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Abstract
By enabling the non-invasive monitoring and quantification of biomolecular processes, molecular 
imaging has dramatically improved our understanding of disease. In recent years, non-invasive 
access to the molecular drivers of health versus disease has emboldened the goal of precision 
health, which draws on concepts borrowed from process monitoring in engineering, wherein 
hundreds of sensors can be employed to develop a model which can be used to preventatively 
detect and diagnose problems. In translating this monitoring regime from inanimate machines 
to human beings, precision health posits that continual and on-the-spot monitoring are the next 
frontiers in molecular medicine. Early biomarker detection and clinical intervention improves 
individual outcomes and reduces the societal cost of treating chronic and late-stage diseases. 
However, in current clinical settings, methods of disease diagnoses and monitoring are typically 
intermittent, based on imprecise risk factors, or self-administered, making optimization of indi-
vidual patient outcomes an ongoing challenge. Low-cost molecular monitoring devices capable 
of on-the-spot biomarker analysis at high frequencies, and even continuously, could alter this 
paradigm of therapy and disease prevention. When these devices are coupled with molecular 
imaging, they could work together to enable a complete picture of pathogenesis. To meet this 
need, an active area of research is the development of sensors capable of point-of-care diagnostic 
monitoring with an emphasis on clinical utility. However, a myriad of challenges must be met, 
foremost, an integration of the highly specialized molecular tools developed to understand and 
monitor the molecular causes of disease with clinically accessible techniques. Functioning on the 
principle of probe-analyte interactions yielding a transducible signal, probes enabling sensing and 
imaging significantly overlap in design considerations and targeting moieties, however differing 
in signal interpretation and readout. Integrating molecular sensors with molecular imaging can 
provide improved data on the personal biomarkers governing disease progression, furthering 
our understanding of pathogenesis, and providing a positive feedback loop toward identifying 
additional biomarkers and therapeutics. Coupling molecular imaging with molecular monitoring 
devices into the clinical paradigm is a key step toward achieving precision health.
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model, shifting from reactive to preventative medicine and 
enabling precision health.

Clinical imaging, including computed tomography (CT), 
ultrasound (US), magnetic resonance imaging (MRI), and 
positron emission tomography (PET), among others, are 
well-established techniques that create a visual represen-
tation of the interior of the body. Each technique requires 
the input of energy into the body, where the energy is dif-
ferentially modulated by specific body tissue types, and 
the resulting modulated output energy is captured using 
specialized detectors or cameras. As a specialized imple-
mentation, molecular imaging has been broadly defined 
as a technique to monitor molecular processes directly or 
indirectly through the visualization or characterization of 
biological processes at the molecular and cellular levels. 
While clinical imaging, including optical techniques (e.g., 
optical coherence tomography), can provide high-resolution 
anatomical information, accessing physiological changes at 
the molecular level has been shown to provide much earlier 
opportunities for disease diagnosis, monitoring disease pro-
gression, or tracking therapeutic outcomes. Such a level of 
interrogation is achieved through molecular imaging, which 
differs from traditional anatomical imaging often through 
the use of injectable imaging agents that bind to or interact 
with biomolecules of interest, enabling their noninvasive 
visualization to provide a more complete diagnostic picture 
for clinicians.

In our view, a molecular monitoring device is broadly 
defined by any molecular structure used for sensing an ana-
lyte where the interaction of device and analyte produces 
some detectable change. Changes can be transduced, and 
thus measured optically, by mass, electromagnetically, or 
electronically. Electronic biosensors are then any molecu-
lar sensor engineered to detect a biomolecular analyte and 
operates by converting the interaction of analyte with the 
sensor into an electronic signal. Thus, electronic biosen-
sors at their most basic level operate in the same way as 
molecular imaging techniques: a probe–analyte interaction 
is transduced into measurable signal and as a result, both 
molecular imaging and electrical biosensors share many of 
the same probe design considerations. However, whereas 
molecular imaging probes are designed to target specific 
biological systems, biomarker availability guides biosen-
sor design.

Biosensors can be broadly subdivided into two of four 
categories: single use versus continual; and invasive versus 
non-invasive. Single use sensors often involve a destructive 
or covalent binding process, wherein a sample is collected, 
often invasively, from the patient and introduced to the sen-
sor. Traditional biochemical techniques would fit this defi-
nition, however, as they require specific instruments and 
professional operators their point-of-care applications are 
limited. Despite their drawbacks, there are applications for 
novel, invasive, single use sensors, such that they com-
plement clinical point-of-care applications by reducing 

