity of odorant receptors and a long-
term stable configuration in a solid-state architecture like
those of MOx, CP and carbon nanoparticle based sensors.
Furthermore, the organic nature of these DNA based func-
tional materials (aptamers and olfactory receptors) intro-
duces innate biocompatibility when these materials are inte-
grated into flexible wearable sleeves that can encapsulate
the wound-prosthesis interface. While olfactory receptors
are extremely sensitive to target molecule, unlike aptam-
ers, they are not custom synthesizable to target a specific
molecule making the selectivity and tuneability of aptamers
worth future research for infection sensing applications. It
can be anticipated that further research into these functional
materials for potential use in infection sensing applications
can reveal highly capable sensing architectures and pave a
pathway for future volatile sensors.

Having identified the salient features of various func-
tional materials and their drawbacks, the aim of this review
is to promote research and development of more novel
sensing mechanisms. Combining the promising features of
the current state-of-art functional materials would allow
realization of a superior class of functional materials for
use in infection sensing in biomedical devices and across
a wider range of applications.
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