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 The expectations of point-of-care technologies (POCT) are being increasingly shaped by the 
patient-centric narrative of P5 (predictive, preventive, personalized, participatory, and population-
based) medicine.  Shifting the focus of our healthcare system to a personalized and preemptive 
approach will depend partly on the availability of field-deployable measurement technologies that 
provide rapid biometric information to providers and patients.  In order to respond to the changing 
healthcare paradigm and hasten the integration of emerging sensor materials into clinically useful 
point-of-care (POC) approaches, it is essential that the sensor materials community understand 
and appreciate the clinical context, expectations, and aspirations of the healthcare consumers.  
After reviewing the drivers of the P5 medicine initiative, we review the context within which the 
POCT will be used, and some of the challenges associated with delivering portable, fast response, 
and highly reliable measurement technologies that can be used with complex biofluids in a 
range of settings by a variety of users.  We conclude by emphasizing the potential synergies of 
linking POCT’s to the “connected health” model which integrates mobile technologies, low-cost 
hardware, healthcare IT systems, big data analytics, and the Internet of Things (IoT) to connect 
all stakeholders for a timely sharing of pertinent health information necessary for timely and 
personalized healthcare. 

1. Introduction

 Healthcare throughout the world is in the midst of dramatic change.  Social, economic, 
technological, and political forces are radically reshaping how and where healthcare is delivered 
and how it is paid for.  The drivers are many: aging populations with more chronic conditions, 
a reengineering of the focus of health care systems from caring for acutely sick individuals to 
managing the health of entire populations, growing health-provider shortages, and a “downshifting” 
of care delivery across the provider spectrum (i.e., from specialists to generalists to physician aides 
to healthcare workers), a replacement of the traditional fee-for-service reimbursement model (wherein 
providers are paid for each service rendered to a patient) by capitation models (in which providers 
are paid a “lump sum” per patient regardless of how many services the patient receives), and an 
eager adoption of the burgeoning innovations in health technologies, digital health tools, and big 
data.  
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 The challenges of providing quality and affordable healthcare widely within this context are 
intensified by the growing push to transform healthcare from its current one-size-fits-all paradigm 
that is based on “standards of care”, to an approach tailored to each individual.(1)  Over time, 
the integrative, systems-approach of P4 (predictive, preventive, personalized, and participatory) 
medicine espoused by Leroy Hood (2013) has been expanded to embrace a population-health 
perspective, and use of the term “P5 medicine”.(2,3)  Fueled by the “omics” breakthroughs that 
now allow detailed biological profiling of individuals, and by the scientific advances of the past 
decade, P5 medicine seeks to individualize healthcare to the patient, allowing providers to match 
therapies to patients based on their biological profiles, to proactively identify an individual’s 
susceptibility to health conditions, to detect early disease and preempt disease progression, and to 
anticipate the patient’s response to a particular therapy.  The P5 approach shifts the emphasis in 
medicine from reaction to prevention and from disease to wellness.  Concurrently, the bottom-up 
strategy is expected to also increase the efficiency of the healthcare system by improving quality, 
accessibility, and affordability.(4)  P5 medicine strives to empower individuals with timely access to 
understandable health information, allowing them to take more responsibility for their well-being 
and health behaviors, become better educated about their diseases, and ultimately more engaged 
collaborators with their health providers.   