Introduction
The traditional approach to disease management centers 
around treating symptoms as they present, often as a one-
size-fits-all approach for drug therapies and diagnostics, 
limiting preemptive interventions and clinical flexibility [1, 
2]. Though modern disease diagnostics as a facet of preci-
sion medicine now better incorporate individual variabil-
ity through the use of advanced molecular tools, disease 
screening and chronic disease management often involves 
rudimentary, sometimes self-administered, screenings based 
on heuristic risk factors [3].  However, diseases often pre-
sent molecular biomarkers well before they present outward 
signs and symptoms, providing an opportunity for early dis-
ease diagnosis. Powerful methods, such as metabolomics, 
gene sequencing, and molecular imaging aided by modern 
computational tools have enabled us to begin to understand 
some of the biomarkers that signal disease onset, but prac-
ticable implementations have been an ongoing challenge [4, 
5].  Nonetheless, an improved understanding of the human 
model, in addition to the societal and economic value of pre-
ventative medicine, has prompted a push toward achieving 
precision health. Described by Gambhir et al. (2018), the 
notion of precision health draws on the concepts of engine 
health monitoring, where a simulated digital twin, con-
structed with a huge volume of real-world sensor data, fore-
casts problems to enable preventative repairs. While modern 
imaging techniques are exponentially increasing the data 
available, pairing these techniques with continuous sensor 
data is required to complete the human model. Within clinical 
settings, molecular imaging, as a part of precision medicine, 
is being increasingly used to directly assay an individual’s 
disease state. However, there are still large gaps of time where 
disease progression or treatment efficacy is largely unknown. 
Blood analysis or point-of-care tests can reduce the length of 
these gaps, providing additional data points to draw from for 
clinical assessments, but the fundamental paradigm remains 
unchanged. Furthermore, while physiological conditions, 
such as heart rate, blood  O2, and blood pressure are moni-
tored continuously, with parameters outside accepted limits 
triggering immediate intervention, this is still often a reac-
tionary intervention within the clinical setting. Molecular 
monitoring devices able to incorporate additional metrics into 
this continuous monitoring umbrella could alter the clinical 
paradigm and, when paired with molecular imaging, could 
improve clinical assessments by providing a more complete 
picture of disease pathogenesis. Finally, whereas a jet engine 
is constantly surveilled in real-time by hundreds of sensors to 
prevent failure, individuals are encouraged to self-monitor, 
reporting symptoms as they present, both preventatively and 
as part of disease management. Accessible molecular sensors 
are necessary to enable earlier, more objective, and more pre-
cise monitoring outside of the clinical setting both pre- and 
post-diagnosis. By increasingly pairing molecular imaging 
techniques with molecular monitoring devices, the clini-
cal paradigm can be reimagined as we complete the human 
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demand for higher-order analytical imaging techniques. 
Continual sensors enable persistent monitoring and cur-
rently are most often used non-invasively for monitoring 
key physiological metrics such as heart rate, blood  O2, or 
blood pressure [6].  Invasive, continual sensors are typically 
deployed alongside implanted medical devices for treat-
ing heart arrhythmias or diabetes; however, noninvasive 
monitoring techniques are preferred as they improve patient 
compliance while mitigating risk. From the implementa-
tions of biosensors outlined, the concept of precision health 
requires non-invasive continual monitoring to preemptively 
detect disease; however, there are many practical hurdles 
to overcome. Nonetheless, wearable devices are explod-
ing onto the market as non-invasive continual sensors [7].  
Driven by affordability and the proliferation of consumer 
electronics coupled with a growing public desire for health 
awareness, wearable devices, as non-invasive continuous 
sensors, are becoming increasingly popular for doctors and 
individuals to obtain continual medical-quality data. Lev-
eraging existing technology, smart watches and cellphones 
can monitor a battery of key physiological metrics, includ-
ing heart rate, activity levels, and blood pressure.

Molecular imaging research is often focused on probe 
development while electronic biosensing is often focused on 
achieving increased sensitivity of existing probes via devel-
opment of novel sensing platforms. Combining validated 
molecular imaging probes with biosensing platforms could 
bridge the gap to provide both pre- and post-diagnosis moni-
toring. Clinical utility must be a key consideration, such that 
rapid, point-of-care, molecular sensors can be deployed as 
diagnostic tools in a non-laboratory setting as complementary 
or orthogonal methods to sophisticated multimodal molecu-
lar imaging techniques. Through multidisciplinary collabora-
tion with clinicians to develop useful tools, the umbrella of 

clinically monitored physiological metrics can be broadened. 
In a complimentary manner, drug development can similarly 
be improved where biosensors can be used to screen the effi-
cacy of therapeutics before clinical validation by molecular 
imaging. By integrating the precise, in vivo, data afforded by 
molecular imaging with the broad, continual data generated 
by multimodal molecular sensing for biomarker characteri-
zation, a positive feedback loop could be established. The 
process of characterizing known disease biomarkers could 
then identify new disease biomarkers and therapeutic tar-
gets as we fill in the gaps of the human model. Multimodal 
devices that can holistically monitor biomarkers of interest, 
paired with diagnostic molecular imaging techniques will 
enrich and modify, but not replace, how we prevent, treat, and 
monitor chronic diseases such as cancer, heart disease, and 
diabetes. While many technologies, including immunochro-
matographic assays, or behavior monitoring through optical 
scanners and semantic analysis will be necessary facets of 
the precision health umbrella [8], the aim of this review is to 
make the case that within the scope of electronic molecular 
sensors, many of the considerations in the implementation of 
molecular imaging are shared, and through multidisciplinary 
pairing of validated molecular imaging probes with electronic 
sensors we can alter the clinical paradigm and help realize 
precision health (Fig. 1).

Electronic Sensing
In the broadest sense, an electronic sensor is any device 
that recognizes changes to its environment by producing 
or altering an electrical signal that can be transduced into 
a useful result. Electronic sensors that can recognize bio-
logical elements can be termed biosensors and implemented 

Fig. 1.  Reimagining the clinical 
paradigm with paired molecular 
sensing and imaging. Through 
early sensor-based screenings 
and increasing the clinical 
monitoring umbrella, acute 
symptoms can be bypassed, 
and the effectiveness of treat-
ments can be rapidly assessed. 
Molecular imaging in turn 
enables non-invasive diagnoses 
and improves surgical outcomes 
through increased surgical pre-
cision. Drug development and 
discovery can also be stream-
lined with both molecular sens-
ing and imaging as more data, 
more immediately, is available.
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as molecular monitoring devices. For practical implemen-
tations, voltage (V), current (I), and resistance (R) are 
recorded across a material and are dependent on each other 
by Ohm’s law. While many electronic sensors are highly 
sensitive, the integration of molecular probes as a recogni-
tion element is often necessary to achieve useful selectivity. 
Analytes can interact directly with the sensing material or 
recognition element in gas or liquid phases, either through 
direct covalent bonds, indirect molecular interactions, or 
by altering the ionic potential of the solution, in each case, 
inducing a measurable change between electrodes (i.e., a 
change in V) [9]. Additional data points can be collected 
by modulating operating conditions which can be used to 
trigger redox reactions, alter resistance, or turn on semi-
conductors, providing real-time information about dynamic 
systems. Generally, for two-electrode systems, either V, I, or 
R, is held constant, and changes are measured in response 
to analytes, however, as variables dependent on each other, 
only having two electrodes limits the ability to perform 
multiparametric measurements and measurements across 
a range. By adding a third electrode, measurements can 
be conducted simultaneously between electrodes and, by 
maintaining a constant measurement at the intersecting 
electrode, multiparametric measurements can be taken and 
a range of potentials assayed. In a three-electrode transis-
tor configuration, a dielectric insulating material between 
two of the electrodes can be used to generate a buildup of 
charge carriers at the interface of a semiconducting material 
across the other electrode junction. This charge buildup then 
drives charge transport through the semiconducting mate-
rial, rendering the transistor in an “on” state. Forming the 
basis of computing and acting as self-amplifiers, transistor-
based sensors can be readily integrated into circuits and 
fabricated on the nanoscale [10–12].

Organic semiconductors have been demonstrated for 
a variety of biosensing applications and are well suited 
to the task due to their mechanical adaptability. Every 
part of the three-electrode system (gate, source, and drain 
electrodes) can be modified with a broad range of mate-
rials and architectures to suit specific applications, per-
mitting inherently biocompatible designs. For example, 
organic thin-film transistors (OTFTs) tend to be solid-state 
devices while electrolyte gated organic field effect transis-
tors (EGOFETs) have an electrolyte solution as the gating 
material. The recognition of biological events can occur 
at the gate, dielectric, or semiconducting layers through 
functionalization with a probe molecule [12] such that 
a variety of altered electronic signals can be transduced 
into a useful readout. Many signal transduction processes 
elicit some combination of optical, electronic, and physi-
cal effects such that one method of signal transduction 
does not eliminate another. Thus, chemical immobiliza-
tion of bioactive probes as sensing elements is a com-
mon strategy to functionalize the semiconducting chan-
nel of OTFTs with antibodies, oligonucleotides, proteins, 
and chemical probes. Combined with their low cost of 

manufacturing and implementation, electronic biosensors 
can readily be paired with the same or analogous sensing 
elements as molecular imaging probes, however pushing 
the boundaries of temporal testing resolution, ranging 
from high frequency to continual sampling of key bio-
markers. Ultimately, the commonality of probe design and 
complementarity of testing regimens between molecular 
imaging and molecular sensing provides a means to popu-
late the predictive human model that underlies precision 
health (Fig. 2).

Clinical Opportunities 
for the Integration of Molecular 
Imaging with Molecular Sensing 
Devices
Early detection of cancer and cardiovascular disease (CVD) 
are perhaps the most compelling arguments for the develop-
ment of continuous point-of-care diagnostic sensors. The 
leading cause of death in many countries, these diseases 
exact a terrible social and economic toll [13]. Cancers are 
a highly complex group of diseases often only detected in 
the late stages, which limits therapeutic options and wors-
ens prognoses. CVD is often caused by atherosclerosis 
resulting in coronary artery disease and ischemic strokes. 
Many forms of CVD have long asymptomatic phases dur-
ing which inexpensive treatments or interventions can 
significantly improve health outcomes and limit the onset 
of adverse symptoms requiring hospitalization, if only the 
existence of this silent pathogenesis was identified. For 
cancers, once detected, a broad range of molecular imaging 
probes have been developed to assay the extent of disease 
dissemination and determine treatment options; however, 
they are limited to a hospital or laboratory setting. In both 
cases, early intervention significantly improves patient out-
comes and reduces the societal cost burden. Thus, there is 
a critical need for devices for early screening, to facilitate 
early interventions, and to monitor the effects of treatment 
to provide early signals that the selected therapy is no 
longer effective [14].

As a current example, prostate examinations are per-
formed manually and intermittently, with high-risk indi-
viduals tested by enzyme-linked immunosorbent assay 
(ELISA) for prostate-specific antigen (PSA), a biomarker 
elevated in the presence of some prostate cancers. The 
standard of care is to perform an ultrasound-guided biopsy; 
however, negative results do not guarantee a lack of pros-
tate cancer. Increasingly, multiparametric MR imaging, 
leveraging antibody, aptamer, or small molecule probes, 
has been demonstrated clinically to assist in prostate can-
cer biopsies and serve as a diagnostic tool [15–18], with 
radiolabeled small molecule PET imaging used for post-
diagnosis monitoring of severity and potential spread 
[19–21]. Though these molecular imaging techniques have 
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greatly improved the accuracy of clinical diagnoses and 
post-diagnosis monitoring, they are limited to the clini-
cal environment, leaving gaps in post-diagnosis monitor-
ing, and an un-met need for pre-diagnosis monitoring. To 
this end, a variety of electrochemical detection strategies 
have been developed utilizing functionalized antibodies 
to achieve clinically relevant detection limits [22–25]. 
Pyrolytic graphite, carbon nanotube forests, and gold 
nanoparticles are demonstrated as substrates for differen-
tial pulse voltammetry and amperometry-based electro-
chemical sensing in serum, potentially facilitating rapid 
detection of PSA in a clinical setting. Alternatively, elec-
trochemiluminescent (ECL) labels have been combined 
with antibody-functionalized nanoparticles to amplify 
square wave voltammogram signal on carbon nanotube 
forest substrates [25]. Integrating sensors and imaging 
into the clinical pathway would permit continual screening 
for PSA or prostate-specific membrane antigen (PSMA), 
with molecular imaging serving to guide or replace biop-
sies for diagnosis should further intervention be neces-
sary [16–18, 26].  Minicircles, by delivering exogenously 

encoded reporter genes into cancer cells, offer an attrac-
tive method to endogenously produce both imaging and 
sensing probes, and could enable multimodal detection 
of prostate cancer aggressiveness [27].  Other predictive 
biomarkers (i.e., those that are cancer-predictive but not 
necessarily cancer-associated) have been identified and 
demonstrated in electrochemical devices including platelet 
factor 4 (PF-4), interleukin 6 (IL-6), interleukin 8 (IL-8), 
and carcinoembryonic antigen (CEA). Thus, during treat-
ment, molecular sensors can be used to monitor the effects 
of therapies, providing rapid feedback to better direct clin-
ical decisions [28–30]. Advances in molecular imaging 
and sensing can radically alter clinical workflows, with 
molecular sensors replacing intermittent invasive clinical 
monitoring and molecular imaging providing accurate, 
noninvasive, diagnoses.

As another example, glucose monitoring is critical to 
diabetes management and the role of glucose utilization as 
a pathogenic biomarker for of a variety of diseases, includ-
ing kidney diseases, [31, 32] neurological conditions, 
[33, 34] and hepatic diseases [35] is well characterized. 