2. The Case for Point-of-Care Technologies (POCT)

 Realizing the promise of P5 medicine depends significantly on the development of measurement 
technologies and analytical approaches for detailed biological profiling of individuals.  Of particular 
interest are point-of-care (POC) devices that do not involve an elaborate laboratory infrastructure or 
specialty expertise to provide health data to end-users.  Requiring minimal preparation of biofluids, 
ranging from blood to saliva and urine, and analytical targets that include proteins, metabolites, 
and nucleic acids, POCT endeavor to deliver speedy and actionable information to healthcare 
providers or to patients themselves.(5)  Advantages inherent to POC devices include portability, 
ease of operation, accuracy, and reliability of results.  However, the most compelling attribute of 
POCT is a shortened turnaround time (TAT), namely, the time from initiation of the test order to 
the implementation of the clinical decision.(6)  Self-administered at the patient’s home or conducted 
near the patient in the hospital or clinic, POC testing provides an “answer” on the spot.  Existing 
in-home POC systems, such as glucometers, are already decreasing costs and increasing patient 
convenience by reducing the frequency of hospital visits, associated travel expenses, and lost work-
time.(7) Self-monitoring also gives greater responsibility to the patient, enhances their understanding 
of their medical condition, and improves patient adherence to prescribed treatments.   Performed 
in clinical settings with TAT’s < 15 min (the typical duration of a clinical encounter), POC tests 
allow the healthcare provider to promptly initiate definitive medical treatment instead of starting 
off with empiric therapy and subsequently refining it after the laboratory results become available 
in the days or weeks after the initial encounter.  Also, on-site POC testing is a leaner process that 
significantly diminishes the processing errors and expenses linked with specimen collection, 
transport, processing, analysis, and reporting steps associated with centralized laboratory tests.
 An illustrative example is human immunodeficiency virus (HIV) infection; 38.9 million 
people worldwide are infected with HIV, but only 10% are aware of their status.(8)  HIV testing, 
the foremost imperative for preventing further transmission and to caring for those infected, is 
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traditionally performed outside of the clinical encounter in centralized laboratories.(9)  Tested 
individuals are asked to return several weeks post-test to learn the results, and for treatment and 
prevention counseling, to reduce risky behaviors among those found to be infected.  However, 
more than one third of those tested do not return for results, representing a missed prevention 
opportunity.(10)  The impact of the TAT lag is significantly worse in low resource settings, or regions 
with a very high prevalence of HIV and lacking in adequate healthcare infrastructure and specialist 
personnel.  POC testing for screening, diagnosis, treatment initiation, and the monitoring of HIV-
treatment efficacy helps resolve these deficiencies by allowing infected individuals to learn their 
serostatus quickly and by connecting them to medical care.(9)  Low cost, user-friendly, and accurate 
HIV diagnostic tests, patterned after home pregnancy tests, are particularly enabling for those 
individuals who may not otherwise test.  Direct ways of measuring the amount of the HIV virus 
present (viral load) allows monitoring of how advanced the infection is and how well treatment is 
working.(11)  The timely initiation of POC-facilitated antiretroviral therapy, especially in the case 
of pregnant women, greatly helps reduce the risk of further transmission and markedly improves 
survival by ensuring successful viral suppression.(12)  
 Or consider the case of psychiatric disorders following the experience of a traumatic injury.  
Significant subsets of injury survivors (~30%) go on to develop debilitating psychiatric sequelae 
such as post-traumatic stress disorder (PTSD) and major depressive disorder (MDD) that are 
debilitating, and difficult to treat once established.(13)  Early identification of maladaptive stress 
reactions provides the opportunity for timely mental health interventions that could prevent the 
crystallization of maladaptive stress reactions into entrenched psychiatric sequelae.(13)  However, 
due to the syndromic (symptom based) nature of psychological assessments, front-line providers 
have difficulty differentiating transient reactional distress from the prodromal stages of more serious 
mental health illnesses.  Psychological assessments are also very time and resource intensive, 
have numerous reliability and validity issues, and are burdened by dispositional and reporting 
biases.(14,15)  One approach has been to exploit the fluctuating levels of peripherally-expressed 
biomarkers of the neuroendocrine stress response to a trauma to quantify the nature and magnitude 
of the psychological impact.  Research groups have been developing portable biosensors to allow 
for near ‘‘real-time’’ detection and quantification of stress-response biomarkers, including salivary 
α-amylase and cortisol.(16–19)  Executable algorithms and treatment decision trees inputted into the 
biosensor microprocessor would eventually be able to analyze patterns in salivary stress biomarkers 
to generate simple feedback that is readily accessible to even a non-specialist.  Enabled by this “smart 
systems” technology, trauma care providers would be able to identify “at-risk” patients, conduct 
timely restorative interventions, or refer individuals for specialized mental health care, in addition 
to monitoring progress and response to therapy.(19)

3. Biosensors and Liquid Biopsies

 The utility of POC biosensors derives largely from their ability to extract biometric information 
about health and disease states using informative biological indicators.  Traditional biopsies require 
invasive sampling of primary tissue to evaluate the state of tissues and organs.  This approach can 
be challenging or even unfeasible in hard-to-reach tissues, including brain or cardiac tissue.(20) 
In contrast, the “liquid biopsies” performed by POC biosensors take advantage of tissue proxies 
such as proteins and protein fragments that are released by tissue cells into body fluids.(21)  The 
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information contained within the peripheral biofluids are then used to determine a disease trait 
(risk factor or risk marker), disease state (preclinical or clinical), or disease rate (progression).(22)  
Beyond the target analytes (e.g., secreted proteins, sugars, cells, nucleic acids, microbes), the 
development of biosensors is also driven by the typical setting for their use (i.e., acute or primary 
care setting, home care, low resource setting, or disaster setting) and the intended end-user (patient 
of the healthcare provider).  The functionality of the biosensor will also vary according to whether 
the POC device is going to be used to monitor exposure to environmental toxins (biomonitoring) 
or to indicate disease by helping to identify disease (diagnostic), predicting the likely course of the 
disease in untreated individuals (prognostic), identifying patients who are more likely to respond to 
a given therapy (predictive), or monitoring disease progression or effects of interventions (monitoring).(23)