Fig. 2.  Electronic biosen-
sor architypes and operation. 
Surface or electrode modifica-
tions with exposure to analytes 
induce altered electrical 
properties and with function-
alization enabling selective 
responses. Increasing the 
number of electrodes increases 
design complexity; however, it 
also facilitates multiparametric 
measurements and complex 
operations such as electrochem-
ical characterization and transis-
tor operation. Molecular probes 
can be integrated into almost 
any components to accommo-
date a variety of sensor designs 
and implementations.
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Through the facile immobilization and implementation 
of glucose oxidase (GOx) for electrochemical sensing, 
a range of architectures for electrochemical glucose bio-
sensing have been implemented, including transdermal 
glucose monitoring. Designed as an alternative to finger 
prick blood draws, transdermal sensors can noninvasively 
measure blood glucose concentration in real time, aiding 
in diabetes management. However, incorporated into CVD 
therapies, transdermal glucose monitoring facilitates bet-
ter glycemic control during and post-surgery which has 
been recently shown to improve patient outcomes [36]. 
For both cancer and CVD, aided by well-developed chem-
istry permitting the radiolabeling of glucose for PET imag-
ing, imaging-guided surgery has similarly proved to be 
an invaluable tool toward improving patient outcomes [4, 
37–40]. Thus, for surgical applications, molecular imaging 
and sensing could work in tandem, guiding surgical proce-
dures, minimizing invasiveness, and improving recovery 
through more precise health monitoring. In addition to 
the examples described above, a myriad of imaging tech-
niques and sensing platforms have been developed to target 
a range of diseases (Table 1).

Shared Probe Design Considerations
Molecular imaging probes are agents used to visualize 
biochemical processes by providing a signal that can be 
detected by the camera for the imaging modality of choice. 
Thus, a signaling agent or beacon specific to the imag-
ing modality is often linked to the targeting moiety which 
interacts with the biomarker of interest. Similarly, probes 
for electronic biosensing require a targeting moiety in addi-
tion to a handle or linker moiety through which the probe 
can be conjugated to the surface of the device, allowing the 
conversion of analyte–probe interaction into an electronic 
signal and facilitating its transduction to the device. As a 
result, probe design for molecular imaging shares many of 
the same considerations as probe design for molecular sens-
ing devices. Molecular imaging and sensing can be compli-
mentary techniques from both a clinical aspect and a design 
aspect. By targeting the same biomarkers or by using the 
same recognition agents, advances in either can often be 
repurposed to potentially innovate in the orthogonal tech-
nique. Furthermore, clinically, where molecular imag-
ing can provide focused analysis of disease state in vivo, 
molecular sensing can complement imaging techniques, 

Table 1.  A selection of probe types shared between imaging and sensing platforms to assay specific diseases.

Target Probe Type Selected Biomarkers Sensing Modalities Imaging Modalities

Cancer
Pan-cancer biomarkers Antibody AFP, ferritin, CEA, hCG-β, CA 15-3, CA 

125, CA 19-9, carbonic anhydrase IX
Electrochemical41,42,  optoelectronic25 PET43,44,  MRI44,  Optical44

Aptamer AFP, CEA, miRNA, CD30 Optoelectronic45,  Electrochemical46 PET47

Breast cancer Antibody c-erbB-2, CEA, MUC1, TAG-72 OTFT48 PET49,50

Aptamer SK-BR-3, MCF-7 Nanopore51 Optical52

Lung cancer Antibody ANXA2, CKAP4, ENO1, VEGF, NR-LU-
10

Impedance53,54 PET55,56,  Optical57

Protein CEA, NSE, KLKB1 Electrochemical54 PET55

Small Molecule VEGF165, EGFR, CK19 Impedance58 PET/CT59

PSA Antibody PSA, PSMA Electrochemical23,60,61,  OTFT62 MRI63,  PET64

Aptamer PSA Nanowire65,66,  optoelectronic45 MRI67

Protein PSA Electrode68

Small molecule PSA, PSMA PET21,69,  MRI19

Coronary artery disease
Antibody CRP, TNT-α, IL-6, inflammatory cells Electrochemical70,  OTFT71 PET72

Aptamer Troponin-T, thrombin, IL-6 Electrochemical73,74,42 US75

Small molecule Lipoproteins, EP-2104R Electrochemical76,70 PET77,72,78,  MRI72,78

Neurological
Alzheimer’s disease Antibody Aβ42, Aβ40, p-tau181 Impedance79,80, CNT  Resistor81 PET82–85

Aptamer Thrombin, adenosine, AβO, Aβ40 Nanowire86 Optical87

Protein AβO Electrode88

Small molecule Aβ, p-tau217 MRI89,  PET90–92

Quantum Dot QDAβ Optoelectronic93

Dopamine dysregulation Antibody -- Electrochemical94

Aptamer -- OTFT95,  electrochemical94 Optical96

Enzyme -- Biosensors94

Small molecule -- PET97,98
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providing continuous analysis of disease progression at 
home or clinically at the bedside (Fig. 3). 

Antibodies

Functionalized antibodies have become popular targeting 
moieties due to their well-defined structure, specificity, high 
affinity, and serum stability, positioning them well for use as 
targeting agents for molecular imaging probes and electronic 
biosensors. Antibodies generally consist of a constant region, 
termed heavy chain, a light chain, and a variable region with 
the antigen-binding site. Through a complex, naturally occur-
ring, V(D)J B-cell recombination process, a staggering diver-
sity of receptors are possible, [99] enabling antibody-based 
targeting of a broad range of biomarker targets. The constant 
regions, while not conferring antigen-binding specificity, 
are essential for mediating the resulting immune response 
and cytotoxicity. Thus, depending on the organism used to 
produce the antibodies, they can elicit an unwanted immune 
response in humans; however, developments in antibody 
engineering and antibody fragments have addressed some 
of these challenges without compromising functionality 
[100]. For both imaging and sensing, site-specific labelling 
of amino acids guides conjugation strategy, which is a key 
challenge in employing antibodies as targeting agents and a 
rapidly expanding area of research [101–103]. With smart 
antibody design and shared click chemistry, a recombinant 
antibody (rAb) could be clicked to both a sensing platform 
and an imaging agent, providing instant sensing and imag-
ing of a specific biomarker. The affinity and specificity of 
the antigen-binding region would be maintained, facilitat-
ing orthogonal imaging and sensing of a specific antigen 

provided appropriate antigen bioavailability. Enabling imag-
ing of intracellular targets, antibody fragments can facilitate 
click chemistry while also limiting background signal and 
non-specific accumulation; however, their practical use is still 
an on-going challenge [44, 104, 105].

As an example of the potential flexibility of antibody-
based detection agents, functionalized hafnium oxide  (HfO2) 
substrates were demonstrated for hybrid field effect transistor-
immunofluorescent detection of human interleukin (IL)-10, 
[106] a biomarker associated with inflammation and adverse 
cardiovascular events [107].  Detecting IL-10 electronically 
by conjugating the antibody to the  HfO2 surface, rather than 
optically, afforded a 30-fold increase in device sensitivity ver-
sus fluorescence detection [108].  In both cases, a harsh silane 
treatment was used to functionalize the surface with available 
aldehydes enabling mild covalent antibody coupling. While 
a variety of alternative techniques exist for antibody-device 
surface coupling (e.g., thiol, glycan, non-covalent immobi-
lization, or affinity-based immobilization), a key aspect to 
consider however with any site non-specific method is a 
reduction in the availability of antigen-binding sites due to 
random immobilization. Antibody fragments obtained from 
rAbs can again be used to limit this effect with the additional 
advantage of enabling a higher density of antigen-binding 
sites on the substrate surface.

Upstream in the development process, electronic biosen-
sors with immobilized rAb targets on their substrate surface 
could find a role for rAb evaluation, providing additional 
screening data on their specificity and affinity. Electronic sen-
sors can then assist antibody imaging both by facilitating the 
selection of lead rAbs and providing a complimentary assay 
technique for disease specific antigens. With their advantages 
for both imaging and sensing, antibody fragments are well 

Fig. 3.  Shared design considerations of molecular imaging and molecular sensing probes. Probes for molecular imaging and molecular sens-
ing share many of the same considerations as they pertain to analyte interaction and signal transduction and thus probes which work for one 
technique may be applicable to another. Molecular imaging and sensing instead slightly differ in relation to the practical aspects of each tech-
nique. Where imaging agents are typically injected into the subject, and thus toxicity, the rate of clearance, and half-life are major concerns, 
sensors are often outside the subject, interacting only partially with biofluids, and thus necessitate functional biocompatibility, timeliness of 
response, and minimizing the sampling invasiveness.
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positioned to potentially serve to generate paired molecular 
imaging agents and molecular monitoring devices [109–111].

Oligonucleotides

Oligonucleotides, either as immobilized strands of DNA or 
RNA, have been demonstrated as recognition elements in a 
variety of electrical biosensors [112] and imaging probes. 
Functionalization is facilitated by chemically modifying 
either the 3’ or 5’ ends of oligonucleotides with well-estab-
lished chemistry. Oligonucleotides can be readily labelled, 
enabling application to a broad range of imaging modalities 
while producing few changes in the behavior of the mole-
cules. Oligonucleotides are produced with great facility and 
at lower costs in comparison with enzyme- or antibody-based 
methods for analyte recognition. With limited immunogenic-
ity or off-target toxicity, oligonucleotide-based probes offer 
an attractive alternative to other probe systems. Uniquely, 
oligonucleotides provide rapid and highly specific hybridi-
zation to complementary strands amenable to the growing 
interest in cell-free RNA and DNA as biomarkers of disease. 
Oligonucleotide functionalization is not without challenges 
as the probes can have short half lives in vivo and must have 
a well-defined orientation that is accessible for hybridization.

Independently from hybridization (i.e., base–base recogni-
tion), but rather as unique oligonucleotide folding conforma-
tions, aptamers can provide highly specific recognition sites 
enabling their use as molecular imaging and sensing probes. 
Selectively screened from a complex library in vitro for high 
affinity and specificity, aptamers can bind with a broad range 
of biomolecular targets and have been demonstrated in OTFT 
sensors to detect a range of small molecules, peptides, and 
proteins [11, 95, 113, 114]. Aptamers can be fabricated cost-
effectively and afford enhanced stability in response to pH, 
temperatures, and solutions of high ionic strength with in 
vivo stability in the range of hours [115]. This combination 
of ease of production, consistent structure, and stability posi-
tions aptamers well as a flexible imaging and sensing recogni-
tion agent [73, 116–118].

Small Molecules

Small molecule probes have found broad applications in a 
variety of imaging modalities through incorporation of an 
imaging beacon, and they are also readily immobilized on 
electronic devices to afford analyte sensing. Advances in 
PET and SPECT imaging and radiochemistry have enabled 
incorporation of 11C and 18F radionuclei, among other radio-
isotopes, into small molecule structures enabling the study 
of complex metabolic pathways with the advantage of limit-
ing disruptions in molecular behavior. As targeting agents for 
sensing, small molecules that form covalent bonds or undergo 
redox reactions with the analyte at an electrode interface 
is often all that is required to produce a measurable sens-
ing response [119–122] in some capacities, enabling single 

molecule sensing [123]. However, while sensitivity can be as 
high as single molecule detection, selectivity and specificity is 
a core challenge to broader sensor use. As a result, significant 
effort has been directed at developing a variety of sensing plat-
forms to target small molecules, often by interpreting specific 
analyte–probe interaction-induced conformational changes as 
electrical signals  [124–126]. Electronic noses, wherein an 
array of slightly varied sensors facilitates deconvolution of 
non-specific molecular events, can be used to improve selec-
tivity. We demonstrated the integration of a colorimetric can-
nabinoid probe as sensitizing agent with OTFT-based sensors 
and then through material selection were able to selectively 
determine cannabinoid ratios from a complex solution [127]. 
Other colorimetric probes have been integrated into opto-
electronic noses [128], most commonly for airborne small-
molecule targets such as aldehydes and ketones.

As sensing targets, aldehyde and ketone dysregulation 
and their associated enzymes have been used as an index 
of oxidative stress and inflammation and therefore can be 
used as biomarkers for a variety of disease states [129–131]. 
Aldehydes represent a promising target for molecular sensing 
as they have high bioavailability in biological fluids that can 
be sampled relatively non-invasively. Additionally, specific 
environmental aldehydes can cause negative health effects, 
affording their use as indicators of pollution and spoiled food. 
Acetaldehyde and ketone breath sensors, using metal-oxide 
semiconductor field-effect transistor (MOSFET) devices as 
the electronic transducer, are widely available as breathalyz-
ers to analyze alcohol consumption and to monitor ketogenic 
diets, respectively [132]. Imaging aldehydic load could pro-
vide a more holistic approach toward understanding disease 
pathogenesis, and non-invasively measuring aldehyde con-
centration in available biofluids has been demonstrated as 
a useful diagnostic metric. Shuhendler and coworkers have 
developed a series of aldehyde probes, leveraging hydrazone 
formation to provide rapid aldehyde complexation without 
a catalyst [133]. While their clinical use and utility is still 
limited, volatile organic compound (VOC) breath or environ-
mental sensors can fit into the umbrella of precision health by 
providing additional complimentary data to small molecule 
imaging studies.