 An early decision facing the POC technologist is the choice of biofluid to source the biomarkers: 
blood, saliva, urine, or sweat.  Each biofluid offers different opportunities in terms of biomarker 
composition and availability, ease of sample collection, and processing.  Though attractive due 
to its very high protein concentration, blood presents considerable analytic challenges due to the 
extremely wide dynamic range (12 orders of magnitude) of its constituent proteins and very low 
abundance of potentially informative biomarkers.(24)  Urine samples demonstrate a high degree of 
variability in volume, pH, and urine components due to age, health, diet, and proteolysis while 
the urine is stored in the bladder.  In our own studies, we use saliva as the biofluid of choice 
within the context of stress biomarker measurements.(25)  Containing many biomarkers linked 
to stress disorders, cancer, cardiovascular, metabolic, and infectious diseases, saliva manifests a 
broad spectrum of normal and disease states.(26,27)  Saliva’s potential utility was underscored by 
Alterovitz et al. (2008) who, using an information theory framework to conceptualize tissue-
biofluid interactions as information channels, concluded that saliva is one of the most informative 
biofluids when it comes to biomarker discovery and measurement.(28)  Beyond the biomarkers it 
contains, saliva offers many practical advantages.  For patients, supplying a saliva sample does not 
evoke the anxiety associated with drawing a blood sample, and causes less embarrassment than 
producing a urine specimen.  Saliva samples can be obtained without difficulty from children and 
individuals with physical or mental handicaps.(19,29)  Saliva does not clot and is neither infectious 
nor considered biohazardous, making processing and disposal much easier.  Furthermore, multiple 
saliva samples can be collected over a period of time without the use of specialized equipment or 
personnel, thereby allowing for easier monitoring of time-dependent changes in biomarker levels 
for extended periods.  Saliva is particularly pertinent to the study of stress-related disorders because 
the anxiety and pain associated with a venipuncture can distort the profiles of the stress biomarkers.  
Overall, saliva provides a compelling basis for inexpensive, noninvasive, and easy-to-use diagnostic 
technology.

4. A Technical Brief for POC Biosensors

 All too often, POC biosensing technologies fail to advance beyond the research setting to gain 
acceptance by the broader clinical community and make a meaningful impact on health care.  A 
major flaw is the excessive focus on innovative materials and technologies as a springboard, instead 
of real-world applications informed by end-user insights.  Using the intended clinical application 
and measurement target as a point of departure, biosensor development should build on 
the ASSURED criteria articulated by the World Health Organization for POC diagnostics: 
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affordable, sensitive, specific, user-friendly, rapid and robust, equipment-free and deliverable to 
end-users.(30)  The biosensor should be capable of measuring the target analyte/s in small volumes 
of complex biofluids such as saliva or blood, with acceptable sensitivity, selectivity, and reliability.(5)  
Cost is a major consideration, especially in low resource settings.(31)  One strategy for reducing cost 
is to create durable multi-use readers capable of conducting different tests, and to couple them with 
inexpensive, disposable POC chips or strips that incorporate a miniaturized sample preparation, 
separation, and detection system.  Smartphones enabled for clinical microscopy or colorimetric 
readouts have great potential as low-cost readers.(32)  Increasingly, assay platforms use inexpensive 
substrates such as bioactive paper on which the functional recognition biomolecules are physically 
immobilized on cellulosic supports.(5)  Additionally, selective recognition and reliability of the POC 
system can be advanced through the use of synthetically-generated aptamers instead of conventional 
antibodies that can vary from batch to batch and vendor to vendor.(5)  Label-free detection systems 
with their simplified assay steps and lower complexity and costs are another attractive option.(33) 
Broader adoption of the high throughput and scalable manufacturing techniques developed by the 
microelectronics industry will accelerate the large-scale manufacturing of miniaturized, integrated 
POC devices that can be deployed cost-effectively in a variety of settings.
 The expectation of rapid and reliable test results in a variety of settings greatly increases the 
importance of error-free testing and test result reliability.  In contrast to the structured, controlled 
testing of centralized laboratories where any errors originate mostly in the pre- and post-analytic 
phases of testing, the errors involved with POC testing occur primarily in the analytic phase.  
Hence, the measurement capabilities of POC devices must compensate for a large variation in the 
use settings and conditions, and accommodate limited understanding or no training on the part of 
the user.(31)  As with laboratory based analyzers, a stringent quality control element is an essential 
requirement of POC biosensors.  Beyond simple battery and display checks, the biosensor needs 
to have self-check capabilities with inbuilt calibrators that ensure and maintain good control 
and reliability of the system.  Given that the focus of a POC system is to provide clear and 
understandable health information, the motor, sensor, and cognitive needs of the end-users should 
be placed at the center of the design process.(34)  Utilizing a human-centered design approach, the 
development and evaluation of the POC interfaces should take a “black box” approach wherein the 
technical complexity of the assay process is effectively hidden from the end-user.
 Until recently, most POC tests focused on single biomarkers, and the assay requirements were 
relatively simple.  However, the explosion of knowledge in genomics, transcriptomics, proteomics, 
and metabolomics has led to an increasing recognition that single biomarkers cannot adequately 
capture the complexity of the dysregulations that lead to disease.  Instead, a systems biology 
approach that puts an emphasis on multimarker fingerprints is better positioned to describe the 
disease process in question while improving the sensitivity, specificity, and predictive performance 
of individual markers.(35,36)   However, accommodating the need for parallel measurements of 
multiple analytes greatly increases the technical challenges involved in assay platform development.  
Simultaneous detection of multiple biomolecules (multiplexing) is often complicated by issues 
such as the matrix effects of complex biofuids, non-specific binding, and cross-reactivity due to the 
binding of capture antibodies to multiple targets or vice versa.  Solutions have included the selection 
of high affinity ligands for target biomarkers, and exploiting the unique properties of nanomaterials 
such as graphene, carbon nanotubes or quantum dots to develop sensing systems for multiplexed 
detection.(5)  Nano-enabled biosensors that utilize nanotechnology for recognition, transduction, or 
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both, offer much potential with their inherent high surface-to-volume ratios, multi-functionality, 
and exceptional physicochemical properties.(37)  The individual elements of high density arrays 
can be functionalized with different capture ligands, thus allowing for concurrent measurements 
of positive/negative controls and analytes of varying concentrations while controlling for signal 
fluctuations and enhancing sensitivity and specificity.