Enzymes and Reporter Genes

Since the demonstration of immobilized glucose oxidase 
(GOx) in 1962 as a glucose sensor, a popular technique for 
electrochemical biosensing is monitoring electroactive enzy-
matic products via oxidation or reduction reactions. Through 
the generation of oxygen by GOx, the activity, and thus the 
concentration of glucose, can be monitored electronically 
in real time. Glucose test strips expanded on this principle, 
miniaturizing and commercializing the technology in the late 
1980s. Recently, transdermal, continuous glucose monitoring 
has been demonstrated for diabetes and surgical monitoring, 
improving individuals’ quality of life and surgical outcomes, 
respectively [36].

682



Comeau Z.J. et al.:  The Need to Pair Molecular Monitoring Devices with Molecular Imaging to Personalize Health

Reporter genes are a key part of molecular imaging as 
efficient tools to monitor the efficacy of gene delivery, gene 
expression, and facilitating imaging of challenging molecular 
targets. In this way, enzymatic activity can be imaged in vivo. 
As an example,  [18F]-trimethoprim  ([18F]-TMP) was used to 
image the expression of Escherichia coli dihyrofolate reduc-
tase enzyme (eDHFR) enabling the trafficking of human chi-
meric antigen receptor T cells to be followed in mice [134]. 
TMP is a popular antibiotic used alongside sulfamethoxazole 
(SMX) to treat urinary tract and ear infections. Electrochemi-
cal sensors have been developed and demonstrated to simul-
taneously detect SMX and TMP in urine [135] potentially 
facilitating multimodal, and continuous monitoring of TMP 
pharmacodynamics. Minicircle plasmids have demonstrated 
tumor activatable paired sensing and imaging reporter gene, 
producing easily assayed biomarkers for sensing in combina-
tion with imaging markers, and demonstrating the potential 
of pairing molecular imaging and sensing from the design 
stage [27, 136, 137].

Sensor-functionalized enzymes can play an important role 
in drug development through real-time assaying of enzymatic 
activity, corroborating in vivo imaging studies. Xanthine oxi-
dase (XO) catalyzes the oxidation of hypoxanthine (HYP) to 
xanthine (XAN), which is then further oxidized to uric acid as 
the final degradation product in the human purine catabolic 
pathway. Overproduction of these degradation products can 
lead to xanthinuria, hyperuricemia, high blood pressure, gout, 
and renal failure. Allopurinol (1H-pyrazolo[3,4-d] pyrimidin-
4-ol) is a XO inhibitor in clinical use to treat gout and improve 
long-term outcomes following ischemic strokes [119, 138]; 
however, as established through molecular imaging stud-
ies, there can be a variety of strong side effects [139, 140]. 
Through simple and sensitive amperometric biosensors with 
surface functionalized XO, the chemical mechanism of allopu-
rinol inhibition was determined [141]. Building on the prem-
ise, allopurinol alternatives for XO inhibition were able to be 
rapidly tested ex vivo [142]. Thus, molecular sensors can assist 
with drug development before molecular imaging can be used 
to validate clinical effectiveness. With the ability to detect the 
downstream products of XO activity, these sensors could also 
fill a role in disease monitoring.

Monitoring the Human Engine—
Blood, Sweat, and Tears
Molecular imaging is focused on finding specific biomolecular 
targets in living systems and thus key considerations of imaging 
probe design are focused on delivery, specificity, and clear-
ance. Analyte availability is a secondary concern in so far that 
the targeted analyte is usually found in the highest concentra-
tions at the site of interest (e.g., site of disease initiation). For 
molecular sensing, particularly when developed in combination 
with imaging probes, analyte availability and its biodistribu-
tion are the primary concerns such that the concentrations of 
analytes available in sampled biological fluids can be detected, 

and that the analyte levels evaluated from a biological sam-
ple are reflective of the disease state. To this end, the routes 
by which biomarkers are shed, processed, and excreted, and 
the invasiveness by which the biofluids in that process can be 
sampled, is a key consideration of molecular sensor design. 
Compartmentalization, both in respect to cells and larger bodily 
systems is an additional concern. To draw on the analogy of an 
engine, an issue with the engine oil is unlikely to be detected 
in the wiper fluid; thus, analyte bioavailability is particularly 
relevant in the context of pairing molecular imaging probes 
with sensors. Whereas molecular imaging probes can target 
specific processes or intracellular analytes, molecular sensors 
are exclusively limited, for now, to extracellularly available 
analytes. Finally, functional biocompatibility is a necessary 
consideration when designing sensors, specifically, designing 
for electronics for operation in aqueous, and often ionic envi-
ronments (Fig. 4).

Breath

Thousands of volatile organic compounds (VOCs) have 
been identified in human breath, providing an array of bio-
markers that can potentially be targeted for analysis [154]. 
Alcohols, ketones, and aldehydes are popular VOC-based 
biomarkers for breath analysis as they can be detected 
directly by an electrode and somewhat selectively without 
the need of an intervening recognition element. However, 
a variety of human factors may influence breath sampling, 
including breathing route, exhalation rate, airway pressure, 
and posture [155]. Additionally, breath is not a homog-
enous mixture of gases [156]. Instead, biomarkers stem-
ming from the oral cavity will be in higher concentrations 
in early breath (such as  H2S for halitosis [157]), while end-
tidal breath will have higher concentrations of blood-borne 
biomarkers (such as acetone [158]). Thus, flow restrictors 
are often necessary to achieve a consistent and prolonged 
exhalation for meaningful and reproducible analysis. None-
theless, metal-oxide chemiresistors, borrowing ideas from 
industrial gas monitoring, have been sensitized to detect 
biologically relevant levels of VOCs for monitoring meta-
bolic disorders. To simultaneously analyze a broad range 
of aldehydes, optoelectronic noses have been developed, 
leveraging an array of dyes to electro-optically determine 
specific aldehydes and ketones [128]. Probe molecules 
incorporating a hydrazine binding moiety have been dem-
onstrated for molecular imaging of aldehydes, converting 
an aldehyde binding event into fluorescent, MRI, or PET-
detectable signal [135, 159–161]. Further sensitization can 
be achieved through device design, where hollow structure 
nanomaterials [162], carbon nanotube structures [163], 
adsorption traps [164], or buffering [165] are tailored to 
improve analyte delivery to the sensor. Breath sensing is a 
promising option to detect slowly progressing diseases with 
few early indicators [166], such as cancer [167], diabetes 
[168], or renal dysfunctions [169].
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Saliva

Saliva is being increasingly recognized as a useful diagnostic 
fluid for biomarker analysis as it can be easily and noninva-
sively sampled [170]. Human oral fluid is mainly composed 
of saliva produced by three pairs of major salivary glands 
and a large number of minor salivary glands. Each salivary 
gland secretes a characteristic type of saliva with variations 
observed in the concentrations of salts, ions, and total pro-
teins [171–173].   Additionally, saliva contains crevicular 
fluids, oropharyngeal mucosae, blood-derived compounds, 
and food debris, with the average healthy adult producing 
500–1500 mL per day [170]. For sensing purposes, saliva is 
almost universally collected and analyzed whole, as separa-
tion or precise collection is often not practicable. Salivary 
glucose, lactate, phosphate, alpha-amylase, hormones, and 
antibodies have been demonstrated as sensing targets [170, 

174, 175]. Miniaturized GOx sensors have been developed 
for noninvasive sampling of salivary glucose as well as cre-
vicular fluid glucose, correlating these measurements to 
blood glucose concentrations with the aim of noninvasive 
monitoring for diabetes management [176, 177].  Using the 
same principle as glucose measurements, salivary lactate can 
also be measured by electrochemical measurement of  H2O2 
generation from immobilized lactate oxidase. Elevated lev-
els of salivary lactate can be indicative of lactic acidosis, a 
biomarker that can signal an impending heart attack [178, 
179]. Several salivary lactate electronic biosensors have been 
reported, as electrochemical sensors [179] as well as minia-
turized cavity-type sensors meant to be worn in the mouth, 
reporting salivary lactate levels in real-time wirelessly [180]. 
Salivary lactate concentrations also have consequences on 
sports performance, with a three-electrode monitoring sys-
tem printed on the inside of a mouth guard demonstrating a 

Fig. 4.  Monitoring the human engine. Examples of recent works to incorporating non-invasive technologies to molecularly monitor 
a battery of health metrics. While physiological monitoring has become ubiquitous there is a current need for monitoring devices to 
provide clinically actionable diagnostic data. Complex biomarker monitoring is possible with molecular imaging but still limited in 
capacity with molecular sensing. (a) Schematic image of a glucose biosensor with mouthguard support and oral implementation ( 
adapted from ref.146). (b) Proposed intra-oral dental implant system with an integrated three-electrode electrochemical biosensor 
(from ref.147). (c) Biotransferrable graphene wireless nanosensor (adapted from ref.148). (d) Apple Watch Series 3 with integrated 
heart rate and blood pressure sensors. (e) A wearable fully integrated sensor array on a subjects wrist for in-situ perspiration analysis 
(adapted from ref.149). (f, g) Stretchable ultrasonic devices and design schematic for monitoring the central blood pressure waveform 
(adapted from ref.150). (h) Function of a immuno-piezoelectric biosensor (adapted from ref.151). (i) Electrochemiresistive breath sens-
ing with apoferritin encapsulated nanoparticles (from ref.152) (j) Real-time breath analysis via portable functionalized electrochemical 
sensing platforms (from ref.153). (k) A mountable toilet system for personalized health monitoring (from ref.154). (l) Real-time health 
monitoring through urine metabolomics (from ref.155). (m) Urine odor detection by electronic nose for smart toilet applications (from 
ref.156).
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sensitive and stable response [181]. Electrochemical immo-
bilized enzyme sensors have also been reported for salivary 
phosphate [175], a cardiovascular calcification biomarker 
[182], and salivary alpha-amylase [174, 183], a stress bio-
marker [184]. Many blood serum hormones which can also 
function as biomarkers have been detected in saliva, suggest-
ing promising noninvasive alternatives to blood serum test-
ing. Electrochemical immunosensors have been demonstrated 
for monitoring adrenal biomarkers (cortisol [185, 186], tes-
tosterone [187]), cancer biomarkers (IL-8 [188], IL-1 [189], 
CD-59 [190]), and other disease biomarkers such as cytokine 
interferon [191], and SARS-CoV-2 [192]. With the popular-
ity of oral implants for orthodontic purposes, non-invasive 
oral implants or sensors integrated into dentures have been 
demonstrated to provide real-time passive health monitoring.

Sweat

The average adult human produces 500–700 mL of sweat 
under most climate conditions per day [193]. Easily acces-
sible, sweat can provide a range of physiological data includ-
ing electrolyte levels, and metabolites [194]. It can be sam-
pled continually and noninvasively with a skin patch, often 
preferable to a dental implant, and significantly preferable to 
blood collection. Gao et al. (2016) demonstrated a flexible 
integrated sensing array able to continually monitor glucose, 
lactate, sodium, potassium, and temperature in sweat, lever-
aging existing GOx and LOx enzyme-based electrochemi-
cal sensors in combination with NaCl and KCl ion sensitive 
electrodes. Temperature measurements were used to calibrate 
the activity of the other sensors and were able to continually 
monitor sweat produced during vigorous exercise. Sebum, 
the oily substance produced by sebaceous glands, contains 
non-invasively accessible lipids which have been demon-
strated as neurodegenerative disease biomarkers [195, 196]. 
While a plethora of physiological information is present in 
sweat [146], there have been limited validated correlations 
of compartmental analyte availability and the relationships to 
physiological levels [197]. Recent advances in wearable elec-
tronics have begun to address these shortcomings but there is 
a need for paired imaging studies to validate the clinical value 
of sweat-borne biomarkers [146, 198]. Thus, the continuous 
physiological monitoring umbrella could be expanded from 
heart rate, blood pressure, and blood  O2 to include blood glu-
cose, lactate, and ions to improve overall health monitoring.