5. Biosensors and Connected Health

 At its very core, P5 medicine is a participatory approach to care delivery and seeks to adapt the 
healthcare system to the patient rather than the other way around.   Thus, the integration of POC 
devices within the e-health ecosystem should be an essential design consideration.  The emerging 
“connected health” model of healthcare leverages the convergence of mobile technologies, low-
cost hardware, healthcare IT systems, big data analytics, and the Internet of Things (IoT) to 
connect all stakeholders through a timely sharing of accurate and pertinent information regarding a 
patient’s health status.(38)  Using the ubiquitous smartphone as a local data acquisition node, sensed 
information from biosensors can be communicated securely to private data vaults for merging 
with electronic medical records, integration with other health data streams, big data analytics and 
eventually, timely feedback to both provider and patient.  Such connected POC devices with a 
feedback loop would be an incredibly valuable platform for here-and-now health information, 
providing patients with a meaningful, understandable view of the interconnected aspects of their 
health, helping to foster healthy behaviors, patient compliance and engagement, and providing 
the foundation for real-time, personalized care management programs.  Furthermore, automated 
collection of data and broad integration across devices and systems would allow healthcare systems 
to extend personalized care to a wider population of patients and help create new care-delivery 
models that are better coordinated and that emphasize patient self-management.  Population-level 
views, facilitated by low-cost POC devices and geospatial mapping, could reveal emerging patterns 
of illnesses, detect systematic variation in clinical practice, and help evaluate the comparative 
effectiveness of treatments related to population characteristics not easily explored by clinical 
trials.  The blending of POCT with wireless connectivity will bring a new dimension of precision, 
efficiency, and scalability to the way health information is collected, transmitted and interpreted, 
and fundamentally alter the way medicine is practiced.  Most importantly, by facilitating a more 
holistic and personalized medicine that allows patients to be co-managers of their own health and 
wellness, POC sensors utilized within a P5 framework could help redirect humanity back into 
healthcare’s increasingly outdated model.  

6. Summary

 Advances in POCT are being shaped increasingly by the narrative of P5 medicine.  The success 
of a prospective shift from curative medicine to a value-based, personalized, predictive, and 
preemptive medicine relies, in large part, on the development of portable devices for near-patient 
diagnosis and monitoring.  When properly integrated into the connected healthcare paradigm, POCT 
will allow rapid and accurate capture of important biometric data, facilitate timely therapeutic 
decisions, minimize practice variations, and improve patient engagement, patient satisfaction, 
and ultimately, patient outcomes.  In order to respond to the changing healthcare paradigm and 
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accelerate the incorporation of emerging sensor materials into clinically useful POC approaches, 
it is critical that the sensor materials community understand and appreciate the clinical context, 
expectations, and aspirations of healthcare consumers.
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