Urine and Feces

Monitoring of human waste has gained increased attention 
as a complementary alternative to blood plasma sampling. 
Blood plasma is controlled through tight homeostatic mecha-
nisms, with deviations often signaling a major issue, and as 
a result the biomarkers found within are often short lived in 
vivo, limiting their use for early detection and continual moni-
toring. Waste, specifically urine, comprises objects cleared of 
the blood homeostasis mechanism, and can potentially better 

reflect in vivo changes. Additionally, the urine proteome is 
relatively low, facilitating analysis and validation of potential 
biomarkers. Broad, multiplexed urinalysis and the implemen-
tation of machine learning algorithms have found promising 
biomarkers to detect the early onset of a variety of diseases 
and infections [199–201], potentially facilitating early inter-
ventions of colorectal and prostate cancers. By leveraging the 
renal clearance of many therapeutics, including molecular 
imaging agents, additional information toward their effective-
ness can be obtained. Acute kidney injury (AKI) is a common 
and serious complication following significant medical events 
and its early detection and treatment can reduce mortality 
and improve recovery following surgery [202–204]. It has 
been suggested that urine could be passively monitored from 
within the home in a similar fashion to CO monitoring, where 
out of bounds biomarker levels could trigger an alarm and 
further investigation. Changes to an individual’s hydration 
and activity levels can act as a confounding factor and foul-
ing can be an issue. “Smart toilets,” leveraging a multi-sensor 
design, offer an interesting option for passive, noninvasive 
home health monitoring [81, 205]. By combining an array of 
existing waste monitoring sensors with machine learning, sig-
nificant health data can be collected in a facile non-intrusive 
way. Integration of sensors for a specific purpose, such as 
a guaiac fecal occult blood test (gFOBT), microbiome, or 
biochemical analyses could enable early disease detection 
and long-term monitoring. Fecal tracking has been deployed 
extensively throughout the COVID-19 pandemic and large-
scale waste monitoring can provide significant state level 
public health data for population modeling [206]. Thus, 
“smart toilets” are expected to have significant impacts on 
health monitoring research and public health planning.

Blood

Blood plasma is considered to be the main target of research 
for biomarker analysis with proteomics and lipidomics iden-
tifying tens of thousands of molecular species and thousands 
of potential biomarkers for a wide variety of diseases. Repeat, 
comprehensive analysis of an individual’s blood metabolome 
is impractical for clinical applications, necessitating targeted 
testing. Additionally, blood sampling requires invasive pro-
cedures and is available in limited quantities. Finger pricks 
are tolerable however analyte concentrations will be very low. 
Large (mL volume) blood draws are currently used for “blood 
work” as a stopgap. Whole blood samples often further 
require separation steps, removing platelets and red blood 
cells to yield either plasma (with clotting factors) or serum 
(without clotting factors). It is preferential to avoid requir-
ing a blood draw; however, alternative methods of biomarker 
acquisition may be impossible or impractical. Continuous 
blood and interstitial fluid monitoring has been demonstrated 
with implantable devices, [207] with advances in biocompat-
ible implant materials bringing such devices closer to routine 
clinical use. With implantable devices currently being mostly 
experimental, external molecular sensors could be deployed 
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alongside other medical implants, such as pacemakers, or 
insulin pumps. Limiting the risks of infection and inflam-
mation post-implant are still significant outstanding issues 
toward integration, in addition to challenges with wireless 
communication and regulations. Many implantable devices 
are classified as Class III devices by the FDA, necessitating a 
lengthy and stringent testing process to ensure reliability and 
safety. Implementation and integration of implantable devices 
into the clinical paradigm will require multidisciplinary col-
laboration to overcome the hurdles presented (Fig. 5). 

Wearables

With the proliferation and miniaturization of cell phones 
and wearable devices, smart watches have become increas-
ingly popular in the consumer market. Coupled with 
a growing societal focus on health, there is demand for 
additional personal health monitoring. However, many 
wearable devices available to consumers are only incor-
porating technology that has been available for decades. 
There have been marked improvements in miniaturization, 
ergonomics, and implementation, but the majority of the 
biosensors discussed herein have yet to be implemented 
for consumer, or even clinical use. As sensors, the usual 
considerations of sensitivity, selectivity, and feasibility 
apply, however, as long term, external, continuous sensors 
operating outside of a clinical environment they must also 
overcome environmental factors without fouling. Addi-
tionally, a bottleneck for future sensor implementation, 
particularly implantable sensors, is power supply. While 

modern batteries can last years, this limits the power draw 
of implantable sensors and thus their complexity. Both 
self-powered sensors and wireless charged sensors are 
in development to offer potential solutions to this chal-
lenge. Non-invasive sensors are preferred as they can be 
implemented with less risk of injury or side effects, and 
ultimately improve patient compliance.

Conclusions
Advances in molecular imaging have been a major driver 
toward changing clinical methods to better accommodate 
individual differences, personalizing medicine. This has 
prompted a recent push toward achieving precision health, 
shifting the clinical paradigm from reactive medicine to pre-
ventative medicine. To this end, molecular imaging is still 
generally limited to the clinical setting. By pairing molecu-
lar imaging with molecular sensing, design considerations 
and analyte recognition performance gleaned from imaging 
probes for validated biomarkers can be applied to the devel-
opment of molecular monitoring devices and moved out of 
the clinical setting and into the home. Though still limited in 
consumer available implementations, improvements in wear-
able health technology, its increased use in our daily lives, 
and further integration with clinician available electronic 
health records will dramatically change how we diagnose, 
monitor, and treat disease. With earlier disease diagnoses, 
patient outcomes are improved, while societal and eco-
nomic health burdens are lessened. Within clinical settings, 

Fig. 5.  Advantages and disad-
vantages of commonly assayed 
biofluids. Biomarker availability 
is plotted against invasiveness. 
Ideally, molecular biosensors 
are as non-invasive as possible; 
however, biomarker availabil-
ity for molecular sensing, and 
thus sampling considerations, 
is directly related to the routes 
by which it’s shed, processed, 
and excreted. Where molecu-
lar imaging considers probe 
delivery to compartments, with 
probe metabolism and excretion 
being tied to clearance rate, 
molecular sensing must instead 
consider biomarker metabolism 
and excretion, the relationship 
to biomarker availability, and 
the invasiveness by which the 
biofluid can be assayed.
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molecular imaging integrated with molecular sensing could 
broaden our understanding of disease progression, generate 
data necessary to complete the human model, and create posi-
tive feedback loops toward identifying earlier biomarkers and 
better therapeutics.
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